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LHC7+8
• Discovery of 126 GeV Higgs

• Non-observation of 
NewPhysics (NP) signals
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Great successes of the SM in the flavor sector

SM looks to work 
very well.

Figure 2: The current status of the CKM fit taken from [131], similar results can be obtained
from [132].

4 Consequences for new physics models

A general test of the consistency of the CKM picture is provided by the usual fit of the
unitarity triangle, see e.g. [131] and [132]. Here observables like Vub, �Md, �Ms, sin 2�
and CP-violation in the Kaon system, ✏K , are included. As can be seen from Fig.2 the
currently available amount of flavour data is very well compatible with the CKM paradigm.
Nevertheless, this does not exclude the possibility of having sizable new physics contributions
in the flavour sector, which will be investigated below.

4.1 Model independent search for new physics

There are di↵erent ways of performing model independent searches for new physics e↵ects.
Mixing seems to be a promising place to search for beyond standard model e↵ects, because
it is a loop e↵ect. In [185] and [191] new physics e↵ects in mixing were estimated under the
assumption of having only considerable e↵ects in mixing, in M12, while the tree-level decay
amplitudes are dominated by standard model contributions, i.e. the relation between the
true values of M12 and �12 and their standard model counterparts MSM

12 and �SM
12 reads

M q
12 = M q,SM

12 �q , (4.98)

�q
12 = �qSM

12 , (4.99)

where � is an arbitrary complex number, encoding the new physics contribution. This
assumption corresponds also to e.g. neglecting new penguin contribution in the decays Bd !
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Why flavor factories?

• In present, LHC experiments have not found any signals 
of new physics (NP) in the high-energy frontier.

- If LHC finds some NP, flavor experiments play complementary roles to 
probe the flavor sector of the NP. 

- If not, favor factories (and cosmology) may give the unique access to 
the NP in the high-luminosity frontier. 
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Why flavor factories?

• In present, LHC experiments have not found any signals 
of new physics (NP) in the high-energy frontier.

- If LHC finds some NP, flavor experiments play complementary roles to 
probe the flavor sector of the NP. 

- If not, favor factories (and cosmology) may give the unique access to 
the NP in the high-luminosity frontier. 

In both of the situations, we need 
more observables and more precision!

SuperKEKB, LHCb, LFV, g-2, EDM, K, neutrino, ...
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NP search by the flavor observables 

• For hadronic observables that are SM 
consistent but still have a lot of room 
for NP, such as Bq→μ+μ-, ΔMq, ΔΓq, 
aqsl, βs and β, both experimental and 
theoretical efforts are required to pin 
down the existence of NP. (Correlation 
and global analyses may help)

• Resolving and understanding of 
remaining discrepancies: muon g-2, 
B→D(*)τν, dimuon asymmetry, Vub, 
B→K (*) μ+μ-, β....

• In the SM background free experiment, 
such as LFVs and EDMs, just FIND THE 
SIGANL. 

Strategies Implications on NP models

• Tendency of possible NP 
effects are constrained by 
precisely-measured flavor 
observables.

• Consider the NP models which 
explain existing anomalies.

• Consider (theoretically and/or 
experimentally) well-motivated 
models which predict flavor 
signals.
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Outline
1. Introduction
2. Comparison of experimental results and SM predictions

- Precise measurements and calculations in the flavor physics
- Remaining anomalies(?)

3. LFVs and EDMs
- Implications on SUSY search

4. Summary
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まずはSMと実験がよく一致しているこれから
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Comparison btw SM and Exp (I)

�Md(Exp) = (0.510± 0.004) ps�1

�Ms(Exp) = (17.69± 0.08) ps�1�Ms(SM) = (17.3± 2.6) ps�1

�Md(SM) = (0.543± 0.091) ps�1

��s(Exp) = (0.081± 0.011) ps�1��s(HQE) = (0.087± 0.021) ps�1

��d

�d
(HQE) = (0.42± 0.08) % ��d

�d
(HFAG) = (1.5± 1.8) %

��d

�d
(D0) = (0.5± 1.38) %

��d

�d
(LHCb) = (�4.4± 2.7) %

•B meson mixing

14年7月30日水曜日



Comparison btw SM and Exp (I)

�Md(Exp) = (0.510± 0.004) ps�1

�Ms(Exp) = (17.69± 0.08) ps�1�Ms(SM) = (17.3± 2.6) ps�1

�Md(SM) = (0.543± 0.091) ps�1

��s(Exp) = (0.081± 0.011) ps�1��s(HQE) = (0.087± 0.021) ps�1

��d

�d
(HQE) = (0.42± 0.08) % ��d

�d
(HFAG) = (1.5± 1.8) %

��d

�d
(D0) = (0.5± 1.38) %

��d

�d
(LHCb) = (�4.4± 2.7) %

•B meson mixing

Lattice inputs

 ・central values　・errors

Fq

�
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Comparison btw SM and Exp (II)
5 Searching for New Physics in twelve Steps 31

|Vub| ⇥ 103 3.1 3.4 3.7 4.0 4.3 Experiment

|"K | ⇥ 103 1.76 1.91 2.05 2.19 2.33 2.228(11)

B(B+ ! ⌧+⌫⌧ ) ⇥ 104 0.58 0.70 0.83 0.97 1.12 1.14(22)

(sin 2�)true 0.619 0.671 0.720 0.766 0.808 0.679(20)

S � 0.032 0.035 0.038 0.042 0.046 0.001(9)

�Ms [ps�1] (I) 17.5 17.5 17.5 17.6 17.6 17.69(8)

�Md [ps�1] (I) 0.52 0.51 0.51 0.52 0.52 0.507(4)

�Ms [ps�1] (II) 19.2 19.2 19.2 19.3 19.3 17.72(4)

�Md [ps�1] (II) 0.56 0.56 0.56 0.57 0.57 0.510(4)

|Vtd| ⇥ 103 8.56 8.54 8.54 8.56 8.57 ��
|Vts| ⇥ 103 40.0 40.0 40.0 40.0 40.0 ��

Table 4: SM prediction for various observables as functions of |Vub| and � = 68�. The

two results for �Ms,d correspond to two sets of the values of FBs

q
B̂Bs and FBd

q
B̂Bd

:

central values in Table 1 (I) and older values in (36) (II).

For the CP-violating parameter "K we have

"K =
"ei'"

p
2(�MK)exp

⇥
=

�
MK

12

�
SM

⇤
, (53)

where '" = (43.51±0.05)� and " = 0.94±0.02 [34,113] takes into account that '" 6= ⇡
4

and includes long distance e↵ects in =(�12) and =(M12). Moreover

�
MK

12

�⇤
SM

=
G2

F

12⇡2
F 2
KB̂KmKM2

W

⇥
�2
c⌘ccS0(xc) + �2

t⌘ttS0(xt) + 2�c�t⌘ctS0(xc, xt)
⇤
, (54)

where ⌘i are QCD factors given in Table 1 and S0(xc, xt) can be found in [131].

In Table 4 we summarize the results for |"K |, B(B+ ! ⌧+⌫⌧ ), �Ms,d, (sin 2�)true,
�Ms,d, |Vtd| and |Vts| obtained from (32), setting

|Vus| = 0.2252, |Vcb| = 0.0409, � = 68�, (55)

and choosing five values for |Vub|. Two of them correspond to two scenarios defined
in Section 2. The value of � is close to its most recent value from B ! DK decays
obtained by LHCb using 3 fb�1 and neglecting D0 � D̄0 mixing [132]

� = (67.2 ± 12)�, (LHCb) (56)

and to the extraction from U-spin analysis of Bs ! K+K� and Bd ! ⇡+⇡� decays
(� = (68.2 ± 7.1)�) [133]. In [134] both B ! DK and B ! D⇡ decays are used and
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Vub(excl) = 3.42(31)� 10�3 Vub(incl) = 4.40(25)� 10�3

SM predictions for 

Buras and Girrbach (2013)

•Vub-εK-SψKs tension is relaxed

�(0.04+0.10
�0.13)

Vub(excl) : 3.1� 3.4 Vub(Belle 2013) : 3.52

B(B � ��)(exp) : 1.73� 1.14 B(B � ��)(Belle 2012) : 0.72

•|Sψφ(NP)|< 0.2 is still allowed
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where ⌘i are QCD factors given in Table 1 and S0(xc, xt) can be found in [131].
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and choosing five values for |Vub|. Two of them correspond to two scenarios defined
in Section 2. The value of � is close to its most recent value from B ! DK decays
obtained by LHCb using 3 fb�1 and neglecting D0 � D̄0 mixing [132]
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and to the extraction from U-spin analysis of Bs ! K+K� and Bd ! ⇡+⇡� decays
(� = (68.2 ± 7.1)�) [133]. In [134] both B ! DK and B ! D⇡ decays are used and

Vub(excl) = 3.42(31)� 10�3 Vub(incl) = 4.40(25)� 10�3

SM predictions for 

Buras and Girrbach (2013)

•Vub-εK-SψKs tension is relaxed

�(0.04+0.10
�0.13)

Vub(excl) : 3.1� 3.4 Vub(Belle 2013) : 3.52

B(B � ��)(exp) : 1.73� 1.14 B(B � ��)(Belle 2012) : 0.72

•|Sψφ(NP)|< 0.2 is still allowed
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εK(SM)がやや小さいのが気になる？
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Figure 5: �Ms (blue) and 20 ·�Md (red) as functions of |"K | in models with CMFV for
Scenario 1 chosen by these models [20]. The short green and magenta lines represent
the data, while the large black and grey regions the SM predictions. For the light blue
and light red line the old values from (36) are used and for dark blue and dark red the
new ones from Table 1. More information can be found in the text.

performed in [33], where "K has been set to its experimental value but sin 2� was free.
On the other hand setting S KS to its experimental value but keeping "K free as done
in [34] one finds that |"K | is significantly below the data. Yet, this di�culty can be
resolved in CMFV models by increasing the value of S(v). While, the latter approach
is clearly legitimate, it hides possible problems of CMFV as it assumes that this NP
scenario can describe the data on �Ms,d and "K simultaneously, which as we will now
show is not really the case.

Indeed, with respect to the anomalies discussed above we note that

• CMFV models favour the exclusive determination of |Vub| as only then they are
capable of reproducing the experimental value of S KS .

• |"K | can be naturally enhanced by increasing the value of S(v) thereby solving
the |"K |-S KS tension.

• �Ms,d are enhanced simultaneously with the ratio �Ms/�Md unchanged with
respect to the SM (r(�M) = 1). While the latter property is certainly good
news, the enhancements of �Ms and �Md are clearly problematic. Therefore
the present values of hadronic matrix elements imply new tensions, namely the
|"K |-�Ms,d tensions pointed out in [20,135].

In Fig. 5 we plot �Ms and �Md as functions of |"K |. In obtaining this plot we have
simply varied the master one-loop �F = 2 function S keeping CKM parameters and

CMFV

�Ms

20 · �Md
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Figure 8: S KS vs. S � in 2HDMMFV for |Vub| = 4.0 ·10�3 (blue) and |Vub| = 4.3 ·10�3

(red). SM is represented by black points while 1� (2�) experimental range by the grey
(dark grey) area [141].

This relation is known from models with CMFV but there CBs = CBd
� 1.

In 2HDMMFV also CBs = CBd
 1 is possible. Moreover, the CMFV correlation

between "K and �Ms,d is absent and �Ms,d can be both suppressed and enhanced
if necessary.

• A significant contribution of the operators QLR
1,2 is unwanted as it spoils the rela-

tion (85) having much larger e↵ect on �Ms than �Md. But as this contribution
uniquely suppresses �Ms below its SM value, it could turn out relevant one day
if the lattice results for hadronic matrix changed. This contribution cannot help
in solving "K � S KS anomaly as its e↵ect on the phase 'Bd

is very small.

Thus at first sight at the qualitative level this model provides a better description
of �F = 2 data than the SM and models with CMFV. Yet, here comes a possible
di�culty. As shown in Fig. 8 the size of 'Bd

that is necessary to obtain simultaneously
good agreement with the data on "K and S KS implies in turn S � � 0.15 which is 2�
away from the LHCb central value in (59).

In summary 2HDMMFV is from the point of view of �F = 2 observables in a reasonable
shape. Yet, finding in the future that nature chooses a negative value of S � and/or
small (exclusive) value of |Vub| would practically rule out 2HDMMFV. Also a decrease
of the experimental error on S � without the change of its central value would be
problematic for this model.

We are looking forward to improved experimental data and improved lattice calculations
to find out whether this simple model can satisfactorily describe the data on �F = 2
observables.

2HDMMFV

|Vub| = 4.3 · 10�3

|Vub| = 4.0 · 10�3

See, Buras and Girrbach 1306.3775
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Comparison btw SM and Exp (III)

B̄(Bs � µ+µ�)(SM) = (3.65± 0.23)� 10�9

B̄(Bd � µ+µ�)(SM) = (1.06± 0.09)� 10�10

B̄(Bd � µ+µ�)(Exp) = (3.6+1.6
�1.4)� 10�10

B̄(Bs � µ+µ�)(Exp) = (2.9± 0.7)� 10�9

•NNLO-QCD & NLO EW corrections
•Average time-integrated branching ratio

Bobeth et al (2014)

de Bruyn et al (2012)

yq =
��q

2�q
B̄ =

1 + Aq

1� y2
q

B[t=0] Aq(SM) = yqwhere

ys = 0.088± 0.014
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Implications on NP models (I)

Figure 1: Correlation between the branching ratios of Bs ! µ+µ� and Bd ! µ+µ� in MFV, the SM4 and four
SUSY flavour models. The gray area is ruled out experimentally. The SM point is marked by a star.

2 The impact of Bs ! µ+µ�

The decay Bs ! µ+µ� is strongly helicity-suppressed in the SM. For this reason, its branching
ratio could be strongly enhanced in the presence of NP in the scalar or pseudoscalar operators,
which would lift this helicity suppression. A prominent example of a model predicting such
enhancement is supersymmetry with large tan� and sizable A terms, as motivated e.g. by grand
unification.

However, the recent upper bound on the branching ratio presented by the CMS collaboration1

and the very recent, even stronger bound by LHCb presented at this conference2, strongly limit
the size of such contributions. This constitutes a significant constraint for a large class of
NP models, as is exemplified in fig. 1, showing the correlation between BR(Bs ! µ+µ�) and
BR(Bd ! µ+µ�) in models with Minimal Flavour Violation (MFV 3), the Randall-Sundrum
model with custodial protection (RSc4), the Standard Model with a sequential fourth generation
(SM45) and four SUSY flavour modelsb A large part of the parameter space of the supersymmetric
models, where tan� can be large, is ruled out by the constraints, leading to a much more
constrained situation than one year ago6,7. However, it should be emphasized that models where

NP enters Bs ! µ+µ� via the semi-leptonic operators O
(0)
10 , like the SM4 or RSc in fig. 1, or

SUSY models with small tan�, are starting to be probed only now. Indeed, a model-independent
analysis of new physics in b ! s transitions has shown that NP in C10 or C 0

10 can only enhance
the branching ratio of Bs ! µ+µ� up to 5.6⇥10�9, using all the information on b ! s transitions
available before this conference13.

