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Outline

• News on B → K∗µ+µ−

• News on Bs → µ+µ−

• Updated model-independent constraints on Wilson coe�cients

Results based on
W. Altmannshofer, P. Paradisi , DMS, arXiv:1111.1257, JHEP 1202:106
+ Update arXiv:1204.xxxx

Simi lar recent studies
Bobeth, H i l ler, van Dyk, Wacker, arXiv:1111.2558
Descotes-Genon, Ghosh, Matias, Ramon arXiv:1104.3342

Outline
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∆B =∆S = 1 decays as probes of new physics

(Incomplete) list of promising radiative or semi-leptonic b → s decays

mode interesting observables recent exp. updates

B → Xsγ BR, ACP

B → Xs`
+`− BR, AFB

B → K∗γ BR, S

B → K∗µ+µ−
BR, FL, AFB, A9, S3, A7, A8, S5 LHCb, BaBar 2012

B → Kµ+µ−
BR, FH CDF 2011

Bs → µ+µ−
BR LHCb, CMS, ATLAS 2012
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H ∆F=1
e� = −4GF√

2
VtbV

∗
ts

∑
(CiOi + C ′i O ′i )

b → s effective Hamiltonian

mag. dipole
operator

semileptonic
operators

scalar
operators

B → (Xs ,K
∗)γ

B → (Xs ,K
(∗))`+`−

Bs → µ+µ−

Wilson coefficient Dimension-6 operator

C
(′)
7 C

(′)
9,10 C

(′)
S ,P

(neglecting:
tensor op.s)
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B→ K ∗`+`−

d4Γ

dq2 dcθl
dcθK∗ dφ

=
∑
i ,a

I
(a)
i (q2)f (θl , θK∗ ,φ)

B0 → K∗0(→ Kπ)`+`−: a goldmine for new physics searches

d4Γ̄

dq2 dcθl
dcθK∗ dφ

=
∑
i ,a

Ī
(a)
i (q2)f̄ (θl , θK∗ ,φ)

• Angular d istribution gives access to many observables

• Self-tagging decay: straightforward to extract CP asymmetries
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B→ K ∗`+`−: observables

S
(a)
i (q2) =

(
I
(a)
i (q2) + Ī

(a)
i (q2)

)/
d(Γ + Γ̄ )

dq2

2. CP averaged observables

1. CP asymmetries

A
(a)
i (q2) =

(
I
(a)
i (q2)− Ī

(a)
i (q2)

)/
d(Γ + Γ̄ )

dq2

Normal ization reduces

TH uncertainties

Note: in the case of CP averaged observables at low q2, one can consider combinations of

the S
(a)
i with reduced dependence on form factors at LO

[Altmannshofer, Bal l , Bharucha, Buras, Straub, DS, 0811.1214]

[Matias, Mescia, Ramon, Virto (2012)]

[Krüger et al . (1999)]
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B→ K ∗`+`−: most promising observables

Most promising observables in the early LHC era:

Obs. # angles Ci C ′
i also known as measured?

FL 1 x x −Sc
2 x

AFB 1 x 3
4 S s

6 x

S3 1 x 1
2 (1− FL) A

(2)
T x

S5 2 x x

A9 1 x Aim x

A7 2 x x

A8 3 x x

accessible from #-dimensional
angular d istribution

sensitive to right-handed
currents

T
-o
d
d
C
P

as
ym

m
.

C
P

av
er
ag

ed
ob
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• QCDF: non-factorizable corrections

to O(αs)
• LCSR: form factors with correlated

uncertainties to all orders in Λ/mb

[Beneke et al . (2001, 2004); Bal l , Zwicky (2004);
Altmannshofer et al . (2008); Khodjamirian et al . (2010)]

B→ K ∗`+`−: low vs. high q 2

• OPE in powers of ΛQCD/
√

q2

• Non-perturbative corrections be-
yond form factors negligible

• form factors poorly known

[Grinstein , Pirjol (2004); Bharucha et al . (2008);
Bobeth et al . (2010); Beyl ich et al . (2011)]



