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OUTLINE

➡reviewing the situation: 

➡recent DØ 

➡upcoming LHCb 

➡SM theory  

➡BSM theory expectations: 

➡new physics in Bs mixing

➡new physics in B decay 
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Experiment update
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“Evidence for an anomalous like sign dimuon charge asymmetry”  
the DØ collaboration,  arXiv:1005.2757 

➡D∅:Absl = (−0.00787 ± 0.00172 (stat) ± 0.00093 (syst)) 

➡differs by 3.9σ from Absl(SM)=-0.00028 ±0.00005
4

(d,s)

(d,s)

“wrong sign” B decay
from oscillation

gives like sign dimuon

“Measurement of the anomalous like-sign dimuon charge 
asymmetry with 9 fb−1 of pp ̄ collisions”,  arXiv:1106.6308

6.1 fb-1
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Comparison with last year
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Comparison of measurements of Ab
sl.

28

from Bruce Hoeneisen 
representing the
DØ Collaboration
Fermilab, 30 June 2011
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from Bruce Hoeneisen 
representing the
DØ Collaboration
Fermilab, 30 June 20116

Improvements (since Phys. Rev. D 82, 032001, (2010))

• To increase the number of events, the |pz| cut is lowered from 6.4

GeV to 5.4 GeV.

• To lower the K → µ and π → µ backgrounds, the χ2 of the match

of track parameters obtained with the central detector and outer

muon system is reduced from 40 to 12 (with 4 d.o.f.).

• The measurement of fK is improved: KS → ππ→ µ (muon required

for same sample composition as K → µ).

21
• The measurement of RK ≡ FK/fK is done in two independent

channels: K∗0 → π−K+ → µ+X (with the null-fit method), and

the new channel KS → ππ → µ.

• The data set is increased from 6.1 fb−1 to 9.0 fb−1.
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from Bruce Hoeneisen 
representing the
DØ Collaboration
Fermilab, 30 June 2011

2. Results with 9.0 fb−1

• From 1 µ (2.041 × 109 muons):

Ab
sl = (−1.04 ± 1.30 (stat) ± 2.31 (syst)) %.

• From 2 µ (6.019 × 106 like-sign dimuons):

Ab
sl = (−0.808 ± 0.202 (stat) ± 0.222 (syst)) %.

• Combined (from A − αa with α = 0.89):

Ab
sl = (−0.787 ± 0.172 (stat) ± 0.093 (syst)) %.

22

7

• Ab
sl = (−0.787 ± 0.172 (stat) ± 0.093 (syst)) %.

This measurement disagrees with the prediction of the Standard
Model by 3.9 standard deviations.

• The charge asymmetry of like-sign dimuon events after subtract-
ing all background contributions from the raw charge asymmetry
is:

Ares ≡ (A − αa) − (Abkg − αabkg)

= (−0.246 ± 0.052 (stat) ± 0.021 (syst))%.

This quantity does not depend on the interpretation in terms of
the charge asymmetry of semileptonic decays of B mesons. This
measurement disagrees with the prediction of the Standard Model
by 4.2 standard deviations.
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from Bruce Hoeneisen 
representing the
DØ Collaboration
Fermilab, 30 June 20118
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from Bruce Hoeneisen 
representing the
DØ Collaboration
Fermilab, 30 June 20119

4. Dependence on the impact parameter

Additional measurements are made applying an impact parameter (IP)

cut on each muon.

IP is the distance of closest approach of the muon track to the primary

vertex projected onto the plane transverse to the pp̄ beams.

The dependence of Ab
sl = Cda

d
sl + Csas

sl on IP can reveal the origin of

the asymmetry because Cd and Cs depend on IP.

35
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from Bruce Hoeneisen 
representing the
DØ Collaboration
Fermilab, 30 June 201110
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Top: Histogram of proper time of decays B0
s → µ+X (continuous line),

B0
s → B̄0

s → µ−X (dashed line if no CP violation, dotted red line if CP violation).

