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b — st~ anomaly

Several LHCb measurements deviate from Standard model (SM) predictions by 2-30:
> Angular observable Pt in B — K*utpu™. LHCb, arXiv:1512.04442

» Branching ratios of B — Kpu™p ™, B — K*utp~, and Bs — outu™.
LHCb, arXiv:1403.8044, arXiv:1506.08777, arXiv:1606.04731
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Hints for LFU violation in neutral current decays

. . . 1 .045,1.1 1.1
Measurements of lepton flavour universality (LFU) ratios RL’G], RE)*O > ], RL* ]
showed deviations from SM by about 2.50 each. LHCb, arXiv:1406.6482, arXiv:1705.05802
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B-decay discrepancies after Morion

Hints for LFU violation in charged current decays

Measurements of LFU ratios Rp and Rp~ by BaBar, Belle, and LHCb showed
combined deviation from SM by 3.80.

BR(B — D™ 1)
BR(B — D*)(v)

te{eu}
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Peter Stangl (LAPTh)
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LHCb, PRL115,111803(2015)
Belle, PRD94,072007(2016)
Belle, PRL 118,211801(2017)
LHCb, PRL120,171802(2018)
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Neutral current LFU observables Rx and Ry

» Updated measurement of Rk by LHCb LHCb, arXiv:1903.09252
» New measurement of Rk~ by Belle Belle, arXiv:1904.02440
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Charged current LFU observables Rp and Rp-

» Updated measurements of Rp and Rp+ by Belle
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Combination of B; ; — pt T measurements

Measurements of Bs ¢ — 1T~ by LHCb, CMS, and ATLAS show combined deviation

from SM by about 20. LHCb, arXiv:1703.05747
CMS, arXiv:1307.5025

ATLAS, arXiv:1812.03017
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Setup

» Global likelihood from smelli python package for comparing theory predictions to
experimental data see talk by David Straub

» Quantify agreement between theory and experiment by likelihood L,
Ax2, and pull

1 . -
pulllp =10 -/ Ax?,  where — EAXZ = InL(0) — In L(Coest i) -

pull,y = 10,20,30,... for Ax?~2.3,6.2,11.8, ...

» Model-independent new physics scenarios in

P> Weak Effective Theory (WET) at scale mp
> Standard Model Effective Field Theory (SMEFT) at scale 2 TeV

» Simplified model matched to SMEFT at 2 TeV

Peter Stangl (LAPTh) LPT Orsay, 19 September 2019 718
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b — sfl in the weak effective theory

> Effective Hamiltonian at scale my:  HE = HEE, + HE e

gfsféﬁp N Z Z C_bsMOibsM + C/_/bs@éol{bsﬂ) +he.

{=e,p i=9,10,8,P
» Operators considered here (¢ = e, )

05 = (9 Pub)(Iye), O = (87, Pab) ("),

Of5"" = (39 Pb) (" 350) ,  O6" = (37 Pab)(7*s0)

OgsM _ mb(gpﬁb)(ZE), O/bsll _ mb(éPLb)( )

Ogsu = mb(§PRb)(275£) > O//fs“ = mb(EPL )(6756)
» Not considered here

> Dipole operators: strongly constrained by radiative decays. e.g. [arXiv:1608.02556]

» Four quark operators: dominant effect from RG running above msg.
Jager, Leslie, Kirk, Lenz [arXiv:1701.09183]
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Scenarios with a single Wilson coefficients

Coefficient type  bestfit 1o pullip = /Ax?
chemh LV —097 [—1.12,—0.81] 5.90
clbsm R®V  +0.14 [-0.03, +0.32] 0.80
chsum L®A 4075 [+0.62, +0.89 5.70
Closks R®A —0.24 [-0.36, —0.12] 2.00

chsmi — chsun L®R 4020  [+0.06, +0.36] 1.40
CoHi — bk L ®L  —053  [—0.61, —0.45] 6.60

Only small pull for
» Coefficients with £ = e (cannot explain b — sy anomaly)
» Scalar coefficients (can only reduce tension in Bs — f1/4)

Peter Stangl (LAPTh) LPT Orsay, 19 September 2019 918
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Scenarios with two Wilson coefficients

—— NCLFU observables 20, 30 o » Before Moriond 2019:
b— spp & corr. obs. 1o, 20 i