David Straub (SNS & INFN , Pi sa) LHCb Workshop, 16 Apri l 2012

Experimental status of AFB(B→ K ∗µ+µ−)
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• Small tensions between BaBar and LHCb at low q2

• At high q2, uncertainty already dominated by theory (form factors)

(neglecting isospin breaking effects)
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Experimental status of FL(B→ K ∗µ+µ−)
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• Some tensions between BaBar and LHCb at low q2

• At high q2, uncertainty already dominated by theory (form factors)

(neglecting isospin breaking effects)
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Bs →µ+µ−

109 × BR(Bs → µ+µ−)

@95% C.L. 1σ

D0 < 51

CDF < 40 18+11
−9

ATLAS < 22

CMS < 7.7

LHCb < 4.5 0.8+1.8
−1.3

SM 3.2± 0.2

Standings in the race for Bs → µ+µ− as of today
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BR(Bs → µ+µ−) ∝
∣∣CS − C ′S

∣∣2 (1− 4m2
µ

m2
Bs

)
+
∣∣(CP − C ′P)+

2mµ

m2
Bs

(C10 − C ′10)
∣∣2

Bs →µ+µ−

Scalar operators:
Virtual ly unconstrained by other processes
Can lead to huge enhancements

Two classes of new physics contributions:

CS = −CP ∼
tan3 β

m2
A

At

mt̃
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m

A
@G

e
V

D

e.g. SUSY

assume µ ∼ mt̃ ,

At = ±2mt̃
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BR(Bs → µ+µ−) ∝
∣∣CS − C ′S

∣∣2 (1− 4m2
µ

m2
Bs

)
+
∣∣(CP − C ′P)+

2mµ

m2
Bs

(C10 − C ′10)
∣∣2

Bs →µ+µ−

Semileptonic operators:

Only C10 non-zero in the SM

Constrained by b → s`+`−

Start to be probed only now!

Two classes of new physics contributions:
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Measurements of
experimental observables

Model-independent constraints
on Wilson coefficients

Constraints on parameter space
of concrete models

Constraints on Wilson coefficients

What are the allowed ranges for the Wilson coefficients?

This talk

Altmannshofer, Paradisi , DS 1111.1257
+ Update 1204.xxxx

see also
Bobeth et al . 1111.2558, 1006.5013
Descotes-Genon et al . 1104.3342
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Measurements of
experimental observables

Model-independent constraints
on Wilson coefficients

Constraints on parameter space
of concrete models

Constraints on Wilson coefficients

"Naive theorist' s combination" of
EXP results;
Estimation of TH uncertainties;
Al l uncertainties assumed Gaussian

What are the allowed ranges for the Wilson coefficients?

This talk

χ2 =
∑ (Oex −Oth)

2

σ2
ex + σ2

th

Altmannshofer, Paradisi , DS 1111.1257
+ Update 1204.xxxx

see also
Bobeth et al . 1111.2558, 1006.5013
Descotes-Genon et al . 1104.3342
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Constraints on C7, C9, C10
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Varying 1 Wilson coe�cient at a time. Ci = CSMi + CNPi

BR(B → Xs`
+`−) BR(B → Xsγ)

*prel iminary*
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Constraints on C7, C9, C10
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Varying 1 Wilson coe�cient at a time. Ci = CSMi + CNPi

BR(B → Xs`
+`−) BR(B → Xsγ) B → K∗µ+µ−

including BR, AFB, FL, S3,

A9 at low and high q2

*prel iminary*
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Constraints on C7, C9, C10
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Varying 1 Wilson coe�cient at a time. Ci = CSMi + CNPi

BR(B → Xs`
+`−) BR(B → Xsγ) B → K∗µ+µ−

BR(B → Kµ+µ−)

see Bobeth et al . (2007, 2011)

*prel iminary*
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Constraints on C7, C9, C10
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Varying 1 Wilson coe�cient at a time. Ci = CSMi + CNPi

BR(B → Xs`
+`−) BR(B → Xsγ) B → K∗µ+µ−

BR(B → Kµ+µ−) BR(Bs → µ+µ−)

*prel iminary*
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Constraints on C7, C9, C10
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• Good agreement with SM expectations