Bottom: The same for B̄0
s at t = 0.
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from Bruce Hoeneisen 
representing the
DØ Collaboration
Fermilab, 30 June 201111
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Same for B0
d (top) and B̄0

d (bottom) at t = 0. Applying an IP cut can enrich the

sample in oscillating B0
d ’s (shown in red).
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from Bruce Hoeneisen 
representing the
DØ Collaboration
Fermilab, 30 June 201112
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The muon impact parameter (IP) distribution in the inclusive muon

sample (dots). The solid line represents the muon IP distribution in

simulation. The shaded histogram is the contribution from K, π and

p background muons in simulation.
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from Bruce Hoeneisen 
representing the
DØ Collaboration
Fermilab, 30 June 201113

10
-2

10
-1

0 0.01 0.02 0.03 0.04 0.05
IP(µ) [cm]

1/
N

 d
N DØ MC

The normalized impact parameter (IP) distribution for muons

produced in oscillating decays of B0
d mesons (dots) and B0

s mesons

(solid histogram) in simulation.
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from Bruce Hoeneisen 
representing the
DØ Collaboration
Fermilab, 30 June 201114
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upcoming: LHCb 
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LHCb and leptonic charge asymmetry

16

Flavour specific asymmetry: afs

D0 charge asymmetry measurement, using bb!!!X event

14

Semileptonic Asymmetries

physical asymmetry: as
fs = ∆Γs

∆Ms tan φs

measured asymmetry: Aq
fs(t) = Γ(f)−Γ(f̄)

Γ(f)+Γ(f̄)

Aq
fs(t) =

aq
fs

2 − δq
c
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p
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b
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S

)q

q=s,d

! Polluting asymmetries are much larger than afs

! Detector asymmetry δc ∼(10−2)

geometrical effects significantly reduce by swap of B field, absorption not

! Production asymmetry δp ∼(10−2)

! Background asymmetry δb ∼(10−3)

can be determined in sidebands
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from José Ángel 
Hernando 

Morata 2010 talk
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SM Theory
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CKM parameters

19

β

α

γ

|VcdV*cb|

|VtdV*tb|

|VudV*ub|

βs|VcsV*cb|

|VtsV*tb||VusV*ub|
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The Dreaded Unitarity Triangle

20
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K

K
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ICHEP 10

CKM
f i t t e r

Status of SM CKM parameters from CPV in Bd mixing 
etc.   CPV in interference between mixing and decay of  

Bd  appears to be mostly (entirely?) from SM
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Mixing Basics

21

➡Charge asymmetry ⇒Γ(B→B)≠Γ(B→B)⇒

Note:

_ _

in Bd,s systems
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 dimuon asymmetry from Bs or Bd mixing?

➡impact parameter analysis favors Bs

➡Bd, FCNC in b↔d more constrained from B-

factories

➡ New contribution to Bs also hinted at from 
B→J/ψΦ time dependent CPV asymmetry

➡theory can be massaged to favor sizable 
(relative to SM)  new contribution to Bs mixing 
with smaller (relative to SM) contribution to 
Bd mixing

22
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New Physics vs SM backgrounds
➡QCD uncertainty?

➡QCD is CP symmetric (strong CPV negligible)

➡Wolfenstein parametrization: selects basis most 
suitable for understanding where CPV is O(1)

➡unsuppressed CPV only in processes dominated 
by   Vtd and/or Vub

➡e.g Bd Bd   mixing, not Bs Bs  mixing

23

_ _
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SM predicts tiny
semi-leptonic asymmetry in Bd,s

24

b
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c,u
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q

q

*

enhancement of mass 
mixing by heavy top

CKM unitarity + 
heavy b quark

24Sunday, July 10, 2011



New physics in Bd,s 
mass mixing?

25
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Still room (indication?) for new CPV physics in 
mixing

26
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New physics in Δmd,s?

