
b→sl+l‒ anomalies

The rare decay B0 ! K⇤0µ+µ�, where K⇤0

indicates the K⇤(892)0 ! K+⇡� decay, is a
flavor-changing neutral current process that
proceeds via loop and box amplitudes in the
Standard Model (SM). In extensions of the SM,
contributions from new particles can enter in
competing amplitudes and modify the angular
distributions of the decay products. This decay
has been widely studied from both theoreti-
cal [1–3] and experimental [4–7] perspectives.
Its angular distribution is described by three
angles (✓

`
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and �) and the dimuon invariant

mass squared, q2; ✓
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is the angle between the
flight direction of the µ+ (µ�) and the B0 (B0)
meson in the dimuon rest frame; ✓
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is the an-
gle between the flight direction of the charged
kaon and the B0 (B0) meson in the K⇤0 (K⇤0)
rest frame; and � is the angle between the de-
cay planes of the K⇤0 (K⇤0) and the dimuon
system in the B0 (B0) meson rest frame. A
formal definition of the angles can be found
in Ref. [7]. Using the definitions of Ref. [1]
and summing over B0 and B0 mesons, the dif-
ferential angular distribution can be written
as
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where the q2 dependent observables FL and
S
i

are bilinear combinations of the K⇤0 decay
amplitudes. These in turn are functions of
the Wilson coe�cients, which contain infor-
mation about short distance e↵ects and are
sensitive to physics beyond the SM, and form-
factors, which depend on long distance e↵ects.
Combinations of FL and S

i

with reduced form-
factor uncertainties have been proposed inde-
pendently by several authors [2, 3, 8–10]. In
particular, in the large recoil limit (low-q2) the
observables denoted as P 0

4, P
0
5, P

0
6 and P 0

8 [11]
are largely free from form-factor uncertainties.
These observables are defined as

P 0
i=4,5,6,8 =

S
j=4,5,7,8p

FL(1� FL)
. (2)

This Letter presents the measurement of the
observables S

j

and the respective observables
P 0
i

. This is the first measurement of these quan-
tities by any experiment. Moreover, these ob-
servables provide complementary information
about physics beyond the SM with respect to
the angular observables previously measured in
this decay [4–7]. The data sample analyzed cor-
responds to an integrated luminosity of 1.0 fb�1

of pp collisions at a center-of-mass energy of 7
TeV collected by the LHCb experiment in 2011.
Charged conjugation is implied throughout this
Letter, unless otherwise stated.
The LHCb detector [12] is a single-arm for-

ward spectrometer covering the pseudorapidity
range 2 < ⌘ < 5, designed for the study of
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What is P5 ?ʹ
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Higgs data
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SMσ/σBest fit 
0 1 2 3 4

 0.99± = 2.76 µ       
ttH tagged

 0.38± = 0.89 µ       
VH tagged

 0.27± = 1.14 µ       
VBF tagged

 0.16± = 0.87 µ       
Untagged

 0.13± = 1.00 µ       
Combined CMS

Preliminary

 (7 TeV)-1 (8 TeV) +  5.1 fb-119.7 fb
 = 125 GeVH m

µHiggs = 1.1± 0.1
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Higgs: new-physics scale?
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Flavor data

µBs�µ+µ� = 0.79± 0.20
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Flavor: new-physics scale?
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Flavor: new-physics scale?
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Upshot

Even in most pessimistic scenario, i.e. minimal-flavor 

violation (MFV), LHCb sensitivity to new-physics scale 

comparable to those of Higgs coupling measurements by 

ATLAS & CMS. Like in case of Higgs, we are now in era 

of precision physics. Further progress likely to depend on 

how well experimentalists can measure & theorists can 

predict — of course, there is still room for surprises! 
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Flavor precision tests: an example
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[Buchmüller & Wyler, NPB (1986) 268;   
 Grzadkowski et al., 1008.4884; …]  

• Effects of anomalous ttZ couplings can be described by 
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Closed ttZ couplings
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Open ttZ couplings
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Figure 2: The preferred regions at 68% and 95% CL from our combined fit to EWPO and rare
decays are shown as the dark-gray and light-gray ellipses, respectively. The colored bands show
the 68% CL constraints from the individual observables. The star denotes the SM value.

while assumption ii) can be motivated by explicit models [15]. A simple way to deviate
from assumption iii) is to consider models with a large enhancement of the bottom-quark
Yukawa coupling; a generic example is a two Higgs-doublet model with large tan�. The
large bottom-Yukawa coupling will induce flavor o↵-diagonal versions of the operators in
Eq. (2.2) and Eq. (2.5). These o↵-diagonal operators lead to additional contributions to
FCNC top decays and D

0�D

0 mixing. In order to relate these observables to tt̄Z couplings,
we assume MFV. Thus the resulting constraints on anomalous tt̄Z couplings are suppressed
by CKM-matrix elements. As an illustrative example consider an extreme case where the
bottom-Yukawa coupling is much larger than the top-Yukawa coupling. In this case, we
have C

(3)

�q,23
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etc., where � ⌘ |Vus| ⇡ 0.22 is the Wolfenstein parameter. Then

D
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10 ⇡ 10�7 and thus completely negligible. Also, the
branching ratio for t ! cZ is
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Using the present bound Br(t ! cZ) < 0.05% given by the CMS collaboration [55] we see
that the resulting bounds are not competitive with bounds from EWPO and rare B/K
decays.

Note that the o↵-diagonal operators will also lead to additional contributions to rare
B/K decays and anomalous bb̄Z couplings. The generalization of our assumption ii) can
be used to eliminate such contribution from these o↵-diagonal operators [15].

12

[Brod et al., 1408.0792] 

ttZ couplings: indirect tests
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[Röntsch & Schulze, 1404.1005] 

13 TeV, NLO QCD
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• Indirect bounds stronger than direct limits for ttZ couplings. Still 
worth looking at pp → ttZ, as cancellation in former case possible
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Flavor anomalies
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Flavor anomalies

• No new-physics model can simultaneously explain all anomalies

• Notoriously difficult to construct new physics that accommodates 
deviations in like-sign dimuon CP asymmetry (ACP) & Vcb, Vub

• Progress in lattice gauge theory will improve understanding of 
for instance εʹ/ε & (g-2)µ, so keep an eye on “R-rated” quantities 

• In following will only discuss anomalies in b → sl+l- — but have 
backup slides on some of other observables that show deviations

µµ

13/58



B → K∗µ+µ- anomaly
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Figure 6: The observable P 0
5

in bins of q2. The shaded boxes show the SM prediction taken
from Ref. [13].

17

[LHCb-CONF-2015-002]

3.7σ

SM from Descotes-Genon 
et al., 1407.8526
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• Error budget of P5 in [4, 6] GeV2 bin:

B → K∗µ+µ- anomaly: Errors
ʹ

[Matias, talk at Moriond EW 2015]
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parametric non-factorizable power corrections

form factors

factorizable power corrections

long-distance cc effects

15/58



• Dominant uncertainties of theoretical origin. What to do? 

B → K∗µ+µ- anomaly: Errors

�0.82+0.01
�0.01

+0.02
�0.02

+0.03
�0.06

+0.06
�0.06

+0.07
�0.08

�0.82 (1± 13%) �0.82 (1± 26%)

all errors are 
Gaussian

maybe 
better to 
add errors 
linearly

• Largest individual uncertainty due to long-distance cc effects. 
What is the problem & what does this mean for the error?
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… in reality 
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A closer look
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FIG. 3: B ! K`` rate for high E ⌘ p
q2 just above the  (3770)-resonance up to the kinematic endpoint. The 40 LHCb bins [1, 13] are

shown with grey crosses. The solid blue line corresponds to our SM prediction using FA (the non-factorisable corrections are discussed in
chapter V). The cyan band is the theory error band. The mismatch between FA and the data is apparent to the eye.

b) Prefactor of hc(q2), (18 = 2⌘B,⌘c + 16

res

fit parameters, ⌫ = 117 � 18 � 1 = 98)
In addition to the normalisation, we fit for a scale factor ⌘c in front of the factorisable charm-loop hc(q2). More precisely:
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where C
9

(µ) ' 4, Ce↵

7

(µ) ' �0.3, a
fac

(µ) ' 0.6 at µ ' mb and hc(q2) is shown in Fig. 1. The dots stand for quark
loops of other flavours.

In a next step we probe for non-factorisable corrections by letting the fit residues of the LHCb data take on arbitrary real
(fit-c) and complex (fit-d) numbers. We would like to emphasise that in addition to non-factorisable effects new operators with
JPC

[c̄�c] = 1

��, other than the vector current, can also lead to such effects. More discussion can be found later on.
For the charm vacuum polarisation the discontinuity Disc[hc] is necessarily positive Eq. (8,2) and its relation to physical

quantities is given (5). Hence we can test for physics beyond SM FA by the following replacement
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The scale factor ⇢r roughly corresponds to A(B ! K )/fB!K
+

(q2) and replaces A( ! ``) in (5).
For the fits c) and d) we are not going to put any background model to the LHCb-fit since with the current precision of the

LHCb data it seems difficult to crosscheck for the correctness of any model. The background is essentially zero at the ¯DD-
threshold and is expected to raise smoothly with kinks at the thresholds of various D ¯D-thresholds (with the two D’s being any
of D, D⇤, Ds, D⇤, D

1

, . . . ) into the region where perturbation theory becomes accurate. In fact this is the essence behind the
model ansatz (4). The branching fraction has just got the opposite behaviour to the background and this is the reason why it
seems difficult to extract the background from the data. More data could, of course, improve the situation.

c) Variable residues ⇢r 2 R, (22 = 1⌘B + 5⇢r + 16

res

fit parameters, ⌫ = 117 � 32 � 1 = 94)
We choose to keep ⌘B ⌘ 1 and parameterise ⇢

 (2S)

instead which is an equivalent procedure. The five parameters ⇢r are
constrained to be real.

d) Variable residues ⇢r 2 C, (27 = 1⌘B + 10⇢r + 16

res

fit parameters, ⌫ = 117 � 27 � 1 = 89)
Idem but with ⇢r 2 C allowing for dynamical phases, therefore introducing 5 new fit parameters.

low-q2 high-q2

4m2
c

 

 (2S)
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Idem but with ⇢r 2 C allowing for dynamical phases, therefore introducing 5 new fit parameters.

[Lyon & Zwicky, 1406.0566]

Resonances gone topsy-turvy
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Breakdown of factorization
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• Factorizable effects can be related to (full non-perturbative) 
charm vacuum polarization via a standard dispersion relation 
& extracted from BESII data on e+e− → hadrons

u, d
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Breakdown of factorization
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• Unfortunately, there are other 
contributions which cannot be 
related to vacuum polarization. 
Such effects break factorization 
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Breakdown of factorization

• As we are dealing with strong coupling, not a big surprise that 
factorization is badly broken in resonance region. To which 
extent does this pollute B → K∗µ+µ- observables at low q2 ?
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shown with grey crosses. The solid blue line corresponds to our SM prediction using FA (the non-factorisable corrections are discussed in
chapter V). The cyan band is the theory error band. The mismatch between FA and the data is apparent to the eye.
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In addition to the normalisation, we fit for a scale factor ⌘c in front of the factorisable charm-loop hc(q2). More precisely:
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(µ) ' 0.6 at µ ' mb and hc(q2) is shown in Fig. 1. The dots stand for quark
loops of other flavours.

In a next step we probe for non-factorisable corrections by letting the fit residues of the LHCb data take on arbitrary real
(fit-c) and complex (fit-d) numbers. We would like to emphasise that in addition to non-factorisable effects new operators with
JPC

[c̄�c] = 1

��, other than the vector current, can also lead to such effects. More discussion can be found later on.
For the charm vacuum polarisation the discontinuity Disc[hc] is necessarily positive Eq. (8,2) and its relation to physical

quantities is given (5). Hence we can test for physics beyond SM FA by the following replacement
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The scale factor ⇢r roughly corresponds to A(B ! K )/fB!K
+

(q2) and replaces A( ! ``) in (5).
For the fits c) and d) we are not going to put any background model to the LHCb-fit since with the current precision of the

LHCb data it seems difficult to crosscheck for the correctness of any model. The background is essentially zero at the ¯DD-
threshold and is expected to raise smoothly with kinks at the thresholds of various D ¯D-thresholds (with the two D’s being any
of D, D⇤, Ds, D⇤, D

1

, . . . ) into the region where perturbation theory becomes accurate. In fact this is the essence behind the
model ansatz (4). The branching fraction has just got the opposite behaviour to the background and this is the reason why it
seems difficult to extract the background from the data. More data could, of course, improve the situation.

c) Variable residues ⇢r 2 R, (22 = 1⌘B + 5⇢r + 16

res

fit parameters, ⌫ = 117 � 32 � 1 = 94)
We choose to keep ⌘B ⌘ 1 and parameterise ⇢

 (2S)

instead which is an equivalent procedure. The five parameters ⇢r are
constrained to be real.

d) Variable residues ⇢r 2 C, (27 = 1⌘B + 10⇢r + 16

res

fit parameters, ⌫ = 117 � 27 � 1 = 89)
Idem but with ⇢r 2 C allowing for dynamical phases, therefore introducing 5 new fit parameters.

4m2
c

A closer look

?

 

 (2S)
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Breakdown of factorization

• At present, question cannot be answered from first principles. 
But can use models to calculate size of pollution & may utilize 
information to arrive at a guesstimate of induced theory error
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Figure 6: The observable P 0
5

in bins of q2. The shaded boxes show the SM prediction taken
from Ref. [13].
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My error guesstimates

q2 [GeV]

P 0
5

[UH based on light-cone sum rule calculation of Khodjamirian et al., 1006.5045]
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q2 [GeV]

P 0
5

My error guesstimates

• My guesstimate gives an 
uncertainty of 14% in bin 4  
& 5  from cc effects only —
i.e. larger than total Gaussian 
error quoted before

• Topsy-turvy analysis suggests 
even much larger cc effects, 
potentially resolving anomaly 
— I think that this “model” is 
more shaky than my guess 

[UH based on light-cone sum rule calculation of Khodjamirian et al., 1006.5045]
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My error guesstimates

• In my opinion my exercise indicates that theory uncertainties in 
some analysis are too small — by how much is hard to say

• Notice that one could gain already quite a bit, if one could pin 
down whether interference between long-distance & short-
distance physics is constructive or destructive. All ideas are 
very welcome!  
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RK anomaly

[LHCb-TALK-2014-108]

2.6σ
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Maybe RK not alone

[http://belle.kek.jp/belle/theses/doctor/2009/Nakayama.pdf]

RXs =

� 6 GeV2

1 GeV2
dq2 d� (B � Xsµ+µ�)

dq2

� 6 GeV2

1 GeV2
dq2 d� (B � Xse+e�)

dq2

= 0.34± 0.16

RSM
Xs

= 1� 4.3% 3.9σ
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RSM
K = 1 +O

�
m2

µ

m2
b

�
= 1.0003± 0.0001

[Bobeth et al., arXiv:0709.4174]

RK: null test in SM?
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RK: null test in SM?

b s

t
Z

W

µ+

µ�

�

RSM
K = 1 +O

�
m2

µ

m2
b

�
+O

�
� ln

m2
µ

m2
b

�
= 1 +O(0.01)
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How big is O(0.01)?
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[UH based on Huber et al., hep-ph/0510266]
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How big is O(0.01)?

RXs

[LHCb-TALK-2014-108]

2.6σ

• Naive inclusion of collinear QED logarithms (from RXs) fails to 
explain anomaly, but corrections seem to improve tension in RK
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In practice …
• … things are again much more complicated: 

‣ Ratio between B+ → K+µ+µ- & B+ → K+e+e not directly 

measured, but a double ratio involving B+ → J/ψ (→ l+l-) K+ 
— this is necessary because for each electron pair LHCb 
“sees” O(50) muon pairs 

‣ To correct for this mismatch, LHCb uses a Monte Carlo 
(PHOTOS), which contains QED effects. Bremsstrahlungs 
photons are also part of detector simulation  

• What SM prediction would one get if one uses full LHCb chain 
to calculate RK instead of taking RK  = 1 from literature?
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If its new physics, it should nail it!

5

[16] is now lower than the experimental world average
by 1.2�, extensions of the SM that predict a suppres-
sion of the b ! s� amplitude are strongly constrained.
In particular, even the SM point �C

e↵
7 = 0 is almost

disfavored at 68% CL by the global fit.
The stringent bound on the NP contribution �C given

in Eq. (14) translates into tight two-sided limits for the
BRs of all Z-penguin dominated flavor-changing K- and
B-decays as shown in Tab. I. A strong violation of any of
the bounds by future measurements will imply a failure
of the CMFV assumption, signaling either the presence
of new e↵ective operators and/or new flavor and CP vi-
olation. A way to evade the given limits is the pres-
ence of sizable corrections �CNP and/or box contribu-
tions. While these possibilities cannot be fully excluded,
general arguments and explicit calculations indicate that
they are both di�cult to realize in the CMFV framework.

V. CONCLUSIONS

Z
R.I.P. large destructive CMFV Z-penguin!
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Fit to 88 b → sµ+µ- observables

Coe↵. best fit 1� 2�
q
�2

b.f.

� �2

SM

p [%]

CNP

7

�0.04 [�0.07,�0.01] [�0.10, 0.02] 1.42 2.4

C 0
7

0.01 [�0.04, 0.07] [�0.10, 0.12] 0.24 1.8

CNP

9

�1.07 [�1.32,�0.81] [�1.54,�0.53] 3.70 11.3

C 0
9

0.21 [�0.04, 0.46] [�0.29, 0.70] 0.84 2.0

CNP

10

0.50 [0.24, 0.78] [�0.01, 1.08] 1.97 3.2

C 0
10

�0.16 [�0.34, 0.02] [�0.52, 0.21] 0.87 2.0

CNP

9

= CNP

10

�0.22 [�0.44, 0.03] [�0.64, 0.33] 0.89 2.0

CNP

9

= �CNP

10

�0.53 [�0.71,�0.35] [�0.91,�0.18] 3.13 7.1

C 0
9

= C 0
10

�0.10 [�0.36, 0.17] [�0.64, 0.43] 0.36 1.8

C 0
9

= �C 0
10

0.11 [�0.01, 0.22] [�0.12, 0.33] 0.93 2.0

Table 2: Constraints on individual Wilson coe�cients, assuming them to be real, in the global fit to 88 b ! sµ+µ�

measurements. The p values in the last column should be compared to the p value of the SM, 2.1%.

2.3 Implications for Wilson coe�cients

Next, we have performed fits where a single real Wilson coe�cient at a time is allowed to float.
The resulting best-fit values, 1 and 2� ranges, pulls, and p values are shown in table 2. The best
fit is obtained for new physics in C

9

only, corresponding to a 3.7� pull from the SM. A slightly
worse fit with a pull of 3.1� is obtained in the SU(2)L invariant direction CNP

9

= �CNP

10

. This
direction corresponds to an operator with left-handed leptons only and is predicted by several
NP models. If we include b ! se+e� observables in the fit and assume NP to only a↵ect the
b ! sµ+µ� modes, the pulls of these two scenarios increase to 4.3� and 3.9�, respectively.