• Complementarity between observables crucial to break degeneracies

Varying 1 Wilson coe�cient at a time. Ci = CSMi + CNPi

BR(B → Xs`
+`−) BR(B → Xsγ) B → K∗µ+µ−

BR(B → Kµ+µ−) BR(Bs → µ+µ−)

*prel iminary*



David Straub (SNS & INFN , Pi sa) LHCb Workshop, 16 Apri l 2012

0.0 0.5 1.0 1.5 2.0
0

20

40

60

80

100

120

140

Φ7� Π

L
7

@Te
V

D

0.0 0.5 1.0 1.5 2.0
0

10

20

30

40

50

60

Φ9� Π

L
9

@Te
V

D

0.0 0.5 1.0 1.5 2.0
0

10

20

30

40

Φ10� Π

L
1

0
@Te

V
D

L = LSM +
∑

j=7,9,10

e iφj

Λ2
j

Oj

Results can be interpreted as bounds on the scale of new physics:

Constraints on the NP scale

~tree level generic
flavour violation
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~loop level CKM-l ike
flavour violation
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Results can be interpreted as bounds on the scale of new physics:

Constraints on the NP scale

• Bounds are weaker in the presence of CP violation beyond the CKM
• Reason: only CP-averaged observables
• Measurement of CP asymmetries would be welcome

~loop level CKM-l ike
flavour violation
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Impact of CP asymmetries

Example 2: angular CP asymmetry A7 in B → K∗µ+µ− at low q2
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95% C.L. from

hypothetical

measurement

〈A7〉 = 0± 0.05

(0 in the SM, not suppressed by smal l strong phases)

Example 1: direct CP asymmetry in B → Xsγ

Dominated by poorly known long-distance contribution in the SM
Very l imited usefulness to constrain NP [Benzke, Lee, Neubert, Paz (2010)]
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Constraints on C ′7, C ′9, C ′10
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Varying 1 Wilson coe�cient at a time. C ′
i = C ′NP

i

BR(B → Xs`
+`−) BR(B → Xsγ)

*prel iminary*
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Constraints on C ′7, C ′9, C ′10

-0.5 0.0 0.5

-0.5

0.0

0.5

ReHC7
' L

Im
HC 7

'
L

-6 -4 -2 0 2 4 6
-6

-4

-2

0

2

4

6

ReHC9
' L

Im
HC 9

'
L

-6 -4 -2 0 2 4 6
-6

-4

-2

0

2

4

6

ReHC10
' L

Im
HC 1

0'
L

Varying 1 Wilson coe�cient at a time. C ′
i = C ′NP

i

BR(B → Xs`
+`−) BR(B → Xsγ) B → K∗µ+µ−

*prel iminary*
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Constraints on C ′7, C ′9, C ′10
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Varying 1 Wilson coe�cient at a time. C ′
i = C ′NP

i

BR(B → Xs`
+`−) BR(B → Xsγ) B → K∗µ+µ− SK∗γ BR(B → Kµ+µ−)

*prel iminary*



David Straub (SNS & INFN , Pi sa) LHCb Workshop, 16 Apri l 2012

Constraints on C ′7, C ′9, C ′10
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Varying 1 Wilson coe�cient at a time. C ′
i = C ′NP

i

BR(B → Xs`
+`−) BR(B → Xsγ) B → K∗µ+µ− SK∗γ BR(B → Kµ+µ−) BR(Bs → µ+µ−)

*prel iminary*
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Constraints on C ′7, C ′9, C ′10
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Varying 1 Wilson coe�cient at a time. C ′
i = C ′NP

i

BR(B → Xs`
+`−) BR(B → Xsγ) B → K∗µ+µ− SK∗γ BR(B → Kµ+µ−) BR(Bs → µ+µ−)

• Complementarity between B → Kµ+µ− and B → K∗µ+µ− important to

constrain right-handed currents

*prel iminary*



David Straub (SNS & INFN , Pi sa) LHCb Workshop, 16 Apri l 2012

Impact of S3

S3 in B → K∗µ+µ−
at low q2
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(tiny in the SM)