In any case, an important consequence of the strong new bounds is that the scalar and
pseudoscalar operators are irrelevantc for all the semi-leptonic b ! s decays, which are not
helicity suppressed. The following model-independent discussion will thus focus on the magnetic
and semi-leptonic operators.

bThe acronyms stand for the models by Agashe and Carone (AC 8), Ross, Velasco-Sevilla and Vives (RVV2
9), Antusch, King and Malinsky (AKM 10) and a model with left-handed currents only (LL 11). See the original
analysis12 for details.

cBarring a fortuitous cancellation in CS � C0
S and CP � C0

P , which are the only combinations entering the
Bs ! µ+µ� branching ratio.

New physics in B decays I

B

d

! µ+µ� experiment vs. SM

]
10−

) [10−
µ+µ →

0
BB(

0 1 2 3 4 5 6 7

 preliminary
CMS+LHCb

1−
CMS 25fb

1−
LHCb 3fb

1−
CDF 10fb SM

I 2.4� above 0, 1.6� above SM. If NP: no MFV!

David Straub (Universe Cluster) 46

Bd � µ+µ�

2.4σ above 0
1.6σ above the SM value

D. Straub, 1205.6094

If confirmed, 
proof of non-MFV
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Implications on NP models (II)

10 Summary and Conclusions 59
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Figure 22: Overlay of the correlations for Ss
µµ versus S � (top left), Aµµ

�� versus S � (top

right) and S � versus B(Bs ! µ+µ�) (bottom) for tree level scalar (cyan), pseudoscalar
(red) and Z 0 (blue) exchange (both oases in same colour respectively) in LHS. The lepton
couplings are varied in the ranges |�µµ

S,P (H)| 2 [0.02, 0.04] and �µµ
A (Z 0) 2 [0.3, 0.7].

where in the Z 0 case these contributions could be very large but are expected to
be negligible in NP scenarios considered here.

• Our short analysis of flavour-violating SM Higgs-couplings shows that in the case
of rare Bs,d and K decays, the SM Higgs contributions are irrelevant due to the
smallness of the Higgs coupling to muons. On the other hand such contributions
could in principle remove all tensions within �F = 2 observables observed within
the SM.

We close our paper by Fig. 22 in which we show the correlations involving Ss
µµ, S �

and B(Bs ! µ+µ�) combining information of Fig. 8 for the tree-level scalar and pseu-
doscalar exchange and include also tree-level Z 0 exchange. The lepton couplings are

Br(Bs � µ+µ�)

S��

[Buras, Fazio, Girrbach, Knegjens and MN (2013)]

b

s µ

µ
�?

Z?

B � |A + P |2 + |S|2

To obtain Br< Br(SM), 
interference with SM 
amp. is required.

Note, 
hSM + FV b-s coupling

8 % increase at most
+ P-scalar muon coupling
Br<Br(SM) is possible
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Remaining anomalies (?)

• muon g-2

• B→D(*)τν

• Dimuon asymmetry

• B→K (*) μ+μ-

• Vub

• β
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Like-sign dimuon asymmetry (~2012)

• D0 collaboration measured the 
like-sign dimuon asymmetry ACP, 
which is interpreted as a CP-
violating effect in B meson mixing. 

-0.04

-0.02

0
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-0.04 -0.02 0 0.02

SM

D0 dimuon,
 9.0 fb-1

A bsl

ad
sl

as sl

Y(4S),
HFAG

D0 D  μ, 5.0 fb-1
LHCb, 1.0 fb-1

s

Figure 12: Measurements of semileptonic decay asymmetries. The bands correspond to the
central values ±1 standard deviation, defined as the sum in quadrature of the statistical
and systematic errors.

with the SM, the D0 dimuon measurement appears to di↵er. Further insight can be gained
by viewing the D0 measurement in three separate cases. In the first case adsl is taken
as zero; then assl = �(1.94 ± 0.49)%. This value is compatible at the 1.8� level with
our new measurement. In the second case assl = 0; the D0 measurement then becomes
adsl = (�1.32± 0.33)%. This number is compatible with the measured value from ⌥(4S)
measurements at the 1.6� level. In the third case the assumption is made that adsl and assl
are equal. Here the D0 number is compatible simultaneously with the LHCb result and

15

ACP � Ab
sl � Cda

d
sl + Csa

s
sl

Ab
sl(SM) = (�0.028+0.005

�0.006)%

Ab
sl(D0, 9 fb�1) = (�0.787± 0.172± 0.093)%

3.9σ

• LHCb confirmed SM consistent semi-leptonic 
asymmetry for Bs mesons. 

4

by a special feature of the D0 experiment – the reversal
of magnets polarities. The polarities of the toroidal and
solenoidal magnetic fields were reversed on average every
two weeks so that the four solenoid-toroid polarity com-
binations were exposed to approximately the same inte-
grated luminosity. This allows for a cancellation of first-
order effects related to the instrumental charge asymme-
tries [1].
The main expected source of like-sign dimuon events in

pp̄ collisions are bb̄ pairs. One b quark decays semilepton-
ically to a “right-sign” muon, i.e., to a muon of the same
charge sign as the parent b quark at production. The
other b quark can produce a “wrong-sign” muon with its
charge opposite to the charge of the parent b quark. The
origin of this “wrong-sign” muon is either due to B0-B̄0

orB0
s -B̄

0
s oscillation, or the sequential decay b → c → µ+.

These processes produce CP violation in both mixing [6]
and in the interference of B0 and B0

s decay amplitudes
with and without mixing [7]. CP violation in interference
was not considered in [1–3], while it is taken into account
in this paper.
An example of a process in which CP violation in mix-

ing can occur is [8]

pp̄ → bb̄X,

b → b hadron → µ−(“right-sign” µ),

b̄ → B0
(s) → B̄0

(s) → µ−(“wrong-sign”µ); (1)

and its CP-conjugate decay resulting in µ+µ+, where the
probability of B0

(s) → B̄0
(s) is not equal to the probability

of B̄0
(s) → B0

(s).
An example of a process in which CP violation in in-

terference can occur is [7]

pp̄ → bb̄X,

b → b hadron → µ−(“right-sign”µ),

b̄ → B0(→ B̄0) → D+D−,

D− → µ−(“wrong-sign”µ); (2)

and its CP-conjugate decay resulting in µ+µ+, where the
probability of B0(→ B̄0) → D+D− is not equal to the
probability of B̄0(→ B0) → D+D−.
The SM prediction of the like-sign dimuon charge

asymmetry, and its uncertainty, are small in magnitude
compared to the current experimental precision [7, 9].
This simplifies the search for new sources of CP viola-
tion beyond the SM which could contribute to the like-
sign dimuon charge asymmetry. Currently, the only es-
tablished source of CP violation is the complex phase
of the Cabibbo-Kobayashi-Maskawa (CKM) matrix [10].
Although the CKM mechanism is extremely successful
in describing all known CP violating processes studied
in particle physics [11], it is insufficient to explain the
dominance of matter in the universe [12]. The search for
new sources of CP violation beyond the SM is therefore
important in current and future particle physics experi-
ments.

Many features of the present measurement remain the
same as in our previous publications, so that all details
not described explicitly in this paper can be found in
Refs. [2, 3]. The main differences of the present analysis
with respect to [3] are:

• The muon quality selections are the same as in [3]
except for the requirement of the number of track
measurements in the silicon microvertex tracker
(SMT). This change is discussed in Section III.

• The main emphasis of the present measurement is
on the dependence of the charge asymmetry on the
momentum of the muons transverse to the beam,
pT , on the muon pseudorapidity, η [13], and on the
muon impact parameter in the transverse plane, IP
[14]. The reason is to identify the detector-related
effects that contribute to the observed asymmetry,
and to help understand the origin of the asymme-
try.

• In Refs. [2, 3] we measured the K → µ fraction [15]
by reconstructing the decays K∗0(892) → K+π−

with K+ → µ+ν, K∗+(892) → KSπ+, and KS →
π+π−. This method requires a correction for muons
with large IP that is described in Section VA. We
have now also developed an independent method to
obtain the background fractions using local mea-
surements of the muon momentum by the muon
identification system. This method, described in
Section VB, is inherently insensitive to the muon
IP. The comparison between these two methods
provides an important validation of our measure-
ment technique and estimate of the systematic un-
certainties.

• We present the results in terms of model indepen-
dent residual asymmetries aCP and ACP and the
deviation of these asymmetries from the SM predic-
tion. Assuming that the only sources of the like-
sign dimuon charge asymmetry are CP violation
in mixing and interference of neutral B mesons, we
measure the quantities determining these two types
of CP violation: the semileptonic charge asymme-
tries adsl and assl of B

0 and B0
s mesons, respectively,

and the relative width difference ∆Γd/Γd of the
B0 system. These quantities are defined in Sec-
tion VIII. Because our measurements are inclu-
sive, other as yet unknown sources of CP violation
could contribute to the asymmetries aCP and ACP

as well. Therefore, the model-independent asym-
metries aCP and ACP constitute the main result of
our analysis. They are presented in a form which
can be used as an input for alternative interpreta-
tions.

The outline of this article is as follows: the method and
notations are presented in Section II; the details of data
selection are given in Section III; the Monte Carlo (MC)
simulation used in this analysis is discussed in Section IV.
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Like-sign dimuon asymmetry (2013)

• New contributions proportional to decay rate differences 
were found. 

ACP � Ab
sl + C�d

��d

�d
+ C�s

��s

�s

CP violation in the interference of B meson 
decay amplitude with and without mixing.

4
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and its CP-conjugate decay resulting in µ+µ+, where the
probability of B0(→ B̄0) → D+D− is not equal to the
probability of B̄0(→ B0) → D+D−.
The SM prediction of the like-sign dimuon charge

asymmetry, and its uncertainty, are small in magnitude
compared to the current experimental precision [7, 9].
This simplifies the search for new sources of CP viola-
tion beyond the SM which could contribute to the like-
sign dimuon charge asymmetry. Currently, the only es-
tablished source of CP violation is the complex phase
of the Cabibbo-Kobayashi-Maskawa (CKM) matrix [10].
Although the CKM mechanism is extremely successful
in describing all known CP violating processes studied
in particle physics [11], it is insufficient to explain the
dominance of matter in the universe [12]. The search for
new sources of CP violation beyond the SM is therefore
important in current and future particle physics experi-
ments.

Many features of the present measurement remain the
same as in our previous publications, so that all details
not described explicitly in this paper can be found in
Refs. [2, 3]. The main differences of the present analysis
with respect to [3] are:

• The muon quality selections are the same as in [3]
except for the requirement of the number of track
measurements in the silicon microvertex tracker
(SMT). This change is discussed in Section III.

• The main emphasis of the present measurement is
on the dependence of the charge asymmetry on the
momentum of the muons transverse to the beam,
pT , on the muon pseudorapidity, η [13], and on the
muon impact parameter in the transverse plane, IP
[14]. The reason is to identify the detector-related
effects that contribute to the observed asymmetry,
and to help understand the origin of the asymme-
try.

• In Refs. [2, 3] we measured the K → µ fraction [15]
by reconstructing the decays K∗0(892) → K+π−

with K+ → µ+ν, K∗+(892) → KSπ+, and KS →
π+π−. This method requires a correction for muons
with large IP that is described in Section VA. We
have now also developed an independent method to
obtain the background fractions using local mea-
surements of the muon momentum by the muon
identification system. This method, described in
Section VB, is inherently insensitive to the muon
IP. The comparison between these two methods
provides an important validation of our measure-
ment technique and estimate of the systematic un-
certainties.

• We present the results in terms of model indepen-
dent residual asymmetries aCP and ACP and the
deviation of these asymmetries from the SM predic-
tion. Assuming that the only sources of the like-
sign dimuon charge asymmetry are CP violation
in mixing and interference of neutral B mesons, we
measure the quantities determining these two types
of CP violation: the semileptonic charge asymme-
tries adsl and assl of B

0 and B0
s mesons, respectively,

and the relative width difference ∆Γd/Γd of the
B0 system. These quantities are defined in Sec-
tion VIII. Because our measurements are inclu-
sive, other as yet unknown sources of CP violation
could contribute to the asymmetries aCP and ACP

as well. Therefore, the model-independent asym-
metries aCP and ACP constitute the main result of
our analysis. They are presented in a form which
can be used as an input for alternative interpreta-
tions.

The outline of this article is as follows: the method and
notations are presented in Section II; the details of data
selection are given in Section III; the Monte Carlo (MC)
simulation used in this analysis is discussed in Section IV.

Borissov and Hoeneisen (2013)
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used in this comparison. The correlation between dif-
ferent measurements given in Table XII are taken into
account. The χ2(IP) of the difference between the mea-
sured residual asymmetries and the SM expectation is

χ2(IP)/d.o.f. = 31.0/9, (87)

p(SM) = 3× 10−4. (88)

This result corresponds to 3.6 standard deviations from
the SM expectation. The p value of the hypothesis that
the aCP and ACP asymmetries in all IP samples are equal
to zero is

p(CPV = 0) = 3× 10−5, (89)

which corresponds to 4.1 standard deviations.
If we assume that the observed asymmetries aCP and

ACP are due to the CP violation in mixing, the results in
different IP samples can be used to measure the semilep-
tonic charge asymmetries adsl and assl. Their contribu-
tion to the asymmetries aCP and ACP, determined by
the coefficients Cd and Cs, varies considerably in differ-
ent IP samples. Performing this measurement we assume
that the contribution of the CP violation in interference
of decay amplitudes with and without mixing, given by
Eq. (69), corresponds to the SM expectation presented
in Table XVI. In particular, the value of ∆Γd/Γd is set
to its SM expectation given in Eq. (78). We obtain

adsl = (−0.62± 0.42)× 10−2, (90)

assl = (−0.86± 0.74)× 10−2. (91)

χ2/d.o.f. = 10.1/7. (92)

The correlation between the fitted parameters adsl and assl
is

ρd,s = −0.79. (93)

The difference between these adsl and assl values and the
combined SM expectation (62) corresponds to 3.4 stan-
dard deviations.
The like-sign dimuon charge asymmetry depends on

the value of ∆Γd/Γd, see Eqs. (56,58,67–69). By fixing
the values of φ12d and assl to their SM expectations φ12d =
−0.075± 0.024 and assl = (+1.9± 0.3)× 10−5 [9], we can
extract the value of ∆Γd/Γd from our measurements of
aCP and ACP in different IP samples. We obtain

∆Γd/Γd = (+2.63± 0.66)× 10−2, (94)

χ2/d.o.f. = 13.8/8. (95)

This result differs from the SM expectation (78) by 3.3
standard deviations. The values of φ12d and ∆Γd/Γd de-
termine the value of adsl, see Eq. (58).
Finally, we can interpret our results as the measure-

ment of adsl, a
s
sl and ∆Γd/Γd, allowing all these quantities
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FIG. 21: (color online). The 68% and 95% confidence level
contours in the ad

sl − as
sl plane obtained from the fit of the

inclusive single muon and like-sign dimuon asymmetries with
fixed value of∆Γd/Γd = 0.0042 corresponding to the expected
SM value (78) which has an uncertainty ±0.0008. The in-
dependent measurements of ad

sl [29] and as
sl [30] by the D0

collaboration are also shown. The error bands represent ±1
standard deviation uncertainties of these measurements.

to vary in the fit. We obtain

adsl = (−0.62± 0.43)× 10−2, (96)

assl = (−0.82± 0.99)× 10−2, (97)
∆Γd

Γd
= (+0.50± 1.38)× 10−2, (98)

χ2/d.o.f. = 10.1/6. (99)

The correlations between the fitted parameters are

ρd,s = −0.61, ρd,∆Γ = −0.03, ρs,∆Γ = +0.66. (100)

This result differs from the combined SM expectation for
adsl, a

s
sl, and ∆Γd/Γd by 3.0 standard deviations.

