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Higgs data

ATLAS Prelim. —°§§';';';,’,c, Total uncertainty
- ~ O\theory
m, = 125.5 GeV — o(theory) tioconu
H-yy ‘o E R —
= 1.57°03 & | L
w=1. 0.28 | o1 i i 1
H- 2ZZ* - 4l o2 P
= 1.440%| 20 T
B=19% s i i 1
H— WW* - viv = | -
0.32 | om : bt
u=1000m . i H— |
Hoyy, Z2°, WW* o2 | et
=135 0.20 | 1 =14
05 | h—r—y {
w'ZH—bbsl-020',‘ 04 .—%—_‘
M= UL o |0 i L |
H — 1t (8 TeV data only) 'E:: i
05| 03 —t
u - 1 4 04 | l——!—l
Con;télnod - :
H-bb, tt o
H= 1.09 0.32 | i |
i "oz : ==
Combined 1.30°018 - Lo
Be= 10U 0 oo i | | HH
s=7Tev L4648 0.5 0 05 1 15 2
\s=8TeV fLdt =203 0" Signal strength (u)

Combined
u=1.00+0.13

Untagged
u=0.87+0.16

VBF tagged
u=114=+0.27

VH tagged
w=0.89 = 0.38

ttH tagged
u=276=0.99

19.7 b7 (8 TeV) + 5.1 fb' (7 TeV)

CMS

Preliminary

m, =125 GeV

3
Best fit 0/0S

4
M
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Higgs: new-physics scale?
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DO 10.4fb

CDF 10fb '

ATLAS 4.9fb "'
preliminary

LHCb 3fb

CMS 25fb

CMS+LHCb
preliminary

Flavor data

1 sMm

|

gt = 0.79 % 0.20
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6 8 10 12 14 16 18 20 22
B(BY—> ') [107]
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Flavor: new-physics scale?

b, p
A7 V2
— -~ 14+
>M< :LLBS [Ty 92|V;/>ZV;55|2 A2
S e

VAT 50TeV , anarchic tree
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Flavor: new-physics scale?

_|_
b \ 7 H ,
v
wv< > g e 1 e
°/ o
VAT 50TeV , anarchic tree

Vo2 [ 0.6 TeV, MFV loop
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Upshot

Even 1n most pessimistic scenario, 1.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 1n era
of precision physics. Further progress likely to depend on
how well experimentalists can measure & theorists can

predict — of course, there 1s still room for surprises!
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Flavor precision tests: an example

e Effects of anomalous ttZ couplings can be described by

Eeﬂ'”

Ogbgc)z = (ngiBu 0'9)(Qr,37"0*Qr.3) ,
Ogq = (quiBu ¢)(Qrs7"QL,3)

Opu = (¢TiBM o) (trY"tR)
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Closed ttZ couplings

Liz =grtrdtr + g V;Z‘/;jJL,iZdL,j + grtrZtR

+ OELW+[)L + h.C.)

2
(3) (3) 1
gh < <5 (C50 + Coa) . > 0% = 0,006+ 0.038

1
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Open ttZ couplings

. AZ (%)~ Co) - .o<—0¢u

W
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ttZ couplings: indirect tests

Current measurements

0.1

[Brod et al., 1408.0792]
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ttZ couplings: Comparison

[Rontsch & Schulze, 1404.1005]

13 TeV, NLO QCD

01 ft+Z 95 % C.L. limit

direct

-0.2}

-0.2 0.0 0.2 0.4
2

33
; Re C¢u

* 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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theoretical cleanliness

Flavor anomalies

h— pr

significance
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Flavor anomalies

No new-physics model can simultaneously explain all anomalies

Notoriously dithicult to construct new physics that accommodates

deviations in like-sign dimuon CP asymmetry (Acp) & Veb, Vub

Progress in lattice gauge theory will improve understanding of

for instance €'/e & (g-2),, 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
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B — K*}f}r anomaly

SM from Descotes-Genon -
et al.. 1407.8526 |

S

T
+
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B — K'p*p-anomaly: Errors

Error budget of Ps in [4, 6] GeV? bin:

+0.014-0.02+0.03
_0'82—0.01—0.02—0.06-

parametric non-factorizable power corrections

form factors

factorizable power corrections

. long-distance c¢ effects
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B — K'p*p-anomaly: Errors

* Dominant uncertainties of theoretical origin. What to do?

_O 82—|—0.01 +0.02+0.03+0..6
: —0.01-0.02—0.06 —0."6

maybe
better to
all errors are
: l \ add errors
Gaussian
linearly
—0.82 (1 T 13%) —0.82 (1 T 26%)

e [argest individual uncertainty due to long-distance cC eftects.

