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Effective Operators for Flavor Physics

Effective lagrangian at the hadronic scale

Leff = LQCD + LQED +
∑
i

( cSM
i

M2
W

+
cNP
i

Λ2
1

+ · · ·
)
O(6)

i + · · ·

• The coefficients cSM
i are suppressed:

1. Arise at the loop level

2. Proportional to (V †CKM)ts(VCKM)tb

3. GIM → Zero for degenerate quarks

4. Helicity suppression: only V−A interactions, etc.

• Test the SM hyphothesis cNP
i = 0

• Measure cNP
i /ΛNP to learn about the NP.

• Complementarity with high-pT searches (ΛNP).
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Radiative and Dileptonic b → s Operators

Significant progress made recently regarding b → sγ/s`` operators

Radiative and Dileptonic b → s Operators

O7(′) = [s̄σµνPR(L)b]Fµν

O9(′) = [s̄γµPL(R)b][¯̀γµ`]

O10(′) = [s̄γµPL(R)b][¯̀γµγ5`]

Effective Hamiltonian

Hsl
eff = −4GF√

2
VtbV

∗
ts

[
C7O7 + C7′O7′ + C9O9 + C9′O9′ + C10O10 + C10′O10′

]
Note: We write Ci = CSM

i + CNP
i :

CSM
7eff

= −0.29, CSM
9 = 4.07, CSM

10 = −4.31, CSM
i ′ ' 0
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Radiative and Dileptonic b → s Operators

How to Measure Radiative and Dileptonic Operators?

1. Identify decay modes and observables most sensitive to such ops

Decay modes for b → sγ and b → s``

B → Xsγ B → Xs`` Bs → `+`−

B → K ∗γ B → K ∗`` B → K``

2. Compute the observables in the effective theory

3. Buy a full set of non-perturbative parameters from the Black Market

4. Fit the data, extract CL intervals for the Ci (mb).

5. Interpret the results.

Note: We will fit directly to CNP
i (mb)
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EFT Amplitudes & Observables : BR(Bs → `+`−)

L = LQED+QCD + C(′)
9 [s̄γµPL(R)b] [¯̀γµ`] + C(′)

10 [s̄γµPL(R)b] [¯̀γµγ5`] + · · ·

A(′)
9 = C(′)

9 〈 ¯̀̀ |¯̀γµ`|0〉 〈0|s̄γ
µPL(R)b|Bs〉︸ ︷︷ ︸

∼pµB=pµ` +pµ¯̀

= 0 + O(α)

Contributions from O7 and other 4-quark ops are zero like A(′)
9 .

→ A(′)
10 = C(′)

10 〈 ¯̀̀ |¯̀γµγ5`|0〉〈0|s̄γµPL(R)b|Bs〉 = ∓i fBsC
(′)
10 m` [ū`γ5v¯̀]

→
∑
spins

|A10 +A′10|2 = 2f 2
Bs
m2

Bs
m2
` |C10 − C′10|2

→ BR(Bs → `¯̀) =
τBs f

2
Bs
m3

Bs

8π

m2
`

m2
Bs

√
1−

4m2
`

m2
Bs

|C10 − C′10|2

Note: Contributions from (pseudo)SCALAR operators are not helicity suppressed.
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EFT Amplitudes & Observables : B → K (∗)γ(∗)

L = LQED+QCD + C7 [s̄σµνPRb]Fµν + C2 [s̄γνPLc] [c̄γµPLb] + · · ·

C7 contribution: A7 = C7 〈K ∗λ |s̄σµνPRb|B〉qµενλ = C7Tλ(q2)

C2 contribution: A2 = C2 · ε∗µλ
∫

dx4e iq·x〈K ∗λ |T{jcc̄µ (x)O2(0)}|B〉

Note: There are similar contributions from O8 and other 4-quark ops.
These operators are contained in what we call Hhad

eff .
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EFT Amplitudes & Observables : B → K`¯̀

A(′)
9 = C(′)

9 〈 ¯̀̀ |¯̀γµ`|0〉〈K |s̄γ
µPL(R)b|B〉 = C(′)

9 f+(q2) [ū`p/v ¯̀]

A(′)
10 = C(′)

10 〈 ¯̀̀ |¯̀γµγ5`|0〉〈K |s̄γµPL(R)b|B〉 = C(′)
10 f+(q2) [ū`p/γ5v ¯̀]

A(′)
7 = C(′)

7 〈 ¯̀̀ |¯̀γµ`|0〉
−i
q2
〈K |s̄qµσµνPR(L)b|B〉 = C(′)

7

fT (q2)

mB + mK
[ū`p/v ¯̀]

Ahad = K(q2)[ū`p/v ¯̀]

