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Outline

Introduction to CLFV

for a pedagogical review cf. : LC, G. Signorelli, arXiv:1709.00294 [hep-ph].
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Why no CLFV in the Standard Model?

In the SM fermion masses, thus the flavour sector,
stems from the Yukawa interactions:

—Ly = (YU)ij GL’L' UR j EI; + (Yd)ij @Li de d + (Ye)ij fLi €R j ® + h.c.

Rotations to the fermion mass basis: Yf = Vf Yf WT, f = u,d,e

Unitary rotation matrices, couplings to photon and Z remain flavour-diagonal:

e fyuf A" (9L fryufr +9r frRYufR)Z"
Couplings to the Higgs are also flavour-conserving (aligned to the mass matrix):
myg =
- fLfrh

No (tree-level) flavour-changing neutral currents
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Why no CLFV in the Standard Model?

In the SM fermion masses, thus the flavour sector,
stems from the Yukawa interactions:

—Ly = (YU)ij GL’L' UR j EI; + (Yd)ij @Li de d + (Ye)ij fLi €R j ® + h.c.

Rotations to the fermion mass basis: Yf = Vf Yf WT, f = u,d,e

Flavour violation occurs in charged currents only:

Low = \% (@A (ViVa)dr, + 7y (ViVo)er) W + hee.

Verm = VIV, Upnins = VIV,

However, if neutrinos are massless, we can choose:

Vi, = Ve

No LFV (Ye only ‘direction’ in the leptonic flavour space)
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So why are we searching for CLFV?

e Neutrinos oscillate — Lepton family numbers are not conserved!

* PMNS becomes ‘physical’: neutrino mass eigenstates couple to_
charged leptons of different flavours

e In the SM + massive neutrinos:

(f %fﬁ’y .
I'(ly — L) 327r Z UakUBk o : 2 > -

Cheng Li 77, '80; Petcov 77
—> BR(u — ey) ~ BR(1 — ey) ® BR(7 — py) = 107°° = 1074

Large mixing, but huge suppression due to small neutrino masses

—> In presence of NP at the TeV we can expect large effects!
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So why are we searching for CLFV?

e.g. SUSY
ly : Vi ' Us :> ly

Borzumati Masiero ‘86;
Hisano et al. 95

2
2

* ml/k
Z UarUgy M2
k=1,3 w

L(le —Lgy) 3o
(0, — lgvp) 32w

F(fa — Eﬁfy) 1
(0o — lgvv)  GEmlygy

e Unambiguous signal of New Physics
e Stringent test of NP models
* [t probes scales far beyond the LHC reach
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CLFV has been sought for more than 70 years...
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Plenty of stringent limits

Reaction Present limit C.L. Experiment Year
ut — ety <42x101% 90% MEG at PSI 2016
ut —ete et <1.0x10*2 90% SINDRUM 1988
pTi—e Ti't < 6.1x10713 90% SINDRUM II 1998
p Pb—e Pbf < 4.6 x 107 90% SINDRUM II 1996
p Au—e Au'l <7.0x10713 90% SINDRUM II 2006
p Ti—etCa* | < 3.6 x 107 90% SINDRUM II 1998
pute” = p et <83 x1071 90% SINDRUM 1999
T — ey <33x107® 90% BaBar 2010
T — Y <4.4x107°% 90% BaBar 2010
T — eee <2.7x1078 90% Belle 2010
T — e <21x107% 90% Belle 2010
T — 7le <80x107% 90% Belle 2007
T — 1 <11x107" 90% BaBar 2007
T — ple <1.8x107% 90% Belle 2011
T — ' <12x107% 90% Belle 2011
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Plenty of stringent limits