Figure 21 shows the 68% and 95% confidence level
contours in the adsl − assl plane obtained from the re-fit
of the inclusive single muon and like-sign dimuon asym-
metries with a fixed value of ∆Γd/Γd = 0.0042 corre-
sponding to the expected SM value (78). The same plot
also shows two bands of the independent measurements
of adsl and assl by the D0 collaboration [29, 30]. Fig-
ure 22 presents the result of the fit of the inclusive single
muon and like-sign dimuon asymmetries with fixed value
of ∆Γd/Γd = 0.0150 corresponding to the experimental
world average value (79). These two plots show that if
the currently imprecise experimental value of ∆Γd/Γd is

3.4σ

3.3σ
Assuming SM semi-leptonic asymmetry,
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SM value (78) which has an uncertainty ±0.0008. The in-
dependent measurements of ad
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to vary in the fit. We obtain

adsl = (−0.62± 0.43)× 10−2, (96)

assl = (−0.82± 0.99)× 10−2, (97)
∆Γd

Γd
= (+0.50± 1.38)× 10−2, (98)

χ2/d.o.f. = 10.1/6. (99)

The correlations between the fitted parameters are

ρd,s = −0.61, ρd,∆Γ = −0.03, ρs,∆Γ = +0.66. (100)

This result differs from the combined SM expectation for
adsl, a

s
sl, and ∆Γd/Γd by 3.0 standard deviations.

Figure 21 shows the 68% and 95% confidence level
contours in the adsl − assl plane obtained from the re-fit
of the inclusive single muon and like-sign dimuon asym-
metries with a fixed value of ∆Γd/Γd = 0.0042 corre-
sponding to the expected SM value (78). The same plot
also shows two bands of the independent measurements
of adsl and assl by the D0 collaboration [29, 30]. Fig-
ure 22 presents the result of the fit of the inclusive single
muon and like-sign dimuon asymmetries with fixed value
of ∆Γd/Γd = 0.0150 corresponding to the experimental
world average value (79). These two plots show that if
the currently imprecise experimental value of ∆Γd/Γd is

Ab
sl = (�0.496± 0.153± 0.072)% 2.8σ

Assuming SM decay rate diffrences,

D0 collaboration (2013)
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New Physics in ΔΓd

• D0 measurements may be explained by possible NP contributions 
to ΔΓd. 
- The SM prediction of ΔΓs agrees quite well with the experimental value.
- ΔΓd is triggered by the CKM-suppressed decay b→ccd (Br~1%). Thus, 
large modification of Γ(b→ccd) can be hidden in the uncertainties of Γtot.

- The SM contribution to ΔΓd has a large cancellation between individual 
(charm and up) contributions. Then, NP effects can be easily enhanced 
compared to the SM one.

• Model-independent analysis:

Bobeth, Haisch, Lenz, Pecjak, Tetlalmatzi-Xolocotzi (2013)
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New Physics in ΔΓd : b→ccd
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Figure 3. Left panel: allowed parameter space in the Re�C

cc
2 –Im�C

cc
2 planes. The blue circular

region is related to constraints from B ! Xd�, and the green region from those from semi-leptonic
asymmetry a

d
sl, and the red region from the dimension-eight contributions to sin (2�). The region

enclosed by the dashed black lines represent the combined constraint from the different observables.
Right panel: contours of ��d/��

SM
d .

The situation described above leads us to seek additional experimental constraints
on the �C

cc
i coefficients from observables in the Bd-meson mixing system itself. One

such constraint arises from the precise determination of sin (2�) (see (2.7)) from the time-
dependent CP asymmetry in B ! J/ KS decays. Within the SM the latter observable is
to excellent precision simply given by the imaginary part of the dimension-six contribution
to M

d
12

that arises from box diagrams with top-quark and W -boson exchange. Additional
dimension-eight contributions stem from double insertions of �B = 1 operators such as the
current-currents operators. Including both types of corrections, but restricting ourselves
for the moment to insertions of Qcc

1,2, we obtain
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(4.34)

Here and in the remainder of the section all Wilson coefficients are to be evaluated at
the scale µ = MW . After employing C

cc
2

' 1 + �C

cc
2

and C

cc
1

' �C

cc
1

we confirm the
results of [18] for the SM contribution. The coefficient that multiplies the dimension-six
contribution is given at next-to-leading logarithmic (NLL) accuracy by K

6

' 0.47, while
we left the leading logarithm of the dimension-eight contribution unresummed, which is
sufficient for our purposes. The corresponding dimension-eight coefficients take the form
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Figure 5. 90% CL bounds on possible enhancements of ��d induced by the different (

¯

db)(⌧̄ ⌧)

operators. The left panel shows the effect of scalar operators, while the right panel illustrates the
case of vector operators. In both panels the yellow region indicates the maximal enhancements
that are consistent with (5.5). The effect of an experimental improvement in the Bd ! ⌧

+
⌧

�,
B ! Xd⌧

+
⌧

� and B

+ ! ⇡

+
⌧

+
⌧

� branching ratios is indicated by the solid red, the dashed blue
and the dotted green curves, respectively.

��d. Such a comparison is provided in Figure 5 for the scalar operators (left panel) and
the vector operators (right panel). The plots show that for both the scalar and the vector
operators and fixed branching ratio the Bd ! ⌧

+

⌧

� decay always provides the most strin-
gent constraint on |��d/��

SM

d |. This implies that in order to restrict possible new-physics
effects in ��d, future measurements of the B ! Xd⌧

+

⌧

� or B

+ ! ⇡

+

⌧

+

⌧

� branching
ratio have to surpass the present bound (5.5) on Br (Bd ! ⌧

+

⌧

�
). Numerically, we find

that limits of Br (B+ ! ⇡

+

⌧

+

⌧

�
) . 5.3 · 10�4 and Br (B ! Xd⌧

+

⌧

�
) . 2.6 · 10�3 would

be required in the case of the scalar and vector operators to reach the current sensitivity of
the Bd ! ⌧

+

⌧

� branching ratio.

6 Conclusion

In this article we have investigated the room for new-physics effects in the decay rate
difference ��d of neutral Bd mesons following an effective field theory approach. Such a
study is well-motivated because the current direct experimental bound on ��d still allows
for an enhancement of several 100% over the SM prediction and a new measurement at DØ
can be interpreted as a solution of the longstanding problem with the dimuon asymmetry,
involving an anomalous enhancement of the decay rate difference.

We have presented a detailed comparison between ��d and ��s within the SM, em-
phasising that while in the former case the relevant CKM factors V

⇤
cdVcb and V

⇤
udVub both

scale as �3, in the latter case there is a hierarchy between the individual contributions, since
V

⇤
csVcb = O(�

2

) and V

⇤
usVub = O(�

4

). In consequence, a modification in b ! cc̄d can have
a much larger effect in ��d, compared to the effect of a similar modification in b ! cc̄s

on ��s. Such modifications could for instance arise in new-physics scenarios that predict
violations of the CKM unitarity. If these non-standard corrections affect the Bd-meson and
Bs-meson sectors in a flavour-universal way, then ��d can be enhanced relative to the SM
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Figure 4. The 90% CL regions of CT,A(mb) (left) and
�
CV,AL(mb) + CV,AR(mb)

�
(right) from

Br (B

+ ! ⇡

+
µ

+
µ

�
) (red) and Br (B ! Xd�) for T,A = T,R (blue) and T,A = T, L (brown).

The prospects assuming a measurement of Br (B+ ! ⇡

+
µ

+
µ

�
) with 7 fb�1 at LHCb are shown as

dashed (green) contours.

The given uncertainty encodes the error related to differences in the existing B ! ⇡

form-factor determinations [55, 56]. Our prediction (5.14) is close both to the measured
value (5.13) and the SM value obtained in [59].

Like in the case of the inclusive decay B ! Xd�, the effective operators (5.2) contribute
to B

+ ! ⇡

+

µ

+

µ

� via mixing into the operators mediating b ! d� and b ! d`

+

`

�
(` =

e, µ). The case of b ! s transitions has been previously discussed in [15] and can be
adopted with appropriate replacements to b ! d transitions. One then finds contributions
from the tensor coefficients CT,A, and also on the linear combination (CV,AL + CV,AR) of
the vector coefficients. The scalar Wilson coefficients CS,AB are not subject to constraints
from B

+ ! ⇡

+

µ

+

µ

�.
In Figure 4, we show the 90% CL regions in the planes of complex-valued CT,A(mb) and�

CV,AL(mb)+CV,AR(mb)
�

allowed by Br (B

+ ! ⇡

+

µ

+

µ

�
). In the plots a theory uncertainty

of 20% of the SM prediction is assumed and the form-factor predictions [55] are used.
We see that in the case of the tensor Wilson coefficients, B

+ ! ⇡

+

µ

+

µ

� provides at
present the constraint |CT,A(mb)| . 1.2, which as indicated is clearly weaker than the
sensitivity of the inclusive decay B ! Xd�. Assuming single operator dominance, the
current constraint on the vector Wilson coefficients |CV,AB(mb)| . 4.0 is not as strong as
the one from Bd ! ⌧

+

⌧

�. For comparison we also show contours assuming that LHCb has
collected 7 fb

�1 of data by 2017. For this purpose the current statistical errors have been
rescaled by a factor 1/

p
7. This exercise shows the potential of this decay mode to reduce

further the allowed ranges of b ! d⌧

+

⌧

� Wilson coefficients. Depending on the central
value of the measurement, it will provide complementary constraints to B ! Xd� for the
tensor Wilson coefficients.
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Constraint |CS,AB(mb)| |CV,AB(mb)| |CT,A(mb)|
direct

Br (Bd ! ⌧

+

⌧

�
) 1.1 2.2 —

Br (B ! Xd⌧
+

⌧

�
) 10.6 5.3 1.5

Br (B

+ ! ⇡

+

⌧

+

⌧

�
) 5.9 6.2 2.9

indirect

Br (B ! Xd�) — —
0.2 for A = R

0.1 for A = L

Br (B

+ ! ⇡

+

µ

+

µ

�
) — 4.0 1.2

Table 2. Summary of direct and indirect bounds on the Wilson coefficients (5.1) at the bottom-
quark mass scale mb = mb(mb) ' 4.2 GeV. The constraint from Bd ! ⌧

+
⌧

� decay follows from the
experimental 90% CL bound Br (Bd ! ⌧

+
⌧

�
) < 4.1 · 10�3, whereas those from B ! Xd⌧

+
⌧

� and
B

+ ! ⇡

+
⌧

+
⌧

� refer to the 90% CL estimate from (5.9). Note that the bounds are independent of
the chiral structure A,B = L,R unless explicitly indicated.

5.3 Maximal effects in width difference

We now explore the consequences of the bounds on the Wilson coefficients (5.1) obtained
in the previous section on the size of possible enhancements in ��d. To do so we consider
the parameter | ˜�d| introduced in (2.3). For the Bs-meson case expressions for this quantity
as a function of the relevant Wilson coefficients were presented in [15], and we can make
use of these results after a trivial substitution of CKM factors. Assuming single operator
dominance, we then find

| ˜�d|S,AB < 1 +

�
0.41

+0.13
�0.08

�
|CS,AB(mb)|2 ,

| ˜�d|V,AB < 1 +

�
0.42

+0.13
�0.08

�
|CV,AB(mb)|2 ,

| ˜�d|T,A < 1 +

�
3.81

+1.21
�0.74

�
|CT,A(mb)|2 ,

(5.15)

where the quoted uncertainties are related to the theory error of ��

SM

d . The numerical input
values of the bag parameters BV , BS and e

BS are given in Table 3. Using the strongest
bounds from Table 2, i.e. |CS,AB(mb)| . 1.1, |CV,AB(mb)| . 2.2, |CT,L(mb)| . 0.1 and
|CT,R(mb)| . 0.2, results in

| ˜�d|S,AB . 1.6 , | ˜�d|V,AB . 3.7 , | ˜�d|T,L . 1.05 , | ˜�d|T,R . 1.2 . (5.16)

These numbers imply that the scalar operators can lead to an enhancement of about 60%

over the SM prediction, whereas in the case of vector operators even deviations in excess
of 270% are allowed. The possible deviations due to tensor operators can, on the other
hand, amount to at most 20%. Such small effects are undetectable given that the hadronic
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⌧
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⌧

�
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+
⌧
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+ ! ⇡

+
⌧

+
⌧
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�
|CV,AB(mb)|2 ,
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�
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�
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These numbers imply that the scalar operators can lead to an enhancement of about 60%

over the SM prediction, whereas in the case of vector operators even deviations in excess
of 270% are allowed. The possible deviations due to tensor operators can, on the other
hand, amount to at most 20%. Such small effects are undetectable given that the hadronic
uncertainty in ��d is of similar size.