A(B → K`¯̀) = a9 [ū`p/v ¯̀] + a10 [ū`p/γ5v ¯̀]

a9 = (C9 + C′9) f+(q2) + (C7 + C′7) fT (q2)
mB+mK

+K(q2) ; a10 = (C10 + C′10) f+(q2)

dΓ

ds13 ds23
=

m5
B

28π3
(|a9|2 + |a10|2)s13s23

Where s13 = 2p` · pK/m2
B , s23 = 2p ¯̀ · pK/m2

B – s12 = q2/m2
B
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B → K ∗(→ Kπ)`+`− and its Angular Distribution

Structure of the Decay Amplitude

“Semileptonic” contribution −→ New Physics

〈K∗``|O9(′),10(′) |B〉 = 〈`+`−|¯̀γµ(γ5)`|0〉〈K∗|s̄γµPL,Rb|B〉 ∼ FB→K∗
i,λ (q2)

〈K∗``|T{j`emO7(′)}|B〉 = 〈`+`−|¯̀γµ`|0〉 qνq2 〈K∗|s̄σµνPR,Lb|B〉 ∼ TB→K∗
i,λ (q2)

Asl =
∑
i

fi (C7(′) , C9(′) , C10(′) )× (Form Factor)i

“Hadronic” contribution −→ QCD [C1,2, C8, C3,4,5,6]

Ahad = i
e2

q2
〈`+`−|¯̀γµ`|0〉

∫
d4xe iq·x〈K∗|T{jµem(x)Hhad

eff (0)}|B〉

2 main problems:
1. Precise determination of Form Factors (LCSRs, LQCD, . . . )
2. Computation of the hadronic contribution (SCET/QCDF, OPE, . . . )
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B → K ∗(→ Kπ)`+`− and its Angular Distribution

Kinematics and angular distribution

d4Γ

dq2 dcos θK dcos θl dφ
=

9

32π
×

[
J1s sin2 θK+J1c cos2 θK+J2s sin2 θK cos 2θl

+J2c cos2 θK cos 2θl+J3 sin2 θK sin2 θl cos 2φ

+J4 sin 2θK sin 2θl cosφ+J5 sin 2θK sin θl cosφ

+J6s sin2 θK cos θl+J6c cos2 θK cos θl

+J7 sin 2θK sin θl sinφ+J8 sin 2θK sin 2θl sinφ

+J9 sin2 θK sin2 θl sin 2φ
]
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B → K ∗(→ Kπ)`+`− and its Angular Distribution

Optimized Observables

Several Form Factor ratios can be predicted:

• At large recoil −→ SCET Charles et.al. hep-ph/9812358, Beneke, Feldmann, hep-ph/0008255

• At low recoil −→ HQET Grinstein, Pirjol, hep-ph/0404250, Bobeth, Hiller, van Dyk

Example SCET relation at large recoil

ε∗µ− qν〈K ∗−|s̄σµνPRb|B〉
imB〈K ∗−|s̄/ε∗−PLb|B〉

= 1 +O(αs ,Λ/mb)

This allows to build observables with reduced dependence on FFs.

Optimized observables at large recoil Matias, Mescia, Ramon, JV – 1202.4266

Descotes-Genon, Matias, Ramon, JV – 1207.2753

P1 =
J3

2J2s
P2 =

J6s

8J2s
P ′4 =

J4√
−J2sJ2c

P ′5 =
J5

2
√
−J2sJ2c

P ′6 =
−J7

2
√
−J2sJ2c

P ′8 =
−J8√
−J2sJ2c

Javier Virto (U. Siegen) The B → K∗µµ Anomaly 31.03.2014 10 / 27



Form Factor SCET Relations and Clean Observables

SCET Heavy-Light Currents Charles et.al. hep-ph/9812358, Beneke, Feldmann, hep-ph/0008255
Bauer, Fleming, Pirjol, Stewart, hep-ph/0011336

? χn, hv are 2-comp spinors : (q̄Γb)QCD −→ χ̄nhv , χ̄nγ5hv , χ̄nγ
µ
⊥hv

? Only 2 “soft” Form Factors:

〈K∗n |χnhv |Bv 〉 = 0 ; 〈K∗n |χnγ5hv |Bv 〉 = −2mK∗ξ‖(E)v · ε∗ ; 〈K∗n |χnγ
µ
⊥hv |Bv 〉 = 2Eξ⊥(E)iεµν⊥ ε∗ν

? Large-recoil Form-Factor relations: (up to (known) O(αs) + (unknown) PCs)

mB

mB+mK∗
V (q2) = mB+mK∗

2E A1(q2) = T1(q2) = mB

2E T2(q2) = ξ⊥(E )

mK∗
E A0(q2) = mB+mK∗

2E A1(q2)− mB−mK∗
mB

A2(q2) = mB

2E T2(q2)− T3(q2) = ξ‖(E )