What 1s the problem & what does this mean for the error?
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dl’ /dq”

In an 1deal world ...
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dl’ /dq”

... In reality
Y

P(25)
lovv-q2 high-q2
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dl’ /dq”

A closer look
(0

lOW- q2
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Resonances gone topsy-turvy

Factorisation
LHCb —

20/58



Breakdown of factorization

e Factorizable effects can be related to (full non-perturbative)

charm vacuum polarization via a standard dispersion relation

HSII data on ete~ — hadrons

& extracted from B
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Breakdown of factorization

e 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 1s badly broken 1n resonance region. To which

extent does this pollute B— K*}ﬁ}r observables at low q2?
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Breakdown of factorization
Y

e 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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My error guesstimates

e S e e —
Pt + LHCb-CONF-2015-002
0 ;Iu theory
ER= (no resonances)
0 . “constructive”

- mmmmmmme resonances
- __+ (San = 0)

-0.5 - + “destructive”
i B | s, resonances
-] g ( (SJAp = 7T)

| R R —
0 5 10
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My error guesstimates

P [ - o * My guesstimate gives an
L uncertainty of 14% in bin 4
0.5 % & 5 from c€ eftects only —
LB T 1.e. larger than total Gaussian
o—— —— error quoted before
i —-*+ * Topsy-turvy analysis suggests
OS5 + even much larger c¢ effects,
B e potentially resolving anomaly
| S — I think that this “model” 1s
0 5 10

more shaky than my guess
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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 1s 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 1deas are

very welcome!
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Rk anomaly

——[HCb —=—BaBar ——Belle
2 N | ] l | | 1 | | I L | | | ] | | I I i
1.5 . ~
I B -
- +-‘ SM -
0.5 ~
O—l—l—hl—l—l—l—l—l—l—l—l—hl—hl—l—l—l—l—l—l—

-

10

15

20
g? [GeV?/c4]
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Maybe Rk not alone

- 0.16
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http://belle.kek.jp/belle/theses/doctor/2009/Nakayama.pdf

Rk: null test in SM?

2
R%M =140 (—'u) — 1.0003 4+ 0.0001
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Rk: null test in SM?
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How big 1s O(0.01)?

ek
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o
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(dBr,,,/dq”)/(dBre. /dq
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S
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>
o)
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How big 1s O(0.01)?

——[LHCb —=—BaBar ——Belle
M 2 | | 1 1 1 I 1 1 | 1 I L | J L | I

0.5

e e
R B B

Ol
0 5 10 15 20

g* [GeV?#/c4

e 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 ...

e ... things are again much more complicated:

» Ratio between B* = K'p'p- & B* — K'e*e not directly

measured, but a double ratio involving B* = JAp (—= I*])) K*
— this 1s necessary because for each electron pair LHCb

“sees” O(60) muon pairs

» To correct tor this mismatch, LHCb uses a Monte Carlo
(PHOTOS), which contains QED effects. Bremsstrahlungs

photons are also part of detector simulation

e 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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[f 1ts new physics, 1t should nail 1t!

N-.
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Fit to 88 b — sp*p~ observables

Coeff. best fit lo 20 \/X%_f_ —Xéy P %)
ChP —0.04 [-0.07,—-0.01] [-0.10,0.02] 1.42 2.4

C! 0.01 [—0.04,0.07]  [-0.10,0.12] 0.24 1.8
O —1.07 [-1.32,-0.81] [-1.54,—0.53] 3.70 11.3

C} 0.21 [—0.04,0.46]  [-0.29,0.70 0.84 2.0
ChY 0.50 0.24,0.78] —0.01, 1.08] 1.97 3.2
C1o —0.16  [—0.34,0.02]  [-0.52,0.21 0.87 2.0
cN'=ckf —-022  [-0.44,0.03]  [-0.64,0.33] 0.89 2.0
cN' =-CcY -053 [-0.71,-0.35] [-0.91,—0.18] 3.13 7.1
Cl = Ci, —0.10  [-0.36,0.17]  [—0.64,0.43] 0.36 1.8
Cl = —C1, 0.11 [—0.01,0.22]  [-0.12,0.33] 0.93 2.0

® Since p-value of SM 1s 2.1%, no solution really nails it. Scenario

with a -25% shift in Co (vector current) preferred
36/58



A line 1s a line, 1s a line, 1s a line

1 1 ]
] bin-wise fit to B — K*}l+}1'
0L | data
% - - global fit to 88 b — sp*p-
e —— T , observables
_90 [____i ]
[ p . global fit to B = K'p*p-
: R + data only
—3 il
0 5 0 15

e [ B— K*}f}r anomalies due to new physics, best-fit values for

Coy should be qQ-independent. If effect gErows towards resonance

region smells like long-distance c¢ eftect
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First main message

At present only real parts of Wilson coefficients bounded

by global fits of b = sy & b — sl*l- data. Weak sensitivity
to Im(Cé,)) from time-dependent CP asymmetry Sk+*. An

important future goal of LHCb has to be measurements of

CP-violating observables in B — K, ... . Looking at

B — K'p'p/ete also mandatory because channels over

theoretically clean way to extract C7
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Second main message

If only SU(2)1.x U(l)yinvariant operators are present get:

ACQ < AClO or ACQ — ::AClO

Neither pattern 1s preferred by fit & therefore new-physics
models such as MSSM & simple-minded realisations of
compositeness, lepto-quark scenarios, ... seem distavored.