It is also interesting to study the impact future improved extractions of Br (Bd ! ⌧
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B ! K

⇤µ+µ� angular observables
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SM vs. data: F

L

[Altmannshofer and DS 1308.1501]
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SM vs. data: S4 [Altmannshofer and DS 1308.1501]
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SM vs. data: S5 [Altmannshofer and DS 1308.1501]
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Introduction b ! (u, c)⌧⌫ b ! s(�, ``) b ! s⌫⌫̄ New physics in B decays

The “B ! K

⇤µµ anomaly”

The are 2–3� tensions in the observables FL, S4, S5. Possible explanation:

I Statistical fluctuation . . .
I Underestimated theory uncertainties (! see talk by Th. Feldmann!)

I Non-factorizable corrections at low q2

I Violation of quark-hardon duality at low and high q2

I form factors
I New physics?

I Can the tensions be removed by modifying Ci without upsetting other
constraints?

I The answer for the S4 tension is clearly “no”. What about the S5, FL

tensions?

[Descotes-Genon et al. 1307.5683, Altmannshofer and DS 1308.1501, Beaujean et al. 1310.2478]
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Fitting C9 and C

0
9,10 [Altmannshofer and DS 1308.1501]
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I Simultaneous NP effect in C9 and C0
9 gives the best fit to the data
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Introduction b ! (u, c)⌧⌫ b ! s(�, ``) b ! s⌫⌫̄ New physics in B decays

Which actual NP model could explain such effect?

I Throughout the MSSM parameter space, C9 remains SM-like, in particular
taking into account other flavour constraints and direct bounds

I The same holds for models with partial compositeness (Composite Higgs,
Randall-Sundrum . . . )

I As yet, only proposed model that can accomodate the effect:
flavour-violating Z 0

David Straub (Universe Cluster) 32
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New physics in B decays I
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Figure 3: Constraints in the CNP

7

-CNP

9

plane (left) and the C 0
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-CNP

9

plane (right).
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FIG. 1: Fit to (CNP
7 , CNP

9 ), using the three large-recoil bins
for B ! K⇤µ+µ� observables, together with B ! Xs�, B !
Xsµ

+µ�, B ! K⇤� and Bs ! µ+µ�. The dashed contours
include both large- and low-recoil bins, whereas the orange
(solid) ones use only the 1-6 GeV2 bin for B ! K⇤µ+µ�

observables. The origin CNP
7,9 = (0, 0) corresponds to the SM

values for the Wilson coe�cients CSM
7e↵,9 = (�0.29, 4.07) at

µb = 4.8 GeV.

and dileptonic decays, lead to contours in the (CNP
7 , CNP

9 )
plane similar to Fig. 1.

We would like to understand whether this conclusion
is due to peculiarities of individual bins. For this pur-
pose we repeat the analysis restricting the input for the
B ! K

⇤
µ

+
µ

� observables to [1, 6] GeV2 bins, exploiting
several theoretical and experimental advantages. Such
wider bins collect more events with larger statistics. Fur-
thermore, some theoretical issues are less acute, such as
the e↵ect of low-mass resonances at very low q

2 . 1
GeV2 [36], or the impact of charm loops above ⇠ 6
GeV2 [37]. On the other hand, integrating over such a
large bin washes out some e↵ects related to the q2 depen-
dence of the observables, so that we expect this analysis
to have less sensitivity to NP [15]. This can be seen in
Fig. 1, where the regions in this case are indicated by
the orange curves, and as expected the constraints get
slightly weaker. In addition, due to the fact that the-
oretical uncertainties happen to increase moderately for
large negative NP contributions to C9, the constraints are
looser in the lower region of the (CNP

7 , CNP
9 ) plane. We

emphasise that even in this rather conservative situation
the main conclusion (a NP contribution CNP

9 ⇠ �1.5)
still prevails, whereas the SM hypothesis has still a pull
of 3.2�.

We illustrate the improvement gained by shifting C9 in
Fig. 2, where we show the predictions for CNP

9 = �1.5

(and other CNP
i

= 0) for the observables P2, P 0
4 and P

0
5,

together with the experimental data and SM predictions.
In particular, we observe how the various observables de-
scribed in Sec. 1 change for CNP

9 < 0. If the data is in
general well reproduced in this scenario, there are still a
few observables di�cult to explain theoretically. Looking
at Fig. 2, the most obvious cases are hP 0

5i in the first and
third bins. One can see there is a tension between these
two bins: more negative values for CNP

9 reproduce bet-
ter the third bin, but drive the first bin upwards, whose
experimental value is consistent with the SM. A similar
situation happens with the second and third bins of hP2i,
although in this case a good compromise is achieved.

Concerning the individual constraints to the fit, the
large-recoil bins for P2 and P

0
5 both favour the same

large region away from the SM in the (CNP
7 , CNP

9 ) plane,
providing a negative correlation between CNP

7 and CNP
9 .

B ! X

s

� selects values of CNP
7 close to the SM value,

leading to the combined (smaller) region shown in Fig. 1.
To be more quantitative, we have considered the pulls
obtained by removing in turn one or two observables
from the fit. We find that the largest pulls are as-
sociated to hP 0

5i[4.3,8.68], B ! X

s

�, hP2i[14.18,16] and
hP 0

4i[14.18,16]. B ! X

s

� has a large pull because it plays a
very important role in disfavouring a scenario with large
and negative CNP

7 , which can mimic the CNP
9 scenario in

B ! K

⇤
µ

+
µ

� observables. The observables hP 0
5i[4.3,8.68]

and hP2i[14.18,16] pull in di↵erent directions: the former
favours more negative and the latter less negative values
for CNP

9 , while the best fit point lies somewhat in the
middle, with or without these observables. On the other
hand hP 0

4i[14.18,16] has a marginal e↵ect on the results of
the fit.

The role of individual observables is confirmed by
comparing our analysis with the preliminary results in
Ref. [25], performed in the same framework, but with
only P1,P2 and AFB as inputs for B ! K

⇤
µ

+
µ

�, lead-
ing to a 3� deviation from the SM in the (CNP

7 , CNP
9 )

plane (in our present analysis, this e↵ect is magnified by
the addition of P 0

4,5,6,8 [20] among the observables). We
emphasise the importance of choosing the right set of ob-
servables among the three correlated inputs AFB, P2, FL

:
F

L

has a very significant dependence on the choice of
form factors (Fig. 5), which is less acute in the case of
AFB and P2, so that the choices (F

L

, P2) or (F
L

, AFB)
[38] lead to results that are more biased by the specific
parametrisation of form factors considered and less sen-
sitive to NP compared to (AFB, P2) [25]. For this rea-
son, we use AFB instead of F

L

in our analysis. We have
checked by two di↵erent procedures (NLO QCD factori-
sation and naive factorisation) that the 3� deviation re-
ported in Ref. [25] using [1-6] bins gets reduced to around
1 � if F

L

is used as an input instead of P2 or AFB (in
agreement with Ref. [38], where F

L

is used).

Understanding the B ! K⇤µ+µ�
Anomaly

Sébastien Descotes-Genona, Joaquim Matiasb and Javier Virtob

aLaboratoire de Physique Théorique, CNRS/Univ. Paris-Sud 11 (UMR 8627), 91405 Orsay Cedex, France
bUniversitat Autònoma de Barcelona, 08193 Bellaterra, Barcelona

We present a global analysis of the B ! K⇤(! K⇡)µ+µ� decay using the recent LHCb mea-
surements of the primary observables P1,2 and P 0

4,5,6,8. Some of them exhibit large deviations with
respect to the SM predictions. We explain the observed pattern of deviations through a large New
Physics contribution to the Wilson coe�cient of the semileptonic operator O9. This contribution
has an opposite sign to the SM one, i.e., reduces the size of this coe�cient significantly. A good de-
scription of data is achieved by allowing for New Physics contributions to the Wilson coe�cients C7

and C9 only. We find a 4.5� deviation with respect to the SM prediction, combining the large-recoil
B ! K⇤(! K⇡)µ+µ� observables with other radiative processes. Once low-recoil observables are
included the significance gets reduced to 3.9�. We have tested di↵erent sources of systematics, none
of them modifying our conclusions significantly. Finally, we propose additional ways of measuring
the primary observables through new foldings.

The four-body B ! K

⇤(! K⇡)µ+
µ

� decay and its
plethora of di↵erent observables [1–15] is becoming one
of the key players not only in our search for New Physics
(NP) in the flavour sector but also to guide us in the
construction of viable new models, which explains the re-
markable experimental e↵ort devoted to its precise mea-
surement [16–20]. In the e↵ective Hamiltonian approach
used to analyse radiative decays at low energies, one of
the most prominent virtues of this decay is the capac-
ity to unveil NP contributions inside the short-distance
Wilson coe�cients, denoted C

i

= CSM
i

+CNP
i

, not only for
the Standard Model (SM) electromagnetic and dileptonic
operators

O7 = e/(16⇡2)m
b

(s̄�
µ⌫

P

R

b)Fµ⌫

, (1)

O9 = e

2
/(16⇡2) (s̄�

µ

P

L

b)(¯̀�µ

`), (2)

O10 = e

2
/(16⇡2) (s̄�

µ

P

L

b)(¯̀�µ

�5`), (3)

(with the usual P
L,R

chirality projection operators) but
also for the chirally-flipped operators O

i

0 as well as the
scalar and pseudoscalar operators O

S,P,S

0
,P

0 . Among
these, the only non-negligible Wilson coe�cients in the
SM are CSM

7e↵,9,10(µb

) = (�0.29, 4.07,�4.31) at µ

b

=
4.8 GeV. The correlations between the Wilson coe�cients
constitute a unique test ground to find consistent pat-
terns pointing towards specific NP models.

However, the presence of hadronic e↵ects can easily
hide a NP signal. For this reason, it is essential to design
an optimised basis of observables, easy to measure, with
low hadronic and high NP sensitivities. In Refs. [15, 21]
we proposed such a basis, consisting of P1,2,3 and P

0
4,5,6

(primary observables with a low sensitivity to form-factor
uncertainties at low dilepton invariant mass q2), together
with F

L

(or AFB) and d�/dq2 (containing large uncer-
tainties but required to complete the basis).

There has been an evolution in the type of observables
measured by LHCb. It started with the set of observ-
ables AFB, FL

and S3 [19], all of them rather sensitive to
hadronic uncertainties. The experimental results pointed

towards a scenario consistent with the SM, but with small
deviations in AFB (in both the q

2 bin [2-4.3] GeV2 and
the position of the zero). The next generation of mea-
surements included a theoretically-controlled version of

AFB called A

(re)
T

[6] or P2 [7], and P1, which are both less
sensitive to hadronic e↵ects and able to magnify devia-
tions due to NP. Finally, LHCb has issued very recent
results [20] completing the basis of P

i

and P

0
i

primary
observables [7, 15, 21]. These observables, with little sen-
sitivity to hadronic uncertainties at low q

2, have unveiled
a set of tensions with respect to the SM that have to be
understood from the theoretical point of view. This pa-
per aims at providing such a consistent picture, where
the Wilson coe�cient C9 plays an essential role.
In Sec. 1 we discuss the experimental evidence, i.e., the

pattern of deviations observed at LHCb. In Sec. 2, we
present the main results and the details of our analysis of
data using our basis of observables. Finally, in Sec. 3 we
explore the robustness of these results analysing di↵erent
sources of uncertainty, namely, their sensitivity to pertur-
bative and non-perturbative charm e↵ects, large power-
suppressed corrections as well as the comparison between
naive and NLO QCD factorisations. We discuss possible
improvements on the control of the S-wave pollution in
an appendix. We conclude by suggesting cross-checks of
our findings and further prospects for similar analyses.

1. EXPERIMENTAL EVIDENCE

The recent LHCb breakthrough, leading to the mea-
surement of most observables of the basis, namely, P1,2

and P

0
4,5,6,8 using folded distributions [19, 20], actually

exhibits a consistent pattern of deviations with respect
to SM expectations. In Table I we summarise the experi-
mental results expressed in our convention in Refs. [7, 15].
Ordering the bins according to the dilepton invariant
mass q

2, and focusing on the first three bins, compar-
ing the data [19, 20] with the NP scenarios discussed in
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R(D(*))

R(D(�)) =
�(B � D̄(�)�+�� )
�(B � D̄(�)l+�l)

Semi-leptonic decay

1 Introduction

The standard model (SM) gives an accurate description of elementary particle phe-
nomena, however, experimenatal uncertainties about the flavor structure of the third
generation are still larger than the first and second generations. In the standard model,
the charged currents are described by the SU(2)L gauge coupling of the left-handed dou-
blets of quarks and leptons, and the Cabibbo-Kobayashi-Maskawa flavor-mixing matrix.
Some models beyond the standard model predict di↵erent structures. A typical example
are two Higgs doublet models (2HDMs), which predict charged Higgs contributions, and
its couplings are proportional to the fermion masses.

For testing the universality of charged currents among the lepton generations, ratios
of the branching fractions are introduced as observables,

R(D(⇤)) =
Br(B ! D(⇤)⌧ ⌫̄)

Br(B ! D(⇤)`⌫̄)
, (1)

where ` denotes e or µ. The standard model predictions are given in the Refs. [1–7].
These values in Refs. [8, 9] are,

R(D)
SM

= 0.305 ± 0.012, R(D⇤)
SM

= 0.252 ± 0.004. (2)

Predictions of the minimal supersymmetric standard model (MSSM) are found in Refs.
[1–3,10,11], which can significantly a↵ect the semi-tauonic B decays, through its Higgs
sector of the type-II 2HDM.

The present experimental datas are given by the BaBar Collaboration [12, 13]:

R(D)
BaBar

= 0.440 ± 0.072, R(D⇤)
BaBar

= 0.332 ± 0.030, (3)

with the error correlation of ⇢ = �0.27. These results are inconsistent with the SM
of Eq. (2) at 3.4�, or 99.93% CL for the two data points. The type II 2HDM does
not improve the fit, being inconsistent with the data at 99.8% CL for the optimal value
of mH±/ tan �. The Belle Collaboration also reported measurements [14–16], and the
newest results which are estimated in Ref. [13] are,

R(D)
Belle

= 0.34 ± 0.12, R(D⇤)
Belle

= 0.43 ± 0.08, (4)

where the error correlation value is not given. If we assume the same negative correlation
of ⇢ = �0.27, the BaBar (3) and Belle (4) data can be combined to give

R(D)
exp

= 0.42 ± 0.06, R(D⇤)
exp

= 0.34 ± 0.03, (5)

with the error correlation of ⇢ = �0.26.i The combined data is now inconsestent with
the SM prediction (2) at 3.8� (99.985% CL).

iIf the error correlation is set to zero in the Belle data (4), the combined results give R(D)
exp

=
0.41± 0.06 and R(D⇤)

exp

= 0.34± 0.03 with the correlation ⇢ = �0.22, which are inconsistent with the
SM at 3.7� (99.976% CL).

