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Effective Operators for Flavor Physics

Effective lagrangian at the hadronic scale

SM NP

& 5 (6)
L Lo (@O AL oo
v T t)

»Ceff - »CQCD + »CQED T Z (

The coefficients ¢ are suppressed: b w
1. Arise at the loop level o
2. Proportional to (VgKM)tS(VCKM)tb
3. GIM — Zero for degenerate quarks N S—

4. Helicity suppression: only v—A interactions, etc.

Test the SM hyphothesis ¢i" = 0 T

Measure ¢ /Axp to learn about the NP. "

Complementarity with high-pt searches (Ayp). " L
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Radiative and Dileptonic b — s Operators

Significant progress made recently regarding b — s/sl¢ operators

Radiative and Dileptonic b — s Operators

07(/) = [§0-/1V 'DR(L) b] FMV ,}/ ll ‘U_
Oq() [57* Prry bl [27,.4] E i

Oy = [57"Purybllly,.7s¢] b S b S
Effective Hamiltonian

4G,
Heg = ——E Vi Vi |C7O07 + C1O7 4+ CoOg + Co Ogr + C10010 + (310/(910/}

V2

Note: We write C; = C;“” + CNP:

CM = —0.29, C§V = 4.07, C5)' = —4.31, CM ~ 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 — sy and b — s/

B — Xsv B — X0 Bs — (0~
B — K*y B — K*¢ B — Kt

Compute the observables in the effective theory

Buy a full set of non-perturbative parameters from the Black Market
Fit the data, extract CL intervals for the Ci(mp).

Interpret the results.

Gl o

Note: We will fit directly to C;™"(my)

Javier Virto (U. Siegen) The B — K* e Anomaly 31.03.2014 4 /27



EFT Amplitudes & Observables :  BR(B; — (7(7)

L= Loepqep + 05 [57" Pi(ryb] [07,.4] + cly [ Py(rybl [07,vs0] + - -

i 7 / N 1T -

/ AY = ¢ (20)2,00) (057" Py(ry bl Bs) = 0 + 0(a)
B: ~Pp=pP; +P§

\\ / 1 Contributions from 07 and other 4-quark ops are zero like Ag').

— A = 8 (20\By,5£10) (0157 Py bl Bs) = Fife,CLy) me [Gevs vl

- Z | Ao + Alpl® = 2’[55”71235”7% C1o0 — Ciof?

spins
2 .3 2 2
= TB.f5 Mg m dm
— BR(Bs — #f) = —2 B L /1 L |Cyp— Clo|?
8 mpg mg
S S

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

L = LQep+qcp + C7[50" Prb| Fp + Co [57" Prc] [ey" PLb] + - - -

C7 contribution: A7 = C7 (K} |50, Prb|B)gte§ = C7 Tx(g?)
C> contribution: Ay =Cs - €)' / dx*e (K| T{j/‘jE(X)Og(O)}\B>

Note: There are similar contributions from Og and other 4-quark ops.
These operators are contained in what we call H}};}d.
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EFT Amplitudes & Observables : B — K/

AY) = c§) (20|12, 10 (K |57 Pyl BY = CS F.(q?) [Gepvs]

AQ = € (2012, 75£10) (K |57 Pu(ryb| B) = € £ (¢?) [Gebrs vl

fr(e®)
AP =l (T 3,10) —; (KlSa,0™ PrwyplB) = ) LT[y

Anad = K(q*)[Gepvg]
A(B — K(,('_) = ag [L_lgyfvg] + aio [L_lg;zf")@VE]

ag = (Co + C4) £ (¢?) + (C7 +C5) 2L 1 KC(q?) i a10 = (Cao + Clo) £+ (4P)

mg+mg

dr "o
ds13 dsy3 ~ 28 3(|39| + |a10/%)s13523
Where s13 = 2p; - p/m?, $3 = 2p; - px/ Mm% —  s12 = q2/m}
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EFT Amplitudes & Observables : B — K/

Theory HEEBinned theory

—e—LHCb

— = LHCb N
} —
B LHC ]
S os —
N .
> .
E 0.4 -
| s
g 0.2 —— ‘ -
L a2 2 . 2 1 2 I

15 20
g2 [GeVZc4

dr my ) )
dsizdsy; 353 70l F |20l )s1ss2s
Where s13 = 2p; - px/m, 3 = 2p;- px/mg  — s12 = q*/mj
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B — K*(— Kn)¢*¢~ and its Angular Distribution