Allowing NP e↵ects in two Wilson coe�cients at the same time, one obtains the allowed
regions shown in fig. 1 in the C

9

-C
10

plane and the C
9

-C 0
9

plane. Apart from the 1� and
2� regions allowed by the global fit shown in blue, these plots also show the allowed regions
when taking into account only B ! K⇤µ+µ� angular observables (red) or only branching ratio
measurements of all decays considered (green).

2.4 New physics vs. hadronic e↵ects

The result that the best fit is obtained by modifying the Wilson coe�cient C
9

might be worrying
as this is the coe�cient of an operator with a left-handed quark FCNC and a vector-like coupling
to leptons; non-factorizable hadronic e↵ects are mediated by virtual photon exchange and thus
also have a vector-like coupling to leptons (and the left-handedness of the FCNC transition is
ensured by the SM weak interactions). It is therefore conceivable that unaccounted for hadronic
e↵ects could mimic a new physics e↵ect in C

9

. There are at least two ways to test this possibility.

1. The hadronic e↵ect cannot violate LFU, so if the violation of LFU in RK (or any of the
other observables suggested, e.g., in 12) is confirmed, this hypothesis is refuted;

2. There is no a priori reason to expect that a hadronic e↵ect should have the same q2

dependence as a shift in C
9

induced by NP.

Let us focus on the second point. With the finer binning of the new LHCb B ! K⇤µ+µ� angular
analysis, it is possible to determine the preferred range of a hypothetical NP contribution to
C
9

in individual bins of q2. To this end, we have splitted all measurements of B ! K⇤µ+µ�

• Since p-value of SM is 2.1%, no solution really nails it. Scenario 
with a -25% shift in C9 (vector current) preferred 

[Altmannshofer & Straub, 1503.06199]
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A line is a line, is a line, is a line

• If B → K∗µ+µ- anomalies due to new physics, best-fit values for 
C9 should be q2-independent. If effect grows towards resonance 
region smells like long-distance cc effect

0 5 10 15

-3

-2

-1

0

1

q2 [GeV2]

C
9N
P

Figure 2 – Purple: ranges preferred at 1� for a new physics contribution to C9 from fits to all B ! K⇤µ+µ�

observables in di↵erent bins of q2. Blue: 1� range for CNP
9 from the global fit (cf. tab. 2). Green: 1� range for

CNP
9 from a fit to B ! K⇤µ+µ� observables only. The vertical gray lines indicate the location of the J/ and  0

resonances, respectively.

3 Summary and Outlook

The new LHCb measurement of angular observables in B ! K⇤µ+µ� is in significant tension
with SM expectations. An explanation in terms of new physics is consistent with the data.
Models with a negative shift of C

9

or with CNP

9

= �CNP

10

< 0 give the best fit to the data. These
findings are in very good agreement with preliminary results from a similar analysis presented
at this conference 25.

Arguments have been given why the tension being caused by underestimated form factor
uncertainties, suggested 24 as an explanation of the original B ! K⇤µ+µ� anomaly 1, does
not seem to be supported by the data. A detailed numerical analysis of this point, with the
help of the new LCSR result 15 (and possibly the relations in the heavy quark limit 22,26,24 as a
cross-check) would be interesting.

An important cross-check of the NP hypothesis is the q2 dependence of the preferred shift in
C
9

and it has been argued that also an unexpectedly large charm-loop contribution at low q2 near
the J/ resonance could solve, or at least reduce, the observed tensions. A possible experimental
strategy to resolve this ambiguity could contain, among others, the following steps.

• Testing LFU in the B ! K⇤µ+µ� vs. B ! K⇤e+e� branching ratios and angular observ-
ables, where spectacular deviations from the SM universality prediction would occur if the
RK anomaly is due to NP 12,27,24, which can be accomodated in various NP models with
a Z 0 boson 28,29,30,31,32,12,33 f or leptoquarks 8,38,29,39,40,41;

• Searching for lepton flavour violating B decays like B ! K(⇤)e±µ⌥, because in leptoquark
models explaining the B ! K⇤µ+µ� anomaly, either RK(⇤) deviates from one or lepton
flavour is violated 29,41 and also in Z 0 models these decays could arise 30.

• Measuring the T-odd CP asymmetries42,43 A
7,8,9, which could be non-zero in the presence

of new sources of CP violation.

• Measuring BR(Bs ! µ+µ�) more precisely as a clean(er) probe of C
10

.

The first three items are null tests of the SM and could unambiguously prove the presence of
new physics not spoiled by hadronic uncertainties; the last one is at least much cleaner than
semi-leptonic decays.

fSome Z0 models 34,35,36,37 predict LFU to hold but could still solve the B ! K⇤µ+µ� anomaly.

bin-wise fit to B → K∗µ+µ- 

data 

global fit to 88 b → sµ+µ- 
observables

global fit to B → K∗µ+µ- 

data only

[Altmannshofer & Straub, 1503.06199]
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At present only real parts of Wilson coefficients bounded 

by global fits of b → sγ & b → sl+l- data. Weak sensitivity 

to Im(C7   ) from time-dependent CP asymmetry SK∗γ. An  

important future goal of LHCb has to be measurements of 

CP-violating observables in B →  K∗µ+µ-, … . Looking at  

B →  K∗µ+µ-/e+e- also mandatory because channels over 

theoretically clean way to extract C7

First main message 

(ʹ)

ʹ
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If only SU(2)L × U(1)Y invariant operators are present get:

Neither pattern is preferred by fit & therefore new-physics 

models such as MSSM & simple-minded realisations of 

compositeness, lepto-quark scenarios, … seem disfavored. 

Observed deviations can be addressed in Zʹ-boson models 

that have vector-like couplings to muons

�C9 � �C10 or �C9 = ±�C10

Second main message 
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Proposed Zʹ models

[Gauld et al., 1310.1082; 
 Buras et al., 1311.6729]

“3-3-1” model “Lµ-Lτ” model

SU(3)L � U(1)X

�

SU(2)L � U(1)Y

U(1)Q

�

�

SU(2)L � U(1)Y

�

U(1)Q

SU(2)L � U(1)Y � U(1)Lµ�L�

v� � v

v

v� � v

v�, v� � v�

[Altmannshofer et al., 1403.1269;
 Crivellin et al., 1501.00993, 1503.03477]
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Proposed Zʹ models

[Altmannshofer et al., 1403.1269;
 Crivellin et al., 1501.00993, 1503.03477]

[Gauld et al., 1310.1082; 
 Buras et al., 1311.6729]

“3-3-1” model “Lµ-Lτ” model

• llZʹ couplings almost 
vector-like after suitable 
charge normalization 

• sbZʹ couplings can be 
made MFV-like by 
alignment (favorable in 
view of Bs mixing) 

• At tree-level, muons & 
taus couple vectorially  
(no electron couplings)

• sbZʹ vertex from mixing 
with vector-like quarks 
(mixings dialled or due to 
horizontal symmetries) 

41/58



Proposed Zʹ models

[Gauld et al., 1310.1082; 
 Buras et al., 1311.6729]

“3-3-1” model “Lµ-Lτ” model

• P5 anomaly explained by 
a Zʹ of 7 TeV (minimal 
model has Landau pole 
at 4 TeV, but curable)

• No explanation for RK 

anomaly, since lepton 
couplings universal 

• If mixing is dialled, get 
MZʹ > 40 GeV, while if 
horizontal symmetries  
are used, Zʹ searches 
imply MZʹ > 2.5 TeV 

• Both P5 & RK anomaly 
can be addressed 

ʹ

ʹ

[Altmannshofer et al., 1403.1269;
 Crivellin et al., 1501.00993, 1503.03477]
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FIG. 3. Constraints on the model parameter space from the
di↵erent leptonic processes discussed in Section IV. The re-
gion in white is the allowed region. The anomaly in B !
K⇤µ+µ� can be accommodated everywhere to the left of the
bottom-right triangle, see Eq. (21). Note that the constraint
from the neutrino trident production of muon pairs (red re-
gion) completely excludes the region favored by (g�2)µ. The
dotted lines in the allowed region denote (5�10)% NP e↵ects
in Bs mixing.
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FIG. 4. Example one-loop box diagram that gives a correction
to the ⌧ ! µ⌫⌧ ⌫̄µ decay. In total there are four box diagrams
with the Z0 connected to the lepton legs.

to be v� ' 180 GeV. The corresponding 1� range is
shown in Fig. 3 as the blue diagonal band. Alternatively,
this measurement sets a ⇠ 5� lower bound on the VEV
of v� & 110 GeV such that �aµ . 7.4 ⇥ 10�9 (see the
diagonal gray region in Fig. 3).

• ⌧ decays. The Z 0 also leads to corrections to tau
decay processes. In particular, one-loop box diagrams,
such as the one shown in Fig. 4, give the leading mod-
ifications to the ⌧ ! µ⌫⌧ ⌫̄µ rate, while the ⌧ ! e⌫⌧ ⌫̄e

decay remains SM-like to an excellent approximation.
Contributions to ⌧ ! e⌫⌧ ⌫̄e (and ⌧ ! µ⌫⌧ ⌫̄µ) from ver-
tex corrections are suppressed by a factor m2

⌧/m
2
Z0 due

to SU(2)L invariance and can be safely neglected in the
regions of parameter space we are interested in. Tiny
additional corrections can arise in the presence of kinetic
Z�Z 0 mixing. Evaluating the box diagrams, we find the
following correction

BR(⌧ ! µ⌫⌧ ⌫̄µ)

BR(⌧ ! µ⌫⌧ ⌫̄µ)SM
' 1 + � , (27)

where,

� =
3(g0)2

4⇡2

log(m2
W /m2

Z0)

1 � m2
Z0/m2

W

. (28)

Importantly, the sign of the correction � is determined
by the relative sign of the Z 0 couplings to taus and muons.
The gauged Lµ�L⌧ unambiguously leads to an enhance-
ment of the ⌧ ! µ⌫⌧ ⌫̄µ branching ratio. Interestingly,
measurements point towards a small positive contribu-
tion to the muonic branching ratio of the tau as we now
discuss.

The PDG value for the branching ratio of ⌧ ! µ⌫⌧ ⌫̄µ
reads [34]

BR(⌧ ! µ⌫⌧ ⌫̄µ)exp = (17.41 ± 0.04)% . (29)

This should be compared to the SM prediction [35]

BR(⌧ ! µ⌫⌧ ⌫̄µ)SM = ⌧⌧ (5.956 ± 0.002) ⇥ 1011/s .(30)

The dominant uncertainty on the SM prediction for the
branching ratio comes from ⌧⌧ , the lifetime of the tau.
Combining a very recent result on the tau lifetime from
Belle [36] with previous measurements at LEP [37–40]
and CLEO [41], results in ⌧⌧ = (290.29 ± 0.53) ⇥ 10�15s.
Using this value in the SM prediction for BR(⌧ !
µ⌫⌧ ⌫̄µ), we find that the experimental value in Eq. (29) is
more than 2� above the SM prediction. Translated into
the variable �, we obtain

� = (7.0 ± 3.0) ⇥ 10�3 . (31)

In Fig. 3, the region of parameter space favored by the ⌧
decay to muons is shown as a green band.

• Z coupling to leptons. Loops involving the Z 0 also
a↵ect the couplings of the SM Z vector-boson to muons,
taus and neutrinos. The corresponding branching ratios
have been measured very accurately at LEP and SLC
facilities. The corrections to the vector and axial-vector
couplings of the Z to leptons are given by

gV e

gSMV e

=
gAe

gSMAe

= 1 , (32a)

gV µ

gSMV µ

=
gAµ

gSMAµ

=

����1 +
(g0)2

(4⇡)2
KF (mZ0)

���� , (32b)

gV ⌧

gSMV ⌧

=
gA⌧

gSMA⌧

=

����1 +
(g0)2

(4⇡)2
KF (mZ0)

���� , (32c)

Probing the Z ′

anomalous magnetic moment
of the muon

µ

µ

γ

µZ ′

∆aµ ≃
1

12π2
m2

µ

⟨φ⟩2

the (g − 2)µ anomaly:

∆aµ = (2.9± 0.9)× 10−9

preferred value for the U(1)′ breaking vev

⟨φ⟩ ≃ 180GeV
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Probing the Z ′

tau decays

τ

ντ

ν̄µ

µ

Z ′

W

BR(τ → µντ ν̄µ)

BR(τ → µντ ν̄µ)SM
≃ 1+∆

∆ =
3(g′)2

4π2
log(m2

W /m2
Z ′ )

1−m2
Z ′/m2

W

combining SM prediction (Pich 1310.7922)
with exp. results (PDG + Belle 1310.8503)

∆ = (7.0± 3.0)× 10−3
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FIG. 3. Constraints on the model parameter space from the
di↵erent leptonic processes discussed in Section IV. The re-
gion in white is the allowed region. The anomaly in B !
K⇤µ+µ� can be accommodated everywhere to the left of the
bottom-right triangle, see Eq. (21). Note that the constraint
from the neutrino trident production of muon pairs (red re-
gion) completely excludes the region favored by (g�2)µ. The
dotted lines in the allowed region denote (5�10)% NP e↵ects
in Bs mixing.

⌧

µ

Z 0 W

⌧
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⌫⌧

µ

FIG. 4. Example one-loop box diagram that gives a correction
to the ⌧ ! µ⌫⌧ ⌫̄µ decay. In total there are four box diagrams
with the Z0 connected to the lepton legs.

to be v� ' 180 GeV. The corresponding 1� range is
shown in Fig. 3 as the blue diagonal band. Alternatively,
this measurement sets a ⇠ 5� lower bound on the VEV
of v� & 110 GeV such that �aµ . 7.4 ⇥ 10�9 (see the
diagonal gray region in Fig. 3).

• ⌧ decays. The Z 0 also leads to corrections to tau
decay processes. In particular, one-loop box diagrams,
such as the one shown in Fig. 4, give the leading mod-
ifications to the ⌧ ! µ⌫⌧ ⌫̄µ rate, while the ⌧ ! e⌫⌧ ⌫̄e

decay remains SM-like to an excellent approximation.
Contributions to ⌧ ! e⌫⌧ ⌫̄e (and ⌧ ! µ⌫⌧ ⌫̄µ) from ver-
tex corrections are suppressed by a factor m2

⌧/m
2
Z0 due

to SU(2)L invariance and can be safely neglected in the
regions of parameter space we are interested in. Tiny
additional corrections can arise in the presence of kinetic
Z�Z 0 mixing. Evaluating the box diagrams, we find the
following correction

BR(⌧ ! µ⌫⌧ ⌫̄µ)

BR(⌧ ! µ⌫⌧ ⌫̄µ)SM
' 1 + � , (27)

where,

� =
3(g0)2

4⇡2

log(m2
W /m2

Z0)

1 � m2
Z0/m2

W

. (28)

Importantly, the sign of the correction � is determined
by the relative sign of the Z 0 couplings to taus and muons.
The gauged Lµ�L⌧ unambiguously leads to an enhance-
ment of the ⌧ ! µ⌫⌧ ⌫̄µ branching ratio. Interestingly,
measurements point towards a small positive contribu-
tion to the muonic branching ratio of the tau as we now
discuss.

The PDG value for the branching ratio of ⌧ ! µ⌫⌧ ⌫̄µ
reads [34]

BR(⌧ ! µ⌫⌧ ⌫̄µ)exp = (17.41 ± 0.04)% . (29)

This should be compared to the SM prediction [35]

BR(⌧ ! µ⌫⌧ ⌫̄µ)SM = ⌧⌧ (5.956 ± 0.002) ⇥ 1011/s .(30)

The dominant uncertainty on the SM prediction for the
branching ratio comes from ⌧⌧ , the lifetime of the tau.
Combining a very recent result on the tau lifetime from
Belle [36] with previous measurements at LEP [37–40]
and CLEO [41], results in ⌧⌧ = (290.29 ± 0.53) ⇥ 10�15s.
Using this value in the SM prediction for BR(⌧ !
µ⌫⌧ ⌫̄µ), we find that the experimental value in Eq. (29) is
more than 2� above the SM prediction. Translated into
the variable �, we obtain

� = (7.0 ± 3.0) ⇥ 10�3 . (31)

In Fig. 3, the region of parameter space favored by the ⌧
decay to muons is shown as a green band.

• Z coupling to leptons. Loops involving the Z 0 also
a↵ect the couplings of the SM Z vector-boson to muons,
taus and neutrinos. The corresponding branching ratios
have been measured very accurately at LEP and SLC
facilities. The corrections to the vector and axial-vector
couplings of the Z to leptons are given by

gV e

gSMV e

=
gAe

gSMAe

= 1 , (32a)

gV µ

gSMV µ

=
gAµ

gSMAµ

=

����1 +
(g0)2

(4⇡)2
KF (mZ0)

���� , (32b)

gV ⌧

gSMV ⌧

=
gA⌧

gSMA⌧

=

����1 +
(g0)2

(4⇡)2
KF (mZ0)

���� , (32c)

favored by anomaly 
in τ decay

[Altmannshofer et al., 1403.1269]
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FIG. 3. Constraints on the model parameter space from the
di↵erent leptonic processes discussed in Section IV. The re-
gion in white is the allowed region. The anomaly in B !
K⇤µ+µ� can be accommodated everywhere to the left of the
bottom-right triangle, see Eq. (21). Note that the constraint
from the neutrino trident production of muon pairs (red re-
gion) completely excludes the region favored by (g�2)µ. The
dotted lines in the allowed region denote (5�10)% NP e↵ects
in Bs mixing.
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⌫⌧

µ

FIG. 4. Example one-loop box diagram that gives a correction
to the ⌧ ! µ⌫⌧ ⌫̄µ decay. In total there are four box diagrams
with the Z0 connected to the lepton legs.

to be v� ' 180 GeV. The corresponding 1� range is
shown in Fig. 3 as the blue diagonal band. Alternatively,
this measurement sets a ⇠ 5� lower bound on the VEV
of v� & 110 GeV such that �aµ . 7.4 ⇥ 10�9 (see the
diagonal gray region in Fig. 3).