1

1 Introduction

The standard model (SM) gives an accurate description of elementary particle phe-
nomena, however, experimenatal uncertainties about the flavor structure of the third
generation are still larger than the first and second generations. In the standard model,
the charged currents are described by the SU(2)L gauge coupling of the left-handed dou-
blets of quarks and leptons, and the Cabibbo-Kobayashi-Maskawa flavor-mixing matrix.
Some models beyond the standard model predict di↵erent structures. A typical example
are two Higgs doublet models (2HDMs), which predict charged Higgs contributions, and
its couplings are proportional to the fermion masses.

For testing the universality of charged currents among the lepton generations, ratios
of the branching fractions are introduced as observables,

R(D(⇤)) =
Br(B ! D(⇤)⌧ ⌫̄)

Br(B ! D(⇤)`⌫̄)
, (1)

where ` denotes e or µ. The standard model predictions are given in the Refs. [1–7].
These values in Refs. [8, 9] are,

R(D)
SM

= 0.305 ± 0.012, R(D⇤)
SM

= 0.252 ± 0.004. (2)

Predictions of the minimal supersymmetric standard model (MSSM) are found in Refs.
[1–3,10,11], which can significantly a↵ect the semi-tauonic B decays, through its Higgs
sector of the type-II 2HDM.

The present experimental datas are given by the BaBar Collaboration [12, 13]:

R(D)
BaBar

= 0.440 ± 0.072, R(D⇤)
BaBar

= 0.332 ± 0.030, (3)

with the error correlation of ⇢ = �0.27. These results are inconsistent with the SM
of Eq. (2) at 3.4�, or 99.93% CL for the two data points. The type II 2HDM does
not improve the fit, being inconsistent with the data at 99.8% CL for the optimal value
of mH±/ tan �. The Belle Collaboration also reported measurements [14–16], and the
newest results which are estimated in Ref. [13] are,

R(D)
Belle

= 0.34 ± 0.12, R(D⇤)
Belle

= 0.43 ± 0.08, (4)

where the error correlation value is not given. If we assume the same negative correlation
of ⇢ = �0.27, the BaBar (3) and Belle (4) data can be combined to give

R(D)
exp

= 0.42 ± 0.06, R(D⇤)
exp

= 0.34 ± 0.03, (5)

with the error correlation of ⇢ = �0.26.i The combined data is now inconsestent with
the SM prediction (2) at 3.8� (99.985% CL).

iIf the error correlation is set to zero in the Belle data (4), the combined results give R(D)
exp

=
0.41± 0.06 and R(D⇤)

exp

= 0.34± 0.03 with the correlation ⇢ = �0.22, which are inconsistent with the
SM at 3.7� (99.976% CL).

1

1 Introduction

The standard model (SM) gives an accurate description of elementary particle phe-
nomena, however, experimenatal uncertainties about the flavor structure of the third
generation are still larger than the first and second generations. In the standard model,
the charged currents are described by the SU(2)L gauge coupling of the left-handed dou-
blets of quarks and leptons, and the Cabibbo-Kobayashi-Maskawa flavor-mixing matrix.
Some models beyond the standard model predict di↵erent structures. A typical example
are two Higgs doublet models (2HDMs), which predict charged Higgs contributions, and
its couplings are proportional to the fermion masses.

For testing the universality of charged currents among the lepton generations, ratios
of the branching fractions are introduced as observables,

R(D(⇤)) =
Br(B ! D(⇤)⌧ ⌫̄)

Br(B ! D(⇤)`⌫̄)
, (1)

where ` denotes e or µ. The standard model predictions are given in the Refs. [1–7].
These values in Refs. [8, 9] are,

R(D)
SM

= 0.305 ± 0.012, R(D⇤)
SM

= 0.252 ± 0.004. (2)

Predictions of the minimal supersymmetric standard model (MSSM) are found in Refs.
[1–3,10,11], which can significantly a↵ect the semi-tauonic B decays, through its Higgs
sector of the type-II 2HDM.

The present experimental datas are given by the BaBar Collaboration [12, 13]:

R(D)
BaBar

= 0.440 ± 0.072, R(D⇤)
BaBar

= 0.332 ± 0.030, (3)

with the error correlation of ⇢ = �0.27. These results are inconsistent with the SM
of Eq. (2) at 3.4�, or 99.93% CL for the two data points. The type II 2HDM does
not improve the fit, being inconsistent with the data at 99.8% CL for the optimal value
of mH±/ tan �. The Belle Collaboration also reported measurements [14–16], and the
newest results which are estimated in Ref. [13] are,

R(D)
Belle

= 0.34 ± 0.12, R(D⇤)
Belle

= 0.43 ± 0.08, (4)

where the error correlation value is not given. If we assume the same negative correlation
of ⇢ = �0.27, the BaBar (3) and Belle (4) data can be combined to give

R(D)
exp

= 0.42 ± 0.06, R(D⇤)
exp

= 0.34 ± 0.03, (5)

with the error correlation of ⇢ = �0.26.i The combined data is now inconsestent with
the SM prediction (2) at 3.8� (99.985% CL).

iIf the error correlation is set to zero in the Belle data (4), the combined results give R(D)
exp

=
0.41± 0.06 and R(D⇤)

exp

= 0.34± 0.03 with the correlation ⇢ = �0.22, which are inconsistent with the
SM at 3.7� (99.976% CL).

1

1 Introduction

The standard model (SM) gives an accurate description of elementary particle phe-
nomena, however, experimenatal uncertainties about the flavor structure of the third
generation are still larger than the first and second generations. In the standard model,
the charged currents are described by the SU(2)L gauge coupling of the left-handed dou-
blets of quarks and leptons, and the Cabibbo-Kobayashi-Maskawa flavor-mixing matrix.
Some models beyond the standard model predict di↵erent structures. A typical example
are two Higgs doublet models (2HDMs), which predict charged Higgs contributions, and
its couplings are proportional to the fermion masses.

For testing the universality of charged currents among the lepton generations, ratios
of the branching fractions are introduced as observables,

R(D(⇤)) =
Br(B ! D(⇤)⌧ ⌫̄)

Br(B ! D(⇤)`⌫̄)
, (1)

where ` denotes e or µ. The standard model predictions are given in the Refs. [1–7].
These values in Refs. [8, 9] are,

R(D)
SM

= 0.305 ± 0.012, R(D⇤)
SM

= 0.252 ± 0.004. (2)

Predictions of the minimal supersymmetric standard model (MSSM) are found in Refs.
[1–3,10,11], which can significantly a↵ect the semi-tauonic B decays, through its Higgs
sector of the type-II 2HDM.

The present experimental datas are given by the BaBar Collaboration [12, 13]:

R(D)
BaBar

= 0.440 ± 0.072, R(D⇤)
BaBar

= 0.332 ± 0.030, (3)

with the error correlation of ⇢ = �0.27. These results are inconsistent with the SM
of Eq. (2) at 3.4�, or 99.93% CL for the two data points. The type II 2HDM does
not improve the fit, being inconsistent with the data at 99.8% CL for the optimal value
of mH±/ tan �. The Belle Collaboration also reported measurements [14–16], and the
newest results which are estimated in Ref. [13] are,

R(D)
Belle

= 0.34 ± 0.12, R(D⇤)
Belle

= 0.43 ± 0.08, (4)

where the error correlation value is not given. If we assume the same negative correlation
of ⇢ = �0.27, the BaBar (3) and Belle (4) data can be combined to give

R(D)
exp

= 0.42 ± 0.06, R(D⇤)
exp

= 0.34 ± 0.03, (5)

with the error correlation of ⇢ = �0.26.i The combined data is now inconsestent with
the SM prediction (2) at 3.8� (99.985% CL).

iIf the error correlation is set to zero in the Belle data (4), the combined results give R(D)
exp

=
0.41± 0.06 and R(D⇤)

exp

= 0.34± 0.03 with the correlation ⇢ = �0.22, which are inconsistent with the
SM at 3.7� (99.976% CL).

1

3.8σ

See, Hagiwara, nojiri and sakaki (2014) 
and references therein
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FIG. 20. (Color online). Comparison of the results of this
analysis (light band, blue) with predictions that include a
charged Higgs boson of type II 2HDM (dark band, red). The
widths of the two bands represent the uncertainties. The SM
corresponds to tanβ/mH+ = 0.
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FIG. 21. (Color online). Level of disagreement between this
measurement of R(D(∗)) and the type II 2HDM predictions
for all values in the tanβ–mH+ parameter space.

by B → Xsγ measurements [22], and therefore, the type
II 2HDM is excluded in the full tanβ–mH+ parameter
space.
The excess in both R(D) and R(D∗) can be explained

in more general charged Higgs models [44–47]. The ef-
fective Hamiltonian for a type III 2HDM is

Heff =
4GFVcb√

2

[

(cγµPLb) (τγ
µPLντ )

+ SL(cPLb) (τPLντ ) + SR(cPRb) (τPLντ )
]

, (31)

where SL and SR are independent complex parameters,
and PL,R ≡ (1 ∓ γ5)/2. This Hamiltonian describes the
most general type of 2HDM for which m2

H+ % q2.
In this context, the ratios R(D(∗)) take the form

R(D) = R(D)SM +A
′

DRe(SR + SL) +B
′

D|SR + SL|2,

R(D∗) = R(D∗)SM +A
′

D∗Re(SR − SL) +B
′

D∗ |SR − SL|2.

The sign difference arises because B → Dτ−ντ decays
probe scalar operators, while B → D∗τ−ντ decays are
sensitive to pseudo-scalar operators.
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FIG. 22. (Color online). Favored regions for real values of the
type III 2HDM parameters SR and SL given by the measured
values of R(D(∗)). The bottom two solutions are excluded by
the measured q2 spectra.

The type II 2HDM corresponds to the subset of
the type III 2HDM parameter space for which SR =
−mbmτ tan2β/m2

H+ and SL = 0.
The R(D(∗)) measurements in the type II 2HDM con-

text correspond to values of SR±SL in the range [−7.4, 0].
Given that the amplitude impacted by NP contributions
takes the form

|Hs(SR ± SL; q
2)| ∝ |1 + (SR ± SL)× F (q2)|, (32)

we can extend the type II results to the full type III
parameter space by using the values of R(D(∗)) ob-
tained with Hs(SR ± SL) for Hs(−SR ∓ SL). Given the
small tanβ/mH+ dependence of R(D∗) (Fig. 20), this
is a good approximation for B → D∗τ−ντ decays. For
B → Dτ−ντ decays, this is also true when the decay am-
plitude is dominated either by SM or NP contributions,
that is, for small or large values of |SR+SL|. The shift in
the m2

miss and q2 spectra, which results in the 40% drop
on the value ofR(D) shown in Fig. 20, occurs in the inter-
mediate region where SM and NP contributions are com-
parable. In this region, Hs(SR + SL) )= Hs(−SR − SL),
and, as a result, the large drop in R(D) is somewhat
shifted. However, given that the asymptotic values of
R(D) are correctly extrapolated, R(D) is monotonous,
and the measured value of R(D∗) is fairly constant, the
overall picture is well described by the Hs(SR ± SL) ≈
Hs(−SR ∓ SL) extrapolation.
Figure 22 shows that for real values of SR and SL,

there are four regions in the type III parameter space
that can explain the excess in both R(D) and R(D∗).
In addition, a range of complex values of the parameters
are also compatible with this measurement.

C. Study of the q2 spectra

As shown in Sec. II B, the q2 spectrum of B → Dτ−ντ
decays could be significantly impacted by charged Higgs
contributions. Figure 23 compares the q2 distribution of
background subtracted data, corrected for detector effi-
ciency, with the expectations of three different scenarios.
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distribution in the R(D)–R(D∗) plane. The contours are
ellipses slightly rotated with respect to the R(D)–R(D∗)
axes, due to the non-zero correlation.
For the assumption that R(D(∗))th = R(D(∗))SM, we

obtain χ2 = 14.6, which corresponds to a probability
of 6.9 × 10−4. This means that the possibility that the
measured R(D) and R(D∗) both agree with the SM pre-
dictions is excluded at the 3.4σ level [42]. Recent calcu-
lations [7, 8, 43, 44] have resulted in values of R(D)SM
that slightly exceed our estimate. For the largest of those
values, the significance of the observed excess decreases
to 3.2σ.

B. Search for a charged Higgs

To examine whether the excess in R(D(∗)) can be ex-
plained by contributions from a charged Higgs boson in
the type II 2HDM, we study the dependence of the fit
results on tanβ/mH+ .
For 20 values of tanβ/mH+ , equally spaced in the

[0.05, 1.00]GeV−1 range, we recalculate the eight signal
PDFs, accounting for the charged Higgs contributions as
described in Sec. II. Figure 18 shows the m2

miss and |p∗
! |

projections of the D0τν ⇒ D0& PDF for four values of
tanβ/mH+ . The impact of charged Higgs contributions
on the m2

miss distribution mirrors those in the q2 distri-
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FIG. 19. (Color online). Left: Variation of the B → Dτ−ντ

(top) and B → D∗τ−ντ (bottom) efficiency in the 2HDM
with respect to the SM efficiency. The band indicates the
increase on statistical uncertainty with respect to the SM
value. Right: Variation of the fitted B → Dτ−ντ (top) and
B → D∗τ−ντ (bottom) yields as a function of tanβ/mH+ .
The band indicates the statistical uncertainty of the fit.

bution, see Fig. 3, because of the relation

m2
miss =

(

pe+e− − pBtag − pD(∗) − p!
)2

= (q − p!)
2 ,

The changes in the |p∗
! | distribution are due to the change

in the τ polarization.
We recalculate the value of the efficiency ratio

εsig/εnorm as a function of tanβ/mH+ (see Fig. 19).
The efficiency increases up to 8% for large values of
tanβ/mH+ , and, as we noted earlier, its uncertainty in-
creases due to the larger dispersion of the weights in the
2HDM reweighting.
The variation of the fitted signal yields as a function

of tanβ/mH+ is also shown in Fig. 19. The sharp drop in
the B → Dτ−ντ yield at tanβ/mH+ ≈ 0.4GeV−1 is due
to the large shift in the m2

miss distribution which occurs
when the Higgs contribution begins to dominate the total
rate. This shift is also reflected in the q2 distribution and,
as we will see in the next section, the data do not support
it. The change of the B → D∗τ−ντ yield, mostly caused
by the correlation with the B → Dτ−ντ sample, is much
smaller.
Figure 20 compares the measured values of R(D) and

R(D∗) in the context of the type II 2HDM to the theoret-
ical predictions as a function of tanβ/mH+ . The increase
in the uncertainty on the signal PDFs and the efficiency
ratio as a function of tanβ/mH+ are taken into account.
Other sources of systematic uncertainty are kept constant
in relative terms.
The measured values of R(D) and R(D∗) match

the predictions of this particular Higgs model for
tanβ/mH+ = 0.44±0.02GeV−1 and tanβ/mH+ = 0.75±
0.04GeV−1, respectively. However, the combination of
R(D) and R(D∗) excludes the type II 2HDM charged
Higgs boson at 99.8% confidence level for any value of
tanβ/mH+ , as illustrated in Fig. 21. This calculation is
only valid for values of mH+ greater than 15GeV [5, 8].
The region for mH+ ≤ 15GeV has already been excluded

Explanation by Type-II 
2HDM is impossible
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NP explanations
• Explanations by Type-III 2HDM, lepto-quark model are possible

• Model-independent analysis

Some new physics scenarios consistent with the datas have been considered in Refs.
[4–8,17–22]. In the articles [9,23], all leptoquark models compatible with the SM gauge
group are studied. These models are found to be able to explain the experimental
results. The 2HDM of type III can also account for the discrepancy [24]. In Ref. [8],
model independent analysis has been performed, and the Wilson coe�cients of generic
dimension-6 operators which are favored by the experimental data are identified. The
allowed regions of the coe�cients reside on the complex plane, and the imaginary parts
induce CP violation. In Ref. [25], some observables which are sensitive to CP violation
are constructed by using the D⇤ polarization, which is di�cult to measure.

