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Abstract

The new measurement of the dimuon asymmetry from the DO collaboration
can be interpreted as a sizeable new physics contributions to the decay rate
difference AI'y of neutral B; mesons. We investigate model independent
bounds on this quantity and find that an enhancement of AI'y of up to
350% compared to its standard model value is currently not excluded by any

measurement. We strongly encourage direct experimental investigations of
ATl y.

Keywords: B-mixing, New physics

1. Introduction

The experimental measurement of the dimuon asymmetry A% from the
DO collaboration in 2010 and 2011 [1, 2, 3] triggered an enormous amount of
interest. If the value of the measured dimuon asymmetry Aqp is interpreted

solely as a CP violating effect in mixing of neutral B mesons (afl’s),

then the experimental number from 2011 [3] deviates by 3.9¢0 from the stan-
dard model [4, 5, 6] predictions given in [7, 8]. One finds, however, that CP
violation in mixing cannot be enhanced by any known model of physics be-
yond the standard model to an extent to explain the large central value of the
dimuon asymmetry; such a large enhancement would also violate model in-
dependent bounds, see e.g. [9]. In [10] some new standard model sources for
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the dimuon asymmetry were investigated, which lead to a new interpretation
of the measured quantity Acp:

ATy AT

Acp X Als)l + Cr‘dr—d + CFS Fs

(2)
Now the dimuon asymmetry gets also contributions arising from the interfer-
ence of B decays with and without mixing, besides the semi leptonic asymme-
tries in the B, and the B systems. These new contributions are proportional
to AI'y and AT, albeit the latter ones turn out to be negligible [10].

Very recently the DO Collaboration presented a new measurement [11] of the
coefficients appearing in Eq.(1) and Eq.(2) and more importantly of the inclu-

sive single muon charge asymmetry acp and the like-sign dimuon asymmetry
Acp

acp = —0.032% = 0.042% =+ 0.061% , (3)
Acp = —0.235% % 0.064% =+ 0.055% . (4)

This result differs by 2.7 standard deviations from the standard model pre-
dictions given in [8]. Moreover, if one assumes the standard model value for
ATl'y/Ty in Eq.(2), then the new measurement corresponds to the following
result for CP violation in mixing

Ab, = —0.496% + 0.153% =+ 0.072% , (5)

which differs by 2.8 standard model prediction in [8]. This number is now
considerably smaller than the corresponding value presented in [3]

A% = —0.787% + 0.172% + 0.093% . (6)

The reason for that large shift of the central value is the neglect of the sizable
interference contribution proportional for AI'y in the interpretation of Acp
in [3], see Eq.(2).

Stronger statements can be obtained from the data in [11], if different regions
for the muon impact parameter (denoted by the index i) are investigated
separately instead of averaging over them, as done to get the values in Eq.(3)
and Eq.(4). Now all values for al., and AL, differ by 3.6 standard deviations
from the standard model expectation. Moreover it is now possible to also
extract individual values for a, a%, and ATy from the measurements of the

abp and AL 5. One finds [11]:



e Assuming ATy is given by its standard model value, the semi leptonic
asymmetries are measured to be

ay, = —0.62% £ 0.42% , (7)

sl

a, = —0.86% +0.74% . (8)
These values differ by 3.4 standard deviations from the standard model.

e Assuming the semi leptonic asymmetries af, and a?, are given by their
standard model values, then the decay rate difference AI'; is measured
to be

ATy

T = T2.63% % 0.66%. (9)
d

These value differs by 3.3 standard deviations from the standard model
prediction.

e Making none of the above assumptions one gets

at = —0.62% %+ 0.43% , (10)
al, = —0.82% +0.99% , (11)
AT
F—d = 40.50% + 1.38% . (12)
d

These three values differ by 3.0 standard deviations from the standard
model.

All in all, the new measurement still [11] sees evidence for deviations from
the standard model expectations and part of that deviation could root in
an anomalous enhancement of the decay rate difference Al'y. Thus, clearly
the question arises to what extent AI'y can be enhanced by beyond standard
model effects, without violating other experimental constraints. Possible new
physics contributions to the related quantity AI'y have already been studied
in detail in [12] (see also [13, 14, 15]) and they turned out to be strongly
constrained (at most +35% of enhancement is realistic) by different observ-
ables. In this work we study the maximal size of new physics effects to Al'y.
Previous studies of Ay can be found e.g. in [16, 17]. In Section 2 we briefly
recapitulate the mixing formalism, set our notation and we collect the ex-
perimental values and standard model predictions for the mixing quantities.



In Section 3 we re-investigate in detail the standard model structure of ATy
and we illustrate the principal differences compared to Al'y. In Section 4 we
study new physics contributions to Al'y. First we make some general consid-
erations related to a violation of the unitarity of the 3 x 3 CKM matrix, next
we study new physics effects in the dominant tree-level decays and finally we
investigate a new bdrT transition.

Finally we conclude in Section 6.

