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Motivation: Bs Mixing 

• However mixing observables may 
not be very constraining, and if 
sizeable new physics contributions 
to b->ccs couplings are present, 
could also effect b->sll

Brod,	Lenz,	Tetlalmatzi-Xolocotzi,	Wiebusch,	1412.1446v1
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• Mixing related observables 
such as the decay rate 
difference and the semi 
leptonic asymmetry show 
consistency with the SM 

http://www.slac.stanford.edu/xorg/hfag/osc/spring_2016/#DG
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Motivation: Rare Decays 
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• Recent	analysis	of	LHCb	data	suggests	nega(ve	contribu(on	to	Wilson	
coefficient	C9		

• Possible	explana(on	for	tensions	in	rare	decays	such	as	B->K*ll	
•We	assume	there	is	a	nega(ve	shiH	to	C9,	and	ask:	could	this	be	aKributable	to	
virtual	charm	effects?	
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4

¯̀ `

b
s

Summary report for rare B decays and B − B̄ mixing project

October 9, 2016

Kirsty Leslie

Feynman rule and tree matrix elements

The dipole and semileptonic operators are given by

Q7γ =
e

16π2
(s̄LσµνmbbR)F

µν , Ql
9 =

α

4π
(s̄LγµbL)(ℓ̄γ

µℓ)

The Feynman rule for the dipole operator is defined through

⟨s(p′; i), γ∗(q)|Q7γ(0)|b(p; j)⟩ = e2
∫

d4x⟨µ̄(r), µ(r′)|J l
µ(x)A

µ(x)Aν(y)|0⟩×
∫

d4y⟨s(p′; i)|T{J c
ν (y)Q7γ(0)}|b(p; j)⟩ (1)

Removal of the fields and keeping the coupling and numerical constants gives the rule

p

= e
8π2 iqµσµν

p′

q↓

with qµ = pµ − p′µ, i, j = 1, 2, 3 colour indices and e is the electromagnetic coupling.
The tree level matrix elements for these operators, evaluated for the given initial and
final states are below.

⟨s(p′; i), µ̄(r), µ(r′)|Ql
9(0)|b(p; j)⟩tree = δij

α

4π
(ūi

sγµPLu
j
b)(ūγ

µv)

⟨s(p′; i), µ̄(r), µ(r′)|Q7γ(0)|b(p; j)⟩tree = δij
e2

16π2

mb

q2
(ūi

s2iq
µσµνPRu

j
b)(ūγ

µv)

Their parity flipped counter parts can be found by making the substitution PR ↔ PL.

Qm operator matrix elements

The amplitude for the b → sµ̄µ decay with charm loop process is calculated by evaluating
the matrix element of the effective Hamiltonian which contains the Qm, m = 1, ..., 20 basis
of operators along with a charm em current and a muon em current. For each individual
operator, this is given by

Am =
2

3
e2
∫

d4x⟨µ̄(r), µ(r′)|J l
µ(x)A

µ(x)|0⟩
∫

d4y⟨s(p′; i)|T{J c
ν (y)A

ν(y)Qm(0)}|b(p; j)⟩

(2)
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Figure 2 – Purple: ranges preferred at 1� for a new physics contribution to C9 from fits to all B ! K⇤µ+µ�

observables in di↵erent bins of q2. Blue: 1� range for CNP
9 from the global fit (cf. tab. 2). Green: 1� range for

CNP
9 from a fit to B ! K⇤µ+µ� observables only. The vertical gray lines indicate the location of the J/ and  0

resonances, respectively.

3 Summary and Outlook

The new LHCb measurement of angular observables in B ! K⇤µ+µ� is in significant tension
with SM expectations. An explanation in terms of new physics is consistent with the data.
Models with a negative shift of C

9

or with CNP

9

= �CNP

10

< 0 give the best fit to the data. These
findings are in very good agreement with preliminary results from a similar analysis presented
at this conference 25.