In this paper, we discuss CP violating observables involving the polarization of vector
resonances (⇢, a

1

, etc.) produced in the decay of the tau lepton in B ! D(⇤)⌧⌫. In Sec.
2, we construct observables which have sensitivity to CP violation in a general situation,
and only consider B ! D⌧⌫ for simplicity. In Sec. 3, we examine the sensitivities of
these observables to two independent imaginary parts of new physics Wilson coe�cients.
Furthermore, we examine CP violation term in three leptoquark models, and 2HDM of
type-III. Finaly, we summarize our findings in Sec. 4.

2 Formalism

2.1 E↵ective Hamiltonian and amplitudes

Assuming the tau neutrinos to be left-handed, we introduce a general e↵ective Hamil-
tonian that contains all possible four-fermion operators of the lowest dimension for the
b ! c⌧�⌫̄⌧ (b̄ ! c̄⌧+⌫⌧ ) transition [8],

H
e↵

=
4GFp

2
Vcb[(1 + CV1)OV1 + CV2OV2 + CS1OS1 + CS2OS2 + CTOT ] + H.c., (6)

where the four-Fermi operators are defined as

OV1 = (c̄L�µbL)(⌧̄L�µ⌫⌧L), (7)

OV2 = (c̄R�µbR)(⌧̄L�µ⌫⌧L), (8)

OS1 = (c̄LbR)(⌧̄R⌫⌧L), (9)

OS2 = (c̄RbL)(⌧̄R⌫⌧L), (10)

OT = (c̄R�µ⌫bL)(⌧̄R�µ⌫⌫⌧L). (11)
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(gray horizontal lines), O⌧
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V2
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S1,2

(magenta curves), O⌧
T (blue regions) and Oe,µ

T (white dotted curves). The black dot in each

panel indicates the SM prediction. The light blue vertical bands show the experimental constraints.

C. Correlations between decays rates and polarizations

As shown in Fig. 2, polarizations are also useful observables to identify new physics. Here

we show correlations between decay rates and polarizations in Fig. 5. The gray horizontal

lines represent the correlations for Oe,µ,⌧
V1

, the light gray regions (black dashed lines) for

O⌧ (e,µ)
V2

, the magenta curves for the scalar operators Oe,µ,⌧
S1,2

, and the blue regions (white

dotted curves) for O⌧ (e,µ)
T . The operator Ol

V2
gives the same line as Ol

V1
in B̄ ! D⌧ ⌫̄. The

light blue vertical bands show the experimental constraints on R(D) and R(D⇤).
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Figure 2: Constraints on the leptoquark e↵ective couplings at µb scale contributing to the CV1 Wilson

coe�cient coming from the �2 fit of R(D) and R(D⇤). The constraints are obtained by use of form

factors evaluated in the HQET (a,c) and the ones computed by Melikhov and Stech (b,d). The zoomed

areas around the origin of the plots in (a) and (b) are depicted in (c) and (d) respectively. The orange

and red circles show the constraints from the experimental upper limit on B(B ! Xs⌫⌧⌫l) for l = ⌧ and

l 6= ⌧ respectively.

h2l
1(3)Lh

33⇤
1(3)L respectively) in Fig. 2 look practically identical and therefore the e↵ect of the

choice of the form factor set is negligible.
In our study we observe that in the case of the vector V 1/3

2

and U2/3
1

leptoquarks with
both left- and right-handed couplings (g3l

2Lg
23⇤
2R and h2l

1Lh
33⇤
1R respectively), the degree of

exclusion highly depends on the employed form factors (see Fig. 3). One can notice from
Fig. 3(b) that for the case of the MS form factors there is practically no allowed region at
99% CL what makes this model disfavoured. This means that we must be careful about
theoretical uncertainties when excluding NP models.

In Fig. 4 we show the resulting constraints on the scalar S1/3
1

and R2/3
2

leptoquark
e↵ective couplings (g3l

1Lg
23⇤
1R and h2l

2Lh
33⇤
2R respectively) which contribute to both CS2 and

CT Wilson coe�cients and therefore are sensitive to tensor form factors. One can notice
that, compared to Fig. 2, the constraints in Fig. 4 look slightly di↵erent for two sets of

11
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muon g-2
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0 ± 63

Figure 2: Compilation of recent published re-
sults for aµ (in units of 10−11), subtracted
by the central value of the experimental av-
erage (3). The shaded band indicates the size
of the experimental uncertainty. The SM pre-
dictions are taken from: JN [4], DHMZ [17],
HMNT [21]. Note that the quoted errors in
the figure do not include the uncertainty on the
subtracted experimental value. To obtain for
each theory calculation a result equivalent to
Eq. (15), the errors from theory and experiment
must be added in quadrature.

(with all errors combined in quadrature) represents an inter-

esting but not yet conclusive discrepancy of 3.6 times the

estimated 1σ error. All the recent estimates for the hadronic

contribution compiled in Fig. 2 exhibit similar discrepancies.

Switching to τ data reduces the discrepancy to 2.4σ, assuming

the isospin-violating corrections are under control within the

estimated uncertainties (see Ref. 32 for an analysis leading to a

different conclusion).

An alternate interpretation is that ∆aµ may be a new

physics signal with supersymmetric particle loops as the leading

candidate explanation. Such a scenario is quite natural, since

December 18, 2013 11:57
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Radiative corrections

� Z

�aµ � aexp
µ � aSM

µ

= (28.8± 80)� 10�10
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Implication on NP models

NP�aµ � aEW
µ � �2

m2
µ

m2
W

•light new particle
•heavy (<O(100 GeV)) new particle 
    + enhancement factor

dark photon

SUSY, RS ...

�

µR �̃µ

H̃ W̃

µL

aSUSY
µ � �2

m2
µ

m2
SUSY

tan�

mµ

cos �

v sin�

Waiting for further experimental confirmations @Fermi and J-park.
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LFVs and EDMs
• SM predictions are highly suppressed 

→ stringent constraints and/or strong tools to probe NP models

• Theoretically and/or Experimentally well-motivated models

Similarity with muon g-2

NP
µ µ

FV
µ

CPV
e e e

muon g-2 LFV EDM

� � �

related with generation of ν masses?
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TeV-scale SUSY models
Before the LHC run, O(0.1-1)TeV SUSY particles

•GUT
•Flavor & CP problem
•Dark Matter
•Collider signatures
•Naturalness
•Muon g-2

are expected.

�

µR �̃µ �̃e eL

H̃ W̃

LFVs

�

ẽL ẽReL eR

�

ẽL ẽReL eR�̃R�̃L

“flavor-blind EDM” “flavored EDM”

�31
ẽL

�13
ẽR

M1

µ tan�

�21
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LFV in SUSY flavor models
Lepton (& quark) flavor signals are discussed in some 
representative flavor models. [ Altmannshofer, Buras, Gori, Paradisi, Straub ’09 ]

RVV2 model SU(3) 
[Ross, Velasco-S, Vives ]

AKM model SU(3)
[ Antusch, King, Malinsky ]
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�

�

Figure 12: Predictions of the RVV2 model both in the hadronic and leptonic sectors. In the first two
rows we show the predictions for various observables vs. S �. The blue points correspond to positive
NP e↵ects in ✏K such that 1.2 < ✏K/(✏K)SM < 1.3 and �Md/�Ms is SM-like. The green points in
the plots of BR(Bs ! µ+µ�) vs. BR(Bd ! µ+µ�) and �Ms/�MSM

s vs. BR(Bs ! µ+µ�) show the
correlation of these observables in the MFV MSSM. The last row refers to the predictions for leptonic
observables. The green points explain the (g � 2)µ anomaly at the 95% C.L., i.e. �aµ > 1⇥ 10�9.

53

Figure 13: Predictions of the AKM model both in the hadronic and leptonic sectors. In the first two
rows we show the predictions for various observables vs. S �. The blue points correspond to positive
NP e↵ects in ✏K such that 1.2 < ✏K/(✏K)SM < 1.3 and �Md/�Ms is SM-like. The green points in
the plots of BR(Bs ! µ+µ�) vs. BR(Bd ! µ+µ�) and �Ms/�MSM

s vs. BR(Bs ! µ+µ�) show the
correlation of these observables in the MFV MSSM. The last row refers to the predictions for leptonic
observables. The green points explain the (g � 2)µ anomaly at the 95% C.L., i.e. �aµ > 1⇥ 10�9.

54

�aµ > 10�9
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LFV in SUSY models with RNs
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BR
 (µ

→
 e

 γ
)

BR (τ → µ γ)

SPS 1a
mN1 = 1010 GeV, mN2 = 1011 GeV
mν1 = 10-5 eV
0 ≤ |θ1| ≤ π/4
0 ≤ |θ2| ≤ π/4
θ3 = 0

mN3 = 1012 GeV
mN3 = 1013 GeV

mN3 = 1014 GeV

θ13 =   1°
θ13 =   3°
θ13 =   5°
θ13 = 10°mN3 = 1012 GeV

Fig. 5.20: Correlation between B(µ → e γ) and B(τ → µ γ) as a function of mN3
, for SPS 1a. The areas

displayed represent the scan over θi as given in Eq. (5.39). From bottom to top, the coloured regions correspond
to θ13 = 1◦, 3◦, 5◦ and 10◦ (red, green, blue and pink, respectively). Horizontal and vertical dashed (dotted) lines
denote the experimental bounds (future sensitivities).

by at least two orders of magnitude. Moreover, and given the impressive effort on experimental neutrino
physics, a measurement of θ13 will likely also occur in the future [694–702]. Given that, as previously
emphasized, µ → e γ is very sensitive to θ13, whereas this is not the case for B(τ → µ γ), and that both
BRs display the same approximate behaviour with mN3 and tanβ, we now propose to study the corre-
lation between these two observables. This optimizes the impact of a θ13 measurement, since it allows
to minimize the uncertainty introduced from not knowing tan β and mN3 , and at the same time offers
a better illustration of the uncertainty associated with the R-matrix angles. In this case, the correlation
of the BRs with respect to mN3 means that, for a fixed set of parameters, varying mN3 implies that the
predicted point (B(τ → µ γ), B(µ → e γ))) moves along a line with approximately constant slope in
the B(τ → µ γ) − B(µ → e γ) plane. On the other hand, varying θ13 leads to a displacement of the
point along the vertical axis.

In Fig. 5.20, we illustrate this correlation for SPS 1a, choosing distinct values of the heaviest
neutrino mass, and we scan over the BAU-enabling R-matrix angles (setting θ3 to zero) as

0 ! |θ1| ! π/4 , −π/4 ! arg θ1 ! π/4 ,

0 ! |θ2| ! π/4 , 0 ! arg θ2 ! π/4 ,

mN3 = 1012 , 1013 , 1014 GeV . (5.39)

We consider the following values, θ13 = 1◦, 3◦, 5◦ and 10◦, and only include in the plot the BR predic-
tions which allow for a favourable BAU. Other SPS points have also been considered but they are not
shown here for brevity (see [674]). We clearly observe in Fig. 5.20 that for a fixed value of mN3 , and
for a given value of θ13, the dispersion arising from a θ1 and θ2 variation produces a small area rather
than a point in the B(τ → µ γ − B(µ → e γ) plane. The dispersion along the B(τ → µ γ) axis is of
approximately one order of magnitude for all θ13. In contrast, the dispersion along the B(µ → e γ) axis
increases with decreasing θ13, ranging from an order of magnitude for θ13 = 10◦, to over three orders of
magnitude for the case of small θ13 (1◦). From Fig. 5.20 we can also infer that other choices ofmN3 (for
θ13 ∈ [1◦, 10◦]) would lead to BR predictions which would roughly lie within the diagonal lines depicted
in the plot. Comparing these predictions for the shaded areas along the expected diagonal “corridor”,

91

[ Antusch, Arganda, Herrero, Teixeira  ’06 ]

Slepton mixings are 
generated by neutrino 
Yukawa couplings

ν mass generation by 
see-saw mechanism
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Correlation with leptonic EDMs

�

ẽL ẽReL eR

M1

µ tan�

�

ẽL ẽReL eR�̃R�̃L

leptonic EDMs 
CP violation comes from (1) gaugino 

masses and/or (2) slepton mixing terms
9

FIG. 2: Model independent correlation between de vs dµ with
the same input parameters of Fig. 1 and varying 10−5 <
(δL,R

eµ , δL,R
eτ , δL,R

µτ ) < 1. The current experimental constraints
on BR(τ → µγ) and BR(τ → eγ) have been imposed. More-
over, the green and blue points correspond to BR(µ → eγ) <
(10−11, 10−13), respectively. The black line corresponds to the
naive scaling de/dµ = me/mµ. The grey region is excluded
by the current experimental upper bound on de.

parameters M3 and Ue3. Moreover, we note that the
constraint from BR(B → Xsγ) at the 90% (99%) C.L.
allows SUSY contributions to the muon (g − 2) as large
as ∆aSUSY

µ
<∼ 1(2) × 10−9.

In Fig. 4, we show the electron and muon EDMs vs
BR(µ → eγ) assuming maximum CP-violating phases.
We vary the input parameters as m0, M1/2 < 1 TeV,
|A0| < 3m0, 3 < tanβ < 50 and µ > 0; we also take
mν3

= 0.05eV, 1010 < M3 < 1015GeV and we consider
three different values for Ue3 = 0.1, 0.01, 0.001. The at-
tained values by de and dµ, compatible with the current
experimental bound on BR(#i → #jγ), are well within
the expected future experimental sensitivities for de, at
least. It is noteworthy that, even in the pessimistic case
in which µ → eγ will not be observed at the MEG ex-
periment (at the level of BR(µ → eγ) <∼ 10−13), the
predictions for de are still typically well above the level
of 10−31e cm.

