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Flavour Anomalies

Hints of new non-universal interactions?
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Standard Model of the Fundamental Interactions
SUBB)c @ SU(2)L ® U(1)y

@ Interactions determined by gauge symmetries. Flavour Universality
® Gauge symmetries require all elementary particles to be massless

©® Masses generated through the interaction with the Higgs doublet

. # o { O . e
Ly = - Z{(”fv"’f)L [Cf(k) ( AO )diR +q) (_‘2(—) ) ”kR] + (”J’Zf)L o ( PO )ZLR}

jk

Mass is the only difference among the three fermion families
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Standard Model of the Fundamental Interactions
SUBB)c @ SU(2)L ® U(1)y

@ Interactions determined by gauge symmetries. Flavour Universality
® Gauge symmetries require all elementary particles to be massless
©® Masses generated through the interaction with the Higgs doublet
- 6N " ) - 6\
e == () 50 (50 ) o (0 o] - ) (50 ) )
Ji

Mass is the only difference among the three fermion families

@ Fermion mass eigenstates # weak eigenstates

Flavour Mixing: d =Vijdy , ViVv=vVi=]

—- o
CP violation (if Ng > 3)
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Flavour-Changing Charged Currents

ﬁcc:——WT{Z“IV (1—1s) \/,Jd—i—ZV, (1—s) U€}+h.c.
d] | u C t
w N
d S b

Flavour-Conserving Neutral Currents (GIM)

3 Z Iu— LHCb 2001.10354
NO Br(Ks — ptpu~) <2.1x1071°
+

d H (90% CL)
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Successful Description of Flavour & CP

Rare Decays

s u,c,t d

Br(K) — ptu~)=6.8x107°
Br(BY — putpT)=3.0x10"°
Br(b — 57) =3.1 x 104

Meson-Antimeson Mixing

q u,ct b
—1!
AM, g /Mo = 7.0 x 10715 . .
14 B w w B
AMgo /Mgo = 6.3 X 10~ q
d d - -2 <
AMBQ/MBQ =22x 1012 b ucot g
* * *
Via Vb + Vea Vo + Vi Vi, = 0
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Successful Description of Flavour & CP

Rare Decays

s u,c,t d

Br(K) — ptu~)=6.8x107°
Br(BY — putpT)=3.0x10"°
Br(b — 57) =3.1 x 104

Sensitivity to (virtual) heavy scales
Meson-Antimeson Mixing
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d d
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A Higgs field indeed

Interaction
proportional
to mass

7
z
|

A. Pich

Ratio to SM
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Many Interesting Flavour Anomalies

b—scrv, b=sputu™, (§=ue, ™ = 1EKsv, a5, Vip, Vig, -

Some already gone: , , , ,
b cu b w b s Ry [1.1,6] —e—o 4+
T X LQ Ry [1.1,6] 4
X B o Ry [0.045,1.1] |
v, s u w u Ry [1.1,6] —_ ¢
Ryc-+ [0.045,6.0] | P —
Ry [0.1,6] | I —
Pl 25,4 — | ——
® FEvidence for New Physics B0+ -+ —
L. . B(BY = éptpm) [1.1,6] o - —
® Statistical fluctuation BB - p) 4ol | 4+
® Underestimated systematics BB = w7 :
. [ ] Muon g — 2| —— —|
® |ncorrect SM prediction or measurement R(D)] b
R(D")| + —
R(J/4) b
R(A) L e
Not easy common explanation BB - ) ——
T T T T T T T T
1 1 1 -5 -4 -3 -2 -1 0 1 2 3
(within appealing BSM models) o o b
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Lepton Flavour Universality in W Decays

