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Flavour Anomalies

Andreas Crivellin
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Global Fit to b—>SH+H_ Data  see talk of Peter Stangel

* Perform global model independent fit to include
all observables (=150) |,

« Several NP hypothesis **
give agood fitto data y |
significantly preferred
over the SM o
hypothesis ______ ;ﬁ?g
0,=5y"Bbly,l . 7
Oy =5y ”PJ)Z}/ uV ( :,‘m R m [1()/ P el

Fit is >7 o better than the SM




b—ctv Transitions See talk of Zoltan Ligeti

« LFU test of

N L L L — T T T T T T ]
E B = contours ]
the Charged Q 04 :_ [ HFLAV average Ay =1.0 t —:
current T o -
AQ - BaBar12 ]
} 0.35 — 36 =
» Tau mode g N LHCb18 i
enhanced Qﬁ 0.25 f_ F  Belle19 " Bellel5 _f
* Supported *Q E Bellel7 HELAY E
by = 02p Himmansl M petislne
- | | | | | IR(D"l‘) = 0I.258Ii' 0.()IOS | | | | | |P(x2|) = 2|7% r

B —>J/¥Ytv — o2 03 0.4 05
R(J/LP):B Ny R(D)=B — Dtv/B — Dlv

» Tree-level [ > need huge NP effect

O(10%) constructive preferred effect at 30




Muon Anomalous Magnetic Moment

A/ "\I,
17 T T oo nad T

* Theory prediction challenging (hadronic effects)

Aaﬂ — ( 251+ 49) %101 T Aoyama et al., arXiv:2006.04822

« Need NP of the order of the SM EW contribution
* Chiral enhancement necessary for heavy NP

* Soon new experimental results from Fermilab
» Vanishes for m,>0 > measure of LFUV

4.20 deviation from the SM prediction




T—>MUVV and T->evwv

« Ratios of leptonic _
0.006
tau decays |
AexeC2 V) _y 0029 +0.0014 0004
ASM (u—>evv) _
Ao (02> HV) 018100014 S 0002
Ay (7> evi) g
A2 V) 010400014 © 20
Ay (1t —> eviv) |
100 049 051 ~0.002|
p=|049 1.00 —0.49 |
0.51 —0.49 1.00 —0.004;

|||||||||||||||||||||||||

nnnnnnnnnnnnnnnnnnnnnnnnn

NP in muon decay
constrained from EW data

-0.004-0.002 0.000 0.002 0.004 0.006
O(T>uvv)

=20 hint for LFUV in tau decays
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Cabibbo Angle Anomaly (CAA)

) VUd from = 7 decays SGPR
super-allowed —— Konty —n
beta decays — Koo cuis

— 0+_ 0+ |—.—|
° Vus from SM fit 68% CL o
Kaon and
I o | CMS,
tau decays | SGPR:
. radiative

) Dlsagreement | ’ : corrections

Ieads to a 0.220 — 0.222 — 0.224 — 0.226 — 0.228 —

(apparent) violation of CKM unitarity

2
‘Vud‘+

2
Vs

+|772] =0.9985 +0.0005 (PDG)

30 tension
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CAA and LFUV

* Assume modified Wev couplings
L:igz/x/zvfy“Pf.W (5 +& )

*V,4 from beta decays depends on Fermi constant
1/7,~ Vd@+ge)(f i

u

* Fermi constant determined from |

muonzdecay
1 G:m p 2

= I+Ag)(l+¢, +¢,
7, 1927° 5 Q)( )

. Dependence on ¢, cancels -1}

2
)ak A A
us \/1 Vﬂ 2 I/us . o

The CAA can be interpreted as a sign of LFUV
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Non-Resonant Di-Leptons

2

* Excess in
di-electrons at L5t
m..>1800GeV e - e

* Observed: g T |
44 events g5 i e - al
29.2 + 3.6 events 550 60 1000 2000 3000

e Also ATLAS (2006.12946) and HERA (1902.03048)
observe slightly more electrons than expected.

* No excess in muon data

=30 hint for LFUV
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AAgg In b—cuv

o Adpy=Any(b—cuv)— A, (b— cev)

40 deviation found

08 et
by 2104.02094 | Ry et ;
based on BELLE Pl i |
data 1809.03290 ”“’2?
Scalar and/or ISl .
tensor operators < o :
required for an ~0.04- :
angular asymmetry
g-2 and b->spp I hhaicioatlN . ... |

. . —-0.04 —-0.02 0.00 0.02 0.04 0.06 0.08 0.10
motivate new phyS|cs A

related to muons

Hint for scalar/tensor NP in b—>cpv
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Accumulated Evidence for LFUV

pp—>e‘e
b->duu =30

b—>utv
1-20

Andreas Crivellin Page 12



New Physics
Explanations of the
Anomalies



R(D) & R(D*)

- Charged scalars: Problems with distributions

d B_lifeti A. Celis, M. Jung, X. Q. Li, A. Pich, PLB 2017
and B litetime g aionso, B. Grinstein, J. Martin Camalich, PRL 2017