Besides the running MEG experiment, also other ex-
periments, i.e. Mu2e at Fermilab [40] and COMET at
J-parc [41], looking for µ-e conversion in nuclei with
expected sensitivities of order 10−(16−17), are planed.
These sensitivities would indirectly probe BR(µ → eγ) at
the level of BR(µ → eγ) <∼ 10−14 (see Eq.(8)). Further-
more, the PRISM/PRIME experiment, in which a very
intensive pulsed beam is produced by the FFAG muon
storage ring, is also planed and its ultimate sensitivity
to µ-e conversion in nuclei should reach the 10−(18−19)

level [41]. Thus, µ–e conversion experiments and the elec-
tron EDM would represent the most promising and pow-

FIG. 3: BR(µ → eγ) vs ∆aSUSY
µ in the SU(5)RN model

assuming a hierarchical spectrum for both light and heavy
neutrinos, mν3 = 0.05eV, M3 = 1013 GeV and Ue3 = 0.1. The
plot has been obtained varying the SUSY parameters in the
following ranges: 100 GeV < m0, M1/2 < 1TeV, |A0| < 3m0,
3 < tanβ < 50 and µ > 0. Green (blue) points satisfy the
constraints from BR(B → Xsγ) at the 99% C.L. (90% C.L.)
limit. The grey region is excluded by the current experimental
upper bound on BR(µ → eγ).

erful tool to probe the SU(5)RN model after the MEG
experiment.

We remind that when Ue3 is very small, de, dµ and
BR(µ → eγ) turn out to be highly correlated, as they are
generated by very similar Bino induced diagrams; looking
at Fig. 4, this correlation is evident in the case of blue
points, corresponding to Ue3 = 10−3. In the scenario
with a negligibly small Ue3 ≤ 10−3, both BR(τ → µγ)
and dµ assume their maximum values as the constraints
from BR(µ → eγ) are quite relaxed in this case.

In Fig. 5, we show the correlation between de vs dµ

assuming maximum CP-violating phases and the same
input parameters as in Fig. 4. As shown by the Eq. (39),
the flavored leptonic EDMs are bounded by the experi-
mental limit on BR(µ → eγ). The dots excluded at the
levels of BR(µ → eγ) < 10−11 and BR(µ → eγ) < 10−13

are also indicated in Fig. 5.
In the upper plot of Fig. 6, we show the values attained

by the P-odd asymmetry A(µ+ → e+γ) given in Eq. (41)
as a function of Ue3 for three different values of BR(µ →
eγ) = (3, 1, 0.3)× 10−12, corresponding to the green, red
and blue bands of Fig. 6, respectively.

The plot has been obtained in the following way:
we have performed a scan over the input parameters
m0, M1/2 < 1 TeV, |A0| < 3m0, 3 < tan β < 50
(we set µ > 0) and 1010 < M3 < 1015 GeV (we set
mν3

= 0.05eV). Then, after imposing all the exist-
ing constraints arising from flavor observables (both in
the leptonic and hadronic sectors), direct searches as

Br(µ� e�) < 10�11

Br(µ� e�) < 10�13

(1)

(2)

[ Hisano, MN, Paradisi, Shimizu ’09 ]
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LFV, muon g-2 and eEDM
• Distorted A terms scenario [Giudice, Isidori, Paradisi ’12]

(�f
LR)ij �

Af�ijmfj

m2
f̃

f = u, d, e Sources of flavor 
& CP violation

Figure 5: Predictions for µ ! e�, �aµ and de in the disoriented A-term scenario [69] assuming

✓`ij =
p
mi/mj . Left: µ ! e� vs. �aµ. Right: de vs. �aµ.

In particular, setting m̃ = |Ae| = 1 TeV, sin�Ae=1, M2 = µ = 2M1 = 0.2 TeV, and

tan� = 30, we find that

BR(µ ! e�) ⇡ 6⇥ 10�13

�����
A`

TeV

✓`12p
me/mµ

�����

2✓
TeV

m˜̀

◆4

, (53)

de ⇡ 4⇥ 10�28 Im

✓
A` ✓`11
TeV

◆✓
TeV

m˜̀

◆2

e cm ,

�aµ ⇡ 1⇥ 10�9

✓
TeV

m˜̀

◆2✓tan�

30

◆
.

These estimates are fully confirmed by the numerical analysis shown in fig. 5 which has been

obtained by means of the following scan: 0.5  |Ae|/m̃  2 with sin�Ae=1, m̃  2 TeV,

(M2, µ,M1)  1 TeV and 10  tan�  50.

It is interesting that disoriented A-terms can account for (g�2)µ, satisfy the bounds on

µ ! e� and de, while giving predictions within experimental reach. However, we expect that

the electron g�2 follows NS. A potential source of NS breaking comes from the trilinear terms

(provided Ae/Aµ 6= me/mµ). In practice, as already discussed in previous sections, their e↵ects

are very small after the vacuum stability bound |A`|/m` . 3 are imposed and therefore the NS

relations are preserved.

22

�ij =
�

mi/mj

LFV, eEDM : U(1), no tanbeta
[Giudice,  Paradisi, Passera ’12]

muon g-2 : SU(2), tanbeta enhancement
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LHC results pushed up SUSY scale!

• Non-observation of SUSY particles

• Discovery of 126 GeV Higgs
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• Heavy stops ( O(10-100)TeV )
• Large A term
• Vector-quarks, U(1)’ ...
• NMSSM

MSSM
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High-scale SUSY models
126 GeV Higgs boson + Null result of SUSY search

O(10-100)TeV sfermions

1) gaugino mass ~ sfermion mass
2) gaugino mass << sfermion mass

?

•GUT
•Flavor & CP problem
•Dark Matter
•Collider signatures
•Naturalness (0.1~0.001%)
•Muon g-2

g̃i

O(10 � 100) TeV

100 GeV

q̃, l̃, H̃, A

1 TeV

Anomaly-med

Heavy gaugino, mSUGRA

Energy
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High-scale SUSY models
126 GeV Higgs boson + Null result of SUSY search

O(10-100)TeV sfermions

1) gaugino mass ~ sfermion mass
2) gaugino mass << sfermion mass

?

•GUT
•Flavor & CP problem
•Dark Matter
•Collider signatures
•Naturalness (0.1~0.001%)
•Muon g-2

g̃i

O(10 � 100) TeV

100 GeV

q̃, l̃, H̃, A

1 TeV

Anomaly-med

Heavy gaugino, mSUGRA

Energy

Thanks to the automatic suppression by  heavy masses, 
large flavor- and CP-violating parameters are allowed. In 
this situation, flavor observables are used to access 

such a high scale physics! 

probe
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High-scale SUSY models
126 GeV Higgs boson + Null result of SUSY search

O(10-100)TeV sfermions

1) gaugino mass ~ sfermion mass
2) gaugino mass << sfermion mass

?

•GUT
•Flavor & CP problem
•Dark Matter
•Collider signatures
•Naturalness (0.1~0.001%)
•Muon g-2

g̃i

O(10 � 100) TeV

100 GeV

q̃, l̃, H̃, A

1 TeV

Anomaly-med

Heavy gaugino, mSUGRA

Energy

Thanks to the automatic suppression by  heavy masses, 
large flavor- and CP-violating parameters are allowed. In 
this situation, flavor observables are used to access 

such a high scale physics! 

εK, LFVs and EDMsprobe
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Kaon mixing parameter

�K �
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�12

dL
]

m2
SUSY

|�ij | = 0.1

Suppressed If 
the phases are 

cancelled

maximal phase

Excluded (2-σ)

symmetry?

g̃ g̃
�12

dL

�12
dR

sR d̄R

d̄L sL

                   Heavy gaugino (M3 = mq̃)

[Moroi and MN (2013)]

14年7月30日水曜日



SO(10) relation and C-invariance

g̃ g̃
�12

dL

�12
dR

g̃ g̃
�12

dL
�12

dR

g̃ g̃

�12
dL �12

dR

Im[�12
dR

�12
dL

] = 0 Im[�12
dL

�12
dL

] = �Im[�12
dR

�12
dR

]

sR sRsLd̄R

d̄L sRd̄Rd̄L

d̄L

sL

d̄R

sL

Breaking of C-inv. : EW & Yukawa interactions

C-inv. : m2
d̃L,ij

= m2�
d̃R,ij

�SUSY
K is suppressed

dL � dc
R
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Breaking of SO(10) relation
Dominant SUSY contribution comes from

m2
d̃L,33

�= m2�
d̃R,33 (RG effect through top Yukawa)

g̃ g̃
�12

dL

sR d̄R

d̄L sL

g̃ g̃

�12
dR

sR d̄R

d̄L sL

�13
dR

�32
dR

�13
dL

�32
dL

b̃R

b̃L

tan� �dL,33 �dR,33

0.7
1

0.8
0.5

10
30
50

0.7

0.5

�SUSY
K �

Im[�13
dR

�32
dR

�12
dL

]
m2

SUSY

m2
b̃R
�m2

b̃L

m2
SUSY
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Kaon mixing parameterε(SUSY)
K for the case with M2

d̃L
! M2 ∗

d̃R
(except for 33 elements)

Excluded (2-σ)

Constraint from εK may be relaxed

⇒ Leptonic flavor and CP violations look interesting

|�ij | = 0.1 maximal phase

�SUSY
K         is significantly 
reduced

With SO(10) relation,

Note,
�MK , D0D̄0 :� 30TeV

Heavy gaugino

mSUSY > O(10) TeV
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LFV in High-scale SUSY models

MEG (2013 result)

MEG (upgrade)

Br � �2

m4
l̃

�
M2µ t�

m2
l̃

�2

Anomaly-med

Heavy gaugino

(ml̃ = 0.2 m3/2)

µ = ml̃

(ml̃ = M3, GUT relation)

|�ij | = 0.1
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LFV in High-scale SUSY models
In SUSY models, there is strong correlations btw Br(μ→e γ), Br(μ→eee ) and Rμe

In the case of dipole dominance:

• µ → 3e: Br(µ → 3e) " 7 × 10−3 × Br(µ → eγ)

• µ-e conversion: Rµe ∼ (a few)× 10−3 × Br(µ → eγ)

Comparison (just for fun)

MEG (obsolete)

MEG (upgrade)

Mu3e (Phase I)

Mu3e (Phase II)

Mu2e

COMET

PRISM

MEG (2013 result)

μ eχ0 χ±

l  or ν~
~

or

±

± ±

f

γ

Future experimental limits can be converted to that of Br(µ� e�)

Br � �2

m4
SUSY

Anomaly-med
Heavy gaugino
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Electron EDM in High-scale SUSY models

Current bound

New Limit: de < 8.7� 10�29

ACME collaboration (2013)

: flavored EDM
: flavor-blind EDM

de �
�2

m2
l̃

M1µ

m2
l̃

t�

For m ~ O(10) TeV, we need 
some mechanism to suppress 
the CP phases           .

Anomaly-med

Heavy gaugino
With Δ~O(1), flavored EDMs 
are much important 
because of the large 
enhancement by mτ/me.
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Quark (C)EDMs
�

xf(x)

M3 = mq̃

M3 = 0.1 mq̃

not suppressed so much even 
for lighter gauginos

EDM

CEDM

f(x) � 3 log x +
59
6

dc
q �

�s

4�

mq3

m2
q̃

M3Xq

m2
q̃

Im[�R
13�

L
31] f(M2

3 /m2
q̃)

(x� 1)

µSUSY?Matching scale

�s(100TeV)/�s(3TeV) � 0.82
M3(100TeV)/M3(3TeV) � 0.69
mq(100TeV)/mq(3TeV) � 0.85

Energy

1 GeV

M3

mq̃ dc
q(µSUSY)

dc
q(1GeV)

QCD corrections

0.001 0.01 0.1 1 10 100

10-4

0.001

0.01

0.1

1
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QCD corrections to Quark (C)EDMs in high scale SUSY models

g̃

Energy

1 GeV

M3

mq̃

dc
q(1GeV)

dc
q(mq̃)

dc
q(M3)

Cqg̃

M3 = 3TeVmq̃ [TeV]
100 200 500 1000 2000 50001¥104

1.2

1.4

1.6

1.8

2.0

100 TeV

1000 TeV

Altmannshofer, Harnik, Zupan (2013), Fuyuto, Hisano, Nagata, Tsumura (2013) 

For                , we need RG analysisM3 � mq̃

to resum large logarithms.

dc
q/dc (1 loop)

q
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nEDM in high scale SUSY models

dn

10 20 50 100 200 500 1000

10 –28

10 –27

10 –26

10 –25

10 –29

: flavored EDM
: flavor-blind EDM

Anomaly-med

Heavy gaugino

mq̃

M3 = mq̃

m3/2 = 5mq̃

(M3 � 0.1mq̃)

|�ij = 0.1| tan� = 50

* Thanks to logarithm 
terms, predicted EDMs 
are not changed so 
much for                  .
However, null result of 
gluino search put a 
bound,                  , in 
that case.

m3/2 = mq̃

mq̃ > 40 TeV
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HgEDM in high scale SUSY models

10 20 50 100 200 500 1000
10–28

10–27

10–26

10–25

: flavored EDM
: flavor-blind EDM

Anomaly-med

Heavy gaugino

mq̃

|dc
u � dc

d|
tan� = 50|�ij = 0.1|

from mercury EDM
�|dc

u � dc
d| < 6� 10�27

Hadronic EDMs 
are enhanced for 
lighter gluino
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LFV in high-scale SUSY models with universal 
soft masses

• Even with m ~ O(10-100) TeV, epsilonK and EDMs puts 
severe constraints on flavor- and CP-violating parameters. 

• Sfermion mass matrices may have some universal 
(degenerate) structures at the tree-level to ameliorate 
these constraints even in high-scale SUSY models. 

• Yes, flavor-mixing might be generated by radiative 
corrections.

Can we expect some flavor signals?

[Moroi, MN, Ynagida (2013)]
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Type-I SUSY see-saw model

H̃u

ẽLi
ẽLj

�Rk

(y��)kj(y�)ki

�L �L
�R

�H� �H�

y� y�

Type-I See-saw model ... Introduction of heavy right-handed neutrinos (RNs)

(m̃2
L)ij � (y†�)ik(y�)kj log

MX

M�k

m� =
y2

�v2

M�

Le� =
1

M�
(lLHu)(lLHu)

MN � 1015GeVFor y� � 1,

In the SUSY see-saw model, with keeping the explanation 
of Higgs mass,  is it possible to detect the LFV signals?