Observed deviations can be addressed in Z'-boson models

that have vector-like couplings to muons
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Proposed Z' models

“3-3-1" model “Ly-L.” model
SU(S)L XU(l)X SU(Z)LXU(l)YXU(l)LM_LT
l Vy > U l Ve S U
SU(Q)L X U(l)y SU(Q)L X U(l)y
L vpy vy K vy | v

U(1)q U(1)q
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Proposed Z' models

“3-3-1" model

o 11Z' couplings almost
vector-like after suitable

charge normalization

e sbZ' couplings can be
made MFV-like by
alignment (favorable 1n

view of Bs mixing)

“Ly-L.” model

* At tree-level, muons &
taus couple vectorially

(no electron couplings)

e sbZ’ vertex from mixing
with vector-like quarks

(mixings dialled or due to

horizontal symmetries)
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Proposed Z' models

“3-3-1" model “Ly-L.” model
® Pé anomaly explained by ® If mIXlng iS dialled, get
a Z' of 7 TeV (minimal Mz > 40 GeV, while 1t
model has Landau pole horizontal Symmetries
at 4 TeV, but curable) are used, Z' searches

imply Mz >2.5TeV
* No explanation for Rk

anomaly, since lepton e Both P5 & Rkanomaly

couplings universal can be addressed
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“Ly-1." models: phenomenology
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“Ly-1." models: phenomenology
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“Ly-1." models: phenomenology
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“Ly-1." models: phenomenology

limits from neutrino

trident production
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“Ly-1." models: phenomenology
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Inconsistent with

Bs-meson mixing
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“Ly-1." models: phenomenology
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“Ly-1." models: phenomenology

0.3

0.1}

Z-1l,vy Z-1l,vy

/ / B
s/ S8 i/ *
> 1
X ) IS i
ﬁ)/ ;\' g (]
Qé’/ &, CS) I/,. . . |
y y .ﬂ B; mixing
/ Y4 [ _
| L7 L VAR | Lo | | [ R R
3 10 30 102 3x10? 10°
m, (GeV)

various constraints,
but plenty of viable
parameter space, if
Z'-quark coupling

not fixed by symmetry
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“Ly-1." models: phenomenology

14 solid: a =172 7 | |
1o dashed: a =1/3 o ; if Z’-quark couphngs

are constrained by
horizontal symmetry,
[LHC Drell-Yan Z'
searches cut severely
Into parameter space
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[LHCb can do more than B’s

33 papers of QCD, Electroweak and Exotica Working Group:
e W, Z production in forward region
¢ Determination of weak mixing angle
* Forward top & bottom production
e Searches for light dimuon resonances

® Limits on neutral Higgs decays to tau pairs
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Top production at LHCb

— S00E | |
=) 450 E- LHCDb Preliminary
I:/-_E\ 400 ;_—+— LHCb measurement
| ; 350 —- SM Prediction
‘6 300 ;—
250

o(top)[7TeV] = 239 4+ 53 (stat) 4 38 (syst) tb,
50 o(top)[8 TeV] = 289 4 43 (stat) 4 46 (syst) fb.
O I I
7 B 3
Collision Energy (TeV)

 Using Run I data, 5.40 observation of top production in forward

region. Cross sections consistent with NLO QCD predictions
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tt vs. bb asymmetry

e Top-quark asymmetry tully dominated by QCD. Electroweak
corrections amount to only around 20%. Now known to NNLO

in QCD, 1.e. 2 loops for what concerns virtual effects
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tt vs. bb asymmetry

|
4
4
4
2 1
|
|

0006000
4

 bb asymmetry receives large
corrections from on-shell

Z bosons. Rich electroweak

structure both 1n standard
model & beyond
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tt vs. bb asymmetry

=
=

LHCDb data(syst)
[ sM(LO)

[do/dA y]/o
A
\

|

&
)
|

&
ok

) -1 0 1 2
Ay

® |n contrast to top asymmetry, bottom asymmetry has already

been measured by LHCb & also D0, CDF
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bb asymmetry: LHCb vs. SM

l—ol — T T T T T T T T T T | T T T | ]
o, sk —4— LHCb data 1fb™", PRL 113,082003(2014) b
O N -
Iﬁ{u_ - R NLO Ap>2.6 ]
- LO 20<n<4.0 -
4 E >20GeV A
[ NNPDF2.3 (N)LO, ocs(mi) =0.119 i
3 :— \s=7TeV —:
21 * '
= :
L -

- 1 I I 1 1 I 1 1 1 I 1

40 60 30 100 120

m - [GeV]

 Within uncertainties good agreement between state-of-the-art SM

<D & |

prediction (NLO QCD, Q]

EW) & LHCb measurement
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bb asymmetry: implications

10 -
CDF data
| SM (this work)
8- 100 GeV Axigluon
S I
|:;§ 4
|
0 ===
50 100 150 200 250 300
MbB |GeV]

e Tough no dedicated analysis exists (yet), obvious that LHCb
measurement puts non-trivial constraints on for instance hight

axigluon solutions of Tevatron “anomaly” in tf asymmetry
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Conclusions

 Beautiful measurements of phase ¢s in Bs mixing, Bs@) —= p*p;,
B — K®p, Rk, B —= DOy, Vb from Ay, — ppyv, etc. We are
now 1n 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, ¢, b. More to come in

Run Il — ¢C, maybe even Higgs, etc. Think outside the box!
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Hints for h —= m

CMS 19.7 b (8 TeV)

~.al
~

551-0>Hg

=l
Al
—h
Q
o

10-4 | IIIIIIIII IIIITIi
10 107 102 10" 1

/-

* 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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Byd — p*p in RS models

B 95% CL DO
— — 50 LHCb

B(Bs» utu~) [1077]
(] — Ul
R .