Reaction Present limit C.L. Experiment Year
7 — ne < 3.6 x10" 1 90% KTeV 2008
K9 — pe < 4.7x 10712 90% BNL E871 1998
K? - n%ute <7.6x10"H 90% KTeV 2008
Kt > ntute <13x10" 90% BNL E865 2005
J/ — pe <15x1077 90% BESIII 2013
J/ — Te <83x107° 90% BESII 2004
J/ — T <20x107° 90% BESII 2004
B% — pe <1.0x107° 90% LHCb 2017
B? — Te <2.8x107° 90% BaBar 2008
BY = 11 <22x107° 90% BaBar 2008
B — Kpe* <3.8x10"° 90% BaBar 2006
B — K*ue <1.8x1077 90% Belle 2018
BT - KT <48 x107° 90% BaBar 2012
Bt - K*tre <3.0x107° 90% BaBar 2012
BY — e <54x107° 90% LHCb 2017
Y(1s) — T <6.0x107° 95% CLEO 2008
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Plenty of stringent limits

Reaction Present limit C.L. Experiment Year
7 — pe <T75x1077 95% LHC ATLAS 2014
Z — Te <9.8x107° 95% LEP OPAL 1995
Z =T <12x107° 95% LEP DELPHI 1997
h — e <35x10"* 95% LHC CMS 2016
h — T <25x1073 95% LHC CMS 2017
h — Te <6.1x107° 95% LHC CMS 2017
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Probing high energy scales

Dimension-6 effective operators that can induce CLFV

_ 1 5 G5) . L 6) (6
£—ESM+K;(J§>QQ +F;C§)Qg)+...

Grzadkowski et al. ‘10

4-leptons operators Dipole operators

Que (LrypLr)(Lin*Li) Qew (Lo er)Ti®W,,
Qee (éryuer)(€rY"er) QeB (Lro"er)®B,.,
Qre (LryuLi)(éry"er)

2-lepton 2-quark operators

QE? (LryuLr)(Qry"Qr) Qeu (Lryu, L) (apy ur)
Qéz) (Levumi L) (Qry*1Qr) Qeu (ervyuer)(@ry ur)
Qeq (er"er)(QryuQr) Qredq (Lier)(drQ1)

Qrd (ELVMLL)(JR’Y“C[R) Q;(gizlu (I_/CLL,GR)Eab(Q%UR)
Qed (erYuer)(dry"dr) Q. (Liover)ean(QLo" ur)

Lepton-Higgs operators

v (@i D, ®)(Ly"Ly) & (®'i DI ®)(Lrmy" L)
Qse (®'i D, ®)(ery"er) Qeas (Lrer®)(®'®)

Crivellin Najjari Rosiek ‘13

Charged Lepton Flavour Violation Lorenzo Calibbi (ITP)



Probing high energy scales

_ 1 5 5 1 6 6
C—ESM—l—X;C((I >Qg>+F§a:cg )Q® 4 ...

|Ca| [A =1 TeV] A (TeV) [|Ca| = 1] CLFV Process
cre 2.1 x 10-1° 6.8 x 10 = ey
CrFrasrs 1.8 x 107* 75 i — ey [1-1oop]
ChTTeeTH 1.0 x 1073 312 u — ey [1-1oop]
cue 4.0 x 1077 1.6 x 10* U — eee
chree 2.3 x10°° 207 B — eee
O ose e 3.3 x 107 174 p— eee
cre 5.2 x 107° 1.4 x 10* p Au— e Au
Cir bd.ed 1.8 x 10°° 745 u~Au— e Au
(0534 0.2 x 1077 1.0 x 10° w~Au— e Au
Cot eu 2.0 x 107° 707 p~Au— e Au
c# 2.7x 107" 610 T = Wy
cre 2.4 % 10°° 650 T - ey
(& 7ina 7.8 x 1072 11.3 T — B
CpTHRIRET 1.1 x 1072 9.5 T — L
Ciice 9.2 x 1072 10.4 T — eee
Cpreeeeer 1.3 x 1072 8.8 T — eee
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... and we have experiments!

2017

MEGII

Mu3e

MuZ2e

COMET

DeeMe

Belle Il: t,B
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... and we have experiments!

Reaction Present limit Expected Limit Reference Experiment
pt — ety <42x1071 5% 10~ [316] MEG II
pt — ete et <1.0x10712 1016 [46] Mu3e
p=Al— e AlT < 6.1x10°13 1017 [321, 324]  Mu2e, COMET
p=Si/C — e Si/C T = 5x 10" [282] DeeMe

T — ey <33x10°°® 5x 1077 [339] Belle 11

T — wy <44 %1078 10~° [339] ”

T — eee <27x107® 5x 1071 [339] ”

T — L <21x107°® 5x 10717 [339] -

T — e had <1.8x107%*? 3x 1071 [339] .