• ⌧ decays. The Z 0 also leads to corrections to tau
decay processes. In particular, one-loop box diagrams,
such as the one shown in Fig. 4, give the leading mod-
ifications to the ⌧ ! µ⌫⌧ ⌫̄µ rate, while the ⌧ ! e⌫⌧ ⌫̄e

decay remains SM-like to an excellent approximation.
Contributions to ⌧ ! e⌫⌧ ⌫̄e (and ⌧ ! µ⌫⌧ ⌫̄µ) from ver-
tex corrections are suppressed by a factor m2

⌧/m
2
Z0 due

to SU(2)L invariance and can be safely neglected in the
regions of parameter space we are interested in. Tiny
additional corrections can arise in the presence of kinetic
Z�Z 0 mixing. Evaluating the box diagrams, we find the
following correction

BR(⌧ ! µ⌫⌧ ⌫̄µ)

BR(⌧ ! µ⌫⌧ ⌫̄µ)SM
' 1 + � , (27)

where,

� =
3(g0)2

4⇡2

log(m2
W /m2

Z0)

1 � m2
Z0/m2

W

. (28)

Importantly, the sign of the correction � is determined
by the relative sign of the Z 0 couplings to taus and muons.
The gauged Lµ�L⌧ unambiguously leads to an enhance-
ment of the ⌧ ! µ⌫⌧ ⌫̄µ branching ratio. Interestingly,
measurements point towards a small positive contribu-
tion to the muonic branching ratio of the tau as we now
discuss.

The PDG value for the branching ratio of ⌧ ! µ⌫⌧ ⌫̄µ
reads [34]

BR(⌧ ! µ⌫⌧ ⌫̄µ)exp = (17.41 ± 0.04)% . (29)

This should be compared to the SM prediction [35]

BR(⌧ ! µ⌫⌧ ⌫̄µ)SM = ⌧⌧ (5.956 ± 0.002) ⇥ 1011/s .(30)

The dominant uncertainty on the SM prediction for the
branching ratio comes from ⌧⌧ , the lifetime of the tau.
Combining a very recent result on the tau lifetime from
Belle [36] with previous measurements at LEP [37–40]
and CLEO [41], results in ⌧⌧ = (290.29 ± 0.53) ⇥ 10�15s.
Using this value in the SM prediction for BR(⌧ !
µ⌫⌧ ⌫̄µ), we find that the experimental value in Eq. (29) is
more than 2� above the SM prediction. Translated into
the variable �, we obtain

� = (7.0 ± 3.0) ⇥ 10�3 . (31)

In Fig. 3, the region of parameter space favored by the ⌧
decay to muons is shown as a green band.

• Z coupling to leptons. Loops involving the Z 0 also
a↵ect the couplings of the SM Z vector-boson to muons,
taus and neutrinos. The corresponding branching ratios
have been measured very accurately at LEP and SLC
facilities. The corrections to the vector and axial-vector
couplings of the Z to leptons are given by

gV e

gSMV e

=
gAe

gSMAe

= 1 , (32a)

gV µ

gSMV µ

=
gAµ

gSMAµ

=

����1 +
(g0)2

(4⇡)2
KF (mZ0)

���� , (32b)

gV ⌧

gSMV ⌧

=
gA⌧

gSMA⌧

=

����1 +
(g0)2

(4⇡)2
KF (mZ0)

���� , (32c)

LHC bound 
from Z→4l

Probing the Z ′

Z → 4µ @ LHC

Z

µ−

µ+

µ−

µ+

Z ′

branching ratio measured at 10% level by
ATLAS (CONF-2013-055)
and CMS (1210.3844)

BR(Z → 4µ) = (4.2± 0.4)× 10−6

possible to improve at LHC run II
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FIG. 3. Constraints on the model parameter space from the
di↵erent leptonic processes discussed in Section IV. The re-
gion in white is the allowed region. The anomaly in B !
K⇤µ+µ� can be accommodated everywhere to the left of the
bottom-right triangle, see Eq. (21). Note that the constraint
from the neutrino trident production of muon pairs (red re-
gion) completely excludes the region favored by (g�2)µ. The
dotted lines in the allowed region denote (5�10)% NP e↵ects
in Bs mixing.
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FIG. 4. Example one-loop box diagram that gives a correction
to the ⌧ ! µ⌫⌧ ⌫̄µ decay. In total there are four box diagrams
with the Z0 connected to the lepton legs.

to be v� ' 180 GeV. The corresponding 1� range is
shown in Fig. 3 as the blue diagonal band. Alternatively,
this measurement sets a ⇠ 5� lower bound on the VEV
of v� & 110 GeV such that �aµ . 7.4 ⇥ 10�9 (see the
diagonal gray region in Fig. 3).

• ⌧ decays. The Z 0 also leads to corrections to tau
decay processes. In particular, one-loop box diagrams,
such as the one shown in Fig. 4, give the leading mod-
ifications to the ⌧ ! µ⌫⌧ ⌫̄µ rate, while the ⌧ ! e⌫⌧ ⌫̄e

decay remains SM-like to an excellent approximation.
Contributions to ⌧ ! e⌫⌧ ⌫̄e (and ⌧ ! µ⌫⌧ ⌫̄µ) from ver-
tex corrections are suppressed by a factor m2

⌧/m
2
Z0 due

to SU(2)L invariance and can be safely neglected in the
regions of parameter space we are interested in. Tiny
additional corrections can arise in the presence of kinetic
Z�Z 0 mixing. Evaluating the box diagrams, we find the
following correction

BR(⌧ ! µ⌫⌧ ⌫̄µ)

BR(⌧ ! µ⌫⌧ ⌫̄µ)SM
' 1 + � , (27)

where,

� =
3(g0)2

4⇡2

log(m2
W /m2

Z0)

1 � m2
Z0/m2

W

. (28)

Importantly, the sign of the correction � is determined
by the relative sign of the Z 0 couplings to taus and muons.
The gauged Lµ�L⌧ unambiguously leads to an enhance-
ment of the ⌧ ! µ⌫⌧ ⌫̄µ branching ratio. Interestingly,
measurements point towards a small positive contribu-
tion to the muonic branching ratio of the tau as we now
discuss.

The PDG value for the branching ratio of ⌧ ! µ⌫⌧ ⌫̄µ
reads [34]

BR(⌧ ! µ⌫⌧ ⌫̄µ)exp = (17.41 ± 0.04)% . (29)

This should be compared to the SM prediction [35]

BR(⌧ ! µ⌫⌧ ⌫̄µ)SM = ⌧⌧ (5.956 ± 0.002) ⇥ 1011/s .(30)

The dominant uncertainty on the SM prediction for the
branching ratio comes from ⌧⌧ , the lifetime of the tau.
Combining a very recent result on the tau lifetime from
Belle [36] with previous measurements at LEP [37–40]
and CLEO [41], results in ⌧⌧ = (290.29 ± 0.53) ⇥ 10�15s.
Using this value in the SM prediction for BR(⌧ !
µ⌫⌧ ⌫̄µ), we find that the experimental value in Eq. (29) is
more than 2� above the SM prediction. Translated into
the variable �, we obtain

� = (7.0 ± 3.0) ⇥ 10�3 . (31)

In Fig. 3, the region of parameter space favored by the ⌧
decay to muons is shown as a green band.

• Z coupling to leptons. Loops involving the Z 0 also
a↵ect the couplings of the SM Z vector-boson to muons,
taus and neutrinos. The corresponding branching ratios
have been measured very accurately at LEP and SLC
facilities. The corrections to the vector and axial-vector
couplings of the Z to leptons are given by

gV e

gSMV e

=
gAe

gSMAe

= 1 , (32a)

gV µ

gSMV µ

=
gAµ

gSMAµ

=

����1 +
(g0)2

(4⇡)2
KF (mZ0)

���� , (32b)

gV ⌧

gSMV ⌧

=
gA⌧

gSMA⌧

=

����1 +
(g0)2

(4⇡)2
KF (mZ0)

���� , (32c)

Probing the Z ′

neutrino trident production
νµ νµ

µ−

µ+

Z ′

γ

N
N

σ

σSM
≃

1 +
(

1 + 4s2W + 2v2/⟨φ⟩2
)2

1 +
(

1 + 4s2W
)2

measurements at CHARM II, CCFR, NuTeV

σ/σSM = 0.83± 0.18

→ lower bound on the U(1)′ breaking vev

⟨φ⟩ ! 750GeV
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Bounds from Neutral Meson Mixing

the Z ′ also leads to
tree level contribution to Bs mixing

bR

sR

bL

sL

DQ
Z ′

⟨φ⟩

⟨φ⟩

⟨φ⟩

⟨φ⟩

Ms
12 ∝ (YQbY∗

Qs)(YDbY
∗

Ds)
⟨φ⟩2

m2
Qm

2
D

+ . . .

upper bound on the U(1)′ breaking vev,
if the Z ′ explains the B → K∗µ+µ− anomaly

⟨φ⟩ ! 1.8TeV

Kaon mixing strongly constrains the couplings
to first generation quarks

→ tiny production cross section at LHC WA, Gori, Pospelov, Yavin 1403.1269
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FIG. 3. Constraints on the model parameter space from the
di↵erent leptonic processes discussed in Section IV. The re-
gion in white is the allowed region. The anomaly in B !
K⇤µ+µ� can be accommodated everywhere to the left of the
bottom-right triangle, see Eq. (21). Note that the constraint
from the neutrino trident production of muon pairs (red re-
gion) completely excludes the region favored by (g�2)µ. The
dotted lines in the allowed region denote (5�10)% NP e↵ects
in Bs mixing.
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FIG. 4. Example one-loop box diagram that gives a correction
to the ⌧ ! µ⌫⌧ ⌫̄µ decay. In total there are four box diagrams
with the Z0 connected to the lepton legs.

to be v� ' 180 GeV. The corresponding 1� range is
shown in Fig. 3 as the blue diagonal band. Alternatively,
this measurement sets a ⇠ 5� lower bound on the VEV
of v� & 110 GeV such that �aµ . 7.4 ⇥ 10�9 (see the
diagonal gray region in Fig. 3).

• ⌧ decays. The Z 0 also leads to corrections to tau
decay processes. In particular, one-loop box diagrams,
such as the one shown in Fig. 4, give the leading mod-
ifications to the ⌧ ! µ⌫⌧ ⌫̄µ rate, while the ⌧ ! e⌫⌧ ⌫̄e

decay remains SM-like to an excellent approximation.
Contributions to ⌧ ! e⌫⌧ ⌫̄e (and ⌧ ! µ⌫⌧ ⌫̄µ) from ver-
tex corrections are suppressed by a factor m2

⌧/m
2
Z0 due

to SU(2)L invariance and can be safely neglected in the
regions of parameter space we are interested in. Tiny
additional corrections can arise in the presence of kinetic
Z�Z 0 mixing. Evaluating the box diagrams, we find the
following correction

BR(⌧ ! µ⌫⌧ ⌫̄µ)

BR(⌧ ! µ⌫⌧ ⌫̄µ)SM
' 1 + � , (27)

where,

� =
3(g0)2

4⇡2

log(m2
W /m2

Z0)

1 � m2
Z0/m2

W

. (28)

Importantly, the sign of the correction � is determined
by the relative sign of the Z 0 couplings to taus and muons.
The gauged Lµ�L⌧ unambiguously leads to an enhance-
ment of the ⌧ ! µ⌫⌧ ⌫̄µ branching ratio. Interestingly,
measurements point towards a small positive contribu-
tion to the muonic branching ratio of the tau as we now
discuss.

The PDG value for the branching ratio of ⌧ ! µ⌫⌧ ⌫̄µ
reads [34]

BR(⌧ ! µ⌫⌧ ⌫̄µ)exp = (17.41 ± 0.04)% . (29)

This should be compared to the SM prediction [35]

BR(⌧ ! µ⌫⌧ ⌫̄µ)SM = ⌧⌧ (5.956 ± 0.002) ⇥ 1011/s .(30)

The dominant uncertainty on the SM prediction for the
branching ratio comes from ⌧⌧ , the lifetime of the tau.
Combining a very recent result on the tau lifetime from
Belle [36] with previous measurements at LEP [37–40]
and CLEO [41], results in ⌧⌧ = (290.29 ± 0.53) ⇥ 10�15s.
Using this value in the SM prediction for BR(⌧ !
µ⌫⌧ ⌫̄µ), we find that the experimental value in Eq. (29) is
more than 2� above the SM prediction. Translated into
the variable �, we obtain

� = (7.0 ± 3.0) ⇥ 10�3 . (31)

In Fig. 3, the region of parameter space favored by the ⌧
decay to muons is shown as a green band.

• Z coupling to leptons. Loops involving the Z 0 also
a↵ect the couplings of the SM Z vector-boson to muons,
taus and neutrinos. The corresponding branching ratios
have been measured very accurately at LEP and SLC
facilities. The corrections to the vector and axial-vector
couplings of the Z to leptons are given by

gV e

gSMV e

=
gAe

gSMAe

= 1 , (32a)

gV µ

gSMV µ

=
gAµ

gSMAµ

=

����1 +
(g0)2

(4⇡)2
KF (mZ0)

���� , (32b)

gV ⌧

gSMV ⌧

=
gA⌧

gSMA⌧

=

����1 +
(g0)2

(4⇡)2
KF (mZ0)

���� , (32c)

inconsistent with    
Bs-meson mixing

[Altmannshofer et al., 1403.1269]
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Probing the Z ′

Z couplings to leptons

loops involving the Z ′

lead to corrections of the
couplings of the SM Z to
muons, taus and neutrinos
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FIG. 3. Constraints on the model parameter space from the
di↵erent leptonic processes discussed in Section IV. The re-
gion in white is the allowed region. The anomaly in B !
K⇤µ+µ� can be accommodated everywhere to the left of the
bottom-right triangle, see Eq. (21). Note that the constraint
from the neutrino trident production of muon pairs (red re-
gion) completely excludes the region favored by (g�2)µ. The
dotted lines in the allowed region denote (5�10)% NP e↵ects
in Bs mixing.
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FIG. 4. Example one-loop box diagram that gives a correction
to the ⌧ ! µ⌫⌧ ⌫̄µ decay. In total there are four box diagrams
with the Z0 connected to the lepton legs.

to be v� ' 180 GeV. The corresponding 1� range is
shown in Fig. 3 as the blue diagonal band. Alternatively,
this measurement sets a ⇠ 5� lower bound on the VEV
of v� & 110 GeV such that �aµ . 7.4 ⇥ 10�9 (see the
diagonal gray region in Fig. 3).

• ⌧ decays. The Z 0 also leads to corrections to tau
decay processes. In particular, one-loop box diagrams,
such as the one shown in Fig. 4, give the leading mod-
ifications to the ⌧ ! µ⌫⌧ ⌫̄µ rate, while the ⌧ ! e⌫⌧ ⌫̄e

decay remains SM-like to an excellent approximation.
Contributions to ⌧ ! e⌫⌧ ⌫̄e (and ⌧ ! µ⌫⌧ ⌫̄µ) from ver-
tex corrections are suppressed by a factor m2

⌧/m
2
Z0 due

to SU(2)L invariance and can be safely neglected in the
regions of parameter space we are interested in. Tiny
additional corrections can arise in the presence of kinetic
Z�Z 0 mixing. Evaluating the box diagrams, we find the
following correction

BR(⌧ ! µ⌫⌧ ⌫̄µ)

BR(⌧ ! µ⌫⌧ ⌫̄µ)SM
' 1 + � , (27)

where,

� =
3(g0)2

4⇡2

log(m2
W /m2

Z0)

1 � m2
Z0/m2

W

. (28)

Importantly, the sign of the correction � is determined
by the relative sign of the Z 0 couplings to taus and muons.
The gauged Lµ�L⌧ unambiguously leads to an enhance-
ment of the ⌧ ! µ⌫⌧ ⌫̄µ branching ratio. Interestingly,
measurements point towards a small positive contribu-
tion to the muonic branching ratio of the tau as we now
discuss.

The PDG value for the branching ratio of ⌧ ! µ⌫⌧ ⌫̄µ
reads [34]

BR(⌧ ! µ⌫⌧ ⌫̄µ)exp = (17.41 ± 0.04)% . (29)

This should be compared to the SM prediction [35]

BR(⌧ ! µ⌫⌧ ⌫̄µ)SM = ⌧⌧ (5.956 ± 0.002) ⇥ 1011/s .(30)

The dominant uncertainty on the SM prediction for the
branching ratio comes from ⌧⌧ , the lifetime of the tau.
Combining a very recent result on the tau lifetime from
Belle [36] with previous measurements at LEP [37–40]
and CLEO [41], results in ⌧⌧ = (290.29 ± 0.53) ⇥ 10�15s.
Using this value in the SM prediction for BR(⌧ !
µ⌫⌧ ⌫̄µ), we find that the experimental value in Eq. (29) is
more than 2� above the SM prediction. Translated into
the variable �, we obtain

� = (7.0 ± 3.0) ⇥ 10�3 . (31)

In Fig. 3, the region of parameter space favored by the ⌧
decay to muons is shown as a green band.

• Z coupling to leptons. Loops involving the Z 0 also
a↵ect the couplings of the SM Z vector-boson to muons,
taus and neutrinos. The corresponding branching ratios
have been measured very accurately at LEP and SLC
facilities. The corrections to the vector and axial-vector
couplings of the Z to leptons are given by

gV e

gSMV e

=
gAe

gSMAe

= 1 , (32a)

gV µ

gSMV µ

=
gAµ

gSMAµ

=

����1 +
(g0)2

(4⇡)2
KF (mZ0)

���� , (32b)

gV ⌧

gSMV ⌧

=
gA⌧

gSMA⌧

=

����1 +
(g0)2

(4⇡)2
KF (mZ0)

���� , (32c)

excluded by LEP 
measurements of      
Z couplings 

[Altmannshofer et al., 1403.1269]
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FIG. 3. Constraints on the model parameter space from the
di↵erent leptonic processes discussed in Section IV. The re-
gion in white is the allowed region. The anomaly in B !
K⇤µ+µ� can be accommodated everywhere to the left of the
bottom-right triangle, see Eq. (21). Note that the constraint
from the neutrino trident production of muon pairs (red re-
gion) completely excludes the region favored by (g�2)µ. The
dotted lines in the allowed region denote (5�10)% NP e↵ects
in Bs mixing.
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FIG. 4. Example one-loop box diagram that gives a correction
to the ⌧ ! µ⌫⌧ ⌫̄µ decay. In total there are four box diagrams
with the Z0 connected to the lepton legs.

to be v� ' 180 GeV. The corresponding 1� range is
shown in Fig. 3 as the blue diagonal band. Alternatively,
this measurement sets a ⇠ 5� lower bound on the VEV
of v� & 110 GeV such that �aµ . 7.4 ⇥ 10�9 (see the
diagonal gray region in Fig. 3).