2201.07861 35.91 ' (13TeV)
CMS - CMs
u CMS LFU (68%,95% CL)
Woev, + LEP 2007.14040
| LEP LFU (68% CL) T T
ATLAS —a— LEP (Phys.Rept. 532 119)
s ATLAS - this result
Is =13 TeV, 139 fb [ | Statistical Uncertainty
: [ Systematic Uncertainty
H —e— Total Uncertainty
W, i
: —_—
-
| 1 | | | | 1
W, 0.98 1 1.02 1.04 1.06 1.08 1.1
R(t/u)=B(W—1tv)/B(W—-uv)
0700 0705 0.110 0115 0120 0125 0130 013 0140
— v,
CMS LEP ATLAS LHCb CDF DO
Ry 1.009+0.009 0.993+£0.019 1.0034+0.010 0.980+0.012 0.991+£0.012 0.88640.121
Rise 0.994+0.021 1.063 +0.027 — — — —
Reyy 0985+£0.020 1.070+0.026  0.99240.013 - — —
Ryye 1.002+0.019  1.066 + 0.025 — — — —

A. Pich

Flavour Anomalies



LEPTON

UNIVERSALITY

g‘[ v’l:
—_—

—

T %/” T Su M W g<“
gll 8u Vu \‘_’u Vi

W ge €
ge _,EI/\/T T Ee ¢ ——
[ Y Yl JUU
T %/e 7. \Ve
ge ve
gq Ve

—_—

N %/c —>—gt/7/vx W g/r’/‘t
g e Sy, T Tk ~
— T
gll —>g—u/\IH y \% € n

7. K gy u
——
0 e g A
ge \ve

A. Pich Flavour Anomalies




CHARGED CURRENT UNIVERSALITY

A. Pich, arXiv:2012.07099
(updated)

g,/g/,|

B ., T#/Tr
L) Y
| NI
By, /By,

1.0011+£0.0014

0.9964+0.0038
0.986+0.008
1.001+0.010

|2,/ 2.
B,,,/B, . | 1.0017£0.0016
B,.,,/B... | 1.0010+0.0009
By, /Bk e | 0.9978+0.0018
By s/ Bi s ze| 1.001040.0025
By /By e | 1.001+0.003
2. /2]
B,y Tu/Te | 1.0028+0.0015

BW—)r/BW—w

1.008 +0.012
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R(D*)

Tree-level
process

1 T T T ]
Ax*= 1.0 contours ]
0. = |
E BaBarl2 ]
035 E = B
o LHCHIE ]
03 . E
o ] ® ,
025 ] !
o e e
F Bellel ] T
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R(D) R(D)

_ B(Be — Jjypriy)

R =t~ =0.71£0.17+£0.18
e B(Be — J/duvy)

LHCb, 1711.05623:

LHCb, 2201.03497: R/\Oﬁ»/ﬁ = 0.242 £ 0.026 4+ 0.040 + 0.059
e

Belle, 1903.03102: FLD* = 0.60 £+ 0.08 & 0.04 (1.60)

Belle, 1612.00520:  PP" = —0.38 +0.51+ §2L

A. Pich Flavour Anomalies

SM
(170)  Rj,, ~0.26—0.28

SM
R 4+ /A2 0.324 £ 0.004

A —nd
D+
FP g = 0.455 + 0.003

D
PL M = —0.499 + 0.003
11



Possible Caveats / Constraints:
@ Saturation of inclusive width: B(B = D**7v) > 0.5% Freytsis et al, 1506.08896
* Rye = B(B — Drv) + B(B — D*tv) = (2.394+0.13)%

B(B — X.Tv)
B(B — Xcev)

. = (0.222 + 0.007) Not a problem of form factors

OPE

B(B — Xctv) = (10.65 + 0.16)% = B(B— X.tv)=(2.36+0.08)%

° |EP: B(b— X.mv) = (2.41+£0.23)%
® b—crv €>» bc—Trv:  B(B.— 1v) <10% (30%) o oy Chen
© Differential distributions. Polarizations: Data self-consistency
® Time evolution of data: éw | L e —

E_LHCbIS

LHChI

R(D)
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o™ =0

Effective Field Theory

cTV 4G
Heg' " = \/—F cb {OLL + Z [Cds Oks + Cas Ons + Cas Ojg] + he }

A,B=L,R

O)g = (Ev*Pab) (77, Psv), 035 = (EPab) (7Psv), O}s = 8ap (EcH Pab) (Fo ., Pav)