2. Mixing formalism

Mass differences and decay rate differences of neutral B-mesons can be
expressed to a very high accuracy as (see e.g. [9] for the corrections, which
are of the order of five per mille)

AM, = 2|M}], (13)
ATy = 2|, cos(¢y) | (14)
with MY, being the dispersive part of the box diagrams, see Fig. 1, and I'{,

being the absorptive part. The mixing phase reads ¢, = arg (—Mi,/T'],).
The dispersive part M, is sensitive to off-shell intermediate states; in the case

b d t,c,u

—
Leup §W ?
+

t,C,u

Figure 1: Box diagrams contributing the mixing of B4-mesons. The diagrams on the L.h.s.
can only contribute to M, because the W-bosons are always off-shell, this is also the
case for the top-quark contribution of the diagram on the r.h.s. . Contributions to I',
can only arise from the up- and charm-quark on the r.h.s. .

of the neutral B mesons, the largest contribution stems from the virtual top
quark in the loop. This part is also very sensitive to hypothetical heavy new
physics particles in the loop. T'{, is sensitive to on-shell intermediate states;
thus only the up- and charm-quark on the r.h.s. of Fig. 1 can contribute.
Because of the arising Cabibbo-Kobayashi-Maskawa (CKM) [18, 19] matrix



elements both M{, and T'{, can be complex.
Within the standard model one gets for the mass differences [8, 9]

AM; = 0.543+£0.091 ps~!, (15)
AM, = 1734+26ps". (16)

This can be compared with the current experimental numbers taken from

HFAG [20] .

AM; = 0.510 £0.004 ps!, (17)
AM, = 17.69+0.08ps'. (18)

The central values agree very nicely, the experimental errors are, however,
much smaller than the theoretical ones, which are dominated by hadronic
uncertainties.

The calculation of decay rate differences is more involved, it will be discussed
in Section 3. In the standard model one gets the following predictions [§]

ATy
L4
AT, = (0.08740.021)ps™ ' . (20)

(0.42 + 0.08)% , (19)

This again can be compared with the current experimental numbers from

HFAG [20] 2

r

Al _ (15+1.8)% , (21)

Ly

AT, = (0.08140.011)ps™". (22)
(23)

AT, agrees perfectly with experiment - deviations are at most at the order
of 20%, while in AT’y still a sizable enhancement cannot be excluded.

LCurrently the most precise numbers for the mass differences were obtained by the
LHCb Collaboration - AMy in [21] and AM; in [22] - the first measurements were done
by ARGUS [23] and DELPHI [24] for AM, and by CDF [25] for AM,.

2AT s was measured by LHCb [26], ATLAS [27], CDF [28] and DO [29]. The bound on
AT’y was obtained by BaBar [30] and Belle [31] and is now complemented by the value in
Eq.(12).



A third class of observables in the mixing system are flavour-specific or semi
leptonic CP asymmetries, that describe CP violation in mixing:

aq _ F?Q

= |

T M

AT,
AN, tan ¢, . (24)

sin ¢, =

The standard model values of these quantities are very small [§]

a = (=4.1406)-107*, (25)

sl

af = (1.9£03)-107°. (26)

sl

These observables have not been measured yet, there are only bounds avail-
able. We do not take the current HFAG [20] value ® because there the
traditional interpretation of the dimuon asymmetry in terms of solely CP
violation in mixing was assumed, which seems to be invalid [10]. The semi
leptonic asymmetry in the By system was studied by BABAR [32] and DO
33]

al, = (+ 6+£1773) -107* (BABAR), (27)

sl

aly = (+68+45+14)-107* (DO). (28)

sl

In the B; system it was explored by LHCD [34] and DO [35]

af, = (— 6+£50436)-107* (LHCD), (29)
af, = (—112+£74+17)-10* (DO). (30)

sl

The numbers for the semileptonic CP asymmetries are now complemented
by the values given in Eq.(10) and Eq.(11).

One can also compare the standard model predictions [8] for the mixing
phases

og = —4.3°+1.4°=-0.0854+0.025, (31)
os = 0.22°+0.06° = 0.0042 £ 0.0013 , (32)
with experimental constraints via

AM,
¢, = arctan (a§, AI‘q> . (33)
q

Sad, = (+7+£27) 107 and a$; = (—171 £ 55) - 10~
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Currently ¢4 is not constrained at all* from the experimental numbers (be-
cause of the large uncertainty in AI'y) and for ¢, one gets the following 1-o
range

b e {[—1.04;+0.96] LHCD

[~1.34; —0.58] DO (34)

Hence there is still plenty of space in the mixing phases for beyond standard
model effects. Following [7] and [36] we parameterise general new physics
contribution M}, and I'{, as

M, = MM-A,, (35)
Dy =] - e, (36)
r, = THM-A,, (37)
~ ~ —’L~A
Aq:|Aq e ¢q (38)

Thus we get for the observables

AM, = AMZM .|, (39)
_ SM 1R COS @y

Al'y = AFq . |Aq| oS ¢§M , (40)

¢ _  _SMgq ‘Aq| ) sin @, 41

Qg Qg |Aq| sin ¢§M ) ( )

with the mixing phase
bg = 03" + 07 + 07 - (42)

As seen above, contributions to ¢, from beyond standard model effects, are
currently only very weakly constrained if one considers solely AT'y, AM, and
a, as observables.

The new physics phase gqu can also affect other phases that show up in CP
violation observables arising from the interference of mixing and decay. Two
commonly used notations for these interference phases are 3 in the decay

By — J/YKg and (s in the decay Bs — J/1¢. Both phases denote the

4If one takes the 1-o range of the DO value for the semi leptonic asymmetry, then small
negative values of ¢4 are excluded.



ratios of the CKM factors appearing in the b — c¢s tree-level decay and in
the B,-mixing amplitude M{,. We use the definitions from [37] to get the
standard model expectations.