Do
o
e

[—
O

(2.8%5¢) - 1077

B(By - ptp) [1071]

e Suppression (enhancement) of B = p*p~ (Bg — p*p) can be

explained for instance in Randall-Sundrum (RS) scenarios
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Right-handed couplings in Vb

* Right-handed Wcb & Wub couplings cannot explain deviations

found 1n inclusive vs. exclusive extractions of V., & Vit
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Oftt-shell interactions in V)b

4.8} O —
46: i B — tv
B O B = X, v
4.4¢
=PPL 4
§ r :B—>7T€V 1
40 3j B
3.8 B — plu ’
36 2
3.4 a 1 S S R I
~0.10 ~0.05 0.00 0.05 0.10 -0.10 -0.05 0.00 0.05 0.10
o® [1/GeV] d'® [1/GeV]

* Vo, anomaly can be addressed by oft-shell operators o*co,vPLb,

but such interactions lead to unacceptable effects in Z — bb
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Flavor in 2HDM of type 11

100 g
80! B — X
N B B
60
Q L
g k " B— Drv
40
: B 35— D'
20/ . K — uv
0-

200 400 600 800 1000
my [GeV]

Explaining B — D"tv would require very small my & large tanf3.
No region in parameter space compatible with all measurements
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B — D%tvin 2HDM of type 111

myg = 800 GeV, tan 8 = 40

Reles,]

¢ Deviationsin B —= Dtv & B — D tv can be explained, utilizing
coupling e32 of left-handed top to right-handed charm quarks
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Who ordered that?

Events / 40 GeV

Data - fitted background

10

———
ATLAS Preliminary

® Data

—— Background-only fit
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A toy model for 750 GeV excess

2

e“c |
Leg D ZAW quWFW i
1|

gs Cg a a, v [
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0.05 pp — @ — Yy

102
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[Let’s add flavor violation

2

e”c y |
Leg D 2APY ¢FM,/F'LL i
g ) 1|
S 9 a Y L
0G L, G 0.50| !
— SdgbngR—l—h.C. E l“
0.10 \

005 pp—¢— vy

102—-
1073

B9/B62



We get contributions to ex & &'/e

VI (¥2) | < 6.4-1076

s Ysd

;
lcg Im (Yiq) | < {1.1,2.2,4.4} - 107°

"numbers assume shifts of {0.25, 0.5, 1} - 103 in &'/e & Bgy = 0.3
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We get contributions to ex & &'/e

shift of 0.25-10-3 in &'/e |

shift of 0.5-103 in €'/e b

shift of 1103 in €'/e 0.50|
ek constraint satisfied, < \
lcel values to right 0.10, °
distavoured |

102 ——
1072

B11/B62



Power corrections from b -~ ¢c s — £¢ s for g% < 6 GeV?

2 E,Z()\) 4 I g-x (*) -em
Parameterisation m(q°) = m2B / d'xe <KA T{j“ (x), EI: C’O’(O)}‘B(p»
of power 5 A
corrections <[LOin 1/mp] + h® + T —n(D 4+ T_p®  p012 ¢
A==+,0 N ) 1GeV 1GeV

QCDF
= Soft-gluon emission off cc-pairs enhanced by tree-level current-current Cy »

[Khodjamirian et al. 1006.4945 + 1211.0234 + 1506.07760]

1) contributions to hy (g°) via OPE ~
) A(99) S2.5
» works for Aqcp < 4mz - g2, +"2.0
2 2 T
also at g < 0 GeV T 15
» gives g°-dependent shift to Cq :3 .
ACH(g°) = (C1 +3C2) gt (9°) +2C181(9°) =0.5
with §1(q?) e h-(q?) - h: (¢?) 20.0
> gfact(qz) = LO in‘]/mb:dashed 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

2 2
» soft-gluon emission §; (g°) = dashed-dotted q” (GeV~)

— power corrections from soft gluons about 20% of Cq at 1.0 < g° < 4.0 GeV?

2) interpolation up to g% ~ 12 GeV? via dispersion relation

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



Power corrections from b — ¢cs — ¢ s for g° < 6 GeV?

e () :
ha(g®) = - d*x eI (K}
ms f (

T{im(x), 3 Ci0i(0)}|B(p))

Parameterisation

of power 5 A
corrections ~[LOin 1/m,] + h + q S 9 —T_p®  p012
A=x,0 - 1GeV? 1GeVv*
QCDF

= Can fit h§0’1 2) from data (assuming Cy" = 0) [Ciuchini et al. 1512.07157]

W|th OPE-result at g° = 0,1 GeV? W|thout OPE result

KhOdJGmIPIGn eT al 2010 | KhodJamlman eT al 2010
Al ¢  SM@HEPFit, full fit | Al ¢  SM@HEPFit, full fit
3f Eq2 :4mf_ 3 B ti :4mf,
B ! < |
2 [ GeV?2 /et ] ¢° [GeV? /et ]

= |leads (5 - 10) x larger power corrections than predicted by Khodjamirian et al. for g’s