➡need a large order one new phase for dimuon 
asymmetry

➡Don’t want to change magnitude of |Δms|, |Δmd|,      
|Δms/Δmd| by more than  10-20% of SM 

➡Dont want to change phase of Δmd by more than 
10-20% or lose B factory CKM                                 
fit to phase 

➡ want order one change of phase                            
of  Δms without large change of                              
magnitude 

27

Re(Δms)

Im(Δms)

SM 

total new
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challenges for charge asymmetry via Δms

➡Conspiracy to avoid large 
nonstandard magnitude

➡Γ12(SM) on small side, 
charge asymmetry prefers 
sin ϕs>1

➡Width problem:     
ΔΓs=ΔΓ(SM) cos ϕs

• ΔΓ(SM)                
=0.098 ± 0.024 ps−1 

• ΔΓs(expt)
=0.134±0.039ps-1

28

Re(Δms)

Im(Δms)

SM 

total new

expt preference for 
large cos ϕs

and large sin ϕs
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Standard Model Flavor Physics:

new FCNC in b↔s versus experiment

SM Theory                

Δms ≈19.6±2.2 ps-1

Br(Bs→μ+μ-)≈3.6×10-9

Br(B→Xsγ)≈3.2±0.2×10-4

29

Current Experiment               

Δms≈17.77±0.12 ps-1

Br(Bs→μ+μ-)<4.3×10-8

Br(B→Xsγ)≈3.4±0.3×10-4
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Other than that...

➡Clear sailing for model builders!

➡NP at TeV scale can compete with SM loops 

➡similar (relative to CKM) NP contributions to Bd 
and Bs mixing allowed

➡must violate  assumption that all CPV is in Yukawas 
or in spurions proportional to Yukawas (minimal 
flavor/CPV)

➡new  flavor and/or CPV for third generation?

30
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New physics in decay?

31
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issues with new contribution to decay

➡affects B branching fractions, requires new physics in 
decay comparable to SM tree

➡Bauer and Dunn: largish new contributions to 
Bs→τ+τ-, c c OK

➡potentially large  contribution to  Δms
32

_

b

b

??

??

q

q

b

b

q

q c,τ
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from Adam Martin
Seattle,  June 8 2010
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New Physics in ad
SL, as

SL

more on Γ12

Im 

b{ {confusing, but 
rearrange slightly

s

ΓB→XX

b

sb

s

∼ G2
F f2

BM3
B

16π
from tree-level 

calculations
so ΓSM

12 ∼

applied to new physics: 

b1
Λ2 ( ( MNP

12

ΓNP
12

∼
� Λ2

πM2
B

�

quickly generates large M12

Meanwhile: MSM
12 ∼ G2

F M2
W f2

BMB

16π2

MSM
12

ΓSM
12

∼
� M2

W

πM2
B

�

9Tuesday, June 8, 2010

from Adam Martin
Seattle,  June 8 2010
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Our proposal for large contribution to Γ12:  a new 
light pseudoscalar?

• ζ Particle with coupling

• familon?

• pseudoscalar ‘Higgs’ ?

• Hidden Valley?

• Mass mixing with Bs

• Must have largish width 
to affect Γ

34

composite. The ζ particle may decay directly into SM particles or into other hidden states, which

then decay into SM particles.

To have new contributions to ∆Γs, one should have ζ mixed with Bs and Bs. Such mixing can

also modify ∆ms. Simply from perturbation theory, one can estimate that the modifications on the

widths are proportional to the square of the mixing angles, while the modifications on the masses have

an additional factor proportional to the mass difference of ζ and Bs or Bs. So, without doing detailed

calculations, if the anomalies can be explained by mixing with another state, the contribution to ∆ms

can be reduced provided the new particle mass is close to the average Bs meson mass: Mζ ∼ mBs .

Our paper is organized as follows. We will first describe the interactions of this new scalar field in

Section 2, then we will diagonalize this three-particle system in Section 3. In Section 4, we perform

a χ2 based analysis to determine the best-fit region of the model parameter space. After that, we

discuss various viable decay channels and conclude in Section 5.

2 Interactions of this New Scalar Field

In this section, we will focus on flavor changing interactions of the new spinless particle with b and s

quarks and leave its interactions with other particles for Section 5.