Measuring observables directly sensitive to right-handed currents:

all other

contstraints
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Impact of S3

S3 in B → K∗µ+µ−
at low q2
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central value and σstat → 0

(tiny in the SM)

Measuring observables directly sensitive to right-handed currents:

all other

contstraints
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Constraints on C7 vs. C9 vs. C10

Now: al low al l 3 real coefficients to vary and marginal ize over the third one

Flipped-sign solutions:

• C7,9,10 = −CSM7,9,10 cannot be excluded, but . . .
• C7 = −CSM7 disfavoured by BR(B → Xs`

+`−)
• C9,10 = −CSM9,10 NEW: disfavoured by B → K∗µ+µ− data

[Gambino, Haisch, Misiak (2004)]
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Constraints on C7 vs. C9 vs. C10

Now: al low al l 3 real coefficients to vary and marginal ize over the third one

Flipped-sign solutions:

• C7,9,10 = −CSM7,9,10 cannot be excluded, but . . .
• C7 = −CSM7 disfavoured by BR(B → Xs`

+`−)
• C9,10 = −CSM9,10 NEW: disfavoured by B → K∗µ+µ− data

[Gambino, Haisch, Misiak (2004)]
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Constraints in the presence of phases

More general case with phases and/or right-handed currents: constraints weakened

e.g. Re(C9) vs. Re(C10)

SM operator basis
generic CP violation

SM operator basis
only CKM CP violation

SM op. + chiral ity-fl ipped
generic CP violation

More data needed to break degeneracies
Observables directly sensitive to chiral ity and/or CPV
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Fit predictions

Ci C ′i BR(Bs → µ+µ−) |〈A7〉[1,6]| |〈A8〉[1,6]| |〈A9〉[1,6]| 〈S3〉[1,6]

R 0 [1.7, 4.8]× 10−9 0 0 0 0

C 0 [1.1, 4.4]× 10−9 < 0.25 < 0.14 0 0

0 C [0.9, 4.5]× 10−9 < 0.23 < 0.16 < 0.08 [−0.04, 0.08]

R R < 4.6× 10−9 0 0 0 [−0.07, 0.14]

C C < 4.3× 10−9 < 0.34 < 0.21 < 0.13 [−0.07, 0.13]

B → K∗µ+µ−

*prel iminary*95% C.L. constraints on observables to be measured/improved
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Summary

• Recent precise measurements of B → K (∗)µ+µ−, Bs → µ+µ−

show good agreement with the SM and set strong bounds on
NP

• Improved NP sensitivity in B → K∗µ+µ− at high q2 requires
progress on form factors

• Complementarity between B → K∗µ+µ− and B → Kµ+µ− im-
portant to probe right-handed currents. Waiting for LHCb mea-
surement of BR(B → Kµ+µ−)

• Waiting for improved measurements of observables sensitive to
chirality/CP violation

A7,8,9(B → K∗µ+µ−), S3(B → K∗µ+µ−), SK∗γ , . . .
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H ∆F=1
e� = −4GF√

2
VtbV

∗
ts

∑
(CiOi + C ′i O ′i )

Heff

O7 =
mb

e
(̄sσµνPR b)Fµν ,

O8 =
gmb

e2
(̄sσµνT aPR b)Gµν a,

O9 = (̄sγµPLb)(¯̀γµ`) ,

O10 = (̄sγµPLb)(¯̀γµγ5`) ,

OS = mb (̄sPR b)(¯̀̀ ) ,

OP = mb (̄sPR b)(¯̀γ5`) ,

C eff
7 (µb) = −0.304 ,

C9(µb) = 4.211 ,

C10(µb) = −4.103 ,

C eff
7 (µb) = C eff,SM

7 (µb) + CNP7 (µb) ,

C eff
9 (µb) = C eff,SM

9 (µb) + CNP9 ,

C10 = C SM
10 + CNP10 ,

C ′
7(µb) = C ′NP

7 (µb) ,

C ′
9,10(µb) = C ′NP

9,10 .

C
(′)NP
7 (µb) = 0.623 C

(′)NP
7 (µh)+0.101 C

(′)NP
8 (µh) .(µh = 160 GeV)