• ⌧ decays. The Z 0 also leads to corrections to tau
decay processes. In particular, one-loop box diagrams,
such as the one shown in Fig. 4, give the leading mod-
ifications to the ⌧ ! µ⌫⌧ ⌫̄µ rate, while the ⌧ ! e⌫⌧ ⌫̄e

decay remains SM-like to an excellent approximation.
Contributions to ⌧ ! e⌫⌧ ⌫̄e (and ⌧ ! µ⌫⌧ ⌫̄µ) from ver-
tex corrections are suppressed by a factor m2

⌧/m
2
Z0 due

to SU(2)L invariance and can be safely neglected in the
regions of parameter space we are interested in. Tiny
additional corrections can arise in the presence of kinetic
Z�Z 0 mixing. Evaluating the box diagrams, we find the
following correction

BR(⌧ ! µ⌫⌧ ⌫̄µ)

BR(⌧ ! µ⌫⌧ ⌫̄µ)SM
' 1 + � , (27)

where,

� =
3(g0)2

4⇡2

log(m2
W /m2

Z0)

1 � m2
Z0/m2

W

. (28)

Importantly, the sign of the correction � is determined
by the relative sign of the Z 0 couplings to taus and muons.
The gauged Lµ�L⌧ unambiguously leads to an enhance-
ment of the ⌧ ! µ⌫⌧ ⌫̄µ branching ratio. Interestingly,
measurements point towards a small positive contribu-
tion to the muonic branching ratio of the tau as we now
discuss.

The PDG value for the branching ratio of ⌧ ! µ⌫⌧ ⌫̄µ
reads [34]

BR(⌧ ! µ⌫⌧ ⌫̄µ)exp = (17.41 ± 0.04)% . (29)

This should be compared to the SM prediction [35]

BR(⌧ ! µ⌫⌧ ⌫̄µ)SM = ⌧⌧ (5.956 ± 0.002) ⇥ 1011/s .(30)

The dominant uncertainty on the SM prediction for the
branching ratio comes from ⌧⌧ , the lifetime of the tau.
Combining a very recent result on the tau lifetime from
Belle [36] with previous measurements at LEP [37–40]
and CLEO [41], results in ⌧⌧ = (290.29 ± 0.53) ⇥ 10�15s.
Using this value in the SM prediction for BR(⌧ !
µ⌫⌧ ⌫̄µ), we find that the experimental value in Eq. (29) is
more than 2� above the SM prediction. Translated into
the variable �, we obtain

� = (7.0 ± 3.0) ⇥ 10�3 . (31)

In Fig. 3, the region of parameter space favored by the ⌧
decay to muons is shown as a green band.

• Z coupling to leptons. Loops involving the Z 0 also
a↵ect the couplings of the SM Z vector-boson to muons,
taus and neutrinos. The corresponding branching ratios
have been measured very accurately at LEP and SLC
facilities. The corrections to the vector and axial-vector
couplings of the Z to leptons are given by

gV e

gSMV e

=
gAe

gSMAe

= 1 , (32a)

gV µ

gSMV µ

=
gAµ

gSMAµ

=

����1 +
(g0)2

(4⇡)2
KF (mZ0)

���� , (32b)

gV ⌧

gSMV ⌧

=
gA⌧

gSMA⌧

=

����1 +
(g0)2

(4⇡)2
KF (mZ0)

���� , (32c)

various constraints, 
but plenty of viable 
parameter space, if    
Zʹ-quark coupling   
not fixed by symmetry    

“Lµ-Lτ” models: phenomenology
[Altmannshofer et al., 1403.1269]
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FIG. 4: Limits on qq ! Z0 ! µµ from ATLAS [88] (black,
allowed region down right) and the 2� limits on Cµµ

9 to ac-
commodate B ! K⇤µ+µ� and B ! Kµ+µ�/B ! Ke+e�

(red, allowed regions inside the cone). Solid (dashed) lines are
for a = 1/2 (a = 1/3). For a = 1/2, the green shaded region
is allowed (similar for a = 1/3 using the dashed bounds).

in our case

L � a

3

g02

m2
Z0

q�↵q µ�↵µ , with q 2 {u, d, s, c} . (68)

For positive a, the strongest limit from ATLAS is on the
operator q�↵PLq µ�↵PRµ, providing a 95% C.L. limit
of [93]

mZ0/g0 > 1.4TeV
p
a/(1/3) , (69)

which is weaker than the bounds from C9 (Eq. (57)).

E. Discussion

The relevant low-energy constraints are collected in
Fig. 5. If we want to explain B ! K⇤µ+µ� and B !
Kµ+µ�/B ! Ke+e� within 2� (1�), we need a < 1.13
(0.71) to avoid stringent Bs–Bs mixing constraints (tak-
ing into account the Z 0 contribution only). Due to the
stronger dependence on a, the Bs-mixing constraints are,
however, unproblematic for smaller values of a, and ac-
tually in agreement with the whole 2� range for C9 for
a  1/3. Values like a = 1/2 or a = 1/3 and mZ0/g0 ' 2–
4TeV can therefore easily lead to the required C9 contri-
bution necessary to explain B ! K⇤µ+µ� and R(K)
(Fig. 5). Note that for these statements we assumed
mA = mH , i.e. only took the Z 0 contribution to Bs–Bs

mixing into account. However, for mA < mH the bounds
get weakened, while they become stronger for mA > mH

due to the (destructive) constructive interference of the
H (A) contribution with the Z 0 and the SM one.

For a  1/3 and mZ0/g0 = O( TeV), direct searches
at the LHC cut into the mZ0–g0 parameter space that is
unconstrained by low-energy processes. We then need
mZ0 & 2.55TeV (2.46TeV) for a = 1/2 (1/3) if we
want to explain B ! K⇤µ+µ� and B ! Kµ+µ�/B !
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FIG. 5: Limits on mZ0/g0 vs. a from NTP (gray), Bs–Bs

mixing (red), and Cµµ
9 (green). The horizontal lines indicate

some values of interest: a = 1, 1/2, and 1/3. Not shown are
LHC limits (see Fig. 4).

Ke+e� within 2� (Fig. 4)4. This also implies a lower
limit on the gauge coupling g0 & 0.55 (0.65) for a = 1/2
(1/3), resulting in a U(1)0 Landau pole below 1015 GeV
(3⇥ 1012 GeV).

We remark that the dominant flavour violation in the
b–s sector also induces the decay h ! bs, with branching
ratio of order 10�3 cos2(↵� �) tan2 �. While generically
unobservably small due to the Bs-mixing constraints in
Eq. (65), it can be large if the A contribution to �mBs

takes just the right value.

IV. EXTENSION TO THREE SCALAR
DOUBLETS

Above we considered a 2HDM with a horizontal U(1)0

gauge symmetry that leads to flavour-violating couplings
of h and Z 0 to quarks and can successfully explain the
anomalies in B ! K⇤µ+µ� and R(K). In this section
we will additionally aim at explaining the tantalizing hint
for h ! µ⌧ from CMS [19] (see Eq. (2)), which violates
Lµ �L⌧ by two units. The signal can be accommodated
in gauged U(1)Lµ�L⌧ models by breaking the symmetry
with a scalar doublet  3 carrying |Q0| = 2 [32, 33]. Since
we cannot set |a| = 2 in our 2HDM from above if we want
to explain the LHCb anomalies (see Fig. 5), we have to
introduce a third doublet that carries |Q0| = 2. Thus, in
total three scalar doublets,

 j ⌘
✓

 +
j

(vj +  0,R
j � i 0,I

j )/
p
2

◆
, j = 1, 2, 3 , (70)

4
Note that the ATLAS constraints can also be evaded for mZ0 ⌧
TeV with much smaller g0 (Fig. 4). For a = 1/2 (1/3), this

would require mZ0 < 300GeV (400GeV) and g0 < 0.06 (0.1),
not necessarily compatible with the approximations used above,

so we omit a discussion for now.

if Zʹ-quark couplings 
are constrained by 
horizontal symmetry, 
LHC Drell-Yan Zʹ 
searches cut severely 
into parameter space 
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LHCb can do more than B’s

51/58

33 papers of QCD, Electroweak and Exotica Working Group:

• W, Z production in forward region [1511.08039] 

• Determination of weak mixing angle [1509.07645]

• Forward top & bottom production [1509.07645; 1406.4789]  

• Searches for light dimuon resonances [1508.04094]

• Limits on neutral Higgs decays to tau pairs [1304.2591]

• …



Top production at LHCb
Cross section measurements

I The observed excess above Wb prediction is used to measure �(tt̄ + t + t̄).
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Cross sections at
p
s = 7, 8 TeVare consistant with NLO SM predictions.

Victor Coco, on behalf of the LHCb Collaboration Observation of top-quark production in the forward region with LHCb May 26, 2015 35 / 58

• Using Run I data, 5.4σ observation of top production in forward 
region. Cross sections consistent with NLO QCD predictions

[LHCb, 1506.00903]

52/58



g

g

g

qq

q q

t

tt vs. bb asymmetry

. . .

[Czakon et al., 1411.3007]

• Top-quark asymmetry fully dominated by QCD. Electroweak  
corrections amount to only around 20%. Now known to NNLO 
in QCD, i.e. 2 loops for what concerns virtual effects
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tt vs. bb asymmetry

. . .

• bb asymmetry receives large 
corrections from on-shell       
Z bosons. Rich electroweak 
structure both in standard 
model & beyond
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• In contrast to top asymmetry, bottom asymmetry has already 
been measured by LHCb & also D0, CDF  [1411.3021; 1504.06888]

tt vs. bb asymmetry
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Figure 3: Migration matrix in �y and M
b

¯

b

.

data [35]. The migration matrix in �y and
M

b

¯

b

is shown in Fig. 3. The selection e�ciency
is obtained from simulated events as a function
of �y and M

b

¯

b

. The residual dependence of the
e�ciency on other jet kinematic variables has a
negligible impact on the resulting measurement
of Ab

¯

b

C

.
The main sources of systematic uncertain-

ties on the measurement of Ab

¯

b

C

are as follows:
precision of the qTAG purity and its depen-
dence on jet kinematic properties; uncertainty
in the unfolding; determination of the selection
e�ciency; and any residual detector-related
asymmetries. Table 1 summarizes the values
of the systematic uncertainties assigned to the
measurement of Ab

¯

b

C

in each M
b

¯

b

region. Mea-
surement of the qTAG purity is data-driven
and the statistical uncertainties are propagated
to Ab

¯

b

C

to determine the systematic uncertainty.
The uncertainty due to unfolding accounts for
the choice of data sample used to generate the
migration matrix and mismodeling of the detec-
tor response in the simulation. The uncertainty
due to e�ciency is dominated by the statistical
uncertainty of the simulation. The polarity of

 y∆
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Figure 4: Corrected�y distribution for all selected
events. The statistical uncertainties are negligible.
The systematic uncertainties are highly correlated
from bin to bin and largely cancel in the determi-
nation of Ab

¯

b

C

. The LO SM prediction obtained
from Pythia [36, 37] is also shown.

the LHCb dipole magnet is reversed periodi-
cally. This coupled with the hard momentum
spectrum of the tagging muons results in only
small detection-based asymmetries. Addition-
ally, due to the definition of�y, these detection
asymmetries cancel to very good approxima-
tion when summing over µ+ and µ� tags. The
detection asymmetry of charged kaons causes
a negligible bias in Ab

¯

b

C

.
Figure 4 shows the corrected �y distribu-

tion summed over all M
b

¯

b

regions considered
(M

b

¯

b

> 40GeV/c2). The LO SM prediction,
which includes LO QCD and Z ! bb̄, obtained
from Pythia [36, 37] is also shown. The SM
uncertainty includes contributions from the
renormalization and factorization scales, and
from the parton distribution functions. A next-
to-LO SM calculation is required to obtain Ab

¯

b

C

at the percent level. However, the LO result is
su�cient to demonstrate agreement between
the theory and unfolded bb pair-production dis-

5

[LHCb, 1406.4789]
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• Within uncertainties good agreement between state-of-the-art SM 
prediction (NLO QCD, QED & EW) & LHCb measurement 

bb asymmetry: LHCb vs. SM
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5 , PRL 113,082003(2014)-1LHCb data 1fb
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 > 20 GeVTE
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• Tough no dedicated analysis exists (yet), obvious that LHCb 
measurement puts non-trivial constraints on for instance light 
axigluon solutions of Tevatron “anomaly” in tt asymmetry 

bb asymmetry: implications
[Murphy, 1504.02493]
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FIG. 3: CDF’s measurements of Abb̄
FB [23] are plotted in black, and the SM predictions

from this work are shown in red. Plotted in blue are predictions for the bottom

asymmetry due to a 100 GeV axigluon.

consistent with this analysis. Predictions for the bottom asymmetry due to a 105 GeV

scalar weak doublet and a flavor octet of 150 GeV EW triplet vectors are plotted in Fig. 4

in brown and green respectively. The BSM contributions to A

bb̄
FB are computed using

MadGraph [46], and a statistical uncertainty of 0.3% is included in addition to the SM

uncertainties.

The bb̄ forward-backward asymmetry at LEP1, A(0,b)
FB , was measured to be 2.3� below

the SM prediction [32]. This deviation can be explained by modifying the Zbb̄ couplings

as follows,

L � e

sW cW
Zµb̄�

µ
��
T

3
b �Qbs

2
W + �gbL

�
PL +

��Qbs
2
W + �gbR

�
PR

�
b, (10)

where deviations from the SM are parameterized by �gbL,R. A constraint on these modifi-

cations comes from the ratio of the partial width Z ! bb̄ to the inclusive hadronic width

of the Z at LEP1, Rb, which is consistent with the Standard Model prediction [32]. A two

parameter fit of �gbL,R to A

(0,b)
FB and Rb is made using the theoretical and experimental

values in [49]. The regions favored by the fit at the 1 and 2� levels are given in Fig. 5 in

blue and orange respectively. CDF and LHCb have made measurements of Abb̄
FB and A

bb̄
C

near the Z-pole, which also constrains the parameters �gbL,R. In Fig. 5a, the darker green

16

57/58



Conclusions

• Beautiful measurements of phase ϕs in Bs mixing, Bs(d) → µ+µ-,        
B → K(∗)µ+µ-, RK, B → D(∗)τν, Vub from Λb → pµν, etc. We are 
now in flavor precision era. In some cases these measurements 
are a serious challenge for theory & improvements are needed to 
fully exploit existing (future) data 

• Growing LHCb program beyond standard flavor applications. 
Robust heavy flavor tagging used for instance to measure bb 
forward-central asymmetry & W+ udsg, c, b. More to come in    
Run II — cc, maybe even Higgs, etc. Think outside the box!
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Hints for h → τµ
[CMS,1502.07400]

14 9 Summary
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Figure 6: Constraints on the flavour-violating Yukawa couplings, |Yµt| and |Ytµ|. The black
dashed lines are contours of B(H ! µt) for reference. The expected limit (red solid line)
with one sigma (green) and two sigma (yellow) bands, and observed limit (black solid line)
are derived from the limit on B(H ! µt) from the present analysis. The shaded regions are
derived constraints from null searches for t ! 3µ (dark green) and t ! µg (lighter green). The
yellow line is the limit from a theoretical reinterpretation of an ATLAS H ! tt search [4]. The
light blue region indicates the additional parameter space excluded by our result. The purple
diagonal line is the theoretical naturalness limit YijYji  mimj/v2.

9 Summary
The first direct search for lepton-flavour-violating decays of a Higgs boson to a µ-t pair, based
on the full 8 TeV data set collected by CMS in 2012 is presented. It improves upon previously
published indirect limits [4, 26] by an order of magnitude. A slight excess of events with a
significance of 2.4 s is observed, corresponding to a p-value of 0.010. The best fit branching
fraction is B(H ! µt) = (0.84+0.39

�0.37)%. A constraint of B(H ! µt) < 1.51% at 95% confidence
level is set. The limit is used to constrain the Yukawa couplings,

p
|Yµt|2 + |Ytµ|2 < 3.6 ⇥ 10�3.

It improves the current bound by an order of magnitude.
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• Branching ratios of O(1%) are not easy to get in new physics & 
may need tuning to get hierarchical tau & muon masses 
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Bs/d → µ+µ-  in RS models

• Suppression (enhancement) of Bs → µ+µ-  (Bd → µ+µ-) can be 
explained for instance in Randall-Sundrum (RS) scenarios 

Figure 14: Prediction for B(Bd ! µ+µ�) versus B(Bs ! µ+µ�) (upper left), B(B !
Xd⌫⌫̄) versus B(B ! Xs⌫⌫̄) (upper right), and B(B ! Xs⌫⌫̄) versus B(Bs ! µ+µ�)
(lower panel). All panels show results obtained in benchmark scenario S1. The black
crosses indicate the SM point, while the blue scatter points reproduce the measured
values of |✏K |, the Z0bb̄ couplings, and Bd–B̄d mixing at 95%, 99%, and 95% CL. In the
upper left panel the current 95% CL upper limit on B(Bs ! µ+µ�) from DØ and the
minimum branching fraction allowing for a 5� discovery at LHCb are indicated by the
red band and dashed line, respectively. The orange dotted lines in the upper panels
represent the CMFV correlation between the two purely leptonic/semileptonic modes,
while the orange dotted curve in the lower panel indicates the model-independent
prediction obtained under the assumption that only left-handed operators contribute
to the branching fractions. See text for details.

essentially also apply to the modes B ! K(⇤)⌫⌫̄.
In the lower panel of Figure 14, we finally show the correlation between B(B ! Xs⌫⌫̄) and

73

[Bauer et al., 0912.1620]

(2.8+0.7
�0.6) · 10�9

(3.9+1.6
�1.4) · 10�10
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Right-handed couplings in Vc(u)b

• Right-handed Wcb & Wub couplings cannot explain deviations 
found in inclusive vs. exclusive extractions of Vcb & Vub  

[Crivellin & Pokorski,1407.1320] 3
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FIG. 1: Left: |Vcb| as a function of ccbR extracted from different processes. Blue(darkest): inclusive decays, red: B → D∗ℓν,
yellow: B → Dℓν. We assumed that ccbR is real. Note that with the current data, there is no point in parameter space bringing
all different determination into agreement. Right: |Vub| as a function of cubR extracted from different processes. Blue: inclusive
decays, red(gray): B → πℓν, yellow: B → ρℓν, green: B → τν. cubR is assumed to be real.