For our analysis, it is convenient to take ζ to interact with SM fermions dominantly through

derivative couplings, as would be the case for a PNGB. General flavor changing interactions may be

written as

L =
1

2
∂µζ ∂

µζ − 1

2
M2

ζ ζ
2 +

1

F
∂µ ζ ψi γ

µ (gijV + gijA γ5)ψj + h.c. + · · · ,

=
1

2
∂µζ ∂

µζ − 1

2
M2

ζ ζ
2 − i

F
ζ ψi

�
gijV (mi −mj) + gijA (mi +mj) γ5

�
ψj + h.c. + · · · . (8)

Here, Mζ is the PNGB mass; ψj denotes mass eigenstate SM fermions; and F is a parameter which

could be the spontaneous symmetry breaking scale of some global symmetry. The flavor-dependent

couplings gijV and gijA are in general complex numbers. Other couplings could also exist, but will not

be relevant for this part of our analysis. We will consider some other interactions in Section 4 and 5.

The general interaction terms to describe the off-diagonal couplings with second and third generation

quarks are

− 1

F
∂µ ζ b γ

µ (gbsV + gbsA γ5) s−
1

F
∂µ ζ t γ

µ (gtcV + gtcA γ5) c + h.c. . (9)

In a model where ζ is related to the breaking of global flavor symmetries, we would anticipate gbsV,A ∼
gtcV,A, if the up-type quarks and down-type quarks transform similarly. In principle, this new particle

4

ζ can also couple to the first-generation quarks. We assume that such couplings are small and neglect

them.

For the first operator in Eq. (9), we integrate it by parts and use the following matrix element

∂µ�0|bγµγ5s(0)|Bs(p)� = fBs m
2
Bs

, (10)

yielding mass mixing terms between ζ and Bs, Bs

eiα f2 ζ Bs + e−iα f2 ζ Bs , (11)

with α ≡ arg(gbsA ) and f2 ≡ |gbsA | fBs m
2
Bs
/F . With fBs ≈ 0.231 ± 0.015 GeV [28] and mBs =

5.3663± 0.0006 GeV, we have

f = 0.0026 ×
�

F/|gbsA |
106 GeV

�−1/2

GeV . (12)

We work in a basis where m12
s is real in order to give physical, reparameterization invariant, meaning

to the phase α. If α is not zero, a new source of CP -violation enters the Bs and Bs system.

The ζ field may decay into other light particles in its own hidden sector, or into SM particles. At

this moment, we will simply assume it has a non-negligible width Γζ and come back its decays later.

So, in the model we are considering, there are four parameters needed to compute the effects of mixing

with ζ on the Bs system: Mζ , Γζ , f and α.

3 Diagonalization of the Mass Matrix

The mass-squared matrix can be written in the basis (Bs, Bs, ζ) as

M2 =





m2
Bs

∆mBsmBs eiα f2

∆mBsmBs m2
Bs

e−iα f2

e−iα f2 eiα f2 M2
ζ




, (13)

which can be diagonalized by the following unitary matrix as UM2U † = diag{m2
1,m

2
2,m

2
3},

U =





eiθ12√
2

− e−iθ12√
2

i θ13

eiθ12√
2

e−iθ12√
2

θ23
eiθ12 (i θ13−θ23)√

2

e−iθ12 (−i θ13−θ23)√
2

1




. (14)
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 (Bs, Bs, ζ) mass matrix

35

_
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, (13)

which can be diagonalized by the following unitary matrix as UM2U † = diag{m2
1,m

2
2,m

2
3},

U =





eiθ12√
2

− e−iθ12√
2

i θ13

eiθ12√
2

e−iθ12√
2

θ23
eiθ12 (i θ13−θ23)√

2

e−iθ12 (−i θ13−θ23)√
2

1




. (14)

5

•Cannot use perturbation theory  to diagonalize mass 
due to near degeneracy of Bs system, fortunately mass 
matrix is simple to diagonalize exactly
•Width matrix may be diagonalized perturbatively in 
mass eigenstate basis
•obtain BL, BH eigenstates with small ζ mixture, fit 
mass, width difference
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➡Relative contribution to mass difference   
proportional to

➡Order one contribution to width difference without 
order one contribution to mass difference provided         
that

➡either a finetuning conspiracy in the mass, or a fairly 
large ζ width

Contribution to mass, width difference

36
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2010 fit to data

37

4 Fit to Observables

In this section, we want to use this new model to fit the five observables in the neutral Bs meson

system. We first summarize the various experimental values and the SM predictions in Table 1.