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



[LHCb 1512.04442]

— LHCDb measured angular distribution with two methods [see talk C. Langenbruch]
“Unbinned maximum likelihood fit” “Principal moments”
iInvolves model-dependent assumptions: no model-dependent assumptions
» lepton mass = 0, important for g° < 1 GeV? Il but larger uncertainties
» no scalar and tensorial operators [Beaujean/Chrzaszcz/Serra/van Dyk 1503.04100]
Ex,"” - — 1T T ] | | 3 5.‘“ - 1 | | | 3
2 - 2 —
' LHCb ] ' LHCb ]
1+ SM from DHMV 1+ ‘l’ SM from DHMV
e : o :
L - e -
N —— ] N ]
B —+ B 4B 2= ++ ++ +++_F
2F . 2f .
il ) ) ) ] ) ] ) ) ) ) ] ) - il ) ] ) ) ) ] ) ) ) ) ] ) L
0 5 10 15 0 5 10 15
q* [GeV?/c*] g* [GeV?/ 4]

!/

5~ 85/\/FL(‘I _FL)
longitudinal K* polarisation fraction F; € [0, 1]
= in some q2-bins measurement F; > 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” “Principal moments”
iInvolves model-dependent assumptions: no model-dependent assumptions
» lepton mass = 0, important for g° < 1 GeV? Il but larger uncertainties
» no scalar and tensorial operators [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 Cq finds (Cy" = 4.27) [LHCb 1512.04442]
Co¥ =-1.04+0.25 (3.40) Cy" =-0.68+0.35
2) [Hurth/Mahmoudi/Neshatpour 1603.00865]
0.6 Scenario Cg + C1g g oiqci 0.4, Scenario Cg + Cgr B oo
- — Likelihood - — Likelihood
0.4 |
0.2 |
EE 0.2 EG\ |
2 < 00 ) fffffff
G oo+~ 45 @)
o o
-0.2 -0.2
\ \
\ \
-0.4 | ~0.4- |
-0.4 -0.2 0.0 0.2 -0.4 -0.2 0.0 0.2
5Co/CSM 6Co/C3™

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



Flavor precision tests

bL ST, bL

CBLZZ?L

I— CBLZSL LVAVAYA I—
+0O(M3)

27 .

* [n many new-physics models (MFV, compositeness, ...), flavor-

changing & flavor-conserving Z penguins closely related

B156/B62



Flavor precision tests

ST, bL

~ ) Z CbrZb;
I— CbLZSL LVAVAYA I—

- +O(M%)

27 Z

AC = (—0.16 % 0.53)
AC = —-0.04 +0.26
U (—2.15 T 0.08)

e Pre LHC, flavor not competitive with electroweak precision data

B16/B62



Flavor precision tests

T N CELZSL

AC = —0.11 -

- 0.11

br.

CBLZbL

I—

e

AC = 0.28 -

+O(M3z)

- 0.30

o Today situation reversed: B — prpe provides stronger constraint

B17/B62



ttZ couplings: indirect tests

0.1

Future projections

B18/B62



Triple gauge couplings (TGCs)

Ogp = (D,o)" (D, ¢) B*

OCbW — (Du¢)T (Dv¢) W/W ;

O3W — Ir (WMVWVP Wp,u)

B19/B62



Triple gauge couplings (TGCs)

Lywwv = —lgwwv {91 (WﬂL W=HVY — W:Lr V, W= )

A
+/<LVW:W,/_VW | mv VVJr W_’/’)Vp“}
1%

AR~y Ay
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Direct probes of anomalous TGCs
e, q Mé§< /
>J’fm

e Searches for anomalous TGCs have been performed at LEP,
Tevatron & LHC (WW, WZ, Wy, Zy, ... production). They
can also be probed in Higgs physics (pp = h = ZZ, ...)

B21/B62



Indirect tests of anomalous TGCs

\b\' u, c,t > \b\‘ u, c,t i
oy
% %Li<

e Anomalous TGCs contribute to observables such as B — Xy,

L

)t

B— K*}f}r, Bs—=pp, K=aw & e'/e as well as Z — bb from
one-loop level & beyond

B22/B62



Anomalous TGCs from flavor

0.4

0.2f

0.1

é}\
0.0

0.1}
_02}
—0.3! . ' '
010 —005 000 005 0.0 0.15

¢ b — sp*p- anomalies lead to 30 deviation of best fit from SM

03}

[Bobeth & UH, 1503.04829

Ag 1
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Bounds on TGCs: Comparison

W W
1",'/'/./ jpﬁ ¢ Indirect bound on Agzl from
2 Bs— ppalone shightly better

than direct LEP Il constraint

Az M2 B 0.017 £0.023  (direct)
g1 = Hpae CHW = o
—0.009 £ 0.019 (indirect)

B24/B62



Anomalous TGCs from €'/e

[Bobeth & UH, 1503.04829]
04—

e _
0.3 ‘ ' 6, 4
7 = = (16.5£2.6) - 10~
: SM

0.2

0.1

é}\
0.0
—-0.1

—02}

0707005 000 005 0.10 015

Ag 1

e ¢'/e can provide meaningful additional constraints on anomalous

TGCs & resolve blind directions
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Anomalous TGCs from €'/e