T — p had <12x1078 3 3x 1071 [339] ”

had — pe <47 x10712 58 1072 [340] NA62
h— ep <3.5x107* 3x107° ¥ [341] HL-LHC
h—Tu <25x1073 3x107* 79 [341] ”

h— Te <6.1x1073 3x107* ¥ [341] ”
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... and we have experiments!
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Aushev et al. ‘10
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Also colliders: LFV Higgs decays

In the SM only one lepton Yukawa — flavour conserving
v

m e —
(ms)ig = = (p)is, ~Lyjp =L fufrh+he,

This is not the case if there is 2nd Higgs doublet or ops like Lper®(®T®)

Useful parameterisation: —L D (me)i€rieri+ (Yh)z-j erier;h+h.c.

e

Harnik Kopp Zupan ‘12

These couplings induce both LFV Higgs decays and low-energy processes:

Yr*ppL + Y, Pg I

T T \

T - e L
Y7 PL+Y. Pg ; Yo, P+ Y Pr

~/

/
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Also colliders: LFV Higgs decays

In the SM only one lepton Yukawa — flavour conserving
v

m e —
(mp)is = =75 (Vp)is, ~Lyjp =L fufrh+he,

This is not the case if there is 2nd Higgs doublet or ops like Lper®(®T®)

Useful parameterisation: —L D (me)i€rier; + (Yeh)z-j érier;h+h.c.
Process Coupling Bound
h — pe VIV + Y2 <54x1074
w— ey VIVER + Y2 <21x107°
[ — eee VIV + Y2 <3.1x107°
pTi— eTi VIYER + YL 2 <1.2x107°
h — Te VIYE2 + Y22 <23x107?
T — ey VIYEZ + Y2 < 0.014
T — eee VIYE2 + Y2 <0.12
h — Tu VIR + Y2 <14x1073
T — Wy \/‘Y.,hu|2 + YR |2 < 0.016
T = i VIVE2+ Y2 <025
h h h\ —6 —4 -2 Harnik Kopp Zupan ’12
(Y:ae7 Y,u/u YTT> ~ (10 , 1077, 10 ) P CpMS ‘17
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Also colliders: LFV Higgs decays

In the SM only one lepton Yukawa — flavour conserving
v m e —
(ms)ig = —=(Vp)ij, ~Lyjp =L fufrh+he,
This is not the case if there is 2nd Higgs doublet or ops like Ler®(®T®)

Useful parameterisation: —L D (me)i€rieri+ (Yeh)z-j erier;h+h.c.

35.9 ™ (13 TeV)

CMS Preliminary

35.9fb" (13 TeV)

CMS Preliminary

_1 (0]
>"10"" > 10
1 0—2 = 1 0_2 --------------------------------------
- CMS 8TeV
Cobserved
103 & 10° 2,
1074 E 107
10—5 N E IIIIIIEI° 10_5 N él IIIIII‘i
10° 10* 10° 102 10" 10° 10* 10°® 102 107
IYMI IYeI_I
h h h\ ~ —6 —4 -2 H ik K Z 12
(Y;e7 YM/N YTT) ~ (10 , 1077, 10 ) SRR %phig ‘17
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Charged Lepton Flavour Violation in SUSY

Slepton mass matrix:

(m3 )i + (m?)i; — mz(% — sin? Oy )0,

Afjvg — (my)ip* tan 3 (mE)ij + (m7)ij —

Nj\?\l\r\/\l\/V
Xon/ Xom

4[*1(1 — (my)jiptan 3

7'71'2 Sllld 9“" (51]

Flavour-conserving

counterparts:

g-2, EDMs

Hisano et al. ‘O5

Z
J tan 3
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Comparing LFV and LHC bounds

LC Galon Masiero Shadmi Paradisi ‘15
LC Signorelli ‘17

What is the impact of direct searches for SUSY particles at the LHC on
the discovery prospects of LFV processes at low-energy experiments?