VeaViy o
B = g |- ] =2 — 0aaed (3
tb
ViV .
Bs = arg {—#} = 1.053°T0081° — 0.01838+0:00072 (44)
¢s¥ch

The above definitions are not completely symmetric, 8, has instead been
chosen in such way, that it has a positive value in the standard model. Thus
(—fs) is the analogue of the well-known angle § from the unitarity triangle.
For the numerical values in Eqgs. (43),(44) we have used [38], similar results
can be found in [39]. Here one should keep in mind that these numbers
were obtained under the assumption of a unitary 3 x 3 CKM matrix; giving
up these assumption one can get considerably different values for g and [,
compared to the ones given in Eq.(43) and Eq.(44).

New physics effects in mixing alter these two phases in the following way

28 — 2B+ ¢5, (45)
28, — 2B+ 2. (46)

As promised, here again the new physics mixing phases gqu show up. Taking
also penguin contributions to the decay b — c¢s into account one gets

208 + 5§eng,SM N 25 + 5§eng,SM i ¢§ 4 5seng,NP , (47)
_2ﬁ8+5§eng,SM - _255+5§eng’SM+¢sA+5§eng’NP, (48)

In the standard model penguin contributions are typically expected to be
quite small, see e.g. [40, 41, 42, 43] for some related discussions. New physics
penguins might, however, give visible effects [36].

HFAG [20] quotes for the directly measured values of 8 and f;

BE = 21.4° +0.8° = 0.374 £ 0.014 , (49)
_9pPm = 93°t8 T 10,04+010 (50)

Both numbers are in agreement with the standard model expectations but
there is still sizeable room for new physics effects both in the B; and the



B, system. For (8, there is even a more precise measurement from LHCb
available [26] °

—2p5% = 0.6° 4+ 4.0° £ 0.6° = +0.01 £ 0.07 +0.01 , (51)

which is dominated by statistical uncertainties.

Assuming small new physics contributions to tree-level decays one can ne-
glect (;NSqA as well as 653”9’]\7 P In that case only gqu appears as a new physics
phases in Eq.(42), Eq.(47) and Eq.(48) and its possible value can be strongly
constrained, in particular by the measurements of g and ;. This was the
strategy of e.g. [44, 45]. However, in the current work we are exactly inter-
ested in the possible size of new physics effects to tree-level decays and thus
we do not make the above assumptions.

3. AT'; within the Standard Model

3.1. Standard model predictions for mizing quantities

Within the framework of the Heavy Quark Expansion (HQE) [46, 47, 48,
49, 50, 51, 52, 53] I'{, can be expressed as an expansion in the inverse of the
heavy b-quark mass and in the strong coupling:

. AN? (a0 | s e AN o AN (e
o= (o (r3 + 2T o)+ o (ra®@+..) + o (re®@+..) +..

(52)

Each term in the above formula with a definite mass dimension, e.g. T'3, T'Y,...
consists of products of perturbative Wilson coefficients and non-perturbative
matrix elements of operators with appropriate mass dimensions. The first
term, I's, gives rise to dimension six operators, whose matrix elements are
parametrised in terms of decay constants and bag parameters, see e.g. the
collection of lattice results from the flavour lattice averaging group (FLAG)
[54] or some recent determinations in [55, 56] for the decay constants and in
[57] for the bag paramters. An update of the QCD-sum rule calculations for
the relevant decay constants was given in [58]. The leading perturbative part

T2 has already been estimated in [59, 60, 61, 62, 63, 48, 64, 65]. NLO-QCD

)

corrections Fg’(l were calculated in [66] for the case of the Bs-meson and in

°In that paper —235%P is denoted as ¢s.



(67, 68] for the case of the Bg-meson.

In the sub-leading HQE corrections I'y, dimension seven operators appear.
Some of them can be rewritten in terms of dimension six operators, others
have to be estimated in terms of vacuum insertion approximation. A first step
in the non-perturbative determination of the dimension seven operators was
given in [69, 70]. The perturbative contributions FZ’(O) were first calculated
in [71] for the case of the Bs-meson and in [16] for the case of the By-meson.
Even sub-sub-leading corrections Fg’(o) were estimated in [72]. Because of our
ignorance concerning the size of the matrix elements of some of the appearing
dimension eight operators we will not use these estimates, which resulted in
small values.

Including these corrections one gets the following result as a standard model
prediction for AT’y . We also show in detail the individual contributions to
the theoretical errors in

ATy = (0.0029 4 0.0007) ps~*
= 0.0029 ps™* (1 +0.16p,, +0.145, +0.07,£0.07, £0.055, £ 0.045,
+0.03y,, +0.035 £ 0.01,,, £ 0.01, & 0.01py, /v,

0003, 00,5, ) (53)

Within the standard model AT'; is known with a precision of +£25%. The
dominant uncertainty comes from matrix elements of dimension 7 operators.
The operator denoted by Rs (see [7] for detailed definitions) gives rise to an
uncertainty of +16%. Ry falls in the same class of operators and it gives
an uncertainty of +4%. One should keep in mind that the corresponding
bag parameters have been estimated very conservatively by allowing a 50%
deviation from the central value of one. Reducing this allowed deviation to
25%, which still looks very reasonable, would reduce also the errors corre-
sponding to Ry and Ry by a factor of two. Unfortunately there is currently
no non-perturbative determination of these parameters available. A part of a
corresponding calculation within QCD sum rules was performed in [69, 70].
Here any progress e.g. a lattice determination or the full QCD sum rule
determination would be of outmost importance to reduce the error.