- W’: Strong constraints from direct LHC searches
D. Buttazzo, A. Greljo, G. Isidori, D. Marzocca, JHEP 2017

. Leptoquark: Strong signals in qgq—>tt searches
CMS, 1809.05558; ATLAS, 1902.08103

Explanation difficult but possible with Leptoquarks

Page 14



e Large couplings to the second generation

 Cancelation in b->svv needed: C{1)=C3)
10 see talk of Jacopo Cerasoli
8 |
o |0 Ryw&Ryw 20 b—>stt
= 6? | [ | RD(*)&RJNJ1O
s | B Br[B.>11] very
4: | W Br[B>K"11]
I | W Br[B->Kr11] StrOng|y
I | O Br[Bs—»
) RGN cnhanced
o=t IS 2|
1.1 1.2 1.3 1.4 1.5 B. Capdevila, A.C., S. Descotes-Genon,

Rx/RM L. Hofer and J. Matias, PRL.120.181802
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b—suu-explanations

- ZI W. Altmannshofer, S. Gori, M. Pospelov b :u
and |. Yavin 1403.1269, .... Z’
m Necessary effects in B, mixing
m Collider constraints rd
S 23 H

m Loop contributions
m Scalars and vector-like fermions 5 ;hao~ M LEreeeha

m 2HDM Ac. D. Miiller and C. Wiegand, 1903.10440
m R, Leptoquark b. Becirevié and 0. Sumensari, 1704.05835

m 7’ coupling to tops . kamenik, v. Soreq and J. Zupan, 1704.06005

B G. Hiller and M. Schmaltz, 1408.1627
Le ptoq ud rkS D. Becirevi¢, S. Fajfer and N. Kosnik,1503.09024, ....

Small effect needed; many possibilities
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a, explanations

* MSSM tan(l3) enhanced slepton loops

* (light) Scalars with
enhanced muon
couplings

Leptoquark

@ (m =1500GeV)

1.0F 0.25—

| W da, (20)

e 7’:Very light or with tu
couplings
(m, enhancement) ¢ oo (

| [] LEP allowed

0.5} | m ILC & CLIC projection

| @ CEPC projection

|'j Bl FCC-ee projection

* New scalars and gl | — giwe/ i x 103
fe rm ions K/YIJ | - g.‘:fj\"P/g.(-’f.TS..\l x 103
-L0 0.257 N, excluded (20)
¢ Le ptoq ua rkS m; 210 —05 00 0.5 1.0
ALR A.C, C. Greub, D. Muller, F.Saturnino,
enhanced effects ® 2010.06593

Chiral enhancement or very light particles
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Cabibbo Angle Anomaly and EW Fit ===

* Modified W 4 coupling
. 0.12}
* Tree-level effects in
beta decays disfavoured 0!
by LHC searches — 0.08}
- " |
* W-W* mixing | oosf
* \Vector-like leptons - . ;
. 0.04} ® 95%CL / .l
— SU(2), singlet N | = wma ;|
) 0.02l 6% oL NN ) / !
coupling to electrons 7]  siame N o
. [ —-— g%cL NNC -
—SU(2), triplet 2 S0 002 o004 006 008
coupling to muon Ac, F. Kirk, C. Manzari, Yl

M. Montull JHEP, 2008.01113 Mx

>50 improvement over SM hypothesis
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T2 UVV

¢ LH_LT A (bOX diagra ms) | Silngly charged scalar |
* LFV violating Z* Utk N et el et
* Modified Wev couplings
° W’
* Singly charged scalar
/123
i H
¢+ \ H [BEN@ S H@WTN (13,1=0.01/(1 TeV)?
=~ '
1% 0.000 0.002 0.004 0.006 0.008
o(T->pvv)
A.C., F. Kirk, C. Manzari, L. Panizzi, arXiv:2012.09845

Scenarios can be distinguished by mt—>uv/ n—>ev
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AApp

» Right-handed vector operators LFU
- Good fit requires the tensor operator > scalar LQ

Carvunis, AC, Guadagnoli,/Gangal 2106 9'610 1 <
' / Z — pp (excluded)
0.05 = & CMSLQ — puj b
ATLASLQ — t7
b— cuv (1,20)
/ —— LHC limit
0.00 - S === W — uv coupling
_______________ L TS, N i
- ]
3> —0.05 | :
== b— svv (S only) : . oo
—0.104 -—--- Br(B. — pv) 1 . 80
—— AApgp (1,20) & L s
S AFLAFL (].O') (@0) 7
— AS;(lo) Q Sl
—0.15 1 RE< . (1,20) i :
— Global (1,2,30) '
- T - T
—0.1 0.0 0.1 0.2 1.0 L5 2.0
Ch = —BL. /85 Ay x (1.5 TeV)/M

Hint for scalar leptoquarks
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Non-Resonant Di-Leptons