Experimental SM prediction

∆ms (17.78± 0.12) ps−1 (19.6± 2.2) ps−1

∆Γs 0.134± 0.031 ps−1 (0.098± 0.024) ps−1

Γs 0.680± 0.012 ps−1 (0.654± 0.008) ps−1

tanφsl
s −1.66± 0.64 0.0042± 0.0014

βJ/ψΦ
s 0.21± 0.12 0.018± 0.001

Table 1: The experimental values and SM predictions for the five observables considered in this paper.

We have four model parameters, Mζ , f , α, Γζ , to fit the five observables, ∆ms, ∆Γs, Γs, tanφsl
s

and βJ/ψΦ
s . To quantify the goodness of fit from the new physics, we define the following χ2

χ2 =
5�

i=1

(Omodel
i − O

exp
i )2

σ2
SM + σ2

exp
, (27)

with Oi represents the five observables. Neglecting new physics contributions or setting f = 0, we

have χ2(SM) = 14.0, which indicates a large discrepancy between the SM and those five observables.

We first look at the case with an approximately massless PNGB. Since the two-body decay process

b → s+ ζ from the spectator model is open, we should also consider constraints from the decay width

of Bd. The experimental measured value is ΓBd = 0.634 ± 0.004 ps−1. However, the SM prediction

for this quantity has a large uncertainty. For example, the decay constant fBd = 190 ± 13 MeV [28]

from the lattice QCD calculation, which gives around 14% uncertainty to ΓBd . To be conservative,

we neglect other possible uncertainties and require the new physics contribution to ΓBd to be less

than 0.09 ps−1. Other B meson and B hadrons do not constrain the parameter space further, because

the relative experimental errors of their widths are higher than ΓBd and the theoretical errors are

comparable.

For Mζ < mBd − mK with mK as the kaon mass, the two-body decay width of this channel is

8

fit 5 observables to 4 variables: f, α,Mζ, Γζ
χ2(SM)=14.0, (1.6%) χ2 (ζ best fit)=2.0  (16%)
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Other constraints

➡For light ζ, we have 2 body decays b→s, ruling out 
most of the region with m ζ <4.8 GeV from B width

➡  Other constraints depend on the decay mode of the 
ζ 

38
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Allowed ζ  mass for 2 widths

39

large contribution to ∆ms. Comparing those two plots, one can see that the plot with a larger Γζ has

more parameter space ruled out by the three-body decay width, which can be understood simply from

Eq. (31). To illustrate the goodness of our fit, we report the results for one point of our parameter

space

Mζ = 5.2 GeV , f = 0.0023 GeV , Γζ = 0.0025 GeV , α = 1.10 . (32)

For those numbers, we have the following model prediction

∆mmod
s = 17.23 ps−1 , ∆Γmod

s = 0.125 ps−1 , Γ
mod
s = 0.690 ps−1 ,

tanφslmod
s = −0.70 , βJ/ψΦmod

s = 0.13 , (33)

which has good agreement with the experimental measured values and has a total χ2 = 3.2 compared

to χ2 = 14.0 in the SM. We also report the charge symmetry as asmod
sl = −5.0× 10−3 for this point.
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Figure 3: Left panel: the best-fit region in the Mζ and f space for a fixed width Γζ = 0.001 GeV. The
orange contour has 68% C.L. after minimizing χ2 in terms of α. The best fit has χ2 = 2.0. The gray
region is ruled out by the two-body decay width of Bd when Mζ < mBd − mK . Three-body decays
do not rule out the best-fit region. Right panel: the same as the left panel but for Γζ = 0.01 GeV.
The best fit has χ2 = 5.4. The blue region is excluded by requiring the three-body decay width to be
below the error of δΓBd = 0.09 ps−1.