Vv S
CLL’ CRL

o Ci G (CL) Gl G Gl

Many analyses  (usually with single operator/mediator and partial data information)
Freytsis et al, Bardhan et al, Cai et al, Hu et al, Celis et al, Datta et al, Bhattacharya et al, Alonso et al
148 Murgui-Peniielas-Jung-Pich, 1904.09311

(g2 distributions included)
VR Mandal-Murgui-Peniielas-Pich, 2004.06726

Global fit to all data:

CxXs # 0 for 3™ fermion generation only

Real Wilson coefficients

e EWSB linearly realized

Assumptions
® CP symmetry =

13
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Global fit to all data:

v
D* . "

FP". B1o Min 1 Min 2

x2/d.of. 37.4/54 40.4/54
o 000t 5 | 03t iR
A 000t 5 | 110t G
| ontSEr | —otiy
A 0.008F -9 | 0.003 9:92

Murgui-Pentielas-Jung-Pich, 1904.09311

B(Be — 70) < 10%

FP™ included

® Strong preference for New Physics (x2,, — x* =31.4)

® No clear preference for a particular Wilson coefficient in the global minimum

® Min 1 compatible with a global modification of the SM
(Fitting only CLVL just increases x? by 1.4)

® Min 2 is further away from the SM & involves large scalar contributions

e FP” difficult to accommodate at 1o

e Complex C5 do not improve the x2, but open many more solutions

e Including CY slightly improves the agreement with data (x?/d.o.f. = 32.5/53).
Two additional fine-tuned solutions with C\} ~ —0.9

A. Pich

Flavour Anomalies
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Global Fit within vg

Scenarios

Mandal-Murgui-Pefiuelas-Pich, 2004.06726

Scenario B(B. — ) | x*/dof Pullsy Pullgyy | p-value
PP FP" | Rp.p+ | dU/dg®
SM 216% | 52.87/59 69.95%
v v S S T v S io 1, Min 1 <10% 37.26/53 | 0.007 208 | 00414 | 24 | 95.02%
Sc1: 0V, ,0 L0, O ,O L0 cenario 1, Min 3 .26/5 X 2. X . 5.02%
LR ™ZRR> LR =RR* =RR> =LL Scenario I, Min2 | < 10% | 38.86/53 | 0001 x | 2.08 | 00006 | 22 | 92.68%
Scenario I, Min I | <30% | 36.42/53 | 0022 | 208 | 00866 | 25 |96.00%
Scenario I, Min2 | <30% | 3854/53 | 0011 | 208 | 0000 | 22 |93.21%
Sc2 OYR R OKR X ofR R OSRR X O;R Scenario 2, Min 1 < 10% 38.54/54 | 0006 X | 232 | 00113 | 25 |93.20%
Scenario 2, Min2 | < 10% | 39.05/54 | 0004 X | 232 | 00003 | 24 |93.73%
Scenario2, Min1 | <30% | 38.33/54| 0.035X| 232 | 00023 | 25 9
Y Scenario2, Min2 | <30% | 38.80/54 | 0.025X| 232 | 0 24 | 94.09%
Sc3, VI Opg Scenario 3 <10% | 3950/58 | 0150 X | 365 | 0.0835 | 3.7v| 97.00%
s s ) s s Scenario4a, Min 1| < 10% | 49.93/57 | 0079 X | 234X| 0" 12| 73.52%
Sc4, @ Opp, Ogg [b: + OF . Op/] Scenarioda, Min2 | <10% | 49.93/57 | 0079 X | 234x| 0 12| 73.52%
Scenario4a, Min 1| <30% | 44.49/57 | 0311 X | 266X| 0* 24 | 88.62%
Scenario 4a, Min2 | <30% | 44.49/57 | 0311 X | 266X| 0*
Scenario 4b <10% | 43.56/55 | 0054 X | 207X o
Y s VoS Scenario 4b <30% | 40.08/55 | 0218 | 252 | o
Sc5 Uy Ogr,»Ofg [b:+ O, Op/] Scenario 5a <10% 39.39/57 0* X | 322 | 0.0981
. s T Scenario b <10% | 39.37/55 0" X| 334 | 0.0060
Sc6, Ry: Ogr» Ogp Scenario 6 <10% | 44.20/58 00 x| 334 0
Sc7,5: 0¥, , 0%, , 00, b +0Y 03, 0] Scenario 7a <10% 39.21/57 | 0126 X | 322 | 0.0616 | 3.
1 YRR TRR Y TRR LL> =L =L Scenario 7b <10% | 39.06/55 | 0014 X| 256 | 00112 | 27 | 94.87%
Ses V) OF Scenario 8 <10% | 47.32/57 | 0259 X | 256X| 0* 19 | 81.60%
D* . . .
° FL difficult to fit at 1o P
Only possible in Sc 1 and 4b (< 30%) o
e Scalar solution =3 larger Br(B. — 77) R
) " Rp
e Higher pulls: V#, 51, Uj —
Si[1] Si21 s21] s2[2] 83 Sda[l] Sda[2] S4b Sha S5b S6 STa STh S8