The next-to dominant uncertainty arises from the matrix elements of dimen-
sion 6 operators; an overall error of £14% comes from the decay constant
fB,, £5% from the bag parameter Bg and +3% from the bag parameter
B. Currently several lattice groups are working on this parameters, so the
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corresponding error can be expected to shrink in future.

Number three in the error ranking is the CKM dependence. The uncertainty
in 7y gives an overall error of +7%, V;, gives £3% and |V,,/ V| gives £1%.
Here also the errors are shrinking continuously.

Finally the unphysical renormalisation scale (u) dependence gives rise to an
overall uncertainty of about +£7%. To reduce this error a NNLO-QCD cal-
culation is necessary. Such an effort would only make sense, if progress on
the non-perturbative matrix elements is achieved.

The remaining parametric uncertainties, due to the value of the b-quark mass
my, of the c-quark mass m, and of the strong coupling a, are negligible at
the current stage.

All in all the theoretical status of Al'y is quite advanced and considerable
deviations of a future measurement of this quantity from the value in Eq.(53)
seems to be a clear indication of new physics. Before investigating the possi-
ble space for beyond standard model effects in A"y, we compare this quantity
with ALy, where the space for new effects is limited.

3.2. Comparison of Al'y and ATy

The first observation to make is that ALy is triggered by the CKM
favoured decay b — cés, whose inclusive branching ratios reads (23.7+1.3)%
(73], while ATy is triggered by the CKM suppressed decay b — ccd, whose
inclusive branching ratios reads (1.31+0.07)% [73]. Thus a relative enhance-
ment of I'(b — c¢s) by 100% enhances I';,; by 23.7%, a huge effect, while a
relative enhancement of I'(b — céd) by 100% enhances I'y,; only by 1.31%.
Thus a large enhancement of the b — ccd decay rate, will only have a mi-
nor effect on the total decay rate and could thus be hidden in the hadronic
uncertainties.

Next T'{, has three contributions; one with two internal charm quarks
(denoted by I'{57), one with two internal up quarks (denoted by I'}5"?) and
one with an internal up-charm pair (denoted by I'{5):

diagrams

Ty = — (A2D557 + 20N 157 + AT 7) (54)

11



with the CKM structure . = (V; V) and A\, = (V,5,Vip). The minus sign
was included to keep the coefficients T'{,* positive. The numerical values -
according to the procedure and parameters described in detail in [8] - of the
['{5%2% read

Iiy?=22.5217ps™, Ty = 324561 ps~" (5)
" =20.7161ps™", Ty =29.7802ps ™", (56)
i’ = 188522 ps L. I55" =27.0191 ps !, (57)

The results for the By mesons are mostly enhanced by the normalisation
factor (fp,Mgp,)?/(fp,Mp,)* compared to the B; mesons. The three values
for the different internal quark content (uu, cu and cc) are quite similar, hence
the phase space effects are not very pronounced. In the case of Al'y almost
only T'(5*® contributes, while in the case of AT’y a kind of cancellation occurs:

(in1073 ps™ ' | AT | =20 AT [ NI e, |
By 1.60 — 0.00i | —0.50 + 1.37i | —0.25 — 0.217 || 0.85 + 1.16i
B, 42.81 4+ 0.00i | 0.72 — 1.97i | —0.02 — 0.02i | 43.51 — 1.98i

(58)
This again leads to the fact that a modification in e.g. b — c¢d can have a
much larger effect in Al'y, compared to the effect of a similar modification
inb— cés in Al',.
Another way of looking at the mixing systems is the investigation of the
ratio I'Y, /M{,. In this ratio many of the leading uncertainties cancels, e.g. the
factor (fp,Mp,)?, thus one expects - up to different CKM structures - similar
results for the By and B, mesons. The three physical mixing observables can
be nicely expressed in terms of this ratio:

I
AY = Im (—> , (59)
: M,
AT, <r§2)
= —Re(-22). (60)
AM, M,

Moreover the ratio 'Y, /MY, can be simplified considerably if the unitarity of
the CKM matrix is used, i.e. Ay + Ao+ X, =0

B r_‘% ORI 2N X 1)
M, A?Mu,q

12



= =2 +2° = = - 2_(62)
12,9 )\t Ml?,q At Ml?,q
ce, cc, uc, 2 e, uc, uu,
_ I:12q + Qﬁrl2q~_ 1—‘12 / + (ﬁ) F12q B 2{‘12 ! + F12 ! (63)
Mg A Mg M Mg

it A Ti T (A) [y — 2057 4 T

Q

2
107* | (51 £ 10) — %(10 +2)— <%) (0.16 + 0.03)] (64)
t t

The three numerical coefficients in Eq.(64) are almost identical for the B,
and B; system. The real part of I'1o/M;s and thus AL',/AM, is dominated
by the first coefficient. An imaginary part can only appear in the two re-
maining contributions, which are therefore describing the semi leptonic CP
asymmetries, whose final sizes are given by the values of the CKM elements.
In the By system A,/\; = —0.008 + 0.021/. Hence Al is given to a very
good accuracy by the first term only, while ag is given by the second term
and gets a small numerical value. In the B, system the CKM ratio is larger:
Au/At = —0.033 — 0.4391. The real part will give a correction to Al'y, while
the sizeable imaginary part - it is about a factor of 20 larger than in the
B,-system - gives rise to a semi leptonic CP asymmetry in the By sector that
is also a factor about 20 larger than the one in the B, system.