Arguments have been given why the tension being caused by underestimated form factor
uncertainties, suggested 24 as an explanation of the original B ! K⇤µ+µ� anomaly 1, does
not seem to be supported by the data. A detailed numerical analysis of this point, with the
help of the new LCSR result 15 (and possibly the relations in the heavy quark limit 22,26,24 as a
cross-check) would be interesting.

An important cross-check of the NP hypothesis is the q2 dependence of the preferred shift in
C
9

and it has been argued that also an unexpectedly large charm-loop contribution at low q2 near
the J/ resonance could solve, or at least reduce, the observed tensions. A possible experimental
strategy to resolve this ambiguity could contain, among others, the following steps.

• Testing LFU in the B ! K⇤µ+µ� vs. B ! K⇤e+e� branching ratios and angular observ-
ables, where spectacular deviations from the SM universality prediction would occur if the
RK anomaly is due to NP 12,27,24, which can be accomodated in various NP models with
a Z 0 boson 28,29,30,31,32,12,33 f or leptoquarks 8,38,29,39,40,41;

• Searching for lepton flavour violating B decays like B ! K(⇤)e±µ⌥, because in leptoquark
models explaining the B ! K⇤µ+µ� anomaly, either RK(⇤) deviates from one or lepton
flavour is violated 29,41 and also in Z 0 models these decays could arise 30.

• Measuring the T-odd CP asymmetries42,43 A
7,8,9, which could be non-zero in the presence

of new sources of CP violation.

• Measuring BR(Bs ! µ+µ�) more precisely as a clean(er) probe of C
10

.

The first three items are null tests of the SM and could unambiguously prove the presence of
new physics not spoiled by hadronic uncertainties; the last one is at least much cleaner than
semi-leptonic decays.

fSome Z0 models 34,35,36,37 predict LFU to hold but could still solve the B ! K⇤µ+µ� anomaly.

Altmannshofer,	Straub,	1503:06199,	
(see	also	Descotes,Hofer,Ma(as,Virto	1605:06059)



Set up: Basic idea
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For the Chirality flipped coefficients the same relations in terms of numbered Wilson
coefficients, hold, except that the Wilson coefficients are primed.

hb(s,mc) =
1

9

(

1

ϵ
+ ln

(

µ2

m2
c

)

+ z − (z + 2)
√
z − 1 arctan

(

1√
z − 1

))

(6)

yb(s,mc) =
1

3

(

1

ϵ
+ ln

(

µ2

m2
c

)

− 2
√
z − 1 arctan

(

1√
z − 1

))

(7)

with hb(s,mc), and yb(s,mc) being functions related to the quark loop integral and have
the subscript b for ”bare” as renormalization of the operators in currently being worked
on.
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��q , aqsl AFB,			RK,	P5’		etc

• Effec(ve	operators	with	charm	content	give	correlated	effects	
in	both	mixing	and	rare	B	decays
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Methodology: Weak Effective Hamiltonian
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Hcc
eff =

4GFp
2

⇥
�c

�
⌃10

i=1CiQi + C 0
iQ

0
i

�
+ h.c

⇤
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Weak E↵ective Hamiltonian and Operator Basis

The matrix elements of 10 four-quark operators (and their chirality flipped counterparts);
are calculated between the partonic initial and final states b ! sµ̄µ, for the �S = �B = 1
semileptonic decay. The weak e↵ective Hamiltonian is given nn the traditional (V �A), (V +
A) basis as found in [1] by

Hb!sll
eff =

GFp
2
[�c⌃

10
m=1(CmQ̃

c
m + C

0
mQ̃

0c
m)� �t(C7�Q̃7� + C

0

7�Q̃7� + C9V Q̃9V + C

0

9V Q̃
0

9V )] (1)

where the primed operators and Wilson coe�cients denote those for which V ±A ! V ⌥A.
The Qc

m operator basis contains SM operators Q1 and Q2, and 18 NP operators. It is specified
in the document “Connecting rare B decays and mixing” as written by Sebastian. These are
listed below.