04

03}

[ (E—/)SM:(w 5.4) - 10~*

0.2}

0.1 [Buras et al., 1507.06345]

<¥T
0.0

-0.1

—-0.2

_O—%).IO -0.05 000 005 0.10 0.15

Ag?

e ¢'/e can provide meaningful additional constraints on anomalous

TGCs & resolve blind directions
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tt production at Tevatron

) 0.4%
pp — tF. ° 14.7%

Vs =1.96 TeV

84.9%
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tt production at ATLAS & CMS

11%

pp — tt,
Vs =14Tev 770

31.5%

B28/B62



tt production at LHCDb

Production ratio

O
o)

—
n

—
™~

—
2

.
b

<
[

-]

MCFM-6.6, pp—>tt @_14Tev

m, = 173.25 GeV
CT10wnlo

_____ 90+99 ot

total
—— Scale uncertainty

— LHCb

- -
-
~a
-
~
~

~
~§

~
-
- -
- - -
-------------------------

e tt production in forward direction advantages because q@ + gq

channels more important, leading to a larger tt asymmetry
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Why tt production at LHCb?

Y
\ e

n new- sICS scenarios 1in which top production proceeds via
o | phy hich t PP duct P d

t-channel exchange, cross section enhanced in forward direction

B30/B62



Why tt production at LHCb?

NNPDF2.3, o, = 0.119

/\? 40 :I || I || || || || I || || || || I || || || || I || || || || I || || || ||
= scFE Q°=(80GeVy

o - ——— NNPDF2.3 (4% LHCb)
o 30F NNPDF2.3 (6% LHCb)
E 75E —— NNPDF2.3 (8% LHCb)
al -

c 20F

S -

S 15 E_

o 10F

- -

O =

O -

S —

©

o

o0

-

0.1 0.2 0.3 0.4 0.5 0.6

Even if no new physics hides in top sector, could make use of

LHCDb data by improving our understanding of gluon PDF
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Single-lepton asymmetry

o )
Q 49 pp— (tt— IX), \s = 14 TeV
/o\ 10 L | | | I | | | | I | | | | I | | | | I | | | | :
32 = p_ (I/b) > 20/60 GeV =
= OE 20<n(b) <45 3
O gE m=17325GeV =
_<\E E Numerator = NNPDF2.3 NLO 119 -
s = Denominator = NNPDF2.3 NLO 119 3
6 — Denominator = NNPDF2.3 LO 119 B —
= Denominator = NNPDF2.3 LO 130 -
5 ------- Scale envelope 2 —
4 ;_ == _;
3F E
2E E
1E =
0 - | | Lo | -
2 2.5 3 3.5 4 4.5

=

0 q7

e Single-lepton channel statistically more promising than di-lepton

mode. As background low, 2" signal should still be looked for
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Single-lepton asymmetry

’ LHCb can do 1t, if backgrounds are under control!
’ TiaTev =~ 4.9pb =¥ Al = ([1.4,2.0] £0.3) %
50 fb 1, 2030 (7)
€p — 70% ’

f f
f

— B35/B

-



bb asymmetry: implications

6 - CDF data
| SM (this work)
- 105 GeV Scalar Weak Doublet
— 4
X ]
S@m
2r | o ¢
o ® I @ | -
O _
1 | 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 |
50 100 150 200 250 300

MbB |GeV]
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bb asymmetry: implications

5; CDF data
4 I SM (this work)
i 150 GeV Flavor Octet, EW Triplet
3
S
Ssm 20 ¢
= 1 i
< i ®
1 I
Or
_1111111111111111111111111111
50 100 150 200 250 300

M |GeV]
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bb asymmetry: implications

0050

, CDF
0.10-

j; EP

SM

[ L
en  0.00-
o L

~0.05"
E SM
~0.10

~0.15-

-0.15 -0.10 -0.05 0.00 0.05
0y
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0.15

10°0g,

CDF
LEP
SM
4 2 0 2 4 6 10
1036gbL

e CDF & LHCb measurements of bb asymmetries not yet sensitive

to probe longstanding anomaly in Z — bb pseudo observables
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Axions 1n dimuon spectrum

> ~

ut g B B(x— hadrons) =0 LHCb 8

— L B B(x— hadrons) = 0.99 g
X - /I-I\ )

i e — S )P

P H S ?

/- Vib Vis N\ % =S

b N s A 05 -
= =

BO < >K*O NC% i
= S

d > d Xa —
\ J < <,

1000 2000 3000 4000
m(u*u) [MeV]

® Can use dimuon spectrum as measured by LHCDb to set interesting

° . . ° (s . »
constraint on aX10n-top couphngs 1n aX1on-p0rtal models
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Search for light spin-0 states

50— _
[ QFmmm e J ...........

bativity
" 4 5pertur
’ Ij> < S v
t - -- = |

A - | BaBar ditau

g t _ f
7 ; /\""\’J‘Y\l
) LHCb
ol—_
6 8 10 12 14
my [GeV]

e Using LHCb Y 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—yy to ...

e Modified Higgs-fermion couplings

LD —=2 (.ff + Rpf V5 ) b

h alter Higgs production & decay

B38/B62



... to electric dipole moments (EDMs)

e Modified Higgs-fermion couplings
£>—2L @rs+@@rsr) b
V2
alter Higgs production & decay

e Attaching fermion line generates
g g

EDM. As SM background 3-loop
suppressed, EDMs offer unique

indirect probe of CP-violating

Higgs-fermion couplings

B39/B62



Electron EDM (d.)