Structure of the Decay Amplitude

“Semileptonic” contribution — New Physics
(K*0l|Ogin 100 |B) = (€747 [0y, (75)€|0)(K*|37* PLrb|B) ~ FE75*(q?)
(KLU T {jemOr0 }|B) = (€€ |£7,£)0) % (K* |50+ PR 1b|B) ~ T (q?)

sl — Z fi(C7,Coi, C100) X (Form Factor);

i

“Hadronic” contribution — QCD  [C12,C8,C3.456]

5 e iq-x * o ha
A — (e tl0) [ e (K T (M O B) é

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*(— Kn)¢*¢~ and its Angular Distribution

Kinematics and angular distribution

2 d‘r 9
m = -2
K \" dq? dcos O decos 6, dg 327
!
\ P ﬁ/ [Jls sin? Ox+J1c cos? Ox+Jos sin’ Ok cos 20,

+J5c cos? Ok cos 20,4 J3 sin® O sin® 6) cos 2¢
+J4 sin 20k sin 20, cos ¢+ Js sin 20k sin 6; cos ¢
+Jgs sin® Ok cos 0+ Js. cos® Ok cos B,

—+J7sin 20k sin 0, sin ¢+Jg sin 20k sin 26, sin ¢

2 .2 .2 .
q +Jo sin® Ok sin” 0, sin 2¢}
#=0 Eg> A ¢ =my . By ~ A % = (mp — m-)?
max. recoil large recoil Cc—resonances low recoil zero recoil
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B — K*(— Kn)¢*¢~ and its Angular Distribution

Optimized Observables

Several Form Factor ratios can be predicted:
e At large recoil — SCET
o At low recoil — HQET

Charles et.al. hep-ph/9812358, Beneke, Feldmann, hep-ph/0008255

Grinstein, Pirjol, hep-ph/0404250, Bobeth, Hiller, van Dyk

Example SCET relation at large recoil

e"q"(K*|50,,Prb|B)
= — 1+ O(a, A
img (K* |[3¢* P_b|B) + Olas, A/ m)

This allows to build observables with reduced dependence on FFs.

=) . . Matias, Mescia, Ramon, JV — 1202.4266
Opt'm'zed Observables at large reCOIl Descotes-Genon, Matias, Ramon, JV — 1207.2753

5 Jos ; Ja
Py — P, — pl— %
1 2./25 2 8-/25 N \% _J25J2c
pl_ Js ;. —h —Jg

= p.l— __ __—° P/ Yo
> 2\/ _J25J2c 0 2\/ _J2sJ2c 8 V _J2sJ2c
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Form Factor SCET Relations and Clean Observables

SCET Heavy-Light Currents 10 0 o7 000 T dorsae 7/
* Xn, hy are 2-comp spinors : (GFb)oco —> Xnhv, XnVshv, XnV] hy
* Only 2 “soft” Form Factors:
(K Ixnhv|Bv) = 0 (Kylxnvshy|By) = —2myc= & (E)v - €* 5 (K¥|xn¥ hv|Bv) = 2E€ 1 (E)iel" e}
* Large-recoil Form-Factor relations: (up to (known) O(as) + (unknown) PCs)
o2 —V(q%) = "o Au(q?) = Tu(q%) = 58 To(q?) = €L(E)
7 Ao () = TR A (¢7) — TSI A7) = BB T(a?) — T(e?) = €1 (E)

. Kruger, Matias — hep-ph/0502060
Amplitudes and Clean Observables [/ [o0e T o U0900 oo

AR a1 [(Co+C8) F (Cro+ Clo)IV(a®) + bL(Cr+CTa(q?) + -+ = FrRe + -+
AR = al(Co — C5) F (Cro — Clo)IAL(G®) + by (Cr + C) Ta(a?) + - - = £ ReL + -

n |A 2~ AL + AR 2 — |ARE  fE— ALy R - iR

T 2hs A2+ A2 + AR 12 + A2 _fL+H+fR+H
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B — K*(— Kn)¢*¢~ and its Angular Distribution

Optimized Observables

Several Form Factor ratios can be predicted:
e At large recoil — SCET
o At low recoil — HQET

Charles et.al. hep-ph/9812358, Beneke, Feldmann, hep-ph/0008255

Grinstein, Pirjol, hep-ph/0404250, Bobeth, Hiller, van Dyk

Example SCET relation at large recoil

e"q"(K*|50,,Prb|B)
= — 1+ O(a, A
img (K* |[3¢* P_b|B) + Olas, A/ m)

This allows to build observables with reduced dependence on FFs.