We can study LFV/LHC complementarity within the simplified models
used by the collaborations for the interpretation of the searches

Examples that can address the muon g-2 anomaly:

€L, UL, TL €r, UL, TL
€RrR, UR, TR
W H
B
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LFV vs LHC bounds within simplified models

€L, WL, TL

€RrR, UR, TR

Bounds from 7 — uy

Upper bound XoereY on (8¢ Jos =(6%.)
r un on =
ppe [ tanf LL/23 RR/23
S00FT "
[ B -l —lg |
ol
% 5%10°3
<) 10-2
<
-|1n*"
100.-
0Ix...I.--.I...-l....l.-x. PR ST S T T T T T 1
00 200 300 400 500 700 800

Aa, = |a;1;H - affxpl S 20

mp=mpg [GeV|

107!

1072

(Ogr)23

(011 )2

ATLAS-CONF-2017-039

....... Belle—-II, 10 ab™! —

...... Belle—II, 50 ab™!

ptanf = 30 TeV

B -l —Ig
1l L L1

I — 10
mp=mgr=M, [TeV]
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LFV vs LHC bounds within simplified models

€L, WL, TL

20
Upper bound x—— on (d/; )»: from 7=
PP — (62 wy

W—H -, |]

Bounds from 7 — uy

B-factones

10-! . -
<

~ 107 .
«°3 Ny e Belle-I1, 10 ab™" ]
o <t 1]
- =S mmme=e=- Belle-II, 50 ab™" 4
10-3 tanf =20
' W—H -1 ||

10748,
0 2 3 4 5

_ | TH
Eckel et al. arXiv:1408.2841 Aa, = |a’u -

EXP
a, | < 20

my=u=M, [TeV]
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Outline

Lepton flavour (nonjuniversality and CLFV
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B-physics anomalies

Two classes of anomalies:
I. In charged-current processes of the type b — clv
II. In neutral-current b — sf+ ¢ transitions

Class I.
BR(B — D®)rv) , Test of the Lepton Flavour Universality
Ry = =e, [t ) b c
b BR(B — D®/fv)’ ’ of SM couplings —»
w 14
% 05 - [ B;Barl,PRIL10I9,10I1802I(201I2) v ) e —
8 V2F  —— Belle. PRD92072014(2015) A" = 1.0 contours ]
Q{‘ " LHCb, PRL115,111803(2015) Average of SM predictions ]
- Belle, PRD94,072007(2016) o= = .
045 - ——— Belle, PRL118,211801(2017) R(D) = 0299 + 0.003 . SM dlagram »
C ———— LHCb, PRL120,171802(2018) R(D*) = 0258 + 0.005 ]
04 :_ [ Average _:
~ 40 - ]
035 .-~ —
from the SM - \ .
03" =
025 . :
|
C | Summer 2018 | .
o2g- o o=~ it needs a 20-30%
0.2 0.3 0.4 0.5 06 enhancement wrt the SM

R(D)
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B-physics anomalies

Two classes of anomalies:
I. In charged-current processes of the type b — clv
II. In neutral-current b — sf+ ¢ transitions

Class 1I.

SM diagrams:
s b

b W=

BR(B — K®ptpu)
BR(B — K®ete™)

u,c,t

' A
=1+-0.01 in the SM: lepton flavour universality
Bordone et al. ‘16

LHCb measurements:
Ry = 0.74575-09% +0.036 Ry =0.685T9108 £0.047 =~ 2.50 off

Few sigma discrepancies in other obs with larger hadronic uncertainties:

Angular observables in o
B N K*,LL—'_,LL_ Some b — SIM ,LL BRs
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Global fits to b — s¢T ¢~ observables

It seems that we have to fit a deficit of muon events

Oy ~ (57, PLiryb)((47) 015 ~ (59, Pr(r)b) (1" 750)

1.5 4
Best fit
1.0 1
: SM point
New physics . O
contribution to —» E
0.0
S A M
(57uPLb) (A" 5 10) —
—0.5 — Rk and R},
/ b — suu global fit
— all
—H07 ——- all, fivefold non-FF hadr. uncert.
New physics (g 20 ’L;if) ~10 _6§ C’?‘TO 05 10 15
contribution to (37u P L b) (,U’Y ,u) —p Altmannshofer Stang Straub ’17

(negative)

Fits to the data: non-standard contributions preferred at the 4-50 level

Capdevilla et al . ’17, Altmannshofer et al. 17, D’Amico et al. ’17, Geng et al. ’17,
Ciuchini et al. ’17, Neshatpour et al. ’17 + many older refs.
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Where do Og and O;p come from?