A. Pich

Flavour Anoma

lies
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B(E — D(*)T_DT) Tree-level
RD(*) = S ) ) — process
B(B — D™/ I/g)

New (non official) analysis of BaBar data:

0.40
0.35 |
i .
030 ‘[ = Yunxuan Li
- ! Ph.D. thesis
o “M Caltech, May 2022
& altech, a
<@== BaBar y
0.20]
Advisors: D.G. Hitlin, F.C. Porter
% BaBar 2022 (Preliminary) ¥ SM Prediction
0.15 BaBarl2 + LHCbIS
" Bellel5 + LHCbIs
Bellel9 ¢ Bellel?
0 0.20 0.25 0.30 035 0.40 0.45 0.50 0.55
R(D)
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e—p anomaly in B — D*fv Belle data (1s09.03200)

A. Pich

0.06 0.06
©sM +sM
004 ¥ bestit point 001 7 bestit point
— Belle 2018 W Belle 2018
002 0.02
0.00 0.00
= =
& Ry
T om T om
~0.04 —0.04
~0.06 ~0.06
E0S 0.3.2 E0S v0.3.2
~0.08 ~0.08
~004 —002 000 002 004 006 008 010 ~0.04 002 000 002 004 006 008 010
AAsp AApp
0.06 025
+osM Y best-fit point
o0t ¥ bestefit point 024 T Delle 2018
— Belle 2018 - sM
0.02 0.23
2
& 0.00 20
4 =
~0.02 Lloa
~0.04 0.20
~0.06 0.19
E0S v0.3.2 E0S v0.3.2
~0.08 0.1
—004 —002 000 002 004 006 008 010 —004 -002 000 002 004 006 005 010
AApp AApp

Bobeth et al, 2104.02094
40 discrepancy in AApp

AO = 0" -0°

dr'O 14T +T0)
dw ~ 2 dw '
1 dar 1

N _loae Ly g o) Beos® 0 —1
T0 deong, 2 T Are)eostet g (1-3 ) ===,

1 dro
T© deosbp

- % (1= (RO ) sin?0 + % (F9) cos?6p .

1LdfO 12
3705

1 2 50y
5 a "o yoos2y -+ o= (5§} sin2x,

Some inconsistencies identified in the data

Flavour Anomalies
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b u,c,t s

SM loop
process

By — utp”