4. New physics effects in ATy

Next we discuss several model in dependent bounds on hypothetical new
physics effects in AT'y.

4.1. Violation of the unitarity of the CKM matriz

To find the maximal size of new physics contributions to Al'y, we start
by investigating violations of the unitarity of the CKM matrix, which we
parameterise in the following way

Ai+Aet A+ e =0 (65)

13



With that ansatz our expression for I'15/Mjs becomes

2
M,

1000~ (~51410) (1 o)
+ 2 (10+2) (14 fogaar) (66)
2
+ (3) ©16+003).

To estimate the possible deviations from the standard model expectation we
compare the arising CKM factors in the By and B, system.

[ B | B, |
Mo || VaaVigy 0 X Vg Vi oc A5
e || VeaVig o N0 | VgV ox A2
N | ViaVig o< N | ViV o A2

Fits of flavour observables and electro-weak precision observables within the
framework of the standard model with an additional chiral family of fermions
(SM4), e.g. [74] have found that Vyg = O(\?), Vys = O(A?) and Vi = O(N)
is not yet excluded by any experimental constraint. The observation [75, 76]
of the Higgs particle [77, 78, 79] has excluded the possibility of the simple
SM4 [80, 81], but one could still think about extended SM4 models, that are
not in conflict with the observed Higgs particle. Thus we take the bounds
from [74] as a rough estimate for possible violations of the unitarity of the
CKM matrix and we get

5g’KM ViaVin

— -0(1), 67
5SCKM Vt/SVth
=2 = 20 _ (). 68
T e~ oW (63)

Such a violation would lead to an enhancement of the dominant first term
in Eq.66) by a factor of 4 for the case of B; mesons and to an enhancement
by a factor of 1.4 for the case of B, mesons. Depending on the phase of
the new contribution this could affect the semi leptonic asymmetries or the
ratio AI';/AM,. In the latter case one could imagine that AM, is almost
unaffected and the enhancement shows up in AI';, (mostly by a change of the

14



value of the CKM elements V,; and V). Thus Al'y can be enhanced by a
factor of about 4, while AT’y can be enhanced by a factor of about 1.4, which
is in agreement with the bounds found in [12].

4.2. NP in tree level decays

Play with £6r deviations in I ccye

or
What kind of constraints do we have on the Wilson coefficients Cy 2%

e b — sv. The branching ratio is proportional to ]C’;ff]Q. Comparing
current theory predictions and experimental bounds one gets

5Cy(Myy) < 0.2

o The total inclusive decay rate is largely proportional to 3C% + 3C? +
2C1C5. Comparing the total rate with measured lifetimes one finds

5Cy(Myy) < 0.1

e decay rate differences...
F(I)éd X 3012 + 20102 — 022
15w o 3/2C% + C1Cy — 3m?/miC3
Looks like Cy contribution is suppressed!

e lifetime ratios...
Colour allowed 3C% + 2C1Cy + 1/3C%
Colour suppressed C? + C3
For CA again Cy seems to be suppressed

4.8. New physics effects in Al'y due to bdrt

Finally we would like to investigate the example of a definite operator,
that triggers new physics contributions to Al'y. In that respect we follow
closely the work of Bobeth and Haisch [12], who investigated the contribu-
tions of bsTT to AlL.
We also introduce 10 new operators triggering the bd77 transition

Qsap = CZ Pab-7 Ppt
Qv.ap = Cé Y Pab-T 7y, PpT (69)
Qra = d o Pyb-T o0, PpT
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4.3.1. Direct Constraints
We have the following direct constraints:

e The lifetime ratios of By and By mesons are expected to be very close

to zero [§]
7(Bs) SM
-1 =—-0.2%+0.2 70
(55 ) o i
which is nicely confirmed by experiment [20]
T(Bs> Ezxp.
-1 =—-02%+09% . 71
(i =) = oo "

Thus one gets the following bound on new physics contributions (Fév Py

to the total By and B, decay rates (I')
FNP _ FNP

d = = 0.0% 4 0.9% . (72)

d

Taking only new physics effects in By into accounts one get the following
bound for any (also invisible) new physics contribution to By decays

09% 1—-o0
Br(By— X) <0.0% +2-09%=1{ 18% 2—0 (73)
2.7% 3—o

where z denotes the number of standard deviations. We use below the
bound Br(B; — X) < 2.5%.

e Br(By — 77) < 4.1-107% BaBar hep-ex/0511015 232M BB - Tim G.:
nothing more recent

e BT — K77 PoS ICHEP2010, 234 - still no paper yet!

e No bound for Bt — nt77!

| [ Br(By— 77) <4.1-107% [ Br(Bs — Xqt¥77) <25% [ Br(BY > a7 7777) < 2.5% |

|Cs(my)] < 1.04 < 13.54 < 7.52

|Cy (my)| < 2.12 < 6.77 < 7.50

|Cr(my)] — <1.95 <3.33
(74)
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For all this bounds always the dominance of a single new physics operator
was assumed. Thus we did not take into account hypothetical cancellations
among the new physics contributions. From that we get the following possible
enhancements of Al

|éd|S,AB < 1+ (041 + O.JIZL’)lOS,AB<mb)|2 ~ 1.44
|4d‘V’AB < 1+ (038 + 0.xx)|C’V’AB(mb)|2 ~ 2.71 (75)
|Ad|T7AB < 1+ (093i0$$)|057AB<mb)|2 ~ 4.5