Q

c
1 = (c̄iL�µb

j
L)(s̄

j
L�

µ
c

i
L), Q

c
2 = (c̄iL�µb

i
L)(s̄

j
L�

µ
c

j
L), (2)

Q

c
3 = (c̄iRb

j
L)(s̄

j
Lc

i
R), Q

c
4 = (c̄iRb

i
L)(s̄

j
Lc

j
R), (3)

Q

c
5 = (c̄iR�µb

j
R)(s̄

j
L�

µ
c

i
L), Q

c
6 = (c̄iR�µb

i
R)(s̄

j
L�

µ
c

j
L), (4)

Q

c
7 = (c̄iLb

j
R)(s̄

j
Lc

i
R), Q

c
8 = (c̄iLb

i
R)(s̄

j
Lc

j
R), (5)

Q

c
9 = (c̄iL�µ⌫b

j
R)(s̄

j
L�

µ⌫
c

i
R), Q

c
10 = (c̄iL�µ⌫b

i
R)(s̄

j
L�

µ⌫
c

j
R), (6)

The dipole and semileptonic operators respectively, are given by

Q7� = mb(s̄L�µ⌫mbbR)F
µ⌫
, Q9V = (s̄L�µbL)(¯̀�

µ
`),

where mb is the b-quark mass. The further 10 primed operators can be found by letting
pL/R ! PR/L in the above expressions. The numerical translation between traditional oper-
ator basis and the chiral quark field basis is

Q̃

c
m = 4Qc

m (7)

Q̃7� =
e

4⇡2
Q7� (8)

Q̃9V = 2Q9V (9)

We define the individual four quark operators generically as

Q

c
m = Cijkl

�
c̄

i�1
mb

j
� �

s̄

k�2
mc

l
�
, (10)

where m = 1, ..., 10, C ijkl are colour factors, and �a
m a = 1, 2 are Dirac structures.
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BSM Plus	10	more	parity	conjugate	operators Q0c
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Qc
i

hµ+µ�s|Hcharm
eff |bi = �C7

eff (q
2)hQ7�itree +�C9

eff (q
2)hQl

9itree +O(↵↵s)

Rare Decay: Calculation         

•Only	shiHs	in	Wilson	coefficients	C1,	C2,	C3,	C4	are	present	-	no	sensi(vity	to	C5-C10		

•Delta	C9’	also	obtained
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Figure 1: The b → sµ+µ− decay with generic operator insertion denoted by the two circled

crosses.
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Figure 1: The b → sµ+µ− decay with generic operator insertion denoted by the two circled

crosses.

5

{ {

⌃iCi
9
i ⌃iCi

7
i

q #
= 7

i

b s

c̄ c

µ+ µ�

b s b

�Ceff
9 (q2) = [4(3�C1 +�C2)

✓
h(q2,mc) +

2

27

◆
� 2(3�C3 +�C4)

✓
h(q2,mc) +

5

27

◆
]



Qc
i Qc

j

4

= fk
ij

Ok

�cc
12 = ⌃i,jCiCjf

k
ijhB̄|Ok|Bi

B̄ B
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For the Chirality flipped coefficients the same relations in terms of numbered Wilson
coefficients, hold, except that the Wilson coefficients are primed.

hb(s,mc) =
1

9

(

1

ϵ
+ ln

(

µ2

m2
c

)

+ z − (z + 2)
√
z − 1 arctan

(

1√
z − 1

))

(6)

yb(s,mc) =
1

3

(

1

ϵ
+ ln

(

µ2

m2
c

)

− 2
√
z − 1 arctan

(

1√
z − 1

))

(7)

with hb(s,mc), and yb(s,mc) being functions related to the quark loop integral and have
the subscript b for ”bare” as renormalization of the operators in currently being worked
on.
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BB̄

OPE reduces original basis to the standard �F = 2 basis
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Width	difference	/Mass	difference Semileptonic		Asymmetry

B � ¯B Mixing: Calculation

B � ¯B Mixing observables
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Phenomenology
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• Nega(ve	shiH	to	C9	can	be	consistent	with	the	mixing	data	