Vub =
V SM
ub

1 + cubL − cubR + 4.5GeV(dubR − dubL )
(B → ρℓν) , (13)

For the inclusive determination of Vcb the NP effects
were calculated in Ref. [22]:

Vcb =
V SM
cb

1 + ccbL − 0.34ccbR − 0.03GeVdcbR + 0.015GeVdcbL
,

For the contribution of ccbR in Eq. (14) we used the result
of Ref. [24] where a global fit to all hadronic and lep-
tonic moments was performed. We also used the result
of Ref. [24] to estimate the total impact of dubL,R and gubL,R

on Vcb given the various hadronic and leptonic moments
in Ref. [22]. This is possible since the relative effect on the
moment of dcbL,R and gcbL,R is very similar to ccbR . Since the

inclusive Vcb mode is not very sensitive to dcbL,R and gcbL,R

this approximation suffices for our purpose. Concerning
the inclusive determination of Vub the impact of NP is
expected to be even smaller because of the much smaller
up-quark mass and we neglect this effect. Concerning
B → τν the quantities dubR and dubL have an important
effect:

Vub =
V SM
ub

1 +
(

m2

B
−m2

b

mb

)

(

dubR − dubL
)

(B → τν) . (14)

III. PHENOMENOLOGICAL ANALYSIS AND
RESULTS

We are now in a position to examine whether the dif-
ference between the different determinations on the CKM

elements can be due to NP effects. As noted in the last
section, four fermion operators cannot bring the inclusive
and exclusive determinations into agreement so we only
consider the effect of a modified W coupling here. First
note that any NP contained in cL only amounts to an
overall scaling of all CKM elements. The simplest possi-
bility to explain differences between the inclusive and ex-
clusive determinations would be a right-handed charged
currents generating cR (first studied in the context of
left-right symmetric models [25]) both for Vcb [23, 26–30]
and Vub [29–31][47]. It has been shown however that in
LR-symmetric models the FCNC constraints on the W ′

mass and couplings prevent a solution of the Vub problem
[32, 33]. A sizable right-handed W coupling can also be
generated in the MSSM [29]. However, this is not favored
anymore by the current data since all exclusive determi-
nations are below the inclusive one. We show the effect
of cR on the different determination of Vub and Vcb in
Fig. 1.

From Eq. (13) we can see immediately, that dqbR can-
not bring all determinations into agreement with the cur-
rent data since the effect in B → Dℓν and B → D∗ℓν
(B → πℓν and B → ρℓν) is opposite. Also gcbL,R (gubL,R)
alone is not sufficient since it affects only B → D∗ℓν
(B → ρℓν). This means that we are left with dqbL . The
effect of dcbL and dubL on the determination of Vcb and Vub

is shown in Fig. 2. We can see that for Vcb all different
determination can be brought into agreement. For Vub

also the exclusive semi-leptonic results can be brought
into agreement with the inclusive one but a tension with
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FIG. 1: Left: |Vcb| as a function of ccbR extracted from different processes. Blue(darkest): inclusive decays, red: B → D∗ℓν,
yellow: B → Dℓν. We assumed that ccbR is real. Note that with the current data, there is no point in parameter space bringing
all different determination into agreement. Right: |Vub| as a function of cubR extracted from different processes. Blue: inclusive
decays, red(gray): B → πℓν, yellow: B → ρℓν, green: B → τν. cubR is assumed to be real.

Vub =
V SM
ub

1 + cubL − cubR + 4.5GeV(dubR − dubL )
(B → ρℓν) , (13)

For the inclusive determination of Vcb the NP effects
were calculated in Ref. [22]:

Vcb =
V SM
cb

1 + ccbL − 0.34ccbR − 0.03GeVdcbR + 0.015GeVdcbL
,

For the contribution of ccbR in Eq. (14) we used the result
of Ref. [24] where a global fit to all hadronic and lep-
tonic moments was performed. We also used the result
of Ref. [24] to estimate the total impact of dubL,R and gubL,R

on Vcb given the various hadronic and leptonic moments
in Ref. [22]. This is possible since the relative effect on the
moment of dcbL,R and gcbL,R is very similar to ccbR . Since the

inclusive Vcb mode is not very sensitive to dcbL,R and gcbL,R

this approximation suffices for our purpose. Concerning
the inclusive determination of Vub the impact of NP is
expected to be even smaller because of the much smaller
up-quark mass and we neglect this effect. Concerning
B → τν the quantities dubR and dubL have an important
effect:

Vub =
V SM
ub

1 +
(

m2

B
−m2

b

mb

)

(

dubR − dubL
)

(B → τν) . (14)

III. PHENOMENOLOGICAL ANALYSIS AND
RESULTS

We are now in a position to examine whether the dif-
ference between the different determinations on the CKM

elements can be due to NP effects. As noted in the last
section, four fermion operators cannot bring the inclusive
and exclusive determinations into agreement so we only
consider the effect of a modified W coupling here. First
note that any NP contained in cL only amounts to an
overall scaling of all CKM elements. The simplest possi-
bility to explain differences between the inclusive and ex-
clusive determinations would be a right-handed charged
currents generating cR (first studied in the context of
left-right symmetric models [25]) both for Vcb [23, 26–30]
and Vub [29–31][47]. It has been shown however that in
LR-symmetric models the FCNC constraints on the W ′

mass and couplings prevent a solution of the Vub problem
[32, 33]. A sizable right-handed W coupling can also be
generated in the MSSM [29]. However, this is not favored
anymore by the current data since all exclusive determi-
nations are below the inclusive one. We show the effect
of cR on the different determination of Vub and Vcb in
Fig. 1.

From Eq. (13) we can see immediately, that dqbR can-
not bring all determinations into agreement with the cur-
rent data since the effect in B → Dℓν and B → D∗ℓν
(B → πℓν and B → ρℓν) is opposite. Also gcbL,R (gubL,R)
alone is not sufficient since it affects only B → D∗ℓν
(B → ρℓν). This means that we are left with dqbL . The
effect of dcbL and dubL on the determination of Vcb and Vub

is shown in Fig. 2. We can see that for Vcb all different
determination can be brought into agreement. For Vub

also the exclusive semi-leptonic results can be brought
into agreement with the inclusive one but a tension with
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Off-shell interactions in Vc(u)b

• Vcb anomaly can be addressed by off-shell operators ∂µ
  c σµν PLb, 

but such interactions lead to unacceptable effects in Z → bb

4
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FIG. 2: Left: |Vcb| as a function of dcbL extracted from different processes. Blue: inclusive decays. Red: B → D∗lν. Yellow:
B → Dℓν. Right: |Vub| extracted from different processes. Blue: inclusive decays, red(gray): B → πℓν, yellow: B → ρℓν,
green: B → τν. dqbL is assumed to be real.

B → τν is generated. Since B → τν is the only pro-
cess under consideration involving a heavy tau lepton,
one could in principle argue that additional operators
(most likely scalar ones for example induced by a charged
Higgs) affect this decay and bring all determinations into
agreement. However, as we discuss it below, it is not re-
alistic to expect a NP contribution to be responsible for
the required value of the dqbL .
The operators considered so far were only invari-

ant under the gauge group U(1) of the electromag-
netic interactions but not under the complete SM gauge
group SU(3)C × SU(2)L ×U(1)Y which any model of
NP with particles above the EW scale should respect.
The complete set of gauge-independent operators up to
dimension-6 was derived in Ref. [34] and reduced to
a minimal set in Ref. [35]. Following the notation of
Ref. [35] the operators corresponding to dL,R are

Qij
uW = 1/Λ2 (q̄iσµνuj) τI ϕ̃W I

µν ,
Qij

dW = 1/Λ2 (q̄iσµνdj) τIϕW I
µν .

(15)

First we can estimate the necessary size of the corre-
sponding dimensionless Wilson coefficient Cij

dW

Cij
dW ≈ g2Vijd

ij
L

Λ2

v
, (16)

which is at least of order one. Since this operator can
only be induced at the loop-level, one would need non-
perturbative NP interactions. Furthermore, from these
expression we can see that any modification of theW cou-
pling, incorporated in dL,R, would also lead to a modifi-
cation of Z-quark couplings which only differs by a CKM
rotation. Even for flavour-diagonalZ-quark couplings (in
order not to violate bounds from FCNC processes) one
gets a very large correction to Z − bb̄ which is a fac-
tor cos(θW )/Vqb larger than the contribution to the W
coupling. Applying the result of Ref. [36] to the case
of bottom quarks we find the following correction to the

decay width:

∆Γ
[

Z0 → b̄b
]

≈
mZg22
48π

∣

∣mW d23L
∣

∣

2
. (17)

For d23L ≈ 0.03/GeV, as required to explain Vcb, this is
of the same order as the measured total width of the W
boson of approximately 2.49 GeV. Therefore, the current
discrepancies between the inclusive and exclusive deter-
minations of Vub and Vcb cannot be explained by a model
of NP respecting the SM gauge symmetries.
This means that the differences among the different

determinations of the CKM elements must be due to ex-
perimental problems (i.e. statistical fluctuations and/or
underestimated systematic errors) or due to uncertain-
ties in the theoretical determinations of Vqb within the
SM. While the situation for Vcb is rather clear, the con-
clusion for Vub depends crucially on B → ρℓν. Indeed, if
the Vub value extracted from this decay would be higher,
a right-handed W coupling could still bring the different
determinations into agreement (as it is clear from fig.1).
Hence, an improved determination of Vub from B → ρℓν
as well as an analysis of right-handed currents over the
full q2 range would be desirable [48].

IV. CONCLUSIONS AND OUTLOOK

In this article we examined if NP can explain the dif-
ferences between the inclusive and exclusive determina-
tions of Vub and Vcb. Using an EFT approach we found
that there is only one operator capable of doing this,
which corresponds to a modified momentum dependent
W -qb coupling. However, in an SU(2) invariant theory
of physics beyond the SM the corresponding Wilson co-
efficient would need to be unacceptably large, violating
electroweak precision constraints on the Z-bb coupling,
ruling out a NP explanation. Therefore, the differences
between the inclusive and exclusive determinations must

4
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FIG. 2: Left: |Vcb| as a function of dcbL extracted from different processes. Blue: inclusive decays. Red: B → D∗lν. Yellow:
B → Dℓν. Right: |Vub| extracted from different processes. Blue: inclusive decays, red(gray): B → πℓν, yellow: B → ρℓν,
green: B → τν. dqbL is assumed to be real.

B → τν is generated. Since B → τν is the only pro-
cess under consideration involving a heavy tau lepton,
one could in principle argue that additional operators
(most likely scalar ones for example induced by a charged
Higgs) affect this decay and bring all determinations into
agreement. However, as we discuss it below, it is not re-
alistic to expect a NP contribution to be responsible for
the required value of the dqbL .
The operators considered so far were only invari-

ant under the gauge group U(1) of the electromag-
netic interactions but not under the complete SM gauge
group SU(3)C × SU(2)L ×U(1)Y which any model of
NP with particles above the EW scale should respect.
The complete set of gauge-independent operators up to
dimension-6 was derived in Ref. [34] and reduced to
a minimal set in Ref. [35]. Following the notation of
Ref. [35] the operators corresponding to dL,R are

Qij
uW = 1/Λ2 (q̄iσµνuj) τI ϕ̃W I

µν ,
Qij

dW = 1/Λ2 (q̄iσµνdj) τIϕW I
µν .

(15)

First we can estimate the necessary size of the corre-
sponding dimensionless Wilson coefficient Cij

dW

Cij
dW ≈ g2Vijd

ij
L

Λ2

v
, (16)

which is at least of order one. Since this operator can
only be induced at the loop-level, one would need non-
perturbative NP interactions. Furthermore, from these
expression we can see that any modification of theW cou-
pling, incorporated in dL,R, would also lead to a modifi-
cation of Z-quark couplings which only differs by a CKM
rotation. Even for flavour-diagonalZ-quark couplings (in
order not to violate bounds from FCNC processes) one
gets a very large correction to Z − bb̄ which is a fac-
tor cos(θW )/Vqb larger than the contribution to the W
coupling. Applying the result of Ref. [36] to the case
of bottom quarks we find the following correction to the

decay width:

∆Γ
[

Z0 → b̄b
]

≈
mZg22
48π

∣

∣mW d23L
∣

∣

2
. (17)

For d23L ≈ 0.03/GeV, as required to explain Vcb, this is
of the same order as the measured total width of the W
boson of approximately 2.49 GeV. Therefore, the current
discrepancies between the inclusive and exclusive deter-
minations of Vub and Vcb cannot be explained by a model
of NP respecting the SM gauge symmetries.
This means that the differences among the different

determinations of the CKM elements must be due to ex-
perimental problems (i.e. statistical fluctuations and/or
underestimated systematic errors) or due to uncertain-
ties in the theoretical determinations of Vqb within the
SM. While the situation for Vcb is rather clear, the con-
clusion for Vub depends crucially on B → ρℓν. Indeed, if
the Vub value extracted from this decay would be higher,
a right-handed W coupling could still bring the different
determinations into agreement (as it is clear from fig.1).
Hence, an improved determination of Vub from B → ρℓν
as well as an analysis of right-handed currents over the
full q2 range would be desirable [48].

IV. CONCLUSIONS AND OUTLOOK

In this article we examined if NP can explain the dif-
ferences between the inclusive and exclusive determina-
tions of Vub and Vcb. Using an EFT approach we found
that there is only one operator capable of doing this,
which corresponds to a modified momentum dependent
W -qb coupling. However, in an SU(2) invariant theory
of physics beyond the SM the corresponding Wilson co-
efficient would need to be unacceptably large, violating
electroweak precision constraints on the Z-bb coupling,
ruling out a NP explanation. Therefore, the differences
between the inclusive and exclusive determinations must

[Crivellin & Pokorski,1407.1320]
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[Crivellin,1505.01727]

Flavor in 2HDM of type II

• Explaining B → D∗τν would require very small mH & large tanβ. 
No region in parameter space compatible with all measurements 

B DECAYS AND LEPTON FLAVOUR (UNIVERSALITY) VIOLATION 3
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Fig. 1. – Left: Updated constraints on the 2HDM of type II parameter space. The regions
compatible with experiment are shown (the regions are superimposed on each other): b ! s�
(yellow) [20], B ! D⌧⌫ (green), B ! ⌧⌫ (red), Bs ! µ+µ� (orange), K ! µ⌫/⇡ ! µ⌫
(blue) and B ! D⇤⌧⌫ (black). Note that no region in parameter space is compatible with all
processes since explaining B ! D⇤⌧⌫ would require very small Higgs masses and large values
of tan� which is not compatible with the other observables. To obtain this plot, we added
the theoretical uncertainty of the SM linearly on the top of the 2� experimental error. Right:
Allowed regions in the complex ✏u32-plane from R(D) (blue) and R(D⇤) (yellow) for tan� = 40
and mH = 800 GeV.

where g0 is the new U 0(1) gauge coupling constant. Unavoidable contributions to Bs�
Bs are generated which constrain the coupling to muons to be much larger than the one
to s̄b. In the left plot in Fig. 2 the regions in the �L

sb–�
R
sb plane are shown which are in

agreement with Bs�Bs mixing and comply with b ! sµ+µ� data within 2�. Note that
in the symmetry limit �R

sb = 0, Bs�Bs mixing puts a upper bound on �L
sb.

2

.3. h ! ⌧µ. – LFV SM Higgs couplings are induced by a single operator up to
dim-6. Considering only this operator Br[h ! µ⌧ ] can be up to 10% [29]. However, it
is in general di�cult to get dominant contributions to this operator in a UV complete
model, as for example in models with vector-like leptons [30]. Therefore, among the
several attempts to explain this h ! µ⌧ observation [31], most of them are relying on
models with extended Higgs sectors. One particularly elegant solution employs a two-
Higgs-doublet model (2HDM) with gauged Lµ � L⌧ [32].

3. – Simultaneous explanation of b ! sµµ and h ! ⌧µ and predictions for

⌧ ! 3µ

In [26, 27] two models with gauged Lµ � L⌧ symmetry were presented which can be
explain h ! ⌧µ simultaneously with the anomalies in b ! sµµ data (including R(K))
giving rise to interesting correlated e↵ects in ⌧ ! 3µ. While in both models the Z 0

couplings to leptons originate from a gauged Lµ � L⌧ symmetry, the coupling to quarks
is either generated e↵ectively with heavy lepto-quarks charged under Lµ�L⌧ or directly

B ! Xs�

B ! ⌧⌫

B ! D⌧⌫

B ! D⇤⌧⌫

K ! µ⌫
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[Crivellin,1505.01727]

B → D(∗)τν in 2HDM of type III

• Deviations in B → Dτν & B → D∗τν can be explained, utilizing 
coupling ε32 of left-handed top to right-handed charm quarks

B DECAYS AND LEPTON FLAVOUR (UNIVERSALITY) VIOLATION 3
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Fig. 1. – Left: Updated constraints on the 2HDM of type II parameter space. The regions
compatible with experiment are shown (the regions are superimposed on each other): b ! s�
(yellow) [20], B ! D⌧⌫ (green), B ! ⌧⌫ (red), Bs ! µ+µ� (orange), K ! µ⌫/⇡ ! µ⌫
(blue) and B ! D⇤⌧⌫ (black). Note that no region in parameter space is compatible with all
processes since explaining B ! D⇤⌧⌫ would require very small Higgs masses and large values
of tan� which is not compatible with the other observables. To obtain this plot, we added
the theoretical uncertainty of the SM linearly on the top of the 2� experimental error. Right:
Allowed regions in the complex ✏u32-plane from R(D) (blue) and R(D⇤) (yellow) for tan� = 40
and mH = 800 GeV.

where g0 is the new U 0(1) gauge coupling constant. Unavoidable contributions to Bs�
Bs are generated which constrain the coupling to muons to be much larger than the one
to s̄b. In the left plot in Fig. 2 the regions in the �L

sb–�
R
sb plane are shown which are in

agreement with Bs�Bs mixing and comply with b ! sµ+µ� data within 2�. Note that
in the symmetry limit �R

sb = 0, Bs�Bs mixing puts a upper bound on �L
sb.

2

.3. h ! ⌧µ. – LFV SM Higgs couplings are induced by a single operator up to
dim-6. Considering only this operator Br[h ! µ⌧ ] can be up to 10% [29]. However, it
is in general di�cult to get dominant contributions to this operator in a UV complete
model, as for example in models with vector-like leptons [30]. Therefore, among the
several attempts to explain this h ! µ⌧ observation [31], most of them are relying on
models with extended Higgs sectors. One particularly elegant solution employs a two-
Higgs-doublet model (2HDM) with gauged Lµ � L⌧ [32].

3. – Simultaneous explanation of b ! sµµ and h ! ⌧µ and predictions for

⌧ ! 3µ

In [26, 27] two models with gauged Lµ � L⌧ symmetry were presented which can be
explain h ! ⌧µ simultaneously with the anomalies in b ! sµµ data (including R(K))
giving rise to interesting correlated e↵ects in ⌧ ! 3µ. While in both models the Z 0

couplings to leptons originate from a gauged Lµ � L⌧ symmetry, the coupling to quarks
is either generated e↵ectively with heavy lepto-quarks charged under Lµ�L⌧ or directly

R(D) =
Br (B ! D⌧⌫)

Br (B ! D`⌫)

R(D⇤) =
Br (B ! D⇤⌧⌫)

Br (B ! D⇤`⌫)

mH = 800GeV, tan� = 40

u
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3.6σ

Who ordered that?
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A toy model for 750 GeV excess

Le↵ �� e2c�
2⇤

�Fµ⌫F
µ⌫

� g2scg
2⇤

�Ga
µ⌫G

a,µ⌫

��-� ��-� ��� ���-�

����

����

����

�

|��|

|� γ
|

pp ! � ! ��

�
� /M

� '
6%

⇤ = 1TeV
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Let’s add flavor violation 

Le↵ �� e2c�
2⇤

�Fµ⌫F
µ⌫

� g2scg
2⇤

�Ga
µ⌫G

a,µ⌫

�Ysd� s̄LdR + h.c.