* d. induced via two-loop diagrams of Barr-Zee type
e At present lde/el < 8.7+10%° cm at 90% CL

* Constraint vanishes it Higgs does not couple to electron

B40/B62



Neutron EDM (dn)

Y g
¢ t
h // Y h ’/ g
,' q // q
B -
d,, —2
= {(1.0 +0.5) [—(1.OES + 4.388) Bl + 5.1 - 10> EIR|

+(22+10)1.8- 1072 .-} .10~% em

e ikt contributions due to Weinberg operator subdominant

e At 90% CL have Id. /el <2.9-10-2% cm

B41/B62



Fits to htt couplings

Higgs prod.

0.4l 0.0004 _—

Hg EDM

0.2/ 0.0002}

neutr. EDM
e 0.0000

~0.2} —0.0002}
~0.4} —0.0004]
Ky Kt

Plots assume SM couplings to electron & light quarks (xedu=1)
Pl"OjeCtiOIl for 3000 fb!at HLL-LHC [Olsen, talk at Snowmass2013]

Factor 90 (300) improvement on de (dn) [Hewett et al., 1205.2671 ]
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t = gh from dimension-6 operators

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

L= Lsm + Y (¢'¢) Q% uf ¢ + hec.

symmetry breaking rotation to mass basis

\4

LD — Z (-ELQRh‘I‘th C_?LtRh) + h.c.

q—Cc,u

Yij = — 04 - \ij \=UL\UL % 1

B43/B62



LHC searches
%;f@ 0 s | |

300 ~—- pp~tt, t—he cg—th --=-
t - — ug—th u

§ %
%f |
(\ 9
-

-
T
L -
I
— 1

I-' —_r— =
R 4 2 0 2 4
Mh

e tc(u)h couplings have been looked for in tt & single-top samples
¢ Best LHC Run I bound reads Br(t = gh) < 0.56% at 95% CL

e Can distinguish t = ¢/uh by considering e.g. Higgs pseudo-rapidity
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RG flow

Constraints from d,, on t — uh

—

matrix
element

matching
. — uv = a a, v
—> wuo,u " tuo,tuG

mixing l

. — Vo= a a, v
iuo,u MY duo,, ttu G
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RG flow

Constraints from d, on t — ch

\ _____ /
matchmg h matchlng

t p - ZCO’MVtaC &KV , _— fabc Ga Gb aGc N7
C
mixing l mixXing l
icoc FHY ) ico,, ttc GV ico,,ttcGYHY

N

é g gwg

c C —_— fabc Ga Gb O'GC N
g g ; tresho.ld
correction
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Constraints from D — x*, Kt K-

Top-Higgs couplings contribute to difference AAcp between

C

lirect CP asymmetries in D = st & D — K*K-:

Tm (B35 ¥62)
|AACP| ~ Im (ACg(mt)) ~ 37 1750_4 % 5 1%

AAcp = —(0.33 £0.12)%

B47/B62



Constraints from D-D mixing

¢ Also D-D mixing receives contribution from Higgs-top loops.

Dominant effect due to mixed-chirality operator:

u A u

e ELEES o y
' e M 0, = Goun) (Grup)
/. - _h— B .\
C C
1 V2 1

|

Tm (ACs(my)) | < 3.4-1071
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Summary of constraints

Observable Coupling Present bound Future sensitivity
2 2 0.14 2.8-1072
LHC searches \/‘.‘ i ‘.‘ 510
Vv El? + [ | 0.13 2.8-1072
; Im (YY) 5.0-1074 1.7-107°
! Im (VR V)| 4.3-1077 1.5-1077
d Im (YY) — 1.7-1077
b Tm (FH )| — 1.7-10"1
AAcp Im (%5 X2 | 4.0-107% —
D-D mixing  /[Im (¥ ¥al¥e))  4.1-107* 1.3-107*
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t = ch in MSSM

tan3 =6, Mg =1.1TeV

Br(t — ch)
B 10
> 107°
> 1077

B <107

OrR
e Regions with Br(t = ch) > 106 require IAGl > 2Ms. Such large

39 . . . .o
AU terms nalvely trlgger CO]OI’ & charge breakmg minima
B50/B62



t = uh in MSSM

tan3 =6, Mg =1.1TeV

Br(t — uh)

1 —
_..p‘/ W00
= | 0
%D‘E or / > 107°
: -__..-"'". > 107

B <107

_3 | | |
—-1.0 —0.5 0 0.5 1.0

31
5RR

- 31 31 1 - : : :
Even for real AU & 8RR, higher-order terms in mass insertion

expansion depend on 8ckm. dn rules out Br(t — uh) > 10~
B51/B62



Flavor changing neutral currents

[see e.g. D'’Ambrosio et al., hep-ph/020/036]

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

(YT)qb (Yu)gra dr,

Y, = diag (yua Ye,s yt)

¢

dlag (07 07 yt)

] 2 g5 2
1672, a9t (Vi)™ o 167r2m§;/.( )
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http://arxiv.org/pdf/hep-ph/0207036.pdf

Y (4S)— B°BY— BOB?