4.8.2. Indirect Constraints
e Br(b—dy)=92+3.0-10"°

Bg—vy) <3.2-1077

B — mete™) <11.0-1078

Br(

o Br(B = altl") <59-10°
Br(
Br(

B —mutum)<50-1078

| [Br(b = dy) < 41| Br(By — 17) |

[Cs(my)] - <31
|Cv (ms)] — < 6.4 (76)
[Cr ()] <5.8(R) <42

< 2.05(L)

4.3.3. Possible size of Al'y
5. Alternatives

What else could affect the dimuon asymmetry? Direct CPV in semi
leptonic decays? Descotes - kamenik How large can this be?
6. Conclusion
Acknowledgements

We would like to thank Guennadi Borissov and Tim Gershon for helpful
discussions and Sheldon Stone for providing Fig. 1.

17



[1] V. M. Abazov et al. [DO Collaboration|, Phys. Rev. D 82 (2010) 032001
[arXiv:1005.2757 [hep-ex]].

[2] V. M. Abazov et al. [DO Collaboration|, Phys. Rev. Lett. 105 (2010)
081801 [arXiv:1007.0395 [hep-ex]].

[3] V.M. Abazov et al. [DO Collaboration], Phys. Rev. D 84 (2011) 052007
[arXiv:1106.6308 [hep-ex]].

[4] S. L. Glashow, Nucl. Phys. 22 (1961) 579.

[5] S. Weinberg, Phys. Rev. Lett. 19 (1967) 1264.

[6] A. Salam, Conf. Proc. C 680519 (1968) 367.

[7] A. Lenz and U. Nierste, JHEP 0706 (2007) 072 [hep-ph/0612167].
[8] A. Lenz and U. Nierste, arXiv:1102.4274 [hep-ph].

9] A. Lenz, arXiv:1205.1444 [hep-ph].

[10] G. Borissov and B. Hoeneisen, Phys. Rev. D 87 (2013) 074020
[arXiv:1303.0175 [hep-ex]].

[11] V. M. Abazov et al. [DO Collaboration], arXiv:1310.0447 [hep-ex].

[12] C. Bobeth and U. Haisch, Acta Phys. Polon. B 44 (2013) 127
[arXiv:1109.1826 [hep-ph]].

[13] A. Dighe, A. Kundu and S. Nandi, Phys. Rev. D 82 (2010) 031502
[arXiv:1005.4051 [hep-ph]].

[14] C. W. Bauer and N. D. Dunn, Phys. Lett. B 696 (2011) 362
[arXiv:1006.1629 [hep-ph]].

[15] A. Dighe and D. Ghosh, Phys. Rev. D 86 (2012) 054023 [arXiv:1207.1324
[hep-ph]].

[16] A. S. Dighe, T. Hurth, C. S. Kim and T. Yoshikawa, Nucl. Phys. B 624
(2002) 377 [hep-ph/0109088].

[17] T. Gershon, J. Phys. G 38 (2011) 015007 [arXiv:1007.5135 [hep-ph]].

18



[18] N. Cabibbo, Phys. Rev. Lett. 10 (1963) 531.
[19] M. Kobayashi and T. Maskawa, Prog. Theor. Phys. 49 (1973) 652.

[20] Y. Amhis et al. [Heavy Flavor Averaging Group Collaboration],
arXiv:1207.1158 [hep-ex].
http: //www.slac.stanford.edu/xorg/hfag/index.html

[21] RAaij et al. [LHCb Collaboration|, Phys. Lett. B 719 (2013) 318
[arXiv:1210.6750 [hep-ex]].

[22] RAaij et al. [LHCb Collaboration|, New J. Phys. 15 (2013) 053021
[arXiv:1304.4741 [hep-ex]].

23] H. Albrecht et al. [ARGUS Collaboration|, Phys. Lett. B 192 (1987)
245.

[24] C. Albajar et al. [UA1 Collaboration|, Phys. Lett. B 186 (1987) 247
[Erratum-ibid. 197B (1987) 565].

[25] A. Abulencia et al. [CDF Collaboration|, Phys. Rev. Lett. 97 (2006)
242003 [hep-ex/0609040].

[26] RAaij et al. [LHCb Collaboration]|, Phys. Rev. D 87 (2013) 112010
[arXiv:1304.2600 [hep-ex]].

27] G. Aad et al. [ATLAS Collaboration], JHEP 1212 (2012) 072
[arXiv:1208.0572 [hep-ex]].

28] T. Aaltonen et al. [CDF Collaboration], Phys. Rev. Lett. 109 (2012)
171802 [arXiv:1208.2967 [hep-ex]].

[29] V. M. Abazov et al. [DO Collaboration], Phys. Rev. D 85 (2012) 032006
[arXiv:1109.3166 [hep-ex]].

[30] B. Aubert et al. [BaBar Collaboration|, Phys. Rev. D 70 (2004) 012007
[hep-ex/0403002).