��-� ��-� ��� ���-�

����

����

����

�

|��|

|� γ
|

pp ! � ! ��

�
� /M

� '
6%

⇤ = 1TeV
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We get contributions to εK & εʹ/ε 

†numbers assume shifts of {0.25, 0.5, 1}·10-3 in εʹ/ε & B8g  = 0.3-

Ysd Ysd

s

d

d

s

s d dYsd

�

� g

g

cg

from 
εK

from 
εʹ/ε

q
|Im (Y 2

sd) | < 6.4 · 10�6 |cg Im (Ysd) | < {1.1, 2.2, 4.4} · 10�6
†
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We get contributions to εK & εʹ/ε 

shift of 0.25·10-3 in εʹ/ε 

shift of 0.5·10-3 in εʹ/ε 

shift of 1·10-3 in εʹ/ε 

εK constraint satisfied, 
|cg| values to right 
disfavoured 
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Power corrections from b → c̄c s → ¯̀̀ s for q2 � 6 GeV2

Parameterisation
of power
corrections
� = ±,0

h�(q2) = ✏∗µ(�)
m2

B
� d4x ei q⋅x �K (∗)� �T� jem

µ (x),�
i

CiOi(0)��B(p)�
≈ �LO in 1�mb�������������������������������������������������������������������

QCDF

+ h(0)� + q2

1GeV2 h(1)� + q4

1GeV4 h(2)� , h(0,1,2)� ∈ C
⇒ Soft-gluon emission off c̄c-pairs enhanced by tree-level current-current C1,2

1) contributions to h�(q2) via OPE▶ works for ⇤QCD � 4m2
c − q2,

also at q2 < 0 GeV2

▶ gives q2-dependent shift to C9

�C1
9(q2) = (C1 + 3C2)gfact(q2) + 2C1g̃1(q2)

with g̃1(q2)∝ h−(q2) − h+(q2)▶ gfact(q2) = LO in 1�mb = dashed▶ soft-gluon emission g̃1(q2) = dashed-dotted

[Khodjamirian et al. 1006.4945 + 1211.0234 + 1506.07760]
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q2 !GeV2"
!

C
9
!c"

c,
B
#

K
$
,

M
1
"

⇒ power corrections from soft gluons about 20% of C9 at 1.0 ≤ q2 ≤ 4.0 GeV2

2) interpolation up to q2 ≈ 12 GeV2 via dispersion relation

C. Bobeth Moriond QCD 2016 – La Thuile March 23, 2016 6 / 17 B11/B62



Power corrections from b → c̄c s → ¯̀̀ s for q2 � 6 GeV2

Parameterisation
of power
corrections
� = ±,0

h�(q2) = ✏∗µ(�)
m2

B
� d4x ei q⋅x �K (∗)� �T� jem

µ (x),�
i

CiOi(0)��B(p)�
≈ �LO in 1�mb�������������������������������������������������������������������

QCDF

+ h(0)� + q2

1GeV2 h(1)� + q4

1GeV4 h(2)� , h(0,1,2)� ∈ C
⇒ Can fit h(0,1,2)� from data (assuming CNP

9 = 0) [Ciuchini et al. 1512.07157]

with OPE-result at q2 = 0,1 GeV2 without OPE-result

⇒ leads (5 − 10)× larger power corrections than predicted by Khodjamirian et al. for g̃’s

C. Bobeth Moriond QCD 2016 – La Thuile March 23, 2016 6 / 17 B12/B62



Data: Likelihood fit vs method of moments [LHCb 1512.04442]⇒ LHCb measured angular distribution with two methods [see talk C. Langenbruch]

“Unbinned maximum likelihood fit”

involves model-dependent assumptions:▶ lepton mass = 0, important for q2 � 1 GeV2▶ no scalar and tensorial operators

“Principal moments”

no model-dependent assumptions
!!! but larger uncertainties

[Beaujean/Chrzaszcz/Serra/van Dyk 1503.04100]

]4c/2 [GeV2q
0 5 10 15

5'P

-2

-1

0

1

2
LHCb

SM from DHMV

]4c/2 [GeV2q
0 5 10 15

5'P
-2

-1

0

1

2
LHCb

SM from DHMV

P′5 = S5��FL(1 − FL)
longitudinal K∗ polarisation fraction FL ∈ [0, 1]⇒ in some q2-bins measurement FL > 1

⇒ “Principal moments”-data has less tension with “standard” SM predictions

C. Bobeth Moriond QCD 2016 – La Thuile March 23, 2016 14 / 17 B13/B62



Data: Likelihood fit vs method of moments [LHCb 1512.04442]⇒ LHCb measured angular distribution with two methods [see talk C. Langenbruch]

“Unbinned maximum likelihood fit”

involves model-dependent assumptions:▶ lepton mass = 0, important for q2 � 1 GeV2▶ no scalar and tensorial operators

“Principal moments”

no model-dependent assumptions
!!! but larger uncertainties

[Beaujean/Chrzaszcz/Serra/van Dyk 1503.04100]

How does choice of method affect fits? ⇒ tension decreases with “principal moments”-data
1) LHCb fit or real-valued C9 finds (CNP

9 = 4.27) [LHCb 1512.04442]

CNP
9 = −1.04 ± 0.25 (3.4�) CNP

9 = −0.68 ± 0.35
2) [Hurth/Mahmoudi/Neshatpour 1603.00865]

Scenario C9 + C10 Scenario C9 + C9′

C. Bobeth Moriond QCD 2016 – La Thuile March 23, 2016 14 / 17 B14/B62



• In many new-physics models (MFV, compositeness, ...), flavor-
changing & flavor-conserving Z penguins closely related

Flavor precision tests

C b̄LZ/ sL

Z

bL sL bL

b̄L

Z C b̄LZ/ bL

+O(M2
Z)

[UH & Weiler, 0706.2054] 
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�C = �0.04± 0.26
�C = (�0.16± 0.53)

⇥ (�2.15± 0.08)

• Pre LHC, flavor not competitive with electroweak precision data

[Bobeth et al., hep-ph/0505110; UH & Weiler, 0706.2054] 

Flavor precision tests

C b̄LZ/ sL

Z

bL sL bL

b̄L

Z C b̄LZ/ bL

+O(M2
Z)
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�C = 0.28± 0.30

Flavor precision tests

• Today situation reversed: Bs → µ+µ- provides stronger constraint

[Guadagnoli & Isidori, 1302.3909] 

�C = �0.11± 0.11

C b̄LZ/ sL

Z

bL sL bL

b̄L

Z C b̄LZ/ bL

+O(M2
Z)
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Figure 2: The preferred regions at 68% and 95% CL from our combined fit to EWPO and rare
decays are shown as the dark-gray and light-gray ellipses, respectively. The colored bands show
the 68% CL constraints from the individual observables. The star denotes the SM value.

while assumption ii) can be motivated by explicit models [15]. A simple way to deviate
from assumption iii) is to consider models with a large enhancement of the bottom-quark
Yukawa coupling; a generic example is a two Higgs-doublet model with large tan�. The
large bottom-Yukawa coupling will induce flavor o↵-diagonal versions of the operators in
Eq. (2.2) and Eq. (2.5). These o↵-diagonal operators lead to additional contributions to
FCNC top decays and D

0�D

0 mixing. In order to relate these observables to tt̄Z couplings,
we assume MFV. Thus the resulting constraints on anomalous tt̄Z couplings are suppressed
by CKM-matrix elements. As an illustrative example consider an extreme case where the
bottom-Yukawa coupling is much larger than the top-Yukawa coupling. In this case, we
have C

(3)

�q,23

⇠ �

2

C

(3)

�q,33

etc., where � ⌘ |Vus| ⇡ 0.22 is the Wolfenstein parameter. Then

D

0 � D

0 mixing is suppressed by �

10 ⇡ 10�7 and thus completely negligible. Also, the
branching ratio for t ! cZ is

Br(t ! cZ) ' �

4

v

4

⇤4

⇣
C

(3)

�q,33

� C

(1)

�q,33

⌘
2

+ C

2

�u,33

�
. (4.1)

Using the present bound Br(t ! cZ) < 0.05% given by the CMS collaboration [55] we see
that the resulting bounds are not competitive with bounds from EWPO and rare B/K
decays.

Note that the o↵-diagonal operators will also lead to additional contributions to rare
B/K decays and anomalous bb̄Z couplings. The generalization of our assumption ii) can
be used to eliminate such contribution from these o↵-diagonal operators [15].
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Figure 2: The preferred regions at 68% and 95% CL from our combined fit to EWPO and rare
decays are shown as the dark-gray and light-gray ellipses, respectively. The colored bands show
the 68% CL constraints from the individual observables. The star denotes the SM value.

while assumption ii) can be motivated by explicit models [15]. A simple way to deviate
from assumption iii) is to consider models with a large enhancement of the bottom-quark
Yukawa coupling; a generic example is a two Higgs-doublet model with large tan�. The
large bottom-Yukawa coupling will induce flavor o↵-diagonal versions of the operators in
Eq. (2.2) and Eq. (2.5). These o↵-diagonal operators lead to additional contributions to
FCNC top decays and D

0�D

0 mixing. In order to relate these observables to tt̄Z couplings,
we assume MFV. Thus the resulting constraints on anomalous tt̄Z couplings are suppressed
by CKM-matrix elements. As an illustrative example consider an extreme case where the
bottom-Yukawa coupling is much larger than the top-Yukawa coupling. In this case, we
have C

(3)

�q,23

⇠ �

2

C

(3)

�q,33

etc., where � ⌘ |Vus| ⇡ 0.22 is the Wolfenstein parameter. Then

D

0 � D

0 mixing is suppressed by �

10 ⇡ 10�7 and thus completely negligible. Also, the
branching ratio for t ! cZ is

Br(t ! cZ) ' �

4

v

4

⇤4

⇣
C

(3)

�q,33

� C

(1)

�q,33

⌘
2

+ C

2

�u,33

�
. (4.1)

Using the present bound Br(t ! cZ) < 0.05% given by the CMS collaboration [55] we see
that the resulting bounds are not competitive with bounds from EWPO and rare B/K
decays.

Note that the o↵-diagonal operators will also lead to additional contributions to rare
B/K decays and anomalous bb̄Z couplings. The generalization of our assumption ii) can
be used to eliminate such contribution from these o↵-diagonal operators [15].
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[Brod et al., 1408.0792] 

ttZ couplings: indirect tests
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Le� = LSM +
�

i=�B,�W,3W

Ci

�2
Oi + . . .

Triple gauge couplings (TGCs)

O�B = (Dµ�)† (D��) B̂µ� ,

O�W = (Dµ�)† (D��) Ŵµ� ,

O3W = Tr
�
Ŵµ�Ŵ ��Ŵ µ

�

�

[Buchmüller & Wyler, NPB (1986) 268;
 Hagiwara et al., NPB (1987) 282; 
 Hagiwara et al., PRD (1993) 48;
 …
 Grzadkowski et al., 1008.4884; 
 …]  
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LWWV = �igWWV

�
gV
1

�
W+

µ� W�µV � �W+
µ V� W�µ�

�

+ �V W+
µ W�

� V µ� +
�V

m2
W

W+
µ� W���V�

µ

�

W± W�

�

��� ,��

Z

�gZ
1 ,��

W± W�

Triple gauge couplings (TGCs)
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W

We�, q

e+, q̄
�

�

�
�

Z

Z

h

g

g

t

t

t
�, Z

• Searches for anomalous TGCs have been performed at LEP, 
Tevatron & LHC (WW, WZ, Wγ, Zγ, … production). They 
can also be probed in Higgs physics (pp → h → ZZ, …) 

Direct probes of anomalous TGCs
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b s
u, c, t

W W

�

b s
u, c, t

W W

Z

µ+

µ�

• Anomalous TGCs contribute to observables such as B → Xsγ,   
B → K∗µ+µ-, Bs → µ+µ-, K → πνν & εʹ/ε as well as Z → bb from     
one-loop level & beyond

Indirect tests of anomalous TGCs
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[Bobeth & UH, 1503.04829] 

-���� -���� ���� ���� ���� ����-���

-���

-���

���

���

���

���

���

Δ���

Δ
κ γ

Z ! bb̄

B ! Xs�

Bs ! µ+µ�

B ! K(⇤)µ+µ�

SM

• b → sµ+µ- anomalies lead to 3σ deviation of best fit from SM

Anomalous TGCs from flavor
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Bounds on TGCs: Comparison 

�gZ1 =
M2

Z

2⇤2
cHW =

8
<

:
0.017± 0.023 (direct)

�0.003± 0.007 (indirect)

[Bobeth & UH, 1503.04829] 

[Falkowski et al., 1508.00581] 

Z

�gZ
1 ,��

W± W�

• Indirect bound on Δg1  from 
Bs→ µ+µ- alone slightly better 
than direct LEP II constraint

Z

�0.009± 0.019
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• εʹ/ε can provide meaningful additional constraints on anomalous 
TGCs & resolve blind directions

Anomalous TGCs from εʹ/ε 

✓
✏0

✏

◆

SM

= (16.5± 2.6) · 10�4

-���� -���� ���� ���� ���� ����-���

-���

-���

���

���

���

���

���

Δ���

Δ
κ γ

[Bobeth & UH, 1503.04829] 

Z ! bb̄

B ! Xs�

SM

✏0/✏

Bs ! µ+µ�
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Anomalous TGCs from εʹ/ε 

• εʹ/ε can provide meaningful additional constraints on anomalous 
TGCs & resolve blind directions

✓
✏0

✏

◆

SM

= (1.9 + 5.4) · 10�4

-���� -���� ���� ���� ���� ����-���

-���

-���

���

���

���

���

���

Δ���

Δ
κ γ

Z ! bb̄

B ! Xs�

Bs ! µ+µ�

SM

✏0/✏

[Buras et al., 1507.06345]

±
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tt production at Tevatron

0.4%

84.9%

14.7%

gg
qq
gq

pp̄� tt̄,
�

s = 1.96 TeV
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pp� tt̄,
�

s = 14TeV

tt production at ATLAS & CMS

11%

7.7%

81.3%

gg
qq
gq
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(qq̄+ |qg|)/total, contributing to tt̄ production is presented as a function of the arithmetic

mean of pseudorapidity distributions of t and t̄ (pseudotop - t̃) for 7 (left) and 14 TeV

(right) centre of mass energies. Note that the contribution from gg-scattering is dominant

across the entire range of phase space for both centre of mass energies.
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Figure 1. Ratio of production mechanisms of pseudotop as a function of pseudorapidity at 7 (left)
and 14 TeV (right). The blue band corresponds to the uncertainty associated to scale variation.

There have been large e↵orts in the QCD community to improve the precision of top

quark pair production predictions. In particular, the completion of the full next-to-next-to-

leading order (NNLO) calculation [3, 4, 5, 6] as well as resummation of soft gluon emissions

to next-to-next-to-leading log (NNLL) accuracy [7, 8, 9]. The reduced scale uncertainty in

these predictions is crucial to gaining information on other sources of theoretical uncertainty

such as the high-x gluon PDF, ↵s and the top mass. A recent study of the impact of these

uncertainties on the inclusive cross-section at NNLO+NNLL accuracy can be found in

Ref. [10], where it is observed that such a measurement, with minimal scale uncertainties,

has the potential to strongly constrain the gluon PDF. It is clear that a di↵erential result

to the same accuracy is highly desirable and will be available in the not-too-distant future.

In fact, di↵erential cross-section results and studies using approximate NNLO calculations

and resummation techniques have already been obtained in [11, 12, 13, 14, 15]. To this end,

we demonstrate the increased sensitivity of pair production cross-section measurements at

high rapidity to the gluon PDF at NLO accuracy.

2 LHCb analysis at 7, 14 TeV

This section aims to provide an estimate of the potential statistical precision of a cross-

section measurement achievable with the current 7 TeV data (
R Ldt = 1fb�1) as well as

the projected 14 TeV data sample after 1 year of running (
R Ldt = 5fb�1). As pointed

out in Ref. [1], top quarks can be identified through their decay t ! (W ! µ⌫µ)b, where

the muon and the b are registered by the detector. Indeed, in the full tt̄ decay it is also

possible to reconstruct a b,µ along with W decay products, radiated jets (which tend to

– 2 –

[Gauld, 1311.1810]

• tt production in forward direction advantages because qq + gq 
channels more important, leading to a larger tt asymmetry 

tt production at LHCb
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[in LHCb context see Kagan et al., 1103.3747]

• In new-physics scenarios in which top production proceeds via    
t-channel exchange, cross section enhanced in forward direction

Z �

u t

ū t̄

u t

ū t̄

�S

u

ū

t

t̄

g

�

Why tt production at LHCb?
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Why tt production at LHCb?

PDF �̄

LHCb
0 (pb) Exp. uncertainty Nrep Ne↵

4% 1000 942

CT10 137.3 6% 1000 983

8% 1000 994

4% 100 97

NNPDF 145.1 6% 100 99

8% 100 100

Table 5. E↵ective replicas after reweighting with the inclusion of an LHCb semi-inclusive mea-
surement, the associated experimental uncertainty is within the range 4-8%.
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Figure 9. Potential constraint (left) on gluon PDF for CT10wnlo (upper) NNPDF2.3 (lower) with
the inclusion of an LHCb semi-inclusive measurement with an associated uncertainty of 4-8%. The
corresponding reduction of the PDF uncertainty is also plotted for assumed uncertainties of 4, 6,
8%(right).

9, left) assuming experimental uncertainties of 4, 6, and 8% of the pseudoata �̄

LHCb
0 . The

reduction of the gluon PDF uncertainty for the same range of experimental uncertainties

are also plotted (right).

The largest sensitivity lies within the range of 0.1 < x < 0.3 for 14 TeV pseudodata.

The experimental precision achievable at LHCb will therefore have a large impact on fu-

ture PDF fits within this range. The choice of generating pseudodata from an observable

– 14 –

[Gauld, 1311.1810]

• Even if no new physics hides in top sector, could make use of 
LHCb data by improving our understanding of gluon PDF
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Single-lepton asymmetry

• Single-lepton channel statistically more promising than di-lepton 
mode. As background low, 2nd signal should still be looked for

3

using MadGraph5 [30] with cteq6ll. In the case of single
top, only the t-channel process is considered, and an un-
certainty is associated to the di↵erence between 4- and 5-
flavour scheme predictions. The 4-flavour inclusive cross
section is also normalised to that of the 5-flavour pre-
diction. For all (N)LO+PS background samples, jet re-
construction is performed with the FastJet software [31],
and b-jets are found by matching b-quarks to jets at the
parton level. The shown tt̄ sample in Fig. 1 is gener-
ated at LO with NLO 0.119 NNPDF2.3 PDFs. In this
work, the signal process is studied with NNPDF PDFs as
they provide updated sets at (N)LO with varying choices
of ↵

s

(m2
Z

). This is important for evaluating the uncer-
tainty of the signal asymmetry prediction, which is con-
sidered by computing the denominator with these dif-
fering PDFs. The background samples are taken from
previous work [1].