=) . . Matias, Mescia, Ramon, JV — 1202.4266
Opt'm'zed Observables at large reCOIl Descotes-Genon, Matias, Ramon, JV — 1207.2753

5 Jos ; Ja
Py — P, — pl— %
1 2./25 2 8-/25 N \% _J25J2c
pl_ Js ;. —h —Jg

= p.l— __ __—° P/ Yo
> 2\/ _J25J2c 0 2\/ _J2sJ2c 8 V _J2sJ2c

Javier Virto (U. Siegen) The B — K* e Anomaly 31.03.2014 12 /27



B — K*(— Kn)¢*¢~ and its Angular Distribution

Theory vs. Experiment

(LHCb: April'13 + July'13)
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Fitting the data: Set-up

Strategy:

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

Observables included in the analysis
BR(B — Xs7), BR(B = Xsptm 1) Low 4
BR(Bs — utu~), A/(B— K*y), S(B— K*y)
B — K*utp= : (P1),(P2), (P4), (Ps), (Pg), (Pg), (Ars)
in several different bins

Observables not included in the analysis

B— Kutu=, Bs—o¢ptp~, B— Xsutp~ @ Large ¢°, ...

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

Observable Experiment  SM prediction Pull
(Pi)o.1.2) —0.1975:40 0.0077504% 0.5
(PL)2,4.3) —0.2975°53 —0.05175%%8  _04
(Py)[4.3,8.68] 0.3675:3% —0.117759%  +15
(P16 0.15353° —0.05575%41 405
(P2)[0.1,2) U-U3t3:ié 0-1721%‘32(1) -10
(Po)pa3 0.5072:09 0.23470080 429
(Pa)(1.35.68 —0.2570 08 —0.407550%9  +1.7
(P2)p6 0.33%01% 0.084700%  +1.8
(P12 0.0075:32 —0.34279931 407
(PD)2,0.3 0.74755% 0.56975%%3  +0.3
(P{){a.3,8.68] 1.18390:28 1.00375:928 406
(PDe 0.587532 0.555709%  +0.1
(P)o.1,2) 0.45792% 0.5337001  —0.4
(P3)i2,0. 0.20%040  —0.334759%7 116
(P5)a.3,8.68] —0.19%058  —0.8727005%  +4.0
(P)ne 0211320 _0349700% 495
(Pho.1,21 0241028 —0.0847503% +16
(Pi) 2.3 —0.151538 0.098100%  —0a
(P§)[4.3,8.68] 0.0475:18 —0.027559%  +0.4
(PE)nel 0.18%5:2t —0.089%0012  +1.3
P02 —0.1270:%8 0.03773%37 0.3
i
’ - +0.34 +0.054
{Ps)a.3,8.68 0.587 058 0.020Z5,055  +1.5
{(Pi)p,e 0.4615:38 0.06375:0%2 11,0
(Ars)0.1,2 —-0.027015  —0.136100%  +038
{AFB) (2,49 —0.2013%8 —0.081139% 1.1
{AFB)[1.3,8.68] 0.1675:5¢ 02207013 —0.5
{Arn)8) —0.177gg5  —0.0357503;  —2.0

Javier Virto (U. Siegen)

Observable Experiment  SM prediction Pull
P1)14.18,16 0.07%5:28 —0.3527058%  +0.6
[ ] 0.28 0.468
{(Prhas 19 —0.71%5:38  —0.6037G35  —0.2
Po)14.18.16 —0.5070-03 —0.4497013¢ 14
[ ] 0.00 0.041
Po)pas 10 —0.3215%8 —0.3741015  +0.3
[16,19] 0.08 0.126
Pi)14.18,16 —0.18+5:34 11615333  —2.1
[ ] 0.70 0.332
P}6 10 12631518 11
[16,19] 0.248
{Ps)p1a.18.10) —0.77970385  +0.0
{Pe,s) —0.60170:282  +0.0
PiYnaisae 0.18%0-2% 0.000700%  4+0.7
[ ] 0.25 0.000
{P§)s,19) —0.31%5-38 0.000753% —0.8
Pi)naisie —0.40+5-%9 —0.015795%  —0.6
[ ]
(P)ps,19) 0125537  —0.008I5557  +0.2
ArB)[11.18,16 0.51%007 040477797 +0.5
[ ,16] 0.05 0.191
{AFB) 16,191 0.30%593% 0.36015:2%  —0.3
10 Bp_.x,y 3.43 £0.22 3.15+0.23 +0.9
10°Bs_x, . p 1.60 £ 0.50 159011  +0.0
10° Bg, —pt 2.9+08 3.56+0.18 —0.8
Ar(B — K*y) 0.0524+0.026  0.041+0.025 +0.3
Sk —0.16 £ 0.22 —0.03+£0.01 —0.6

