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Outline

• Brief introduction to CP viol’ in neutral 
B(s) meson systems

• D∅ di-muon charge asymmetry

• CP viol’ in Bs→ J/ψφ

• Implications for Physics Beyond the SM
•  Conclusions

(See also U. Nierste talk this morning)
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Experim. Status: the SM

• SM agrees with data

• CKM unitarity well 
tested → triangle closes!

• Non-degenerate 
triangle → CP violation!

• Now look for 
deviations as sign of 
New Physics

FCNCs @ 1-loop → small in the SM → good places to look for NP
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CP violation in B(s)-B(s) system

• Oscillations (Δm≠0): dispersive part 
(short distance)

• Width difference: absorptive part 
(long distance) 
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• B→μ ν X, e ν X (tree level W±  exchange, no CP 
viol’)

Aflav.spec. ≡
Γ(B → f)− Γ(B̄ → f̄)

Γ(B → f) + Γ(B̄ → f̄)

CP violation in B(s)-B(s) system

ASL ≡ Aflav.spec.
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AfCP (t) =
dΓ/dt

�
B̄ → fCP

�
− dΓ/dt [B → fCP ]

dΓ/dt
�
B̄ → fCP

�
+ dΓ/dt [B → fCP ]

Probes CP viol’ in the 
interference between 

mixing and decay:

CP violation in B(s)-B(s) system

18 12. CP violation in meson decays

A fit to all data [21], assuming no direct CP violation, yields no evidence for indirect
CP violation:

1 − |q/p| = +0.06 ± 0.14,

φD = −0.05 ± 0.09.

More details on theoretical and experimental aspects of D0 − D
0 mixing can be found in

[39].

12.6. B and Bs Decays

The upper bound on the CP asymmetry in semileptonic B decays [20] implies that CP

violation in B0 − B
0 mixing is a small effect (we use ASL/2 ≈ 1 − |q/p|, see Eq. (12.37)):

ASL = (−0.4 ± 5.6) × 10−3 =⇒ |q/p| = 1.0002± 0.0028. (12.70)

The Standard Model prediction is

ASL = O
[
(m2

c/m2
t ) sin β

]
∼< 0.001. (12.71)

In models where Γ12/M12 is approximately real, such as the Standard Model, an
upper bound on ∆Γ/∆m ≈ Re(Γ12/M12) provides yet another upper bound on the
deviation of |q/p| from one. This constraint does not hold if Γ12/M12 is approximately
imaginary. (An alternative parameterization uses q/p = (1 − ε̃B)/(1 + ε̃B), leading to
ASL & 4Re(ε̃B).)

The small deviation (less than one percent) of |q/p| from 1 implies that, at the present
level of experimental precision, CP violation in B mixing is a negligible effect. Thus, for
the purpose of analyzing CP asymmetries in hadronic B decays, we can use

λf = e−iφM(B)(Af/Af ) , (12.72)

where φM(B) refers to the phase of M12 appearing in Eq. (12.42) that is appropriate

for B0 − B
0 oscillations. Within the Standard Model, the corresponding phase factor is

given by
e
−iφM(B) = (V ∗

tbVtd)/(VtbV
∗
td) . (12.73)

Some of the most interesting decays involve final states that are common to B0 and
B

0 [40,41]. It is convenient to rewrite Eq. (12.40) for B decays as [42–44]

Af (t) = Sf sin(∆mt) − Cf cos(∆mt),

Sf ≡
2 Im(λf )

1 +
∣∣λf

∣∣2 , Cf ≡
1 −

∣∣λf
∣∣2

1 +
∣∣λf

∣∣2 , (12.74)

July 30, 2010 14:36

For Bd use: J/ψKS For Bs use: J/ψφ
SJ/ψKs=sin(2β) SJ/ψφ=sin(2βs)=-sin(φs)

B
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f=f 

decay
B
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Meson Mixing

• 5 parameters:

Mq

H,L
Γq

H,L φq = arg(−Mq
12/Γ

q
12)

• 6 observables:
MH +ML

2

ΓH + ΓL

2
∆M ∆Γ ASL

• 1 relation among them:

As
SL = − |∆Γs|

∆Ms

SJ/ψφ�
1− S2

J/ψφ

and similarly for Bd

sin(2βq)

absence of direct CP viol’ only assumption, valid even with NP
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Recent Measurements: ASL

D∅ measures charge asymmetry 
in muons:

Backgrounds due to in-flight 
meson decays, matter effects, etc. 
are removed
Remainder interpreted as 
coming from Bd,s decays:

Ab
SL ∼ 0.5Ad

SL + 0.5As
SL

N++
µ −N−−

µ

N++
µ +N−−

µ

3.1σ discrepancy 
(w/ ASLs and ASLd meas’)

no b identification 
(could be due to something else)
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• CDF and D∅ measured time dep’ CP asym in 
Bs→ J/ψφ

Recent Measurements: βs vs. ΔΓs    

•  SM pred’: βs ~ 10-2

• pre-summer 2010 
combination: 
2.1σ discrepancy 
with the SM
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Recent Measurements: βs vs. ΔΓs    
• Both CDF and D∅ updated their results in the summer

• Discrepancy with SM is decreased (more on CDF side)

• CDF+D∅ combination not available yet (we use D0 2.8fb-1 + 
CDF 5.2fb-1 φs 1D likelihood) 
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What can it be?