The contributions to the inclusive asymmetry, with the
discussed analysis cuts applied, from the various tt̄ sub-
processes are provided. The prediction for the numerator
at various scale choices is provided in Table I, while the
corresponding denominator and asymmetry predictions
are provided in Table II.

N

l (fb) µ = mt/2 µ = mt µ = 2mt

uū 55.62 40.84 31.56

O(↵3
s) dd̄ 23.15 16.99 13.05

ug 1.79 1.02 0.65

dg 0.72 0.45 0.26

O(↵2
s↵e) 9.37 7.65 6.47

⇡ O(↵2
s↵w) 0.35 0.25 0.19

O(↵2
e/w) 0.81 0.78 0.77

Total 91.80 67.96 52.95

TABLE I. Signal contribution the numerator of the inclusive
leptonic rate asymmetry at 14 TeV. The analysis cuts dis-
cussed in the text have been applied.

D

l (fb), 14 TeV

PDF µ = mt/2 µ = mt µ = 2mt A

l (%)

NLO 119 4626 3512 2742 1.95 (3)

LO 119 6225 4663 3586 1.47 (1)

LO 130 6761 4961 3752 1.38 (3)

TABLE II. Signal contributions to the denominator and lep-
tonic rate asymmetry at 14 TeV. The analysis cuts and e�-
ciencies discussed in the text have been applied.

The di↵erential leptonic rate asymmetry is presented
as function of lepton pseudorapidity in Fig. 2. The
dependence of the resultant asymmetry on the choice
of PDFs used for the computation of the denominator
has also been highlighted. Although the symmetric and
asymmetric cross section individually exhibit large scale
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FIG. 2. Di↵erential leptonic rate asymmetry as a function of
lepton pseudorapidity at 14 TeV. The choice of analysis cuts,
and PDFs used for the computation of the numerator and
denominator are highlighted.

dependence, this approximately cancels in the asymme-
try. The dependence on the choice of PDFs is however
significant — a consequence of the behaviour of the gluon
PDF at large-x which results in an uncertainty of approx-
imately 30%. This uncertainty would be reduced with the
inclusion of additional terms in the expansion (1).
The signal contribution to the asymmetry is signif-

icant, particularly at large ⌘

l

where the asymmetry
reaches (3-8)%. To experimentally extract this signal,
it is however necessary to precisely know the background
contribution to the asymmetry. This is demonstrated
in Fig. 3, where the contributions from both signal and
background processes to the numerator of the asymmetry
are shown.
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FIG. 3. Stacked signal and background contributions to the
numerator of the total leptonic rate asymmetry at 14 TeV.

The background contributions depend on the b-tagging
mis-tag rate and associated e�ciency in a non-trivial way,

[Gauld, 1409.8631]

g

q

q̄

t

t̄

W+

b

W�

b̄

l��̄

qq̄�

g

q

q̄

t

t̄

W+

b

b̄

W�

l+�

qq̄�

B32/B62



[Gauld, 1409.8631]

Single-lepton asymmetry

LHCb can do it, if backgrounds are under control!

�l = 75%
�b = 70%

Al = ([1.4, 2.0]± 0.3) %
�14 TeV � 4.9 pb

50 fb�1, 2030 (?)
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bb asymmetry: implications
[Murphy, 1504.02493]
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FIG. 4: CDF’s measurements of Abb̄
FB [23] are plotted in black, and the SM predictions

from this work are shown in red. Plotted in brown and green respectively are

predictions for the bottom asymmetry due to a 105 GeV scalar weak doublet and a

flavor octet of 150 GeV EW triplet vectors.

and darker yellow regions corresponds to values of �gbL,R that are consistent with both

the CDF and the LHCb measurements at the 1 and 2� levels respectively. The lighter

green region is allowed at 1� by CDF and 2� by LHCb. Lastly, the lighter yellow region

is allowed by CDF at 2�. Fig. 5b shows a zoomed in version of 5a, centered on the region

allowed by LEP1.

Fig. 5 shows that the Zbb̄ couplings can be modified to explain the anomalously low

A

(0,b)
FB while being consistent with the bb̄ asymmetry measurements at hadron colliders.

This result is perhaps not so surprising since the measurements by CDF and LHCb have

fairly large uncertainties. However, given the far larger amount of data expected during

Run-2 of the LHC, it may possible for LHCb to constrain the parameter space for possible

explanations of A(0,b)
FB . The CDF measurement favors slightly smaller values of �gbL for a

given value of �gbR than the LHCb measurement does. However, the width of the bands

allowed by CDF and LHCb are about the same size.

V. CONCLUSIONS

The preliminary results of CDF at both high and low invariant mass are consistent

with the SM predictions made in this work and in Ref. [13]. The predictions of [13] were

expanded on in this work to include the mixed EW-QCD corrections in an approximate

17
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bb asymmetry: implications
[Murphy, 1504.02493]
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FIG. 4: CDF’s measurements of Abb̄
FB [23] are plotted in black, and the SM predictions

from this work are shown in red. Plotted in brown and green respectively are

predictions for the bottom asymmetry due to a 105 GeV scalar weak doublet and a

flavor octet of 150 GeV EW triplet vectors.

and darker yellow regions corresponds to values of �gbL,R that are consistent with both

the CDF and the LHCb measurements at the 1 and 2� levels respectively. The lighter

green region is allowed at 1� by CDF and 2� by LHCb. Lastly, the lighter yellow region

is allowed by CDF at 2�. Fig. 5b shows a zoomed in version of 5a, centered on the region

allowed by LEP1.

Fig. 5 shows that the Zbb̄ couplings can be modified to explain the anomalously low

A

(0,b)
FB while being consistent with the bb̄ asymmetry measurements at hadron colliders.

This result is perhaps not so surprising since the measurements by CDF and LHCb have

fairly large uncertainties. However, given the far larger amount of data expected during

Run-2 of the LHC, it may possible for LHCb to constrain the parameter space for possible

explanations of A(0,b)
FB . The CDF measurement favors slightly smaller values of �gbL for a

given value of �gbR than the LHCb measurement does. However, the width of the bands

allowed by CDF and LHCb are about the same size.

V. CONCLUSIONS

The preliminary results of CDF at both high and low invariant mass are consistent

with the SM predictions made in this work and in Ref. [13]. The predictions of [13] were

expanded on in this work to include the mixed EW-QCD corrections in an approximate
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[Murphy, 1504.02493]
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FIG. 5: (left) Results of a fit to measurements of A(0,b)
FB and Rb at LEP1. Regions

favored at the 1 and 2� levels are given in blue and orange respectively. Regions allowed

by CDF and LHCb measurements of Abb̄
FB and A

bb̄
C are shown in green and yellow. See

the text for details on the parameter space allowed by CDF and LHCb. (right) Zoomed

in version of the plot of the left, centered on the region allowed by LEP1.

way, which were found to be small in magnitude.

The charge asymmetry at 7 TeV measured by LHCb is found to be in good agreement

with Standard Model. It is also predicted that the charge asymmetry at 13 & 14 TeV

will be smaller than at 7 & 8 TeV. In addition, it was shown that t-channel W exchange

makes a non-negligible contribution to the charm-quark charge asymmetry.

Both the preliminary results of CDF at low mass and LHCb results at 7 TeV include a

measured asymmetry in the bin containing the Z-pole that is larger than the asymmetry

in the adjacent invariant mass bins, as predicted in this work and [13].

D0’s result for AFB is consistent with zero, and with the prediction of a very small

asymmetry made in this work. On the other hand, the prediction for the inclusive asym-

metry made by D0 using MC@NLO+Herwig is 3.3 standard deviations above what was

observed.

Several BSM scenarios proposed for A

tt̄
FB, including an 100 GeV axigluon, are ruled

out by this combination of SM predictions and measurements. On the other hand, it was

18

bb asymmetry: implications

• CDF & LHCb measurements of bb asymmetries not yet sensitive 
to probe longstanding anomaly in Z → bb pseudo observables

LHCbCDF CDF

LEPLEP

LHCb

SM

SM

SM
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Axions in dimuon spectrum
[Freytsis et al., 0911.5355]

b
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V
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W+

�

B0 K⇤0

Figure 1: Feynman diagram for the decay B0! K⇤0�, with �! µ+µ�.

have either focused on a limited mass range [22], or have been obtained from more general
searches for long-lived particles [23].

The LHCb detector is a single-arm forward spectrometer covering the pseudorapidity
range 2 < ⌘ < 5, designed for the study of particles containing b or c quarks [24, 25].
The detector includes a high-precision charged-particle tracking system for measuring mo-
menta [26,27]; two ring-imaging Cherenkov detectors for distinguishing charged hadrons [28];
a calorimeter system for identifying photons, electrons, and hadrons; and a system for
identifying muons [29]. The trigger consists of a hardware stage, based on information
from the calorimeter and muon systems, followed by a software stage, which applies a
full event reconstruction [30]. The selection of B0 ! K⇤0� candidates in the software
trigger requires the presence of a vertex identified by a multivariate algorithm [31] as
being consistent with the decay of a b hadron. Alternatively, candidates may be selected
based on the presence of a displaced dimuon vertex, or the presence of a muon with large
transverse momentum (pT) and large impact parameter (IP), defined as the minimum
track distance with respect to any pp-interaction vertex (PV). Only tracks with segments
reconstructed in the first charged-particle detector, which surrounds the interaction region
and is about 1m in length [26], can satisfy these trigger requirements; therefore, the �
boson is required to decay well within this detector. In the simulation, pp collisions are
generated following Refs. [32–35], and the interactions of the outgoing particles with the
detector are modelled as in Refs. [36, 37].

A search is conducted, following Ref. [38], by scanning the m(µ+µ�) distribution for an
excess of � signal candidates over the expected background. In order to avoid experimenter
bias, all aspects of the search are fixed without examining those B0! K⇤0� candidates
which have an invariant mass consistent with the known B0 mass [39]. The step sizes
in m(�) are �[m(µ+µ�)]/2, where �[m(µ+µ�)] is the dimuon mass resolution. Signal
candidates satisfy |m(µ+µ�) � m(�)| < 2�[m(µ+µ�)], while the background is estimated
by interpolating the yields in the sidebands starting at 3�[m(µ+µ�)] from m(�). With
m(K+⇡�µ+µ�) constrained [40] to the known B0 mass, �[m(µ+µ�)] is less than 8MeV
over the entire m(µ+µ�) range, and is as small as 2MeV below 220MeV. The statistical
test at each m(�) is based on the profile likelihood ratio of Poisson-process hypotheses with
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Figure 5: Exclusion regions at 95% CL: (left) constraints on the axion model of Ref. [20]; (right)
constraints on the inflaton model of Ref. [51]. The regions excluded by the theory [51] and by
the CHARM experiment [52] are also shown.

Figure 5 also shows exclusion regions for the inflaton model of Ref. [51], which only
considers m(�) < 1GeV. The branching fraction into hadrons is taken directly from
Ref. [51] and, as in the axion model, is highly uncertain but this does not greatly a↵ect
the sensitivity of this search. Constraints are placed on the mixing angle between the
Higgs and inflaton fields, ✓, which exclude most of the previously allowed region.

In summary, no evidence for a signal is observed, and upper limits are placed on
B(B0! K⇤0�) ⇥ B(�! µ+µ�). This is the first dedicated search over a large mass range
for a hidden-sector boson in a decay mediated by a b! s transition at leading order, and
the most sensitive search to date over the entire accessible mass range. Stringent constraints
are placed on theories that predict the existence of additional scalar or axial-vector fields.
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• Can use dimuon spectrum as measured by LHCb to set interesting 
constraint on axion-top couplings in “axion-portal” models
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Search for light spin-0 states
7

Figure 4: 95% CL limits on the universal coupling
strengths |P | (upper panel) and |S | (lower panel). The
red, blue and black curves are obtained from our recast of the
measurement of ⌥(n) production at LHCb, while the green
curves stem from a resonance search in the dimuon channel
performed by CMS. The shaded regions correspond to dis-
favoured parameter space. See text for additional explana-
tions.

strongest constraints on |P,S | for mP,S 2 [5.5, 8.6]GeV
and mP,S 2 [11.5, 14]GeV (green curves). The recent
LHCb precision measurement of ⌥(n) production thus
enables one to close a gap in parameter space.

VI. DISCUSSION AND OUTLOOK

The generic bounds on new light spin-0 states pre-
sented in the previous section can be easily interpreted

CMS
LHCb

perturbativity

BaBar dimuon

BaBar ditau
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50
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ta
n
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Figure 5: 95% CL bound on tan� in the THDMII sce-
nario. The blue curve follows from ⌥(n) production by LHCb,
the green curve arises from a CMS dimuon resonance search,
whereas the yellow and orange curve derives from the BaBar
90% CL limit on radiative ⌥(1) decays in the dimuon and
ditau channel, respectively. The bound on tan� arising from
perturbativity is also shown (black dashed line). All shaded
regions correspond to excluded parameter space. For further
details see main text.

within ultraviolet complete new-physics models such as
THDM scenarios or the next-to-minimal supersymmet-
ric SM. As an example, we show in Fig. 5 the limits on
tan� in the decoupling limit of the THDMII for pseu-
doscalar masses mA close to 10GeV following from our
recast (blue curve), the CMS dimuon search [14] (green
curve) and the BaBar limit on radiative ⌥(1) ! �A

decays with A ! µ

+
µ

� [9] (yellow curve) or A !
⌧

+
⌧

� [10] (orange curve). For comparison, we also indi-
cate (black dashed line) the parameter space consistent
with perturbativity of the scalar potential (cf. [35] for a
recent discussion). The shown LHCb bound has been ob-
tained by incorporating the full mixing e↵ects described
in Sec. V and taking the interference pattern in the
A ! gg decay to be constructive for mA < m⌘b(n) [45].
From the figure, one observes that the existing analy-
ses of dimuon and ditau final states provide stringent
constraints on the THDMII in almost the entire low-mA

mass range, with our recast of the recent LHCb ⌥(n)
production measurement furnishing the dominant restric-
tion for mA 2 [8.6, 11]GeV. Only the masses mA 2
[11, 11.5]GeV remain unexplored, since mixing e↵ects
turn out to be particularly important in this region. We
finally recall that the LHCb data used in our fit corre-
spond to only 3% of all recorded dimuon events. Conse-
quently, a dedicated LHCb analysis of the full run I data
set is expected to improve the limits derived here con-
siderably, possibly allowing to surpass the existing CMS
constraints for mA > 11.5GeV.

[UH & Kamenik, 1601.05110]
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• Using LHCb ϒ data can probe dimuon resonances in [8.6, 11] GeV 
range. Improvements possible as only 3% of Run I data published 
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From h → γγ . . .

h

γ

γ

t

In the SM, Yukawa coupling to fermion f is

LY = −
yf√
2
f̄ f h

We will look at modification

L′
Y = −

yf√
2

(

κf f̄ f + i κ̃f f̄ γ5f
)

h

New contributions will modify Higgs
production cross section and decay rates

Joachim Brod (University of Cincinnati) Constraints on top (and bottom) couplings 4 / 24

From h→γγ  to …

hh

�

�

t

L � � yf�
2

�
�f f̄f + i�̃f f̄�5f

�
h

• Modified Higgs-fermion couplings 

alter Higgs production & decay 
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… to electric dipole moments (EDMs). . . to electric dipole moments

h

γ

γ

t

f

f

f

Attaching a light fermion line leads to EDM

Indirect constraint on CP-violating Higgs
coupling

SM “background” enters at three- and
four-loop level

Complementary to collider measurements

Constraints depend on additional
assumptions

Joachim Brod (University of Cincinnati) Constraints on top (and bottom) couplings 5 / 24
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• Attaching fermion line generates 
EDM. As SM background 3-loop 
suppressed, EDMs offer unique 
indirect probe of CP-violating 
Higgs-fermion couplings 

L � � yf�
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�
�f f̄f + i�̃f f̄�5f

�
h

• Modified Higgs-fermion couplings 

alter Higgs production & decay 
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Electron EDM (de)

• de induced via two-loop diagrams of Barr-Zee type

• At present |de/e| < 8.7·10-29 cm at 90% CL [ACME, 1310.7534]

• Constraint vanishes if Higgs does not couple to electron

Electron EDM

h

γ

γ

t

e

EDM induced via “Barr-Zee” diagrams [Weinberg 1989, Barr & Zee 1990]

|de/e| < 8.7× 10−29 cm (90% CL) [ACME 2013] with ThO molecules

Constraint on κ̃t vanishes if Higgs does not couple to electron

Joachim Brod (University of Cincinnati) Constraints on top (and bottom) couplings 9 / 24
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• At 90% CL have |dn/e| < 2.9·10-26 cm [Baker et al., hep-ex/0602020]

Neutron EDM (dn)Neutron EDM

h

γ

γ

t

q
h

g

g

t

q

h

g

gtg

Three operators; will mix, need to perform RGE analysis

dn
e

=
{

(1.0± 0.5)
[

−5.3κqκ̃t + 5.1 · 10−2 κt κ̃t

]

+ (22± 10) 1.8 · 10−2 κt κ̃t

}

· 10−25
cm .

w ∝ κt κ̃t subdominant

|dn/e| < 2.9× 10−26 cm (90% CL) [Baker et al., 2006]

Joachim Brod (University of Cincinnati) Constraints on top (and bottom) couplings 10 / 24
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• κt κt contributions due to Weinberg operator subdominant 
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=
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Fits to htt couplings
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• Plots assume SM couplings to electron & light quarks (κe,d,u  = 1) 

• Projection for 3000 fb-1 at HL-LHC [Olsen, talk at Snowmass2013]

• Factor 90 (300) improvement on de (dn) [Hewett et al., 1205.2671]
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L = LSM +
�ij

�2

�
�†�

�
Q̄i

Luj
R �̃ + h.c.

t → qh from dimension-6 operators

L � �
�

q=c,u

(Ytq t̄LqRh + Yqt q̄LtRh) + h.c.

rotation to mass basis

Yij =
mi

v
�ij +

v2

�
2�2

�̄ij , �̄ = UL�U†
R /� 1

• Adding higher-dimensional operators to SM Lagrangian will 
generically lead to top-Higgs FCNCs:

symmetry breaking 
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LHC searches
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Figure 1: Example Feynman diagrams contributing to the LHC production of pp ! (t ! W+b)h (left)
and pp ! [(t ! W+b)(t̄ ! hq̄), (t̄ ! W�b̄)(t ! hq)] (right) through flavor violating top-Higgs interactions
in Eq. (1) (marked with gray dots).