Q
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LFV in high scale SUSY models (universal)

(y� � 1)

mh � 126 GeV

measurable 
LFV rates

 Flavored EDMs and epsilonK 
constraints are absent  

y� � �ẽL

mSUGRA

MEG

m0, M1/2, tan�, MN (or y�)

MN � 1015GeV
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LFV in high scale SUSY models (universal)

• Large neutrino Yukawa coupling is also useful to enlarge the 
parameter spaces with successful EWSB

Figure 2: Br(µ → eγ) as functions of m0 and tan β for MN = 3 × 1015 GeV and m0 = m3/2

in the pure gravity mediation model. Numbers in the figure are the values of Br(µ → eγ).
Dark (light) green region satisfies 125 GeV < mh < 127 GeV (124 GeV < mh < 128 GeV)
and dashed two green lines show mh = 120 GeV, 130 GeV. For small tan β, gray region is
excluded by the non-perturbativity of the top Yukawa coupling constant. For large tan β,
there is no correct EWSB minimum in the gray region. The upper (lower) dotted lines show
the upperbounds on tan β by correct EWSB conditions for MN = 1015 GeV (1010 GeV).

tan β; such a region does not exist in the case without right-handed neutrinos [20].
In fact, it is a generic feature that, with too large universal scalar mass compared to the

gaugino masses, electroweak symmetry breaking does not occur unless tan β is O(1). This
is due to the fact that, with large m0 and small M1/2, it becomes difficult to realize negative
m2

Hu
, which is essential for the electroweak symmetry breaking. Because m2

Hu
> 0 at high

scale and also because the RG running of m2
Hu

terminates at the scale of scalar fermions
(which is of the order of m0), m0 should be small enough to make m2

Hu
negative by the

RG effect. In the present case, m2
Hu

is driven to negative by the Yukawa interactions. If
right-handed neutrinos do not exist, m2

Hu
< 0 is realized by the top Yukawa interaction

whose effect is more enhanced for smaller tan β because the top Yukawa coupling constant is
proportional to ∼ 1/ sin β (above the mass scale of superparticles). As a result, for large m0,

7

Anomaly-med

MN = 3� 1015 GeV
MN = 1011 GeV

For               , it becomes 
difficult to achieve 
successful EWSB 

Mi � m0

cf. focus point

y� m2
Hu

challenging to detect 
LFV signals

m3/2 > 40 TeV
gluino mass bound:

loophole: small        ?�ij

MEG

LHC
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LFV in high scale SUSY models (universal)

mh � 126 GeV

Figure 3: Br(µ → eγ) as functions of MN and M1/2/m0 for m0 = 20TeV, tan β = 10,a0 = 0
and sun(µ) > 0 in the mSUGRA model. Numbers in the figure are the values of Br(µ → eγ).
Dark (light) green region satisfies 125 GeV < mh < 127 GeV (124 GeV < mh < 128 GeV)
and dashed green line shows mh = 130 GeV. For small MN , there is no correct EWSB
minimum in the gray region.

smaller value of tan β is required to have successful electroweak symmetry breaking if M1/2

is relatively small. (If M1/2 is comparable to m0, the RG effect enhances the stop masses
because of the large gluino mass. In such a case, the enhanced stop masses make it easier
to realize m2

Hu
< 0.) If there exist right-handed neutrinos, the neutrino Yukawa interactions

also reduce the low-energy value of m2
Hu

, as indicated by Eq. (15); with the high-scale (like the
GUT-scale) value of m2

Hu
being fixed, the low-scale value of m2

Hu
becomes smaller compared

to the case without right-handed neutrinos. Thus, in models with large scalar masses, the
existence of right-handed neutrinos significantly changes the condition of the electroweak
symmetry breaking.

To see the effect of right-handed neutrinos, in Fig. 3, we show the parameter region where
electroweak symmetry breaking successfully occurs in the case of mSUGRA-type boundary
condition on MN vs. M1/2/m0 plane. (Here, we take tan β = 10 and m0 = 20 TeV.) We
can see that, with larger value of MN (corresponding to larger neutrino Yukawa coupling

8

• With lighter gaugino masse, a large neutrino Yukawa 
coupling is required, as long as universal soft masses 
are assumed. 

mSUGRA

O(0.01)

O(0.1)

O(1)

Mi/m0

mSUGRA

Anomaly-med
large y�

large LFV
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まとめ

✓フレーバーの物理による新物理探索のためには、標準模型の予言と
実験結果の精密な比較検証が必要。

- 複数の観測量を考慮することにより現れる、新物理への示唆

- 残っているアノマリー(?)の現状

✓フレーバー観測量はLHC実験では直接探索できない高いエネルギー
スケールの物理を探ることが可能。

- LFV & EDM による高エネルギー(10-100 TeV) 超対称模型
の探索
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• KEK Theory Meeting on Particle Physics 

Phenomenology (KEK-PH 2014) 

    10/21-10/24

• KEK Flavor Factory Workshop (KEK-FF2014FALL)/
Belle II Theory Interface Platform (B2TiP) Meeting

    10/28-10/31

     http://kds.kek.jp/conferenceDisplay.py?confId=15873
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CKM matrix and Unitarity Triangle

�

�
Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb

�

�

VudV
�
ub + VcdV

�
cb + VtdV

�
tb = 0

�

��

VudV
�
ub VtdV

�
tb

VcdV
�
cb

Vtd = |Vtd|e�i�

Vub = |Vub|e�i�

Vts = �|Vts|e�i�s

�

�

�
1� �2/2 � A�3(�� i�)
�� 1� �2/2 A�2

A�3(1� �� i�) �A�2 1

�

�

Wolfenstein parametrization

|Vus| = 0.2252(9)
|Vcb| = (40.6 ± 1.3)� 10�3

uL

dL

W+

VCKM
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Importance of double-mass insertion
in high-scale SUSY models (Anarchy)

Figure 2: Br(µ → eγ) as a function of the slepton mixing parameter ∆l̃ (which is the absolute
value of the off-diagonal elements of ∆l̃L,ij and ∆l̃R,ij) for the heavy gaugino scenario. We
take tan β = 50 and µ = ml̃ = 100 TeV. We show the constructive case (∆ẽR,12 = ∆ẽR,13 =
∆ẽR,23 = ∆l̃L,12 = ∆l̃L,13 = ∆l̃L,23) and and destructive case (−∆ẽR,12 = ∆ẽR,13 = ∆ẽR,23 =
−∆l̃L,12 = ∆l̃L,13 = ∆l̃L,23). For comparison, we also show the results only with ∆ẽR,12 and
∆l̃L,12.

the µ → eγ process is induced by diagrams with chirality-flip due to the gaugino mass. Thus,
the amplitude for the AMSB case is suppressed by the factor of about M1,2/ml̃.

So far, we have considered the case where µ → eγ is dominantly induced by the 12
elements of ∆l̃L,ij and ∆l̃R,ij. Other components may, however, also affect Br(µ → eγ). In
particular, Br(µ → eγ) can be enhanced if the product ∆ẽR,13∆l̃L,32 or ∆l̃L,13∆ẽR,32 are non-
vanishing [35]. This is because, in such a case, left-right mixing occurs due to the Yukawa
interaction of tau-lepton instead of that of muon. To see how large the branching ratio can
be, we also calculated Br(µ → eγ) for the case where the absolute values of all the off-
diagonal elements of ∆l̃L,ij and ∆l̃R,ij are equal. (Here, we take ∆l̃L,ii = ∆l̃R,ii = 0.) In such
a case, the magnitude of the amplitude proportional to the tau Yukawa coupling constant
and that to the muon Yukawa coupling constant become comparable when the off-diagonal
elements are about 0.1. The relative phase between those two amplitudes depends on the

5

Br � �2

m4
SUSY

Br � �4

m4
SUSY

double mass insertion

single mass insertion

�Y �13
eL

�32
eR

m�/mµ

�2�12
eL

vs
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Summary of flavor constraints (i)4

For the chosen normalization parameters, this is signif-
icantly below the current constraint of |de| . 1.05 ⇥
10�27 e cm [14], unless tan � is particularly large. Notice
also that the 1-loop bino-slepton EDM diagram does not
receive a logarithmic enhancement. The technical rea-
son for the log-enhancements of the CEDMs at one loop
can be traced to the fact that the gluino carries a color
charge, and more precisely to the part of the gluino prop-
agator given by taGa

µ⌫�µ⌫M3/(p2 � M2
3 )2 in an external

field; the corresponding term in the bino propagator is
absent due to its neutrality. A similar log-enhancement
does appear in the chargino-slepton loop, but given that
one of the vertices is proportional to the Yukawa coupling
of the external fermion, such diagrams are subleading as
they do not recieve the m⌧/me enhancement due to large
LR mixing.

If we fix the mixings in the u-, d-, and e-sectors to
✓2u,d,e = 1/3 as well as the gaugino masses to M1,3 =

1 TeV, we can calculate the (C)EDMs d̃u,d, de as func-
tions of tan � and ⇤SUSY. In Fig. 2, we show contours of
constant �mq and d̃u,d, varying tan � and ⇤SUSY. We see
that the EDM limits probe scales of O(0.1) PeV or even
higher in this scenario. The corresponding contour for de
is similar in shape to that for d̃d, and using the current
limit from the bound on the EDM of YbF [14], is sen-
sitive to scales of O(30) TeV with the same parameters.

Finally, we will comment briefly on the contribution of
two-loop Barr-Zee-type diagrams with a closed chargino
loop attached to the quark lines by a virtual h� pair
[16]. For the scenarios we are considering, these dia-
grams constitute a small correction (although they can
be important in scenarios where the h ! �� rate is in-
creased through CP-violating interactions [17]). In fact,
while these corrections are small for case 1, they are tiny
for case 2. Although they have a milder decoupling with
⇤SUSY, d2�loop BZ

i / 1/µ ⇠ 1/⇤SUSY, they do not re-
ceive the corresponding mass enhancement by mt/mu,
i.e. d2�loop BZ

i ⇠ mi, which renders them subdominant
over the full range of ⇤SUSY that is of interest here.

3. FLAVOR-VIOLATING OBSERVABLES

In contrast to EDMs, most flavor-violating observables
arise in the down-type fermion sector and so cannot ac-
cess the large mt/mu enhancement from generic flavor
mixing at the sfermion scale. Nonetheless, dipole transi-
tions can still be important, particularly for large tan �.
Observables which do not require a chirality flip are again
comparatively weaker in this scenario, but we still find
that ✏K provides the best sensitivity in the 1-2–sector,
albeit only probing slightly higher scales than EDMs.

d
é
u

d
é
d

dmu

dmd

de

mh=126 GeV

50 100 150 200 250 300 350 400

2

4

6

8

10

12

14

L HTeVL

ta
n
b

FIG. 2. Contours of �mu = 1MeV and �md = 2MeV (blue,
dashed) and d̃q = 6 ⇥ 10�27 cm for q = u, d (red, solid) are
shown, with ✓2q13 = 1/3, M3 = 1 TeV, and sin�q̃µ = 1/

p
2. If

the limit |d̃u� d̃d| . 6⇥10�27 cm from the mercury EDM [11]
is interpreted as a limit on d̃u(✓ũµ) and d̃d(✓d̃µ) independently,
given the distinct CP phases, then the shaded region to the
left of each contour is ruled out. For comparison, we have
shown the region of parameter space consistent at 2� with
a Higgs mass mh = 125.7 ± 0.8 GeV [1] and the top mass
fixed to mt = 173.5 GeV (green, inner band) and with mt in
the range 173.5± 1 GeV (yellow, outer band). (The one-loop
leading-log corrections [15] to the Higgs mass are used here;
two-loop corrections tend to lower the band to slightly smaller
values of tan�, see, e.g., [2].)

A. Kaon mixing and ✏K

As always, limits from K0 � K
0

mixing are extremely
important, in particular the constraint from indirect CP-
violation in neutral kaon decay. For case 1, ✏K takes the
form [18]

✏SUSY
K =

ImhK0 |HSUSY|K0ip
2�MK

' �0.15

✓
100 TeV

⇤SUSY

◆2

Im
nh�

�QLL

�2
12

+
�
�dRR

�2
12

i

+
2

11

"
3�2

✓
MK

ms+md

◆2
#
�
�QLL

�
12

�
�dRR

�
12

)
,

(17)

assuming that the K0�K
0

mass di↵erence is dominantly
accounted for by the SM. For case 2, the coe�cient 0.15
is replaced by 0.30 in the above expression. If all of the

�2
MI = 0.3

M3 = 1TeV
sin� = 1/

�
2

|d̃u � d̃d| < 6� 10�27 cm

McKeen,Pospelov and Ritz (2013)

from mercury EDM
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Summary of flavor constraints (ii)
Altmannshofer, Harnik, Zupan (2013)
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FIG. 1: Summary of various low energy constraints (left of the lines are the excluded regions) in

the sfermion mass vs. tan� plane for the example of 3 TeV bino and wino and 10 TeV gluino,

while fixing the mass insertion parameters to be (�
A

)
ij

= 0.3 when using the super-CKM basis.

The dark (light) blue shaded band is the parameter space compatible with a Higgs mass of m
h

=

125.5±1 GeV within 1� (2�). The upper (lower) plot gives the reach of current (projected future)

experimental results collected in Tab. I.

electric dipole moments (EDMs). In this work we investigate the limits that these searches

place on flavor violation at the PeV scale. We will see that in many cases the diagrams

which constrain the split SUSY case are di↵erent than those which place constraints in the

well studied low scale SUSY case. Our results are summarized in Fig. 1 in which current

bounds and future sensitivity to the scalar masses is shown in a slice of parameter space

(see the next section for more details of assumptions made). Our conclusion is that the

0.1-1 PeV scale will be probed by a host of experiments in the near future. Constraints

from Kaon oscillations are already probing squark masses of a PeV. Bounds on neutron and

nuclear EDMs are likely to improve by several orders of magnitude and can also probe PeV

scale quarks. Searches for muon lepton flavor violation as well as precision measurements of

D0-D̄0 oscillations will also reach this interesting range.

In Fig. 1 we have assumed that the squark and slepton mass matrices are anarchic in

3

�MI = 0.3
dn � 1.4(dd � 0.25du) + 1.1 e (dc

d + 0.5dc
u)

< 2.9� 10�26e cm

present

future
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Electron EDM in SUSY models

�

ẽL ẽReL eR

�

ẽL ẽReL eR�̃R�̃L

CP violating phases can appear in flavor-blind and/or 
flavor-violating mass terms.

“flavor-blind EDM” “flavored EDM”

For Δ~O(1), flavored EDMs are much important 
because of the large enhancement by             .m�/me

�31
ẽL

�13
ẽR

M1

µ tan�
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