SU(2)-invariant operators:
Differ by SU(2) contractions:

(Qé};) Jubs = (LF 27" LE 2)(Q% 27 Q7 3) “singlet-singlet”

Qs = S (L2 ()b L ) (Q5 27 (71)ea Qbs)  “triplet-triplet”

I=1,3 f
/

. _ it gives also rise to charged-current,
They both give Co=-Cio it can address the 1st class anomalies

One can attempt to explain class 1 and 2 anomalies simultaneously

Relevant constraints from B — K )y which can be however relaxed if Cs=Cr

Alonso Grinstein Camalich ’15
LC Crivellin Ota ‘15
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Where do Og and O;p come from?

SU(2)-invariant operators:
Differ by SU(2) contractions:

(QW)puvs = (LE 27" L ) (@Y 270 QY 5) “singlet-singlet”
(Q(S)) Luibs = Z (LG o " (71)ab LY 5)(QF 2 v (1) ea QY 5) “triplet-triplet”
I=1,3
1 P = %
Lxp=15[(C1+Cs) AN (0" o) (Bukyuew) + B — K™

(C1—Cs) \j Ay (AL Al (Fekvavr)] + B— K¥uy
203(V)\ ),'j)\k/(U[_,"\/“dLj)(el_k’\/Ml/u)—I—h.C.] B — D(*)fl/

u = Vi Vasj Aj = UziUes; ViVy= Vokm =V

P. Paradisi
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Effective field theory approach

Ops with only 3rd family: Q(l) (Lsy"L3)(Q37.Q3) ,@LW“TIL?’)(Q@

(in the interaction basis)

Flavour structure justified by:
o Theoretical considerations (SM hierarchies, MFV paradigm, ...)

o Observed anomalies (3rd generation affected more than 2nd generation,
2nd generation more than 1st generation)

Glashow Guadagnoli Lane ’14, Bhattacharya et al. 14, LC Crivellin Ota ’15, Feruglio Paradisi Pattori ’16,’17 ...

Operators involving 2nd generations generated by rotations to the mass basis:
Yf:Vfo/fo, f=u,de
Giving e.g. :
Cs(L3y"L3)(Q37,Q3) — CsViaViy[Vas]? (Lav' L2)(Q27,Q3)
—> b — suu N

b X Vi
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Effective field theory approach

Ops with only 3rd family: Q(l) (Lsy"L3)(Q37.Q3) ,@LW“TIL?’)(Q@

(in the interaction basis)

Flavour structure justified by:
o Theoretical considerations (SM hierarchies, MFV paradigm, ...)

o Observed anomalies (3rd generation affected more than 2nd generation,
2nd generation more than 1st generation)

Glashow Guadagnoli Lane ’14, Bhattacharya et al. 14, LC Crivellin Ota ’15, Feruglio Paradisi Pattori ’16,’17 ...

Operators involving 2nd generations generated by rotations to the mass basis:

Yf:Vfo/fo, f=u,de
Correlated LFV operators are generated too:

Cs(Lsy"L3)(Q37,Q3) — CsVas Vs VasVaz* (Lay" L3)(Q27,Q3)
—> b— sTu
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Effective field theory approach

Ops with only 3rd family: Q(l) (L3v*L3)(Q37,.Q3) , Qéz) = (Lsv"11L3)(Q37,7' Q3

Cr=-2, Csg=0 (A=1TeV) Cr=Cg=-1

A®=_»2 A= ®=_1

g g
A
@y Wy
BR(B — K*rtp) =2 x BR(B — K7p) =2 x BR(Bs — 71) <107°
Considerably below current limit O(10-5) LC, Crivellin, Ota '15
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Radiatively generated LFV and LFUV effects