[ARGUS, Phys. Lett. B192, 245 (1987)]
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http://www.sciencedirect.com/science/article/pii/0370269387911774

Implications for top mass

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

r>0.09(90%CL) this experiment
x>0.44 this experiment
B'"?fa=f,. <160 MeV B meson ( ~ pion) decay constant

my, <5 GeV/c*’ b-quark mass

1<1.4Xx107"s B meson lifetime

| Vigl <0.018 Kobayashi—-Maskawa matrix element
Nocp < 0.86 QCD correction factor

m,> 50 GeV/c? t quark mass

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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http://www.sciencedirect.com/science/article/pii/0370269387911774

Top mass from unitarity triangle

[CKMfitter, CKM 4 results]

(excl: at'CL > 0.95)

excluded area has CL > 0.95

a

mP°® = (169 + 5) GeV
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http://ckmfitter.in2p3.fr/www/results/plots_ckm14/num/ckmEval_results.html

Boxes & Z penguins

[see e.g. Buras, hep-ph/98064 /1]

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

W W
. AVAVAVAVAVY  _VAVAVAVAV _

e .\/\/\/\/\AZ
| |

AMK) AMBOH AA]\4Bsa €K Bd,s — :u—l_:u_v B — K(*>7 XS/L+M_
K—nvo, K —autu,e/e, Z — bb
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http://arxiv.org/pdf/hep-ph/9806471v1.pdf

Top mass from Bs— U*"U: Present

[Bobeth et al,, [311.0903]

NNLO QCD NLO EW
g g Z,y W h

3.06
pole
BI‘(BS — U 'u_)SM = 3.065 ( e ) (1 T 6.4%) 1077

44

173.1 GeV

Br(B, —» pp7),, =28 (175%) 107 [cMs & LHCb, 14114413
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http://arxiv.org/pdf/1411.4413.pdf
http://arxiv.org/pdf/1411.4413.pdf
http://en.wikipedia.org/wiki/1987
http://arxiv.org/pdf/1311.0903.pdf

Bs— UM relative error budget

[Bobeth et al,, [311.0903]

6.47% total uncertainty

‘ st ‘ CKM

‘ TBs ‘ Mt

@ non parametric

Improvements in lattice QCD calculations may reduce errors due to
decay constant fas & Vcb. Might result in future total uncertainty of 3%
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http://en.wikipedia.org/wiki/1987
http://arxiv.org/pdf/1311.0903.pdf

Top mass from Bs— "4 Reach

Br(Bs — ppu™ ) gy = 3.65 (

[Bobeth et al,, [311.0903]

pole 3.06
T ) (1 T 3%) .107?

173.1 GeV

- 4%) - 1072 'LHCb, 1208.3355]
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http://en.wikipedia.org/wiki/1987
http://arxiv.org/pdf/1311.0903.pdf
http://www.apple.com
http://arxiv.org/pdf/1208.3355.pdf

Top mass from K = T11ovV

[Brod et al., 1009.0947]

10% 2%

5%\

35%

Br(Kp — 710v0) g, = 2.4 (1 £ 15%) - 107"

S

48% — 5m5016 = 14 GeV
10% measurement

o U if V., known to 1%
1 4% °

9%k

22%

BI"(KL — WOVD) = 2.4 (1 T 10%) 1071

SM

— Smb°'® = 11 GeV

10% measurement

52%
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http://en.wikipedia.org/wiki/1987
http://arxiv.org/pdf/1009.0947.pdf

|-loop corrections to p

[cf. Veltman, Nucl. Phys. B123,89 (1977)]

Ap = aAT =
p=a 8/ 212

Dominant |-loop corrections due to top exchange & pro?ortional
to yZ. In contrast, Higgs contribution scales as g|2 In(mh/mzz)
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http://www.sciencedirect.com/science/article/pii/055032137790342X

History of m from electroweak fit

[Gfitter, November 2014]

Measurements Results of the EW fit
Tevatron LEPEWWG

¢ Tevatron + LHC Gfitter, incl. M,,
(searches or meas.)

2005 2010

Even before top discovery at Fermilab in 1995, global electroweak (EW)
fits have always been able to predict mass correctly
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http://project-gfitter.web.cern.ch/project-gfitter/Figures/History/2014_07_16_Historymtop_large.gif

Top mass from EWV fit: Present

.

SM fit w/o\in, and M,, measurements
m¥i" world verage [arXiv:1403.4427]

HH 0P from ‘vatron o,; [arXiv:1207.0980]

P4 mP°" from CNIS, o,; (CMS) [arXiv:1307.1907]

FO mPo'® from AT RAS, o [arXiv:1406.5375]

FH mP" from ATLRS, o [ATLAS-CONF-2014-053

- 2.3

ti+jet

- 0.6,

-2 nf
Mwy ,sin® 0.

[Kogler, Moriond EW 201 5]

€] fitter|s.:

+ 0580, + 0.4MZ) GeV
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https://indico.in2p3.fr/event/10819/session/5/contribution/5/material/slides/0.pdf