[31] T. Higuchi, K. Sumisawa, I. Adachi, H. Aihara, D. M. Asner,
V. Aulchenko, T. Aushev and A. M. Bakich et al., Phys. Rev. D 85
(2012) 071105 [arXiv:1203.0930 [hep-ex]].

19



32]

[33]

[34]
[35]

[36]
[37]

[38]

[39]

J. P. Lees et al. [BaBar Collaboration|, Phys. Rev. Lett. 111 (2013)
101802 [arXiv:1305.1575 [hep-ex]].

V. M. Abazov et al. [DO Collaboration], Phys. Rev. D 86 (2012) 072009
[arXiv:1208.5813 [hep-ex]].

RAaij et al. [LHCb Collaboration], arXiv:1308.1048 [hep-ex].

V. M. Abazov et al. [DO Collaboration], Phys. Rev. Lett. 110 (2013)
011801 [arXiv:1207.1769 [hep-ex]].

A. J. Lenz, Phys. Rev. D 84 (2011) 031501 [arXiv:1106.3200 [hep-ph]].

K. Anikeev, D. Atwood, F. Azfar, S. Bailey, C. W. Bauer, W. Bell,
G. Bodwin and E. Braaten et al., hep-ph/0201071.

J. Charles et al. [CKMfitter Group Collaboration|, Eur. Phys. J. C
41 (2005) 1 [hep-ph/0406184], updated results and plots available at:
http://ckmfitter.in2p3.fr

M. Ciuchini, G. D’Agostini, E. Franco, V. Lubicz, G. Mar-
tinelli, F. Parodi, P. Roudeau and A. Stocchi, JHEP 0107
(2001) 013 [hep-ph/0012308], updated results and plots available at:
http://www.utfit.org/UTfit/WebHome

M. Jung, Phys. Rev. D 86 (2012) 053008 [arXiv:1206.2050 [hep-ph]].
M. Ciuchini, M. Pierini and L. Silvestrini, arXiv:1102.0392 [hep-ph].

S. Faller, R. Fleischer and T. Mannel, Phys. Rev. D 79 (2009) 014005
[arXiv:0810.4248 [hep-ph]].

S. Faller, M. Jung, R. Fleischer and T. Mannel, Phys. Rev. D 79 (2009)
014030 [arXiv:0809.0842 [hep-ph]].

A. Lenz, U. Nierste, J. Charles, S. Descotes-Genon, A. Jantsch,
C. Kauthold, H. Lacker and S. Monteil et al., Phys. Rev. D 83 (2011)
036004 [arXiv:1008.1593 [hep-ph]].

A. Lenz, U. Nierste, J. Charles, S. Descotes-Genon, H. Lacker, S. Mon-
teil, V. Niess and S. T’Jampens, Phys. Rev. D 86 (2012) 033008
[arXiv:1203.0238 [hep-ph]].

20



[46]
[47]

[48]

[49]
[50]

[51]

[52]

[53]

[54]

V. A. Khoze and M. A. Shifman, Sov. Phys. Usp. 26 (1983) 387.

M. A. Shifman and M. B. Voloshin, Sov. J. Nucl. Phys. 41 (1985) 120
[Yad. Fiz. 41 (1985) 187].

V. A. Khoze, M. A. Shifman, N. G. Uraltsev and M. B. Voloshin, Sov.
J. Nucl. Phys. 46 (1987) 112 [Yad. Fiz. 46 (1987) 181].

J. Chay, H. Georgi and B. Grinstein, Phys. Lett. B 247 (1990) 399.

I. I. Y. Bigi, N. G. Uraltsev and A. I. Vainshtein, Phys. Lett. B 293
(1992) 430 [Erratum-ibid. B 297 (1993) 477] [hep-ph/9207214].

[. 1. Y. Bigi, M. A. Shifman, N. G. Uraltsev and A. I. Vainshtein, Phys.
Rev. Lett. 71 (1993) 496 [hep-ph/9304225].

B. Blok, L. Koyrakh, M. A. Shifman and A. I. Vainshtein, Phys. Rev.
D 49 (1994) 3356 [Erratum-ibid. D 50 (1994) 3572] [hep-ph/9307247].

A. V. Manohar and M. B. Wise, Phys. Rev. D 49 (1994) 1310 [hep-
ph/9308246).

G. Colangelo, S. Durr, A. Juttner, L. Lellouch, H. Leutwyler,
V. Lubicz, S. Necco and C. T. Sachrajda et al., Eur. Phys. J.
C 71 (2011) 1695 [arXiv:1011.4408 [hep-lat]] and online update at
http://itpwiki.unibe.ch/flag/

R. J. Dowdall et al. [HPQCD Collaboration|, Phys. Rev. Lett. 110
(2013) 222003 [arXiv:1302.2644 [hep-lat]].

A. Bazavov et al. [Fermilab Lattice and MILC Collaborations|, Phys.
Rev. D 85 (2012) 114506 [arXiv:1112.3051 [hep-lat]].

N. Carrasco, M. Ciuchini, P. Dimopoulos, R. Frezzotti, V. Gimenez,
G. Herdoiza, V. Lubicz and C. Michael et al., arXiv:1308.1851 [hep-lat].

P. Gelhausen, A. Khodjamirian, A. A. Pivovarov and D. Rosenthal,
Phys. Rev. D 88 (2013) 014015 [arXiv:1305.5432 [hep-ph]].