Ops with only 3rd family: Q(l) (Lsy"L3)(Q37.Q3) ,@LW“TIL?’)(Q@

Important radiative effects:
Feruglio Paradisi Pattori ’16 & ’17

T T

Z . BR(Z — 77)
—> W ' BR(Z — ee)
T T

(LFU in Z couplings tested at the permil level)

X
T t )
= ><>w< e
14 b
T 9
X

(LFU in tau decays tested below the percent level)

b, t T l,q
Z,
—> T =l T = um T — up
t I l,q

Tau CLFV!
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Radiatively generated LFV and LFUV effects

Q(l)

Ops with only 3rd family:

1.0

0.8

(L3v"L3)(Q37.Q3) ,

0.6
2
I
<
0.4 v e
B Ry and R,
B LFV 7 decays
M Z-pole observables
0.2 m R/
m All
0.0 NS : : : : :
100 105 110 115 120 125 130 1.35
T/
RD(*)

1.40

= (L3771 L3)(Q37u7' Q3

1.0 : ‘ - —

0.8

06 _
{ A
I |
m T 4 k3 a -
= W R and R‘E)/(i i
[ LFV 7 decays
M Z-pole observables ]
0.2 i

0.0 < I T N T T T S N A S S

1.00 1.06 1.10 1.15 1 .20 1.25 1.30 1.35 1.40

RT/(

D(*)

Feruglio Paradisi Pattori 16 & ’17
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LFV tests of the B anomalies

(3) _

Ops with only 3rd family: Q(l) (L3 L3)(Q37.Q3) ,(Qy,

= (L3y"71L3)(Q37, 7 Q3

All constraints imposed but Rp("

1074

Br(B — K7u)

10_7 E T T T T TTTT T T T TTTT T T TT \:
- | - Experimental bounds E ' E
mC=0 L i
] Cl = Cg /5: 10—8 . < -
N : :
T C ]
\l\/ L o
—
1079 ¢
= : — Experimental bounds
L ,"'//” m (=0
i/’/ - Cl — 03
10_10' 1 [ | — T T T T g I B
1071 1077 10°® 1077
Br(t — 3pu) Br(r — 3p)
s (O =) (25 5 (€1 —1.3G) (A5
el 3, I
AT 31~ 50 ey <o.3 A= pp) > 5310 amevn \os

Feruglio Paradisi Pattori 16 & ’17
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Combined explanations to class I and II anomalies

o« LFV and LFUV observables limit the possibility of addressing both class of
anomalies simultaneously

o On the other hand, these observables (in particular tau LFV decays) are
expected to be in the reach of Belle II if there is NP behind the B anomalies

o A more general flavour structure (ops directly involving 2nd generations,
2-3 LH quark rotations > Vi etc.) can still allow a combined explanation,
although at the price of some tuning, see e.g. Buttazzo, Greljo, Isidori, Marzocca ‘17

o LFV processes are still a prediction/test of such construction!
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Combined explanations to class I and II anomalies

0.06

S 0.00f

“singlet-singlet”

~0.04}

—0.061L .
—0.06 —0.04 —0.02 0.00 0.02 0.04 0.06

Simplified UV completions:

e Colorless vectors:

Buttazzo, Greljo, Isidori, Marzocca ‘17

0.04}

0.02F

~0.02}

U
B 3o
20
W/
Sy

B (1,1,0)

U(2)gx U2):
flavour structure

Cr “triplet-triplet”

W (1,3,0)

e Scalar Leptoquarks: S;(3,1,1/3) S3(3,3,1/3)
« Vector Leptoquarks: U; (3,1,2/3) Uz (3,3,2/3)

A single vector LQ U;can do the job

Alonso Grinstein Camalich ’15
LC Crivellin Ota ‘15
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Combined explanations to class I and II anomalies