Amplitudes and Clean Observables Kruger, Matias – hep-ph/0502060
Matias, Mescia, Ramon, JV – 1202.4266

AL,R
⊥ = a⊥[(C9 + C′9)∓ (C10 + C′10)]V (q2) + b⊥(C7 + C′7)T1(q2) + · · · = f L,R⊥ ξ⊥ + · · ·

AL,R
‖ = a‖[(C9 − C′9)∓ (C10 − C′10)]A1(q2) + b‖(C7 + C′7)T2(q2) + · · · = f L,R‖ ξ⊥ + · · ·

P1 =
J3

2J2s
=
|AL
⊥|

2 − |AL
‖|

2 + |AR
⊥|

2 − |AR
‖ |

2

|AL
⊥|2 + |AL

‖|2 + |AR
⊥|2 + |AR

‖ |2
=

f L⊥ − f L‖ + f R⊥ − f R‖

f L⊥ + f L‖ + f R⊥ + f R‖
+ · · ·
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B → K ∗(→ Kπ)`+`− and its Angular Distribution
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Optimized observables at large recoil Matias, Mescia, Ramon, JV – 1202.4266
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P1 =
J3

2J2s
P2 =

J6s

8J2s
P ′4 =

J4√
−J2sJ2c

P ′5 =
J5

2
√
−J2sJ2c

P ′6 =
−J7

2
√
−J2sJ2c

P ′8 =
−J8√
−J2sJ2c
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B → K ∗(→ Kπ)`+`− and its Angular Distribution

Theory vs. Experiment (LHCb: April’13 + July’13)
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S. Descotes-Genon, J. Matias, JV – 1307.5683
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Fitting the data: Set-up

Strategy:

We fit to 47 observables by means of a frequentist χ2 approach.

Observables included in the analysis

BR(B → Xsγ), BR(B → Xsµ
+µ−)Low q2

BR(Bs → µ+µ−), AI (B → K ∗γ), S(B → K ∗γ)

B → K ∗µ+µ− : 〈P1〉, 〈P2〉, 〈P ′4〉, 〈P ′5〉, 〈P ′6〉, 〈P ′8〉, 〈AFB〉

in several different bins

Observables not included in the analysis

B → Kµ+µ−, Bs → φµ+µ−, B → Xsµ
+µ− @ Large q2, . . .

not considered for different reasons
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Fitting the data: Set of data and pulls

.

S. Descotes-Genon, J. Matias, JV – 1307.5683

Javier Virto (U. Siegen) The B → K∗µµ Anomaly 31.03.2014 15 / 27



Fitting the data: Patterns

Simplified Linearized expressions:

δ〈P2〉[0.1,2] ' +0.37 CNP
7 −0.03 CNP

10 	

δ〈P2〉[2,4.3] ' −2.48 CNP
7 −0.17 CNP

9 +0.03 CNP
10

⊕⊕⊕
δ〈P2〉[4.3,8.68] ' −0.71 CNP

7 −0.09 CNP
9 −0.04 CNP

10 ⊕

δ〈P ′4〉[0.1,2] ' +0.59 CNP
7 −0.08 CNP

9 −0.13 CNP
10 ⊕

δ〈P ′4〉[2,4.3] ' +2.45 CNP
7 +0.06 CNP

9 −0.14 CNP
10 ⊕

δ〈P ′4〉[4.3,8.68] ' +0.33 CNP
7 +0.01 CNP

9 ⊕

δ〈P ′5〉[0.1,2] ' −0.91 CNP
7 −0.12 CNP

9 −0.03 CNP
10 	

δ〈P ′5〉[2,4.3] ' −3.04 CNP
7 −0.29 CNP

9 −0.03 CNP
10

⊕⊕⊕
δ〈P ′5〉[4.3,8.68] ' −0.52 CNP

7 −0.08 CNP
9 −0.03 CNP

10

⊕⊕⊕
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Fitting the data: Results S. Descotes-Genon, J. Matias, JV – 1307.5683

General Fit

Coefficient 1σ 2σ 3σ

CNP
7 [−0.05,−0.01] [−0.06, 0.01] [−0.08, 0.03]

CNP
9 [−1.6,−0.9] [−1.8,−0.6] [−2.1,−0.2]

CNP
10 [−0.4, 1.0] [−1.2, 2.0] [−2.0, 3.0]

CNP
7′ [−0.04, 0.02] [−0.09, 0.06] [−0.14, 0.10]

CNP
9′ [−0.2, 0.8] [−0.8, 1.4] [−1.2, 1.8]

CNP
10′ [−0.4, 0.4] [−1.0, 0.8] [−1.4, 1.2]

• Negative values for (CNP
7 , CNP

9 ) favoured at > (1σ,3σ).