151 Very good agreement between fits to
b — sp observables and Rk & Rk+

1.04

0.5 4

0.0 4

-054

-15 -10 -0.5
bspupt
Gy

WET at 4.8 GeV
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Scenarios with two Wilson coefficients

— NCLFU observables 20, 3¢ [ » Before Moriond 2019:
b sup & corr. obs. 10, 20 / flavio )
: ' Very good agreement between fits to
b — sp observables and Rk & Rk+

» After Moriond 2019:
Updated Rk measurement by LHCb
and new Rk+ measurement by Belle

closer to SM value | HCh, arxiv:1903.09252
Belle, arXiv:1904.02440

bspp
10

C

0.04

Tension between fits to Rx & Rx+ and
b — sy observables in Cy direction

054

-15 -10 -0.5
bspupt
Gy

WET at 4.8 GeV
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Scenarios with two Wilson coefficients

—— NCLFU observables 20, 30 //ﬂ A > Before Moriond 2019:
b= sup & corr. obs. 1a, 20 / flavio

151 — gobal lo,20 (5 Very good agreement between fits to
- ’ ' : b — spuu observables and Rk & Ry~

» After Moriond 2019:
Updated Rk measurement by LHCb
and new Rk+ measurement by Belle

closer to SM value | HCh, arxiv:1903.09252
Belle, arXiv:1904.02440

bspp
10

C

0.04

Tension between fits to Rk & Rx+ and
b — sy observables in Cy direction

- . » Global likelihood:
R Cfg‘.’;}i,, Contribution to purely left-handed
CUHH = _ CP3HH yields very good fit
to experimental data

—0.51

WET at 4.8 GeV
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Scenarios with two Wilson coefficients

» LFU contribution only affects b — sy, observables

» Tension between fits to b — s observables and Ry & Ry« could be reduced
by LFU contribution to Cgy

> Perform two-parameter fit in space of C™ and A Ce™* = — CostH:
Cbsee — Cuniv. Cbsee =0
Cbsw umv +A Cbsw Cbsw —A Cbsw

bsTT __ univ. bsTT __
CQ - C9 C10 =0

Peter Stangl (LAPTh) LPT Orsay, 19 September 2019 11118
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Scenarios with two Wilson coefficients

Y ;\‘(‘LFU u:»cne\l)]t"» 3(]7 o » Before Moriond 2019:
~1.2 b — spjt & corr. obs. 1o ‘ . . . i
—— global 1o, 20 Fit compatible with Cs™" = 0 and only

. . b: b
contribution to C;*** = —CH*

—0.24

0.04

-15 ~1.0 —0.5 0.0 05
Tuniv.
Cy

WET at 4.8 GeV
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Scenarios with two Wilson coefficients

—— NCLFU observables 30

~1.2 b= spp & corr. obs. 1o flavio

—— global lo, 20

—1.04

0.04

-15 ~1.0 —0.5 0.0 05
Tuniv.
Cy

WET at 4.8 GeV

» Before Moriond 2019:

Fit compatible with Ci™ = 0 and only
contribution to Ce** = — CEsH#

» After Moriond 2019:
Preference for non-zero aniv.

Peter Stangl (LAPTh) LPT Orsay, 19 September 2019 1218
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Scenarios with two Wilson coefficients

o NCLFU UA]”! i Hovio » Before Moriond 2019:
~1.2 4 b — sppr & corr. obs. 1o ¢ . ) . .
—— global 1o, 20 Fit compatible with Cs™" = 0 and only
. . b: b
“10 contribution to C;*** = —CH*

» After Moriond 2019:
Preference for non-zero aniv.

> Cy"™ can arise from RG effects:

b

7, uj, dj

0.04
-15 “10 ~05 0.0 0.5 s ¢
Cuiv.
; Bobeth, Haisch, arXiv:1109.1826
WET at 4.8 GeV Crivellin, Greub, Miiller, Saturnino, arXiv:1807.02068
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The global picture in the SMEFT

RG effects require scale separation
» Consider SMEFT at 2 TeV

Possible operators:
> [053)]3323 = (73’7u7a13)(c_lz’7“7aQ3)3
Can also explain R .) anomalies!
> [02)]3323 = (I7uh) (@27 93):
Strong constraints from B — Kvv require [Cg)]3323 ~ [Cfg)]ggzg