• Both ASLb and Sψφ may be statistical 
fluctuations…

• ASLb may be something totally different 
(new) not related to B physics…

• ASLb and Sψφ may be due to NP in B physics
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What can it be?

• Both ASLb and Sψφ may be statistical 
fluctuations…

• ASLb may be something totally different 
(new) not related to B physics…

• ASLb and Sψφ may be due to NP in B physics

Compatibility?
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Consistency Check

• From ASLb, ASLd, ΔMs one gets:

• To be compared with the 
best fit point of 

Non trivial test for NP! → assume the discrepancies are 
due to NP and study consequences

|∆Γs| ∼
�
(0.28± 0.15)ps−1

��
1− S2

ψφ/Sψφ

(|∆Γs|, Sψφ) ∼ (0.15ps−1, 0.5)

• Also consistent if using new CDF+D0 data
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New Physics?? (A Model Indep. Analysis)

Mq
12

MSM,q
12

= 1 +
MNP,q

12

MSM,q
12

= 1 + hq e
i2σq

In the fit: other 4 real params on top of ρ, η from the Unit. Triangle

The recent CDF [8] and DØ [5] results give best fit values

around (∆Γs, Sψφ) ∼ (±0.15 ps−1, 0.5). This shows that
the new abSL measurement in Eq. (1) is consistent with

the data on ∆Γs and Sψφ. This consistency is a nontriv-

ial test of the assumption that NP contributes only to

neutral meson mixing.

New physics in the mixing amplitudes of the Bd,s

mesons can in general be described by four real parame-

ters, two for each neutral meson system,

Md,s
12 =

�
Md,s

12

�SM �
1 + hd,s e

2iσd,s
�
. (6)

We denote by Mq
12 (Γq

12) the dispersive (absorptive) part

of the B0
q − B̄0

q mixing amplitude and SM superscripts

denote the SM values (for quantities not explicitly defined

here, see Ref. [15]). This modifies the SM predictions for

some observables used to constrain hq and σq as

∆mq = ∆mSM
q

��1 + hqe
2iσq

�� ,
∆Γs = ∆ΓSM

s cos
�
arg

�
1 + hse

2iσs
��

,

Aq
SL = Im

�
Γq
12/

�
Mq,SM

12 (1 + hqe
2iσq )

��
,

SψK = sin
�
2β + arg

�
1 + hde

2iσd
��

,

Sψφ = sin
�
2βs − arg

�
1 + hse

2iσs
��

. (7)

Here βs = arg[−(VtsV ∗
tb)/(VcsV ∗

cb)] = (1.04± 0.05)◦ is an

angle of a squashed unitarity triangle.

As already discussed, the new DØ measurement di-

rectly correlates the possible NP contributions in the Bd

and Bs systems [see Eq. (2)]. In order to quantitatively

assess our NP hypothesis we perform a global fit using

the CKMfitter package [16] to determine simultaneously

the NP parameters hd,s and σd,s, as well as the ρ̄ and η̄
parameters of the CKM matrix.

The results presented here use the post-Beauty2009

CKMfitter input values [16], except for the lattice input

parameters where we use [17], and the most recent ex-

perimental data. For Sψφ vs. ∆Γs, we use the 2.8 fb
−1

2d likelihood of DØ [5] and the 5.2 fb
−1

1d likelihood of

the recent CDF measurement [8] (the 2d likelihood is not

available). As already mentioned, neither the CDF nor

the DØ result gives a significant tension in the fit, so we

expect that a real Tevatron combination will not alter

our results by much. For the results presented here, we

marginalize over |Γq
12| in the range 0− 0.25 ps−1

, finding

that the data prefer values for ∆Γs about 2.5 times larger

than the prediction [2]. If we use the theory prediction,

our conclusions about NP do not change substantially,

but the goodness of fit is reduced significantly.

Figure 1 shows the results of the global fit projected

onto the hd − hs plane with 1σ (solid), 2σ (dashed), and

3σ (dotted) contours. We find that the data show evi-

dence for disagreement with the SM or, differently stated,

the no NP hypothesis hs = hd = 0 is disfavored at the

3.3σ level. Figure 2 shows the hs − σs and hd − σd fits.