• Large-recoil only −→ effect enhanced (CNP
9 ∼ −1.6).

• Only [1-6] bin: Same pattern, less significance.
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Fitting the data: Results S. Descotes-Genon, J. Matias, JV – 1307.5683

Pulls : Most Economic Scenarios
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Fitting the data: Results S. Descotes-Genon, J. Matias, JV – 1307.5683

CNP
7 - CNP

9 Scenario

68.3% C.L

95.5% C.L

99.7% C.L

Includes Low Recoil data

Only @1,6D bins

SM

-0.15 -0.10 -0.05 0.00 0.05 0.10 0.15

-4

-2

0

2

4

C7
NP

C
9N

P

• At 68.5% CL:

CNP
7 ∈ [−0.035, 0.000]

CNP
9 ∈ [−1.9,−1.3]

• Pulls for SM Hyp.:

Large-recoil: 4.5σ

Large + Low-recoil: 3.9σ

Only [1-6] GeV bin: 3.2σ

• The overall quality of the
fit is very good.
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Fitting the data: Results S. Descotes-Genon, J. Matias, JV – 1307.5683

CNP
7 - CNP

9 Scenario: Best-Fit point vs SM
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C9 - C ′9 Scenario S. Descotes-Genon, J. Matias, JV – 1307.5683

? CNP
9′ < 0 can improve the situation with P ′5.

But increases tension with BR(B → Kµµ)... Altmannshofer, Straub 1308.1501,

Beaujean, Bobeth, van Dyk 1310.2478
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B → Kµµ Branching Ratios LHCb-PAPER-2014-007
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SM (LQCD Bouchard et.al. 2013 + NLO) 2012
C9 + C′9 ∼ −1.7 + Shifman’s correlator model
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Summary / Remarks

• A global fit to b → sγ , b → sµµ observables including the latest
data on B → K ∗µµ angular observables shows some level of tension
w.r.t the SM, pointing (mostly) to a large NP contribution to C9.
S. Descotes-Genon, J. Matias, JV – 1307.5683

• This has been later confirmed by other groups

Altmannshofer, Straub 1308.1501, Beaujean, Bobeth, van Dyk 1310.2478, Horgan et al. 1310.3887
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Summary / Remarks

• A global fit to b → sγ , b → sµµ observables including the latest
data on B → K ∗µµ angular observables shows some level of tension
w.r.t the SM, pointing (mostly) to a large NP contribution to C9.
S. Descotes-Genon, J. Matias, JV – 1307.5683

• This has been later confirmed by other groups

• New experimental analyses with the full 3 fb−1 of data will clarify a
bit more the situation. Also new experimental initiatives:

I Fit for the q2-dependent amplitudes within some ansatz.
I Fit directly for the WCs.
I Improve on the binning.

• Still a lot to do from the theory side:

I FFs, hadronic contributions, PCs, resonance tails, etc.
I New modes & observables: Bs → φµµ, Λb → Λµµ ...
I Implications on NP models...
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Epilogue: NP scale?

4GF√
2
VtbV

∗
ts

α

4π
C9 =

c

Λ2

For C9 ∼ 1 the NP scale Λ would be:

Type of NP coupling c NP scale

Tree-level flavor-generic g ∼ 1 ∼ 1 Λ ∼ 38TeV

Tree-level flavor-CKMish g ∼ 1 ∼ VtbV
∗
ts Λ ∼ 8TeV

Tree-level flavor-generic g ∼ 0.1 ∼ 0.01 Λ ∼ 3.8TeV

Loop-level flavor-generic g ∼ 1 ∼ 1
(4π)2 Λ ∼ 3TeV

Loop-level flavor-CKMish g ∼ 1 ∼ VtbV
∗
ts

(4π)2 Λ ∼ 600GeV
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Epilogue: MSSM F. Mahmoudi, S. Neshatpour, JV, 1401.2145

B → K ∗µµ Optimized Observables in the MSSM

? The MSSM has enough freedom to account for all B → K ∗µµ
measurements individually and MH and direct exclusion limits.

? The tension comes exclusively from correlation among flavor observables
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Epilogue: MSSM F. Mahmoudi, S. Neshatpour, JV, 1401.2145

P ′5 is extremely difficult to reproduce in the MSSM, because:

• Large values of C9 are correlated to large values of other coefficients.

• Large values of C7 can do it, but are excluded by B → Xsγ.
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Backup Slides
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C9 - C ′9 Scenario
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B → K ∗µ+µ− Branching Ratio
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Experimental correlations & Branching Ratio
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Fit to Form-Factor-dependent observables Si
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Excluding the [4.3,8.68] bin
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Relationship between P2 and P ′5 J. Matias, N. Serra – 1402.6855
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B+ → K+µµ @ 2012 LHCb – 1209.4284
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