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Outline BS
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e Status of the Flavour anomalies
— b—>sup
—b—>ctv
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* Dark Matter existence established at

cosmological scales New

— New weakly interacting particles JEEEIgile/l=5:
 Neutrinos not exactly massless - and

— Right-handed (sterile) neutrinos [kl
* Matter anti-matter asymmetry exist

— Additional CP violating interactions

The SM must be extended!

What is the underlying fundamental theory?
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Finding New Physics with Flavour «F=

* At colliders one produces many (up to 10**) heavy quarks
or leptons and measures their decays into light flavours

1000|
Standard Model

100}

Flavour observables are sensitive to higher

energy scales than collider searches
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Global Fit to the CKM Matrix “HEj
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Picture of CKM Flavour violation established
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Overview on the
Flavour
anomalies
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b—su*u Processes BS

* Flavour Changing Neutral Current (FCNC)

* |nthe SM it is suppressed by
» The CKM elements V_, = 0.04
» Electroweak scale
» Loop-factor

W-

Suppressed and very sensitive to New Physics
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P., Bi—pp and Bi—dpup

* P.": angular observables in B>K*uu = 30
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Hadronic uncertainties or NP?
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R(K®*)) = B>K®u+ru/B—K®ete
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Lepton Flavour Violation in B decays?
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Global fit to b—su*u- data BS

* Global analyses give a very good fit to data

 Good fit to data: y
b |
- C — _C 1 o \\: [—D“LAHIYh
d 10 ..
- C, =-C, 5
O, =Sy"Pbiy |
S ) 5 4 b1
Olo — Sj/'uPngj/,uQ/ f e B i . ;

Cop
M. Alguero, B. Capdevila, AC, S. Descotes-Genon, P. Masjuan J.
Matias and J. Virto, arXiv:1903.09578 [hep-ph].

Fit is 5-6 o better than the SM
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b—-clv Transistions BS

m B->Dlv, B >D*Inu, A,2>Alv

m Tree-level decays
in the SM >

m Form factors
needed

m With light leptons
(I=u, e) used to determine the CKM elements

m CKM fit works very well, i.e. tree-level in
agreement with AF=2 processes

Largest B branching ratios, used to determine the

CKM elements, usually assumed to be free of NP
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b—ctv Measurements s

(DY) =B - DY7v/B > Dy
=B—->D"'rv/B—> 1%
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All measurements above the SM prediction

>30 deviation
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b—ctv Measurements
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R(J/¥)=B, »>J/¥Yrv/B, > J/¥Ilv

LHCb R(J})

SM predictions

LHCb-PAPER-2017-035
0.71 £ 0.17+ 0.18

PLB 452 (1999) 129
arXiv:hep-ph/0211021
PRD 73 (2006) 054024
PRD 74 (2006) 074008
Range 0.25- 0.28

-0.5

0

1
R(J/ W)

Supports R(D) & R(D*)
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b—-ctv Global Fit T
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Muon Anomalous Magnetic Moment ==

* Single measurement from BNL

* Theory prediction sound but challenging

because of hadronic effects.
Aa, =(236+87)x10™"

« Soon new experimental results

T [T oo [T had L

« Small tension in Aa, with opposite sign

30 deviation (order of SM-EW contribution)
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Hints for New Physics B

Lepton
Flavour
Universality
Violation
(LFUV)
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Extensions of the
Standard Model
to account for
the flavour anomalies



R(D) & R(D*) i

C

m Charged scalars: Problems with distributions
and B_lifetime

m W’: Strong constraints from direct LHC searches

m Leptoquark: Strong signals in gg—>tt searches

Explanation difficult but possible with Leptoquarks




b—sutu explanations BSIE

- ZI W. Altmannshofer, S. Gori, M. Pospelov b :u
and I. Yavin 1403.1269, ... 7'
m Necessary effects in B, mixing
m Collider constraints e
S 23 M

m Loop contributions
m Scalars and vector-like ferions
m 2HDM A.C., D. Muller and C. Wiegand, 1903.10440

m R, Leptoquark b. Becirevic and 0. Sumensari, 1704.05835

m Z’ coupling to tops 3. kamenik, Y. Soreq and J. Zupan, 1704.06005

B G. Hiller and M. Schmaltz arXiv:1408.1627
Le ptoqua rkS D. Becirevi¢, S. Fajfer and N. Kosnik,1503.09024, ....