» [Ogelasss = (@27,.9s) (837" €3) cannot explain Ry

» Four-quark operators cannot explain Ry, models yielding large enough
contributions already in tension with data

Peter Stang! (LAPTh) LPT Orsay, 19 September 2019 13/18
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Interpretation of experimental data
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—— NCLFU observables Ay? = 1

b spp & corr. obs. 1o

-0.14 -0.12 -0.10 -0.08 -0.06 -0.04 -0.02 0.00

[C/(;)]asza = [C,(S)]3323 = "™ (RG effect)
[C,(;)]zzza = [C,(S)]zzza = Acgs““ =-C

Peter Stang! (LAPTh)

[C,(ql)]:a:szx = [C,(:)]:x:az:s [TeV—2)

lq

lq

LPT Orsay, 19 September 2019
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Before Moriond 2019:
Fit compatible with
[C,(;)]sszs = [C,(j)]sszg = 0 and onIy

contribution to [C,(;)]zzzga = [C,(qs)]zzzs
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The global picture in the SMEFT

0.0008 4 flavio » Before Moriond 2019:
0.0007 Fit compatible with
i (€ as2s = [CP]sa2s = 0 and on
T ' g 13323 = [Cq " [3323 = y
2™ contribution to [C{"]zs2s = [C]
= g 12223 = [Cg" [2223
23 0.0005
5:5 LT SES— » After Moriond 2019:
LL 0.0003 { | Clear prefereqce for s
: oo d B non-zero [qu)]sszs = [C,(q)]saza

0.0001 4

—— NCLFU observables Ayx? = 1
0.0000 b spp & corr. obs. 1o

0.4 -012 -0.10 -008 -0.06 -0.04 -002 0.00
M (®) -2
[C,q J3323 = [C,,, J3323 [TeV~2

[C/(;)]asza [C/(;)]3323 = ™ (RG effect)

[C,(;)]zzza = [C,(qs)]zzza =  ACSM = —Cprt
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The global picture in the SMEFT

0.0008 ‘ g
flavio
000074
,_\“’_‘ N ‘
> 0.0006 ‘
o
E
= 0.0005 4
8
o -
2.2 0,000 1 g
)
Il .
L 0.0003
8
8
000024
0.0001 9/ NCLFU observables A2 = 1 >

Rpw A2 =1

b spp & corr. obs. 1o

0.0000 4

-0.14 -0.12 -0.10 -0.08 -0.06 -0.04 -0.02 0.00

[C,(ql)]:x:szx = [C,(:)]:x:az:s [TeV—2)

[C)sszs = [CTsezs = C4™  (RG effect)
[0 ez = [Ceezs = A =~
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Before Moriond 2019:
Fit compatible with
[C,(;)]sszs = [C,(j)]ssza = 0 and onIy

contribution to [C,(;)]zzm = [C,(qs)]zzzs
After Moriond 2019:

Clear preference for
non-zero [Cf;)]sszs = [C,(:)]s:;za

R (+) explanation:

Agreement with combined R, (.) and
b — spp explanation has improved
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The global picture in the SMEFT
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(RG effect)

= A = —cprt

10
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Before Moriond 2019:

Fit compatible with

[C,1)]3323 = [C,q ]3323 = 0 and onIy
contribution to [C,q Jazes = [C,q J222s

After Moriond 2019:
Clear preference for
non-zero [C,q Jases = [C( )]3323

R (+) explanation:
Agreement with combined R, (.) and
b — spp explanation has improved
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Before Moriond 2019:
Fit compatible with
[C,(;)]sszs = [C,(j)]ssza = 0 and onIy

contribution to [C,(;)]zzzg = [C,(qs)]zzzs

After Moriond 2019:

Clear preference for

non-zero [Cf;)]sszs = [C,(:)]s:;za

R (+) explanation:

Agreement with combined R, (.) and
b — spp explanation has improved
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B-decay discrepancies after Moriond 2019

Simplified U;-leptoquark model

» U, vector leptoquark (3, 1)2/3 couples quarks and leptons
Ly, D g{; (@+"F) U, + hee.