• C1	is	more	effec(ve	in	shiHing	the	C9	contour	due	to	larger	
weigh(ng	in	solu(on

Results: Bounds on           from mixing observables   
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• Again,	mixing	data	allows	sizeable	contribu(on	to		

• Effects	appear	less	pronounced	than	in	the											,										case

Results: Bounds on           from mixing observables   
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• Mixing	data	accommodates	a	scenario	where	C3	contains	most	of	the	NP	and	C2	can	have	
a	very	small	shiH	

• In	all	of	the	cases,	improved	accuracy	in	measurements	of	the	width	difference	and	
semileptonic	CP	asymmetry	may	lead	to	more	stringent	constraints	on	charm	effects	in

�Ceff
9
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• Devia(ons	of	experimental	data	from	SM	theory	predic(ons	
could	possibly	be	explained	by	a	nega(ve	shiH	in	C9	

• Charmed	new	physics	in																			transi(ons	could	offer	an	
explana(on,	but	will	affect	mixing	

• Bounds	from	mixing	observables	allow	a	nega(ve	NP	contribu(on	
to	C9	for	several	different	combina(ons	of	Wilson	coefficients	

• Improved	accuracy	in	the	measurement	of	the	width	difference	
and	semileptonic	CP	asymmetry	may	lead	to	(ghter	constraints	
on	a		“charming										scenario”

Conclusions
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b ! cc̄s

�C9
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SUSY			Basis�B = 2

FIG. 1. Leading-order Feynman diagrams contributing to B0
q mixing in the Standard Model.

up to corrections of order m2
b/m

2
W ⇠ 10�3, while the observable aqfs is given by

aqfs =
|�q

12|
|M q

12|
sin�q, (2.2)

where the CP violating phase �q = arg [�M q
12/�

q
12]. The mass and width di↵erences provide

complementary tests of the Standard Model. The mass di↵erences are calculated from the
dispersive part of the box diagram and are therefore sensitive to potential contributions
from virtual heavy particles. On the other hand, the decay-width di↵erences are obtained
from the absorptive part, which predominantly receives contributions from light internal
particles. Even so, new-physics contributions can a↵ect the width di↵erences.

The energy scale accessible in the loop of the box diagram in Fig. 1 is of order MB
q

,
and is far below the characteristic scale of the electroweak interactions, the W -boson mass
mW . Using the operator-product expansion (OPE) to treat this disparity of scales leads to a
local e↵ective four-quark operator description of Bq mixing. For extensions of the Standard
Model that involve interactions mediated by new heavy particles at the TeV scale or above,
the local e↵ective four-quark operator remains a convenient description. In this description,
extending generically beyond the Standard Model, the e↵ective Hamiltonian is

He↵ =
5X

i=1

CiOq
i +

3X

i=1

C̃iÕq
i , (2.3)

where the Wilson coe�cients Ci contain information specific to the short-distance physics
associated with the flavor-changing interactions, and Oq

i are the e↵ective local four-quark
operators. A basis of e↵ective local four-quark operators is derived from the set of all
Lorentz-invariant, color-singlet current-current interactions among heavy-light quark bilin-
ears, reduced via discrete symmetries of QCD and Fierz rearrangement [57–59], to

Oq
1 = b̄↵�µLq

↵ b̄��µLq
�, (2.4a)

Oq
2 = b̄↵Lq↵ b̄�Lq�, (2.4b)

Oq
3 = b̄↵Lq� b̄�Lq↵, (2.4c)

Oq
4 = b̄↵Lq↵ b̄�Rq�, (2.4d)

Oq
5 = b̄↵Lq� b̄�Rq↵, (2.4e)

Õq
1 = b̄↵�µRq↵ b̄��µRq�, (2.4f)

Õq
2 = b̄↵Rq↵ b̄�Rq�, (2.4g)

Õq
3 = b̄↵Rq� b̄�Rq↵, (2.4h)

5See             Bazakov et al arXiv:1602.03560 
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