In the present work, we explore the LHC sensitivity to non-standard flavor violating top–
Higgs interactions (tch and tuh) further. Building upon related theoretical [3–6] and experimen-
tal [7, 8] studies, we explore three main directions: (1) We demonstrate the importance of the
single top+Higgs production processes in addition to t ! hj decays. (2) We demonstrate how
these processes can be exploited to distinguish tch and tuh couplings in leptonic t + h events by
studying lepton rapidity distributions and charge assignments. (3) we consider several novel search
signatures including hadronic top decays and Higgs decays to bb̄ and ⌧+⌧�. While this leads to
more challenging signatures requiring e�cient discrimination against the large SM backgrounds,
the final sensitivity is compensated by increased signal yields.

The remainder of the paper is organized as follows: In Sec. II we set up the notation and
introduce our main physics ideas. Then we explore and quantify these insights in more detail
using several top and Higgs decay modes. Multilepton searches [3] are particularly sensitive to
(t ! b`⌫) + (h ! W+W�, ZZ, ⌧+⌧�) final states, and in Sec. III A we recast a recent CMS
analysis [7] to constrain these final states. In doing so, we demonstrate the importance of including
the anomalous single top production process gu ! th. In Sec. III B we recast a recent CMS
search [2] for flavor violating tch coupling in the diphoton plus lepton final state to set an improved
bound on tuh coupling. In Sec. III C we show that a competitive sensitivity can be obtained
focusing specifically on h ! ⌧+⌧� decays by recasting a CMS search [9] for associate W + Higgs
and Z+Higgs production. We then proceed to future searches, showing in Sec. IVA how a detailed
analysis of kinematic distributions in multilepton searches can be used to improve the sensitivity
to both tuh and tch couplings, and to discriminate between them. Finally, in Sec. IVB, we develop
a search strategy for the fully hadronic final state (t ! bq̄q0) + (h ! bb̄), where for highly boosted
processes jet substructure techniques can be employed to identify top quarks and Higgs bosons.
We summarize our results in Sec. V.

II. FLAVOR VIOLATING TOP–HIGGS COUPLINGS

We parameterize the flavor violating top–Higgs interactions in the up-quark mass eigenbasis as

�Ltqh = ytu t̄LuRh + yut ūLtRh + ytc t̄LcRh + yct c̄LtRh + h.c. . (1)

At tree level, this Lagrangian gives rise to the non-standard 3-body Higgs boson decays h ! t⇤q !
Wbq as well as the more interesting 2-body top quark decays t ! qh, where q = u, c (see Fig. 1).
Neglecting the light quark masses and assuming the top quark decay width is dominated by the

2

u, c h

b

W

h
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Figure 1: Example Feynman diagrams contributing to the LHC production of pp ! (t ! W+b)h (left)
and pp ! [(t ! W+b)(t̄ ! hq̄), (t̄ ! W�b̄)(t ! hq)] (right) through flavor violating top-Higgs interactions
in Eq. (1) (marked with gray dots).

In the present work, we explore the LHC sensitivity to non-standard flavor violating top–
Higgs interactions (tch and tuh) further. Building upon related theoretical [3–6] and experimen-
tal [7, 8] studies, we explore three main directions: (1) We demonstrate the importance of the
single top+Higgs production processes in addition to t ! hj decays. (2) We demonstrate how
these processes can be exploited to distinguish tch and tuh couplings in leptonic t + h events by
studying lepton rapidity distributions and charge assignments. (3) we consider several novel search
signatures including hadronic top decays and Higgs decays to bb̄ and ⌧+⌧�. While this leads to
more challenging signatures requiring e�cient discrimination against the large SM backgrounds,
the final sensitivity is compensated by increased signal yields.

The remainder of the paper is organized as follows: In Sec. II we set up the notation and
introduce our main physics ideas. Then we explore and quantify these insights in more detail
using several top and Higgs decay modes. Multilepton searches [3] are particularly sensitive to
(t ! b`⌫) + (h ! W+W�, ZZ, ⌧+⌧�) final states, and in Sec. III A we recast a recent CMS
analysis [7] to constrain these final states. In doing so, we demonstrate the importance of including
the anomalous single top production process gu ! th. In Sec. III B we recast a recent CMS
search [2] for flavor violating tch coupling in the diphoton plus lepton final state to set an improved
bound on tuh coupling. In Sec. III C we show that a competitive sensitivity can be obtained
focusing specifically on h ! ⌧+⌧� decays by recasting a CMS search [9] for associate W + Higgs
and Z+Higgs production. We then proceed to future searches, showing in Sec. IVA how a detailed
analysis of kinematic distributions in multilepton searches can be used to improve the sensitivity
to both tuh and tch couplings, and to discriminate between them. Finally, in Sec. IVB, we develop
a search strategy for the fully hadronic final state (t ! bq̄q0) + (h ! bb̄), where for highly boosted
processes jet substructure techniques can be employed to identify top quarks and Higgs bosons.
We summarize our results in Sec. V.

II. FLAVOR VIOLATING TOP–HIGGS COUPLINGS

We parameterize the flavor violating top–Higgs interactions in the up-quark mass eigenbasis as

�Ltqh = ytu t̄LuRh + yut ūLtRh + ytc t̄LcRh + yct c̄LtRh + h.c. . (1)

At tree level, this Lagrangian gives rise to the non-standard 3-body Higgs boson decays h ! t⇤q !
Wbq as well as the more interesting 2-body top quark decays t ! qh, where q = u, c (see Fig. 1).
Neglecting the light quark masses and assuming the top quark decay width is dominated by the
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Figure 3: Pseudorapidity distributions for the Higgs boson in various flavor violating processes at 13 TeV
for ytq = yqt = 0.13 (corresponding to B(t ! hq) ' 1%) and an integrated luminosity of 1 fb�1. The results
are obtained using a FeynRules v1.6.16 [16] implementation of the e↵ective interactions in Eq. (1) and using
MadGraph 5, v1.5.11 [17] for MC simulation. Events are normalized to corresponding state of the art QCD
corrected cross sections as discussed in the Sec. II.

of mass energy and luminosity, the sensitivity to tuh couplings is in general better than the one to
tch couplings.

In addition, the presence or absence of a significant contribution of qg ! th production in
single top plus Higgs final states can be used to distinguish between couplings to up quarks and
couplings to charm quarks. A good discriminating variable is the Higgs boson pseudorapidity,
⌘h, as illustrated in Fig. 3. The relevance of this variable can be understood from the fact that
in ug scattering, the interaction products tend to be boosted in the direction of the incoming
valence u quark, which on average carries a larger fraction of the proton momentum than the
gluon. In addition, the Higgs boson in such a scattering process is preferentially produced in
the direction of the up quark in the partonic center of mass frame due to angular momentum
conservation combined with the quark chirality flip at the tuh vertex. These e↵ects add up to
make the resulting ⌘h distribution peak at large rapidities. For initial states not containing valence
quarks (gluon fusion-induced tt̄ production as well as single top + Higgs production in cg, c̄g, or ūg
collision), both the top quark and Higgs boson are produced more centrally. Another useful handle
on tagging single top plus Higgs production in searches with leptonic top decays is the enhanced
abundance of positively charged leptons.

In the following sections we demonstrate the relevance of associated th production for probing
flavor violating top–Higgs couplings using several promising experimental signatures.

III. IMPROVED LIMITS ON tuh AND tch COUPLINGS FROM CURRENT LHC
SEARCHES

A. Recasting the CMS Multilepton Search

Multilepton searches at the LHC profit from relatively low SM backgrounds and are therefore
sensitive to new physics processes producing final states with many leptons. A good example is
a final state with a top quark and a Higgs boson [3], where the top quark decays to b`⌫, and

[Greljo et al., 1404.1278]

• tc(u)h couplings have been looked for in tt & single-top samples

• Best LHC Run I bound reads Br(t → qh) < 0.56% at 95% CL

• Can distinguish t → c/uh by considering e.g. Higgs pseudo-rapidity 
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Constraints from dn on t → ch
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[HFAG]

Constraints from D → π+π-,K+K- 

Q8 =
gs

(4�)2
mc ūL�µ�tacRGa

µ�

gg

g

c

t
h

h

t

c c

g

uc

matching

|�ACP| � Im
�
�C8(mt)

�
� |Im (Y �

utYtc)|
3.7 · 10�4

% � 1%

�ACP = �(0.33± 0.12)%

• Top-Higgs couplings contribute to difference ∆ACP between 
direct CP asymmetries in D → π+π- & D → K+K- :
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[Gedalia et al., 0906.1879]

Constraints from D-D mixing
• Also D-D mixing receives contribution from Higgs-top loops. 

Dominant effect due to mixed-chirality operator:

c c

matching
Q4 = (c̄LuR)(c̄RuL)

u u

t t
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h

�C4(mt) �
1

32�2

�
2

4GF

1
3m2

h

Y �
tcY

�
utYtuYct

|Im (�C4(mt)) | � 3.4 · 10�10
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Summary of constraints

Observable Coupling Present bound Future sensitivity

LHC searches
p|Ytc|2 + |Yct|2 0.14 2.8 · 10�2

p|Ytu|2 + |Yut|2 0.13 2.8 · 10�2

dn
|Im (YtcYct)| 5.0 · 10�4

1.7 · 10�6

|Im (YtuYut)| 4.3 · 10�7
1.5 · 10�9

dD
|Im (YtcYct)| — 1.7 · 10�7

|Im (YtuYut)| — 1.7 · 10�11

�ACP |Im (Y

⇤
utYct)| 4.0 · 10�4 —

D– ¯

D mixing
p|Im (Y

⇤
tcY

⇤
utYtuYct)| 4.1 · 10�4

1.3 · 10�4

Table 1. Summary of the most powerful constraints on the tqh couplings with q = c, u. To obtain
the 95% CL upper limits we have assumed a Higgs-boson mass mh = 125GeV and neglected other
possible contributions to the processes under considerations beyond those arising from (1.1).

Future measurements of CP violation in D– ¯

D mixing at LHCb [47] and Belle II [48]
are expected to improve the current bound (2.34) by at least a factor of 10. Such an
improvement would result in

q
|Im (Y

⇤
tcY

⇤
utYtuYct)| . 1.3 · 10�4

, (2.36)

if one again allows the new-physics contribution (2.32) to saturated the future limit on CP
violation in the �C = 2 sector.

2.5 Summary of constraints

In Table 1 we summarise the most stringent limits on the FCNC Higgs-boson couplings (1.1)
arising from collider physics (see Section 2.1), hadronic EDMs (see Sections 2.2 and 2.3)
and CP violation in D-meson physics (see Section 2.4). Whenever possible we give both
the present bound and a projection of the future sensitivity.

3 Conclusions

The LHC discovery of the Higgs boson furnishes new opportunities in the search for physics
beyond the SM. Since in the SM flavour-changing Higgs couplings to fermions are highly
suppressed, discovering any evidence of a decay like t ! ch would strongly suggest the
existence of new physics not far above the TeV scale. In fact, both ATLAS and CMS have
already provided their first limits on the t ! c(u)h branching ratios (see e.g. [11–15]). While
these recent results still allow for branching ratios in excess of around 0.5%, the searches for
flavour-changing top-Higgs interactions will mature at the 14TeV LHC and it is expected
that the current limits on the t ! c(u)h branching ratios can be improved by roughly two

– 10 –
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t → ch in MSSM
[Dedes et al., 1409.6546]tan� = 6, MS = 1.1 TeV
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• Regions with Br(t → ch) > 10-6 require |AU| > 2MS. Such large 
AU terms naively trigger color & charge breaking minima
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t → uh in MSSM
[Dedes et al., 1409.6546]tan� = 6, MS = 1.1 TeV
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Flavor changing neutral currents

In fact, neutral meson mixing & other flavor changing processes test 
structure of  Yukawa interactions beyond tree level 

m2
t

16⇡2m4
Wm4

t

y4t (V
⇤
tbVtd)

2 / g22
16⇡2m4

W

m2
t (V

⇤
tbVtd)

2=)

q0RB B̄
WL

WL

(Y †
u )qb

(Y †
u )q�b

(Yu)q�d

(Yu)qd

bL

dL

dL

bL

qR
Yu = V † diag (yu, yc, yt)

⇡ V † diag (0, 0, yt)

[see e.g. D’Ambrosio et al., hep-ph/0207036]
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Υ(4S)→B0B0→B0B0

[ARGUS, Phys. Lett. B192, 245 (1987)]

Soon the final result was worked out. H. Schröder had found his golden
event, shown in Fig.25. Instead of the usual BB-meson pair it contains two
B

0-mesons each decaying via B

0 ! D

§°
µ

+
∫ and demonstrates explicitely that

B

0
B

0 mixing occurs.

Figure 25: The golden event found by H. Schröder. It shows the reaction ®(4S)!
B0B0 ! B0B0, which is evidence for BB mixing.

In addition, H. Schröder analysed events containing a B-meson and a lep-
ton. Taking all reconstructed B

0-mesons available, which decay like B

0 !
D

§
`∫ or B

0 ! D

§
nº, and asking for an additional lepton with a momentum

above 1.4 GeV/c, he found 5±0.9 candidates for mixing together with 23±2.5
normal events. The advantage of this method is its low background rate. The
mixing parameter r obtained was

r =
N(B0

`

+) + N(B0
`

°)

N(B0
`

°) + N(B0
`

+)
= 0.20± 0.12.

Yu. Zaitsev presented his results on lepton pairs using leptons with mo-
menta above 1.4GeV/c. He studied both electrons and muons and obtained
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Implications for top mass
[ARGUS, Phys. Lett. B192, 245 (1987)]

Volume 192, number 1,2 

Table 3 
Limits on parameters consistent 

PHYSICS LETTERS B 

with the observed mixing rate. 

Parameters Comments 

25June1987 

r> 0.09 (90%CL) 
x>0.44 
B~/2fB~f~ < 160 MeV 
rob< 5 GeV/c 2 
~<1.4×  10 ~2s 
I V, dl <0.018 
qocD < 0.86 
m~> 50 GeV/c 2 

this experiment 
this experiment 
B meson (~pion) decay constant 
b-quark mass 
B meson lifetime 
Kobayashi-Maskawa matrix element 
QCD correction factor a~ 
t quark mass 

,I ReE [18]. 

A M  Bf2B m~ 2 mb % I Vtd 2 ?]QCD, 
X =  F - - 3 2 n  mu 5 zu 

and  re la ted  to e x p e r i m e n t  by 

x 2 
X 2 + 2  • 

The  rate  o f  B ° - l ]  ° m i x i n g  p rov ides  a s t rong con-  
s t ra in t  on  pa r a m e t e r s  o f  the  s t anda rd  mode l .  Spe- 
cifically,  ou r  resul t  shows tha t  the  K o b a y a s h i  
- M a s k a w a  e l e m e n t  Vta is non-zero .  T h e  obse rved  
va lue  o f  r can  still be  a c c o m m o d a t e d  by the  s t anda rd  
m o d e l  w i th in  the  p resen t  knowledge  o f  its p a r a m e -  
ters. As an  i l lus t ra t ion ,  one  e x a m p l e  o f  a set o f  l imi t s  
is g iven  in table  3. 

In  s u m m a r y ,  the  c o m b i n e d  e v i d e n c e  o f  the  inves-  
t iga t ion  o f  B ° m e s o n  pairs,  l ep ton  pairs  and  B ° 
m e s o n - l e p t o n  even t s  on  the  Y (4S)  leads  to the  con-  
c lus ion that  B ° - B  ° m i x i n g  has been  o b s e r v e d  and  is 
substant ia l .  

It is a p leasure  to t hank  U.  D j u a n d a ,  E. Ko nr a d ,  
E. Miche l ,  and  W. Re insch  for  the i r  c o m p e t e n t  tech- 
nical  he lp  in r u nn i n g  the  e x p e r i m e n t  and  process ing  
the data.  We thank  Dr .  H.  N e s e m a n n ,  B. Sarau,  and  
the D O R I S  group  for  the  excel len t  o p e r a t i o n  o f  the  
s torage ring. T h e  v i s i t ing  groups  wish to t hank  the  
D E S Y  d i rec to ra t e  for  the  suppor t  and  k ind  hospi -  
ta l i ty  ex t ended  to them.  
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By 1987 it was general belief that top mass was much smaller than       
50 GeV, but ARGUS found that it is (probably significantly) larger  
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Top mass from unitarity triangle
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Boxes & Z penguins

Within SM, only two 1-loop topologies lead to a quadratic dependence 
on top mass 

=) =)

t t t t
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W W

�MK ,�MBd ,�MBS , ✏K Bd,s ! µ+µ�, B ! K(⇤), Xsµ
+µ�

K ! ⇡⌫⌫̄,K ! ⇡µ+µ�, ✏0/✏, Z ! bb̄

[see e.g. Buras, hep-ph/9806471]
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[CMS & LHCb, 1411.4413]

Top mass from Bs→μ+μ-: Present
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�
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Bs→μ+μ- relative error budget

Improvements in lattice QCD calculations may reduce errors due to 
decay constant fBs & Vcb. Might result in future total uncertainty of 3%

fBs CKM

τBs mt

non parametric

[Bobeth et al., 1311.0903]

 6.4% total uncertainty
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Bs→μ+μ- relative error budget

Improvements in lattice QCD calculations may reduce errors due to 
decay constant fBs & Vcb. Might result in future total uncertainty of 3%

fBs CKM

τBs mt

non parametric

[Bobeth et al., 1311.0903]
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 6.4% total uncertainty
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Top mass from Bs→μ+μ-: Reach
[Bobeth et al., 1311.0903]
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�mpole

t = 14 GeV

Top mass from KL→π0νν
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Dominant 1-loop corrections due to top exchange & proportional 
to yt . In contrast, Higgs contribution scales as g1 ln(mh/mZ)2 2 2 2

1-loop corrections to ρ 
[cf.  Veltman, Nucl. Phys. B123, 89 (1977)]
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History of mt from electroweak fit
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Roman Kogler The global electroweak fit 

Top Quark Mass from Loop Effects

‣mt predictions from loop effects since 1990

‣ official LEPEWWG fit since 1993

‣ the fits have always been able to predict mt correctly!

4

[Gfitter, November 2014]

Even before top discovery at Fermilab in 1995, global electroweak (EW) 
fits have always been able to predict mass correctly
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Top mass from EW fit: Present
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Indirect determination of mt

11

Δχ2 profile vs mt

‣ determination of mt from 
Z-pole data (fully obtained 
from rad. 
corrections ~mt2)
‣ alternative to direct 

measurements
‣MH allows for significantly 

more precise determination 
of mt

‣ similar precision as determination from σtt , good agreement
‣ dominated by experimental precision
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[Kogler, Moriond EW 2015]
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