Small effect needed; many possibilities
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a, explanations E5

m MSSM
m tan(l3) enhanced slepton loops

m Scalars
m Light scalars with enhanced muon couplings

m/
m Very light with Tt couplings (m, enhancement)

m Leptoquarks

m m, enhaned effects

Chiral enhancement or very light particles
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Simultaneous
Explanation with the
Pati-Salam
Leptoquark
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Vector Leptoquark SU(2) Singlet 5

 Left-handed effect in b>suu

 Left-handed vector current in R(D) and R(D¥*)

* No effect in b—>svv

* No proton decay

* Contained within the Pati-Salam model

* Massive vector bosons
— Non-renormalizable without Higgs mechanism
— Pati Salam not possible at the Tev scale

because of K, >pue and K->mpe

Good solution, but difficult UV completion
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mb—-crvilo
mb-ocrv2o
B Ry excluded

W By—>thrT
excluded

— LHC
excluded

Compatible with constraints for generic couplings
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R(D™)) and b—stt

* Large couplings to the second generation

D Ryw &Ry 20 b 9 STT
m RD(*)&RJ/LP 10

@ Br[Bs—11] Ve ry

B Br[Bo>K*11]

B Br[B-Kr1] St ron g I y
= Br[Bs—>¢r1T]

enhanced

B. Capdevila, AC, S. Descotes-Genon, L.
Hofer and J. Matias, PRL.120.181802
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Important Loop-Effects BE

* Explanation of b—>ctv requires large bt and st
couplings (follows from SU(2) invariance)

AC, C. Greub, D. Mller,
F. Saturnino, PRL 2018

Large loop effects in b>sup
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Important Loop-Effects

* Explanation of b—>ctv requires large bt and st
couplings (follows from SU(2) invariance)

~0.061

10-04 mb-ocrvio

C%b
10.02 mb-cry 20

— Br[B, » vt ]x103
10.0004

1.00 1.05 1.10 I1.15 1.20 1.25 1.30
R(X)/R(X)sm

AC, C. Greub, D. Mller,
F. Saturnino, PRL 2018

Large loop effects in b>sup
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Possible UV completions

* SU(4)xSU(3)'xSU(2),xU(1), + Vector-like fermions
L. Di Luzio, A. Greljo, M. Nardecchia, arXiv:1708.08450
* SU(4)xU(2),%SU(2); + Vector-like fermions
L. Calibbi, AC, T. Li, arXiv:1709.00692
e SU(4)x SU(4)x SU(4)
M. Bordone, C. Cornella, J. Fuentes-Martin, G. Isidori, arXiv:1712.01368
* SU(4) xU(2),%SU(2); including scalar LQs and
light right-handed neutrinos
J. Heeck, D. Teresi, arXiv:1808.07492
e SU(8) might even explain €'/«
S. Matsuzaki, K. Nishiwaki and K. Yamamoto, arXiv:1806.02312
* SU(4)xU(2)xSU(2) in RS background
M. Blanke, AC, arXiv:1801.07256

Good solution, but challenging UV completion
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Pati-Salam RS Phenomenology H&

ROV(R(X))su=1.07

0.20/
0.15
Lo
::ti,)_
@ 0.10] S
K&

B b-osuy (30) b-suu (30)
0.05 M b-suy (20) ! ~0.8 bosup (20)
W bosuy (10) _ b-suyu (10) |
-3y excluded . ® 10 %<Br(1>3p)<1.2x1078 |
000 ™ DO- D excluded -1.0 ® Br(1-3u)<107° |
0.000 0.005 0.010 0.015 0.020 0.025 0.030 1.00 1.02 1.04 1.06 1.08 1.10
s R(X)/(R(X))sm

M =3TeV, s§ =0.2, s§ = 1/v/2 and s? = /3/2
M. Blanke, AC, PRL 2018

Modell well motivated + limited but sizable effect
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Scalar
Leptoquarks



Leptoquarks in a, 55

m Chirally enhanced effects via top-loops

15"

L,R
ﬂ/ﬂ
1.0 .
Left-, right-
0.5] | [ BoaK*vv
1 B>K*vv (BELLE Il) handEd
< 00 | B Zopu (LEP) muons-top
B Z-yuu (GigaZ) .
-0.5 | B Zspp (TLEP) cou pllng
m a,(20)
_10. - @ bosuy
E. Leskow, A.C., G. D'Ambrosio, D. Mller
15 arXiv:1612.06858

15 -10 -05 00 05 10 15 P Arnan,D.Becirevic, F. Mescia, O. Sumensari,
,\t arXiv:1901.06315 [hep-ph]

Z—>uu at future colliders
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AC, D. Mueller, T. Ota s scherses st

Two Scalar Leptoquarks 170306526 BS

» @, scalar leptoquark singlet with Y=-2/3
* @, scalar leptoquark triplet with Y=-2/3

b Dy + Dy

Z ! Constructive in R(D*))

1 by — Py Destructive in b—->sup
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\/ AL AL IM3 [1/TeV]

-06 -04 -02 00 02 04 06

\/ AYE AL IM, [1/TeV]

| B RD™) 20
| ®m RD*NH) 10
| [ b-svv allowed




R(D™), b->slland a,

PAUL SCHERRER INSTITUT

S

m 4 benchmark points

AC, D. Mueller, F. Saturnino

arxiv:1912.04224
K22 K32 K23 R33 /\22 /\32 /\23 /\‘3‘3 /\32 /\23
®p | —0.019  —0.059| 058 | —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
co— o | e R(D) R(D*) By =711 | T = 1y §“u 1;‘3/1; -1 Z =T
R(D)sm | R(D*)sum | By — 77|y, | x10° x 1011 x 106 x 1010
® —0.52 —021| L.15 1.10 59.88 4.35 207 201 0.117
® 7, —0.56 —028| 1.14 1.10 99.76 0.766 199 448 2.38
D3 —0.31 —031| L.14 1.09 112.5 3.62 255 17 0.129
® 1y —0.31 —031| 1.13 111 112.5 0.734 230 934 45.6
o = acq; | o | ORE® im?]g B Ko 7= o 7= e (A (0)] f}é%(m%)_r
Amp x10° x 10 x10 x 107 Agy x 10—°
® 0.023 0.040 | 2.33 0.1 0.512 1.27 44.94 1.11 —3.64
® 1, 0.020 0.040 | 0.87 0.16 3.32 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
® )y 0.010 0.047 | 243 0.18 3.69 0.0021 | 18.60 3.12 —10.04