AC, Luc Schnell, 2104.06417
AC, C. Manzari, M. Montull 2103.12003

1.5}

@ =
+= ry =
S+ 1=+
oA
e two barrel leptons

at least one endcap lepton
= 1.0 x (10 TeV) ™2

i best fit, [Cg]]nu
20, [C5] 131y = 0:8 % (10TeV)~2
2. [c.'}l”]]m = 1.8 x (10 TeV) 2
500 1000 2000 3000

0
200
mye [GeV]

Constructive heavy NP in electrons (e.g. LQs)
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Common explanations



b—stf and b—>ctv with a Vector Leptoquark

_ § AC, C. Greub, D. Miller, |
1.4+ ,! F. Saturnino, PRL 2018
(\"/ B — Ktu ;
— mb-crvlo
1.3¢ R i
- | mb-cry 20

mb-osttt 1o

1 bostttT 20

RX) / RX)sm

. K%g =105 =25 K%z

kel K%g =5 =25 KQI;Z

-0.4
L L* ca =
640 K22 K32 (— Cg:usb— _C’fg,sb)

Pati-Salam LQ can explain the flavour anomalies




S1-S3 LQ model: R(D™), b->slland a,

: AC, D. Mueller, F. Saturnino
- 4 benChmark pOIntS arxiv:1912.04224
K22 K32 K23 K33 A22 A32 A23 A33 A32 A23
®p, | —0019 | —0.059 | 0.58 | —0.11 | —0.0082 | —0.016 | —1.46 | —0.064 | —0.19 | 1.34
® )| —0.017 | —0.070 | —1.23 | 0.066 0.0078 | —0.055 | 1.36 0.052 | —0.053 | —1.47
p3| 0.0080 0.081 1.18 | —0.073 | —0.0017 | 0.16 | —0.76 | —0.068 | 0.023 1.23
®p,| —0.0032 | —-0.21 | 044 | —0.20 0.014 —0.10 | —1.38 | —0.068 | —0.032 | 0.57
e — o cu R(D) R(D*) Bs > 11 | T— wy day, Yci/‘c’g n 1 Z — T
R(D)sm | R(D*)sm | By = 77|gy, | x10° x 1011 x 108 x 1010
® —0.52 —0.21 | 1 25° 1.10 59.88 4.35 207 291 0:1L%
® —0.56 —0.28 1.14 1.10 99.76 0.766 199 448 2.38
D3 —0.31 —0.31 1.14 1.09 112.5 3.62 265 1% 0.129
® py —0.31 —0.31 118 i1 4 1125 0.734 230 934 45.6
cx = —4c5 | Cn RK® Amgs B —>_ A;U‘ T—ou | T —> pee |\§§(Q)| Afi(mZ) r
il Am! x 107 sel@® A x10° 88 % 1075
® 0.023 0.040 2.33 0.1 0.512 1.27 44.94 81 —3.64
® 0.020 0.040 0.87 0.16 332 4.73 7.783 0.90 —3.02
D3 0.023 0.037 1.08 0.19 4.07 1.00 37.89 0.89 —3.51
® py 0.010 0.047 2.43 0.18 3.69 0.0021 18.60 242 —10.04

Common explanation possible



Vector Triplet in the CAA & b—stf

* Region from EW fit = r )
overlaps with SR
b—>s€8 region il |
e Correlations ’r
between & 0
e.g. T>uv/m->ev Ll
and R(K(*)) dalre b sl (68% CL)
predicted - o o1
+ Global fit significantly e

improved -6 -4 -2 0 2 4 6
B. Capdevilla, AC, C. Manzari, gt
M. Montull, PRD 2020

Common explanation possible
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Model for b—sft, CAA, Z->bb and t — pwv

qr. dr ur H 1 er |QrL Qr Dr Dr ¢t S
SUB)./3 3 311 13 3 3 3 1 1
Sorlg 1 1.2 2 4. |2 2 2 4 o 1
Uil |8 3 6.2 2 L % % - = 4 0
) |6 8 0 0 f0,0,—1) 0 1 1 © —~1 —1i
br, si QL Qr br. Sp oF M'

> i = = > g o7 . & . s
| | i r g
" " oL
74 \
Z K w¥

Tree effect in Zbb and loop in Z’sb
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Model for b—stf, CAA, Z->bb and t — pwv

2500 f,

T UvV CAA]

2000

1500

Tree-level
my [GeV]

1000

LHC excluded

500!

bostt (10) for g'/mz:=0.9/TeV -

500 1000 1500 2000 2500
mg [GeV]

Z’ penguin + modified Zsb
coupling give very
good fit to b—>sll data

Simple model provides combined explanation
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CAA and Non-Resonant Di-Leptons

15[ — 1 | ey
— CAA ——— ATLAS excluded 95% [~

10} — R(r) \X
— CMS \
: 1.0004 < R(w) < 1.0009 (95% CL) '

— total

AC, C. Manzari, M. Montull, 2103.

0.0 0.5 1.0
[C}jj’]nn x (10TeV) ™2

4.50 better than SM, prediction for R(m)
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Conclusions

R(D¥))

fermions

gggggg