The two best fit regions are for hs ∼ 0.5 and hs ∼ 1.8

FIG. 1: The allowed range of hs and hd from the combined
fit. The solid, dashed, and dotted contours show 1σ, 2σ, and
3σ, respectively.

with sizable NP phases, σs ∼ 120
◦
and σs ∼ 100

◦
respec-

tively. Here the point hs = 0 is disfavored at only 2.6σ,
since hs and hd are correlated. In the hd − σd case the

data is consistent with no new physics contributions in

Bd − B̄d mixing (hd = 0) below the 2σ level.

To interpret the pattern of the current experimental

data in terms of NP models, one should investigate if NP

models that respect the SM approximate SU(2)q sym-

metry are favored (in the SM this is due to the smallness

of the masses in the first two generations and the small-

ness of the mixing with the third generation quarks), or

if a hierarchy, such as hs � hd, is required. In Fig. 1 we

show the hd = hs line, which makes it evident that while

hd = hs is not disfavored, most of the favored parameter

space has hs > hd. Actually, a non-negligible fraction of

the allowed parameter space corresponds to hs � hd, as

indicated by the hs = 5hd line on Fig. 1.

A particularly interesting NP scenario is to assume

SU(2)q universality (q = s, d), defined as

hb ≡ hd = hs , σb ≡ σd = σs . (8)

The relevant hb − σb plane is shown in Fig. 3. The best

fit region, near hb ∼ 0.25 and σb ∼ 120
◦
, is obtained as

a compromise between the Babar and Belle bounds in

the Bd system and the tensions in the Tevatron Bs data

with the SM predicitons. This compromise mostly arises

from the different magnitudes of hd,s: while the best fit

hd value is a few times smaller than the best fit hs value,

the best fit values of the phases σd,s are remarkably close

to each other, as can be seen in Fig. 2. Note that while

the SM limit, hb = 0, is obtained at less than 3σ CL, the

2

Modify only the mixing amplitude:

(CKMFitter package used)
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New Physics?? (A Model Indep. Analysis)

Loops are contaminated from NP → use tree level 
observables to determine ρ, η:
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• Favored regions are for hd~0.25 σd~110º and hs~0.5 σs~120º 
or hs~1.8 σs~100º 

• σs and σd are very close → same origin?

• hs=0 is disfavored at 2.6σ, hd=0 at <2σ

New Physics?? (A Model Indep. Analysis)
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• Favored regions are for hd~0.25 σd~110º and hs~0.5 σs~120º 
or hs~1.8 σs~100º 

• σs and σd are very close → same origin?

• hs=0 is disfavored at 2.6σ, hd=0 at <2σ

New Physics?? (A Model Indep. Analysis)

LHCb 0.3fb-1 reach

Wednesday, March 16, 2011



• hs and hd not 
strongly correlated

• hs=hd=0 (SM)
disfavored at 3.3σ

• hs=hd is not ruled 
out but data prefer 
hs � hd

New Physics?? (A Model Indep. Analysis)
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New Physics Models?

• hs,d, σs,d is a general parameterization. 
Which types of NP models can account 
for this?

• Are new sources of flavor viol’ needed?
• Are new sources of CP viol’ needed?
• How to get              ? hs � hd
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Minimal Flavor 
Violation (MFV)

• New particles & new interactions? Yes
• New Flavor viol’ sources at low energy? No

The  smallest perturbation of the SM picture:

L = LSM +
∑

i

ci(yu, yd)
Oi

Λ2
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• What about new CP phases? → Can be flavor-
blind phases (e.g. in SUSY the phases coming from 
gaugino masses, etc.)

c(y†uyu, y
†
dyd)

(b̄LγµsL)(b̄LγµsL)

Λ2
E.g.:

Some of the ai can be complex → new sources of CPV 

c(y†uyu, y
†
dyd) = a1(y

†
uyu)

2
32

+ a2(y
†
uyu)32(y

†
uyuy

†
dyd)32 + a3(y

†
uyu)32(y

†
dydy

†
uyu)32

+ . . .

Flavor & CP Viol’ in (G)MFV

Λ ~ few hundreds GeV ÷ few TeV to account for the data 
(depends on yb)
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• What about               ? 

•                  → down yukawa coupling can 
do it! (that’s the only way in MFV...)