Sensitive to (pseudo) scalar contributions: W* & HE, Z & H, A°

D. Kovalskyi, ICHEP 2022 M :
Y NS one —— 183755
LHCb
044 ——s—— 2.07:029
BPH21-006 = 3.83%0% PRL 128 (2022) 041801 =
CMS+LHCb Combine +0.37
LHCb 0.4 > 191"
PRL 128 (2022) 041801 —3 3.09%4 BPH-20003 o
ATLAS+CMS+LHCb 269037 - A ——fe———— 170755
BPH-20-003 I - -0.35
SM Prediction
cms w72 ! 1.616 £ 0.010
JHEP 04 (2020) 188 —_— 2,947 0 ) . . ) ) X
0.5 1 15 2 25 3
TLAS 08
JHEP 04 (2019) 098 _ 28%; (B! — w'w) [ps]
SM Prediction .
Benoke et ], JHEP 10 2019) 232 - 3.66+0.14 0610° Lot (13 TeV)
' ‘ ; / : cms
1 2 3 4 0 5 g, Preliminary
BB, = ww)[107] o
cms
BPH-21-005 A — <19 o4
LHCb =
PRL 126 (2022) 041801 g <26 2
0.3~
ATLAS+CMS+LHCb i
BPHa0a0s R <19 om
cms g y
JHEP 04 (2020) 188 = <36 0.2} %
ATLAS
JHEP 04 (2019) 038 D — <21 ok
SM Prediction
Beneke et al, JHEP 10 (2019) 232 ' 1.03 = 0.05
1 2 3 4 I 10°
1 2 4 6 7

5
- 3
BE° — wy) [107] BB? — ww)
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b— sutpu~

LHCb B®— K*u*p~ [JHEP 11 (2016) 047]

u,c,t s

LHCb B* — K*yt i~ [JHEP 06 (2014) 133]

0,150 . _ _ MMLCSR | Latice -e Data
L % &
E LHCb % > s oKy
< 8 9. LHCb ]
) = X 0
3 & o LTy .
= 2 S 4 Tty
0.05 —+ e 3 e -
—+1 = NS
& =
1. 1‘ é 15 N % 0 é 1'0 |'5 z'o
0 0 3 ev? ? [GeVet 2
¢ [GeVYe') 4 [GeVcl) ¢ [GeV¥cH)

A9 — Aptp~ [JHEP 06 (2015) 115]

=

LHCb ]

LHCb B®— K%y~ [JHEP 06 (2014) 133]

B+ K*+ it~ [JHEP 06 (2014) 133]

=] CSR Lattice —e-Data

=] CSR

Latticc —e-Data

B' = K'uu
LHCb 4

+

dB/dg? [10°* x ¢*/GeV?)

B =Kt
LHCb A

dB/dg? [10° X ¢4/GeV?]

15 20
¢ [GeVYc')

C. Langenbruch, LHC implications 2018

Data consistently below SM predictions

(] 5 0 15 30
¢ [GeV¥cH]

1‘5 Z‘()
¢ [GeV¥cH

(1-3 o tensions)

Large hadronic uncertainties

A. Pich
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B— K'utuy™ — Krutp™

1 d'r 9
dl'/dg® dcosf dcosfy de dg> 327
— Fp, cos® O cos 20, + S3 sin® O sin? 0 cos 2¢ + Sy sin 20 sin 20, cos ¢

[g(l — Fp)sin? 0 + Fi cos® 0 + %(1 — Fp)sin® 0 cos 20,

+ S5 sin 20 sin B cos ¢ + Sg sin® O cos B + Sy sin 205 sin b sin ¢

+ Sg sin 20 sin 20, sin ¢ + S sin” O sin® O sin 2

[LHCb, JHEP 02 (2016) 104] [Belle, PRL 118 (2017) 111801]
[CMS-PAS-BPH-15-008] [ATLAS, arXiv:1805.04000]
R A —