J. R. Ellis, M. K. Gaillard, D. V. Nanopoulos and S. Rudaz, Nucl. Phys.
B 131 (1977) 285 [Erratum-ibid. B 132 (1978) 541].

21



[60] J. S. Hagelin, Nucl. Phys. B 193 (1981) 123.

[61] E. Franco, M. Lusignoli and A. Pugliese, Nucl. Phys. B 194 (1982) 403.
62] L. -L. Chau, Phys. Rept. 95 (1983) 1.

[63] A.J.Buras, W. Slominski and H. Steger, Nucl. Phys. B 245 (1984) 369.
[64] A. Datta, E. A. Paschos and U. Turke, Phys. Lett. B 196 (1987) 382.
[65] A. Datta, E. A. Paschos and Y. L. Wu, Nucl. Phys. B 311 (1988) 35.

[66] M. Beneke, G. Buchalla, C. Greub, A. Lenz and U. Nierste, Phys. Lett.
B 459 (1999) 631 [hep-ph/9808385).

[67) M. Beneke, G. Buchalla, A. Lenz and U. Nierste, Phys. Lett. B 576
(2003) 173 [hep-ph/0307344].

[68] M. Ciuchini, E. Franco, V. Lubicz, F. Mescia and C. Tarantino, JHEP
0308 (2003) 031 [hep-ph/0308029].

[69] T. Mannel, B. D. Pecjak and A. A. Pivovarov, Eur. Phys. J. C 71 (2011)
1607.

[70] T. Mannel, B. D. Pecjak and A. A. Pivovarov, hep-ph/0703244 [HEP-
PH].

[71] M. Beneke, G. Buchalla and I. Dunietz, Phys. Rev. D 54 (1996) 4419
[Erratum-ibid. D 83 (2011) 119902] [hep-ph/9605259).

[72] A. Badin, F. Gabbiani and A. A. Petrov, Phys. Lett. B 653 (2007) 230
[arXiv:0707.0294 [hep-ph]].

(73] F. Krinner, A. Lenz and T. Rauh, arXiv:1305.5390 [hep-ph].

[74] O. Eberhardt, A. Lenz and J. Rohrwild, Phys. Rev. D 82 (2010) 095006
[arXiv:1005.3505 [hep-ph]].

[75] G. Aad et al. [ATLAS Collaboration|, Phys. Lett. B 716 (2012) 1
[arXiv:1207.7214 [hep-ex]].

[76] S. Chatrchyan et al. [CMS Collaboration], Phys. Lett. B 716 (2012) 30
[arXiv:1207.7235 [hep-ex]].

22



[77] F. Englert and R. Brout, Phys. Rev. Lett. 13 (1964) 321.
(78] P. W. Higgs, Phys. Rev. Lett. 13 (1964) 508.

[79] G. S. Guralnik, C. R. Hagen and T. W. B. Kibble, Phys. Rev. Lett. 13
(1964) 585.

[80] A. Djouadi and A. Lenz, Phys. Lett. B 715 (2012) 310 [arXiv:1204.1252
hep-ph].

[81] O. Eberhardt, G. Herbert, H. Lacker, A. Lenz, A. Menzel, U. Nierste
and M. Wiebusch, Phys. Rev. Lett. 109 (2012) 241802 [arXiv:1209.1101

[hep-ph]].

koo sk koo sk skok sk kR sk skoskok sk kR sk sk kosk stk sk skokoskokokoskoskokoskosk kol skokok skotokoskoskoskok skokokoskokokoskoskoskok skokokeskokokoskoskoskokoskokokskoskokosk

>k >k 3Kk kR ok ok sk sk sk sk ok ok skoskok ok ok sk sk sk sk sk ok oskokoskook sk ok sk sk sk sk kokokosk ok sk sk sk sk sk sk sk kokoskoskook sk sk sk sk sk sk skokokoskoskosk skosk sk skokoskokokokoskosk sk

[82] A. F. Falk, M. B. Wise and I. Dunietz, Phys. Rev. D 51 (1995) 1183
[hep-ph/9405346].

[83] G. Altarelli, G. Martinelli, S. Petrarca and F. Rapuano, Phys. Lett. B
382 (1996) 409 [hep-ph/9604202].

[84] I. Dunietz, J. Incandela, F. D. Snider and H. Yamamoto, Eur. Phys. J.
C 1 (1998) 211 [hep-ph/9612421).

[85] R. Aleksan, A. Le Yaouanc, L. Oliver, O. Pene and J. C. Raynal, Phys.
Lett. B 316 (1993) 567.

[86] C. -K. Chua, W. -S. Hou and C. -H. Shen, Phys. Rev. D 84 (2011)
074037 [arXiv:1107.4325 [hep-ph]].

[87] R. Aaij et al. [LHCb Collaboration], Phys. Rev. Lett. 108 (2012) 101803
[arXiv:1112.3183 [hep-ex]].

[88] W. Skiba and J. Kalinowski, Nucl. Phys. B 404 (1993) 3.

[89] Y. Grossman, Z. Ligeti and E. Nardi, Phys. Rev. D 55 (1997) 2768
[hep-ph/9607473].

23



[90] G. Buchalla, A. J. Buras and M. E. Lautenbacher, Rev. Mod. Phys. 68
(1996) 1125 [hep-ph/9512380].

[91] J. Beringer et al. [Particle Data Group Collaboration|, Phys. Rev. D 86
(2012) 010001.

24