We present the best-fit region in the Γζ and f plane by fixing a specific ζ mass Mζ = 5.2 GeV in

Fig. 4. In the left panel of this figure, we still treat α as a floating parameter. The best-fit region

11
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Allowed Decay modes

➡ζ can decay directly, or  to other exotics which then 
decay back to SM particles, e.g.

40

place without a significant displaced vertex requires a coupling which is too large to be consistent

with D0 − D
0
mixing, unless a is not its own antiparticle. The decays a → π+π− or K+K− are

also allowed because the exclusive searches for decay products of Bd have not yet covered this kind

of high-multiplicity final states like Bd → K0π+π−π+π−. Decays into K− π+ are allowed, but if a is

its own antiparticle then avoiding a ∆S = 2 contribution to K0 −K
0
mixing will imply a significant

displaced vertex.

We also have the option of ζ decay into two different light particles a1 and a2. Now, we can have

more combinations of final state particles with a1 and a2 decaying into different SM model particles.

More specially, we can have one particle a2 to be semi-stable and missing particle if its couplings to

SM particles are weak enough to escape the detector. However, we can not allow both a1 and a2 to

be (semi)stable particles because of the constraint from Br(Bd → K0ν̄ν) < 1.6× 10−4.

A fifth possibility, which may be difficult to constrain, is that ζ decays into 2a1 followed by decays

of the a1 particle into SM particles and a hidden particle a2, where a2 may be semistable and escape

the detector.

We summarize the simplest allowed decay modes of ζ in Table 2. The new decay modes should

Decay Modes

Direct decay τ+τ−, DD̄(π�s), D(π�s)X

ζ → 2 a 2τ+2e−, 2τ+2µ−, 2D+2π−, 2π+2π−, 2π+2π−, 2K−2π+, 2K+2K−

ζ → a1 + a2 X + (τ+e−, τ+µ−, D+π−, π+π−, π+π−, K−π+, K+K−)

Table 2: Some allowed decay modes of ζ, with X representing missing particles. Other possible final
states with different combinations of charges are also allowed. For example in the ζ → a1 + a2 case,
different combinations of final states in the parenthesis are also allowed and not shown here.

account for approximately 3.5% of the total width of the Bs using the best-fit region in Fig 3. So, if

future experimental results find those new decay modes of Bs in Table 2 but not for Bd, our prediction

for this new state ζ would be confirmed.

Before we end our paper, we make comments about the second operator in Eq. (9). This operator

can induce flavor changing neutral current type decays of the top quark: t → c+ ζ. Depending on the

final states of ζ decay, there may exist a decay channel like t → c+ τ+τ−, with the invariant mass of

14

Something nonstandard accounts for ~1-3% of Bs decays!!
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summary: light pseudoscalar
➡data:largish new contribution to Bs decays, decay mixing 

without excessive new contribution to mass mixing

➡weakly coupled new physics below weak scale

➡economical: a new pseudoscalar 

➡ large width, weak coupling to SM suggests a new 
‘sector’, large Γ(ζ → hidden), small Γ(hidden →vis)

➡alternatively largish flavor diagonal couplings to charm 
or tau  

➡ but not ‘higgs like’, i.e. suppressed flavor diagonal 
coupling to mu (Bs,d→μ+μ- constraint), top 
(unitarity constraint) u

➡unless largish Γ (ζ→ other ‘higgses’ )

➡also ϒ decay constraints on flavor diagonal b coupling
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experimental smoking guns of hidden pseudoscalar 

➡nonstandard contribution to Bs decays at few %

➡nonstandard contribution to Bd, B+ decays from         
b → s   (ζ decay products) at ~10-4

➡rare ϒ decays (model dependent, from flavor diagonal 
coupling)

➡                        would indicate  decay mixing, not   
mass mixing

42
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Summary

★~ 4 σ new CPV beyond CKM indicated by Absl

➡theory error negligible
➡experimental systematic claimed to be small

★most likely in Bs mixing and/or decay
➡new CPV in Bs mixing preferred theoretically

- SM contribution is loop suppressed
- many models of new TeV scale physics can do this
- some tuning required

➡new physics in Bs decay allowed experimentally
- hidden pseudoscalar?
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