Common explanation possible




Correlations the neutron EDM with S15:5

PAUL SCHERRER

INSTITUT

Arg[Afs]

K. K. Vos, arXiv:1809.09114
74—” AC, F. Saturnino
N arxiv:1905:08257
2 ¥ 0.6<Br[B-7v]/Br[B->1v]sm<0.7
Sx | W 0.7<Br[B->71v]/Br[B->1v]sm<0.8
* B 0.8<Br[B-7v]/Br[B-7v]su<0.9
o 1.1<Br[B-1v]/Br[B->1v]sm<1.2
© 1.2<Br[B->1v]/Br[B->1v]sm<1.3
7 B 1 .3<Br[B>rv]/BrB-1v]su<l.4
721 B nEDM excluded
n2EDM sensitivity
af 1905:08257 s i
O_
0.00 0.01 0.02 0.03 0.04

AT

Effect in B predicts measurable nEDM effect

W. Dekens, J. de Vries, M. Jung,
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QCD corrections to the Matching

* Perform matching
e Correct for 4-dimensional Fierz identities
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Results e

1.25
1.205‘
1.155‘

— VLQ

CYLo/ctO

1.10;

1.05

100

— SLQ

500 1000 1500 2000 2500 3000
M [GeV]
J. Aebischer, AC, C. Greub, 1811.08907

Slightly weaker LHC constraints
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Conclusions B5S

( )

R(D(*))

. J

scalars
and
. fermions
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Outlook BS
e P5’ b—->dup

R(D) & R(D*) b—>stt

R(K) & R(K*) u—>ey, u—>eee

IRINIRIRIRI

*a, Z—>ul, d, poey
* R(D), R(D¥) & a, T2UY, TDHUUU
* R(D), R(D*) & b > sup b S>sty, T >du

Interesting experimental prospects
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7’ 1n b—>spy, €'/g and
hadronic B decays



7 model with U(2) flavour e

3x
2

L. Calibbi, AC, F. Kirk, C. A.
Manzari, L. Vernazza.
arXiv:1910.00014

B global fit 1o
global fit 20

scenario LFU (solid)
scenario L, —L; (dashed)

b—sff (LFU)

hadronic B decays 20

0.0010 < (€'/e)np <0.0015

0.0015 < (€/e) np <0.0020
B 0.0020 < (€e'/e) np < 0.0025

@B

|

N K-K excluded
7] Bq—Bg excluded

— <A8>[1 6B ->K*uu)

0.6 0.8

Common explanation possible
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CP violation in Kaon decays: €°/ € H&

*¢: indirect CP violation in Kaon decays
— K, and K are not CP eigenstates due to mixing
*¢': direct CP violation in Kaon decays

A(Ky, — =7 AKy, — 7o)
TOTAKs — 70a0) T T A(Ks — nra)
— £ — 2 ~ ¢ — 2¢', =+ : ~e4 ¢
e I —Vw e 1+w/V2

(e'/e)em = (1.9 £ 4.5) x 10~* Buras et al.

(€'/€)exp = (16.6 £ 2.3) x 10~

Measurement =30 above the SM prediction
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Hadronic B decays L. Hofer, D. Scherer, L. Vernazza, :

arXiv:1011.6319 [hep-ph] ) Ziirich™

* Longstanding B—->niK Puzzle
AAEPEACP(B_—>7TOK_)—ACP(§O—)7Z'+K_) CP and

Isospin
0 . .
AP o= (12.4£2.1)% violation

AAL o= (1853 ) % needed
*More observables like
Acs[B, = K'K],, =(~20.0+£6.0+2.0)% Similar
A[B, > KK 1g, =(-5.975°) % picture
Br[B, — ¢p°l,,, =(2.7£0.7£0.2+0.2)x10” in D decays
Br{B, — ¢o°lgy =(5.3315)x10"

Global fit to data: 2-30
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e‘/ e explanations

PAUL SCHERRER INSTITUT

S

* W, coupling

K, = nvw/K - vy,

2T
V. Cirigliano, et al. arXiv:1612.03914
*Z’ (also for AA,p)
A. Buras, et al. ™

arXiv:1507.08672 9
A. Buras and F. De Fazio,
arXiv:1512.02869

* MSSM

> 7
T. Kitahara, U. Nierste,
P. Tremper, arXiv:1604.07400
M. Endo, et al. arXiv:1608.01444
A. Crivellin, G. D'Ambrosio, -
T. Kitahara and U. Nierste, 5

arxXiv:1703.05786

B L HC excluded
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