SURE ]
o LHCbdata o ATLAS data ] 5
= Belledata © CMS data ] b !
0.5 [ SM from DHMV ] LQ I
SM from ASZB ] .
of ‘ .
-0.5F
—1 - L
0
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Belle '19 ke —
- - - - eren
Discrepancy confirmed in LHCD 21 ———
I - I LHCD "14A o ——@——— mm (110
B'—= Ky~ (15,22)
recent lattice analyses LHOh s - mu
B — KE+4- .
LHCDb "14A | B' = K'p'p ———
LHCD "14A ——
HPQCD 2207.13371 T T T T
—0.8 =04 0.0 04 12 1.6 2.0
BE\p/BIIPQ( D22
o fes 00 N AN
o wmonn | o ; o Lich A s ocorm 0.4
Dhame | 804 0.4 )
o mow F03 o ros
=
L2 =024 02 0.2
j)
f1 2 rot
~0.0- ~0.0
0.0 0.0~ . 0.0
0 5 10 15 20 0 10 15 20 5 10 15 20
¢*[GeVY] P[GeV?] ¢GeV?)
HPOCD ff) %] HPQCD 2 e HPQCD '22 —
elle 19 | gy gvpeg- Pl Belle 19 - B s
Babus 08 [ — = B~ K% BEB]‘I” [1); Bokee Y
Belle 19 — —— elle ——
Belle 09 | B* - Ktete- — Belle 09 —— BaBar 08 i
BaBar 08 — > B S Klete- )
alar 08 = BaBar 08 |—4—— Belle 09 [p i
LHCh '16 e LHCb "14A o L e e—
LHCH "M4A | e LHCb "12A —o— CDF ‘11 —A—
LHCH 128 | B K'p'ur@ ODF 11 " B = K% ) o
Bl 09 [ Belle 09 — Belle 09 |B — Ku*pu .
BaBar 08 | : BaBar 08 A BaBar 08 ——
; EE T 27371 5 6 7 8 9 1011 P} 6T
1078 10'B
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Inclusion of non-local (long-distance) contributions

4

L [Gev ]

AB(B— Kyt
i

B(B—KJ/V)

6

x10-°

x 1074
—=- BSM best fit H ——=- BSM best fit
=== BSM benchmark 4 ~ == BSM benchmark
SM prediction ' SM prediction
LHCb 2014 ! B LHCH:2021A
Babar 2012 1

Belle 2019

2 4 6 8
¢*[GeV?]
1.00
BSM best fit I\ === BSM best fit
BSM benchmark 075"\ ~ =~ BSM benchmark

SM prediction
LHCb 2016
Belle 2019
CMS 2013
CMS 2015

SM prediction
LHCb 2020
ATLAS 2018

Flavour Anomalies

Gubernari-Reboud-van Dyk-Virto

2206.03797

Increased errors
but
anomaly remains
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Violations of
Lepton Flavour .

2 2
9min da

2 _
Itmax dF(B=Hutu ) da?

q
SM

2 —
dax dl(B—Hete )dqz

2 1+ 0(107%)

QED corrections

. . 2. dqg?
Universality i
LHCb 1705.05802 LHCb 2103.11769
T T T T i T T
e : —_— . BaBar
Yoo ] 0.1 < ¢* <8.12 GeV¥c*
081 I T ;
I ]
06F T M 1 i, Bele
R ® LHCH 4 10< g2 <60 GeV/e*
K*0 BIP ]
04F " 2.1.2.5 & deviation from SM v CDHMV 3.1 0 deviation frony SM
W EO0S ] -1
02F ¢ flav.io ina H—IC?QﬁtL’)hG Vet
LHCh P 1 <4 <60GeVie
0.0 L L . L | . ) )
) 1 2 3 4 5 6 0.5 1 15
¢ [GeV?/c] Rk
R, ! Bell
- Belle . .
—_— |.A|<q7<6.l)GcVZ/(" D. Lancierini, Moriond 2022
Ry Belle
0.045 < g < 1.1 GeV¥et
Ry.Belle RK** s RKO
* 10< g2 <60GeV¥ct S
. Ry LHCb 9 b
0.045 < 42 <60 GeV?/ct
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Precision dominated by LHCb, Belle 2 will be able to independently verify with ~10ab-1.
Will be interesting to see the eventual impact of the parked CMS dataset.
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Global 2D Fits: Q% ~ —02 G}
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e BY — 1T strongly constrains pseudoscalar operators and bounds Cll\éi
e Preferred solutions: Cgl\f #0 or Cé\f ~ —CRP w70

e Additional solutions with LFU components (Algueré et al, 1809.08447)

e SMEFT: b — c7v and b — s/ anomalies =3 Large b — s77

(7" Q3) (L3 Ls) + (Qov" o' Qs)(Lsvpo' L3) = 2[(Gyubr)(Fiv* ver) + (5ivube))(Frt )]
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Leptoquark Solutions 0.06 Buttazzo et al, 1706.07808
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