> Generates semi-leptonic operators at tree-level

(1) ®) o I
_ _ q Yiq
[C/q ]ijk/ - [C/q ]fjkl = _W.
» And dipole operators at one-loop, e.g.
[Owv]ij = (Gio"" Vi d))p, V € {W,B, G}:
Yp Q/i2 Q/is* ad sg,
[Cdv]23=Hv167T2 Z (;\/If,q . kw=Y, kg= L, k=g

Peter Stangl (LAPTh) LPT Orsay, 19 September 2019 15/18



B-decay discrepancies after Moriond 2019

2.00 T
Rpe A? =1 »
175 ] \ I n:,., & lept. 7 decays 10, 20 HD(*) l_“OStIy d?pendsa,?n 33
AN 1SS excl. by lept. 7 decays tauonic couplings g;,, gj,
[ . ZZ3 excl. by BR(B — X,7)
1.50 4 2 3 - . .
o g =06 gl =07 » Dipole operators contribute to
1.25 /. 4 BR(B — Xs")’)

» RG running contributes to
leptonic T decays

» Well defined allowed region for

0.50 4
explaining R,
0.25 B — A
‘ > select benchmark point
0.00 4
flavio 32 33
. } giy = 0.6, g = 0.7

~0.25 000 025 050 075 100 125 150 175 2.00
32
Yiq
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0.04-

Peter Stangl (LAPTh)

b sup Ay =1
—— NCLFU obscrvables Ay2 = 1

9y =0

I

:J‘

a2 =0 I\
i

i

flavio

B-decay discrepancies after Moriond 2019

R, («) can be explained by muonic
couplings g7, gic

Vanishing tauonic couplings:
Tension between fits to R, («) and
b — sy observables after
Moriond 2019
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b sup Ay? = 1
—— NCLFU observables Ax? = 1

excl. by LFV :
044 T
o2 =06 —
33 _ 0.7 o
g =07 '

0.3

0.1

,,,,,,, flavio
0.0

More on explicit models in talk by Olcyr Sumensari

B-decay discrepancies after Moriond 2019

R,(«) can be explained by muonic
couplings g7, gig

Vanishing tauonic couplings:
Tension between fits to R, («) and
b — sy observables after
Moriond 2019

Benchmark point explaining R,

gr =06, gp =07,

implies non-zero Cy™", R, (., and
b — sppt in good agreement after
Moriond 2019

Constraint from LFV observables

LPT Orsay, 19 September 2019
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Conclusions

» New and updated measurements of Ry(~) and Rp-) as well as Bs — pup.

> New physics in the single muonic Wilson coefficients C¢™*, Ce#*, and
CosHI — _ CPSI gives a clearly better fit to data than the SM (pull & 60).

P Slight tension between Ry fit and b — sy fit with only muonic Wilson
coefficients can be reduced by lepton flavor universal Cg"".

> Lepton flavor universal C™" can be generated through RG effects from
semi-tauonic Wilson coefficients that can explain Ry

» U1-leptoquark can generate these semi-tauonic Wilson coefficients in addition to
semi-muonic ones that explain R

Peter Stangl (LAPTh) LPT Orsay, 19 September 2019 18/18
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B-decay discrepancies after Moriond 2019

New physics in individual Wilson coefficients

Coefficient
cgsuu
C;bsuu
Cm
Cbsugm_ Cbsuu
Cbsg;)m ___ gbswt
9 = 10
Cgsee
Cébsee
CbseeC1i Cbsee
Cbgee _7_ é%see
9 = 10
CEMM — — ) x GeV
(Ce™H = Cp'™) x GeV

Peter Stangl (LAPTh)

type
LRV
RQV
LR A
R®A
L®R
LR L
LRV
R® V
L®A
R®A
L®R
L& L
L®V
L®V

best fit
—0.97
+0.14
+0.75
—0.24
+0.20
—0.53
+0.93
+0.39
—0.83
—0.27
—1.49
+0.47
—0.006
—0.006

LPT Orsay, 19 September 2019

1o
[—1.12, —0.81]
[-0.03, +0.32]
[4+-0.62, +0.89]
[—0.36, —0.12]
[4-0.06, +0.36]
[—0.61, —0.45]
[+0.66, +1.17]
[4-0.05, +0.65]

[—1.05, —0.60]
[—0.57, —0.02]
[—1.79, —1.18]

[+0.33, +0.59]
[—0.009, —0.003]
[—0.009, —0.003]

pull

5.90
0.80
5.70
2.00
1.40
6.60
3.50
1.20
3.60
110
3.20
3.50
2.80
2.80
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bsppt
10

C
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