S. Descotes-Genon, J. Matias, JV — 1307.5683
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Fitting the data:

Patterns

Simplified Linearized
5(P2)[0.1,2
3(P2)[2,4.3

0{P2)4.3,8.68]
6(P4)[o.1,2]
0(P3)[2,4.3
6(P4)[a.3,8.68]
5<Pé>[0.1,2]
6(Ps5)[2,4.3]
6(Pg)[4.3,8.68]

Javier Virto (U. Siegen)

expressions:

~ 03707

~ 248057
~ —0.71C)"
~ 40.59C)"
~ 424507
~ +0.33C)"
~ —0.91C)"
~ —3.040)7
~ —0.520)"

—0.17C5"
—0.09Cy"

—0.08C)"
+0.06C)"
+0.01C)"

—0.12C}"
—0.20C3”
—0.08C3"

The B — K™ uiu Anomaly

—0.03C) ©
+0.03C @
—0.04C" @
—0.13C))
—0.14C3

—0.03C)F o

—0.03C) @
—0.03C) @
31.03.2014
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Fitting the data: RGSUltS S. Descotes-Genon, J. Matias, JV — 1307.5683

General Fit

Coefficient lo 20 30

(5 [-0.05,-0.01] [-0.06,0.01] [-0.08,0.03]

o [-1.6,-09] [-1.8,-0.6] [-2.1,-0.2]
10 [-0.4,1.0] [-1.2,2.0] [—2.0,3.0]

cr [—0.04,0.02] [-0.09,0.06] [—0.14,0.10]

Cy" [—0.2,0.8] [—0.8,1.4] [—1.2,1.8]

Cloy [—0.4,0.4] [-1.0,0.8] [-1.4,1.2]

o Negative values for (CJ'7,Cg") favoured at > (10,30).
e Large-recoil only — effect enhanced (Cg* ~ —1.6).

e Only [1-6] bin: Same pattern, less significance.
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ONLY LARGE RECOIL
|c7 c7’ c9
3.09484 1.3451 4.92649
c7 | 2.9282  9+937218
c7' |0.897572 = 0.227127
c9  |3.94597 4.74474
c9' |2.03886 2:12502 (1.049
C10 |0.444375 0.0966814 '0.148416
C10' |1.63798 2+12922

LARGE + LOW RECOIL

co" Cl0 c10'

2.48843 0.43637 2.03476

2.74639 3.09598 (2084969
0.364298 1.27602 1.48412
4.37932 4.90937 4.48669
* 2.48784 2.75007
0.43296 « 3.18616

0.0174349 2884752 3.75519 =

|e7 c7' c9 c9" c10 clo0’

3.06539 1.18839 4.2551 0.902501 0.238176 1.23639
c7? * 2.9255 1.34744 2598177 306376y 2053211
c7" 0.757771 = 0.0671292 0.932908 1.16507 1.17631
co 3.2442 4.08633 * 4.19246 4.32275 4.14197
co' 0.555753 0.522075 0.534224 0.870537 0.659162
Cl0 |0.216167 0.0429785 0.798155 0.00738279 =« 0.887756
Cl0' [0.853995 1.22479 0.760724 1.07175 1.50335 =

RS I TS RS 3103201
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Fitting the data: RGSUltS S. Descotes-Genon, J. Matias, JV — 1307.5683

Cy*- Cy" Scenario

al — { e At 68.5% CL:
0 msc 3" € [~0.035,0.000]
[] %97%CL

2 B i3 Includes Low Recoil data ] Cgp E [—19, _13]

[ only [1,6] bins

e Pulls for SM Hyp.:

2o 0
Large-recoil: 4.5¢0
_ot Large + Low-recoil: 3.9¢0
= Only [1-6] GeV bin:
_4 B P /,/

S~ e The overall quality of the
-0.15-0.10 -0.05 000 0.05 0.0 015 fit is very good.

NP
C7
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0 2 4 6
o* (GeV?)
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* Cy" < 0 can improve the situation with P{.