• Requires one Yd insertion:
• “scalar” operator involving bLsR, bLdR 

(similar to an Higgs exchange):

hs � hd

shows that most of the allowed parameter space prefers
hs > hd. This raises the following question: What kind of
new physics can generate a large breaking of the approx-
imate SU(2)q symmetry without being excluded by CP
violation in the K or D systems? Remarkably, even this
case can be accounted for by the general MFV (GMFV)
framework [21]. Consider models where operators of O4-
type (as defined in [24]) are the dominant ones, which
may be possible due to the fact that their contributions
are RGE enhanced. An example of such an operator
is (similar operators of O5-type are typically suppressed
compared to the O4-type ones)

O
NL
4 =

c

Λ2
MFV;4

�
Q̄3(A

m
d A

n
uYd)3idi

��
d̄3(Y

†
d A

l,†
d A

p,†
u )3iQi

�
.

(10)
Here Au,d ≡ Yu,dY

†
u,d and n,m, l, p are integer powers

and c is an order one complex number.1 We focus on
the nonlinear MFV regime, where resummation over the
third generation eigenvalues is required (both for the up
and down Yukawas), because of the presence of large log-
arithms or large anomalous dimensions. Consequently,
the contributions of higher powers of the Yukawa cou-
plings are equally important. The above set of operators
can carry a new CPV phase and may contribute domi-
nantly to b → s transition and not to b → d transition,
because of the chiral suppression induced by Yd. We find
that the data requires

ΛMFV;4
>∼ 13.2 yb

�
ms

mb

0.5

hs
TeV = 2.9 yb

�
0.5

hs
TeV .

(11)
Thus, remarkably, hs � hd can arise in MFV models
with flavor diagonal CP violating phases, where large
chirality flipping sources exist at the TeV scale. Such
models have not been studied in great detail, but possi-
ble interesting examples are supersymmetric extensions
of the SM at large tanβ [25] or warped extra dimension
models with MFV structure in the bulk [26]. We finally
note that the operator ONL

4 predicts contributions to the
Bd system suppressed by md/ms ∼ 5%, which may be
accessible in the near future and provide a direct test for
the above scenario.

(iv) The fact that the data can be accounted for within
the MFV framework makes it clear that it can be accom-
modated in models with even more general flavor struc-
ture. Several conditions need to be met, though. For in-
stance, the operators O2,3,4 require large chirality violat-
ing sources in addition to the CP violating phases, which
are generically strongly constrained by neutron electric
dipole moment and b → sγ. Contributions to the O1 op-

1 For simplicity we adopt here a linear formulation where the re-
summation over the third generation is not manifest; see [21, 22]
for a more rigorous treatment.

erator from SU(2)W invariant new physics, on the other
hand, are constrained by CP violation in D− D̄ mixing.
They may also induce top flavor violation observable at
the LHC both in ∆t = 1 and ∆t = 2 processes [27, 28].
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hd/hs ∝ md/ms ~ O(5%) → testable prediction

Flavor & CP Viol’ in MFV

ms � md

E.g. :
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New Physics Models?

CAVEAT: flavor blind phases → potential 
problems with EDMs

Electric Dipole Moments are generated by different 
operators, but in specific models the size of the contrib’ to 

EDMs and to CPV in Bs mixing is correlated

(model building gymnastics required, various working 
examples in the literature)
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• What about non-MFV models? 
• New sources of flavor viol’ and new flavor-

dependent CP phases
• Can account easily for the data BUT if new 

sources generate hs ≠ hd then constraints 
from Kaon and D-meson mixing may be  
non-trivial

Flavor & CP Viol’ beyond SM

(Model building needed...)
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Problem with ΔΓs?

• The SM prediction for ΔΓs is in some tension with 
the D∅ (slightly more than 1σ…)

• The data prefers a ΔΓs larger by a factor ~2-2.5

(shallow profile, new CDF+D∅ data should lower 
the “tension” to a factor of 1.x)  

• Could be a fluctuation in the data

• Could be a problem with the SM prediction

• It’s very hard to account a shift in ΔΓs with new 
physics but possible (e.g. need a new light state)

(Bai, Nelson 2010)
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CONCLUSIONS

• The dimuon CP asymmetry may be due 
to BSM physics finally showing up in 
the flavor sector.

• Very easy to account for the data (→ 
quite generic)

• Data does not exclude MFV (at least its 
general definition)

• More exp’ input needed → available 
later this year!
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On the LHC feedback

“...most important of all, Switzerland is now the home of the Largest 
Superconducting Supercollider which was moved from Texas to 
Switzerland after the '94 budget, but we still have smaller ones in the 
United States. The first significant discovery came [...] last year. They 
may offer a key on how life began after the Big Bang. [...] The smallest 
subatomic particle, the muon, it turns out, that based on their 
findings, which will be confirmed or contradicted when the Swiss 
machine is up and going, […] [It] turns out that there's slightly more 
positive than negative muons in all of our atoms which will justify the 
faith of all the believers of the world, make you more optimistic and 
gives us an explanation for how we might have all come to this 
moment from the primordial slack.”

William J. Clinton, World Economic Forum, Davos, 2011
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