CoF ~ —1.5 CoF,ChF ~ 1.5

1.0 1.0

T | T

(Ps)
o

o
(Pg)

—05 ] -o0sf
—
] ]
1.0} ] -10} ]
¢ GeV?) q° (GeV?)

o . - Altmannshofer, Straub 1308.1501,
But increases tension with BR(B — Kpp)... Beaujean, Bobeth, van Dyk 1310.2478
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B — K,LL,LL Branching Ratios LHCb-PAPER-2014-007

EmI.CSR Lattice —-=-Data Em.CSR Lﬂll‘.lcc +Data
a0 T T T 3 a0 LA B T T L LI
5 = 0 E
> B'—=K'wu | 73 B—’K## ]
Q. LHC | © LHCb
A preliminary] ™ preliminary]
X 3 1 x ]
o0 -1 o0 -
Py + t ++H+ i1 & ]
= ++ 1 = =
B! ] [} ]
il E oY) + ]
1 E
2 1] = 3
% 0 1 I I . o) L | L ]
0 5 10 15 202 o 10 15 20
g2 [GeVet] ¢ [GeV¥c4)
YT SM (LQCD Bouchard et.al. 2013 + NLO) _._I',f,ecmy FBinnedtheory 2012
25 Co + Cé ~ —1.7 + Shifman’s correlator model - “; T
oo 3., LHCb
20F - \ 3 %
” 1 Ny
% 1sf \ , g 04
1.0- ,: ‘é’ _
. 1 & -
S 1 T 02 —F—
05 , =
] C 1
0.0k L L L L 1
14 16 18 20 22 10
q? [GeVZIc"]
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Summary / Remarks

e A global fit to b — sy, b — suu observables including the latest
data on B — K*puu angular observables shows some level of tension
w.r.t the SM, pointing (mostly) to a large NP contribution to Cy.

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

e This has been later confirmed by other groups

4 T T T T 5 T T T T T T
4l i
3 - 4
3F 2 E
k>
2r 1 9l o i
1k i
1r ; 1
i of ]
SM
0k . i ik J
-1 Foob B e
1 2 3 4 3 6 NP
Re(C3™) G o
Altmannshofer, Straub 1308.1501, Beaujean, Bobeth, van Dyk 1310.2478, Horgan et al. 1310.3887
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Summary / Remarks

e A global fit to b — sy, b — suu observables including the latest

data on B — K*puu angular observables shows some level of tension

w.r.t the SM, pointing (mostly) to a large NP contribution to Cy.

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

e This has been later confirmed by other groups

o New experimental analyses with the full 3 fb=! of data will clarify a

bit more the situation. Also new experimental initiatives:

» Fit for the g>-dependent amplitudes within some ansatz.
» Fit directly for the WCs.
» Improve on the binning.

e Still a lot to do from the theory side:

» FFs, hadronic contributions, PCs, resonance tails, etc.
» New modes & observables: Bs — oup, Ap — A ...
» Implications on NP models...

Javier Virto (U. Siegen) The B — K* i Anomaly 31.03.2014
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Epilogue: NP scale?

4Gr
f

For Cg ~ 1 the NP scale A would be:

th V;; 4 Cg /\

Type of NP coupling c NP scale

Tree-level flavor-generic g~1 ~1 N~ 38TeV
Tree-level flavor-CKMish | g ~ 1 ~ Vi Vi | N~ 8TeV
Tree-level flavor-generic | g ~ 0.1 | ~0.01 A~ 3.8TeV

Loop-level flavor-generic | g ~ 1 ~ ﬁ A ~ 3TeV
Loop-level flavor-CKMish | g ~1 | ~ {5 | A~ 600GeV
@ @)
b s
pt
.
Javier Virto (U. Siegen) The B — K™ uiu Anomaly 31.03.2014
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E pilogue :' M S S M F. Mahmoudi, S. Neshatpour, JV, 1401.2145

B — K*puu Optimized Observables in the MSSM

1 pMSSM 5 pMSSM
o™ T T R THA _n-q L A M~ T s
[ M,125:4 Gev [ m-125:4 Gev [Em-125:4 Gev _
M, + flavour M, + flavour M, flavour -
05

i Lo Lo i ol .
0 5 0 15 2 5 20 0 5 0 15 20
¢ (GeVH) ¢ (GeV) ¢ (GeV)

* The MSSM has enough freedom to account for all B — K*uu
measurements individually and My and direct exclusion limits.

* The tension comes exclusively from correlation among flavor observables
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Epilogue: MSS M F. Mahmoudi, S. Neshatpour, JV, 1401.2145
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¢ is extremely difficult to reproduce in the MSSM, because:

e Large values of Cg are correlated to large values of other coefficients.

e Large values of C7 can do it, but are excluded by B — Xs7.
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DIFFERENTIAL BRANCHING RATIO
2,

dBR/dq*2
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where the blue curve is SM and the red curve corresponds to C)'” = —1.5. Interestingly the central
value it goes in the right direction, but given the error bars all is consistent with data.
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Experimental correlations & Branching Ratio
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Fit to Form-Factor-dependent observables S;
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Excluding the [4.3,8.68] bin
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