Buttazzo, Greljo, Isidori, Marzocca ‘17

0-0ef 2NN v/} U(2)qx U(2)
B \ B 30' 1
L \ ] flavour structure
0.04+ \ i
3 \ 20
i \
i \
0.02' \\
[ \
[ \ ]
19
S 0.00f ; ——-
“singlet-singlet” [ /
8 S 002f , 4
[ 1
[ 1
i 1
~0.04} ]
[ II ]
I S S )
_006' ........ 311 ||1

-0.06 —0.04—0.0l2l 6.00 0.02 0.04 0.06
Simplified UV completions: Cr  “triplet-triplet”
o Colorless vectors: B (1,1,0) W (1,3,0)
e Scalar Leptoquarks: S;(3,1,1/3) S3(3,3,1/3)
« Vector Leptoquarks: U; (3,1,2/3) Uz (3,3,2/3)

Di Luzio Greljo Nardecchia ’17
U: has the quantum numbers of a SU(4) gauge boson! LC Crivellin Li '17

Recent attempts to build Pati-Salam-like models Bordone Cornelia Fuentes Isidori ‘17
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Combined explanations to class I and II anomalies

LFV processes are still a prediction/test of such construction! Examples:

1070 E L2, 4 s S s isa Generic vector LQ
© 1075 r BaBar Angelescu et al. ‘18
Q -6 7
T 107°: ;

-7

Q.. f
F my,=1.5TeV Belle
10—9 L Y (o
10°7 107 10 107" 107° 1077
4.0
B(toup) = s

S 32 Excludedatoowct T ARg=—0.2
X
|

UV-complete vector LQ model
based on (SU(4)xSU(2):xSU(2)r)3

Bordone et al. ‘18

3.0

45 60 75
B(T-uy) x 108

N
)

-

X . _

—

0.0 L T T T T
0.00 0.02 0.04 0.06 0.08 0.10 0.12
B(T-3u) x 108
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Combined explanations to class I and II anomalies

LFV processes are still a prediction/test of such construction! Examples:

Scalar LQs  Crivellin Muller Ota ‘17

Br[B->Kru]x10° Br{t>py]x10°
1.6} ‘ ‘ ‘ ‘ ‘ ] 1.00 w : ;
15" 0.8
= 14+
2 H R(D™) 20 0.6
= mROW) 10 %
= 1.3} [ excluded ~,'<c‘?>
<) M a, 20 0.4
0'd
1.2} Ha, 10
0.2
1.1}
-04 -02 00 02 04 06 08 1.0 0 100 200 300 400 500
Log1o[A55/A5,] Sa,x10""
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Concluding remarks

CLFV observables among the cleanest and most stringent
test of physics beyond the Standard Model

CLFV in the tau sector nicely complementary to muon
observables as a model discriminator (e.g. SUSY seesaw
typically predicts tau LFV rates below the reach of Belle 1)

B anomalies favours new physics more strongly coupled
to 3rd generation fermions

LFUV and LFV involving taus are key observables to test
the models addressing the anomalies (the latter typically
predicted within the future Belle II/LHCb sensitivity)
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Additional Slides




Probing high energy scales

Dimension-6 effective operators that can induce CLFV

_ 1 5 G5) . L 6) (6
E—ESM+K;<7§>Q@ +p;cp@g>+...

Example, dipole operators:

CH v w Gy v v
LD Azﬁeau,,PR,uF + A2 EMUW/PRGF + h.c.,

i - ¢
e
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Probing high energy scales

Dimension-6 effective operators that can induce CLFV

_ 1 5 G5) . L 6) (6
£—£SM+K;CC(L)QG +F;cg>cgg>+...

Example, dipole operators:

CH v o Cey v v
LD A2 EGO'MVPR,UJF A2 \/_,LLUWPRGF + h.c.,
miv2

D= ey) = 057 (ICF +1CET)

2

o m
BR(p — eee) ~ . <log 2
T

) x BR(n — e7),

CR(uN — eN) ~ a x BR(u — e7).
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Probing high energy scales

Dimension-6 effective operators that can induce CLFV

_ 1 51G) , L 6) (6)
L_ESM+K;C§ QL +F;cg>cgg +...

Model discrimination through the different muon modes:

Model [ — eee uN — eN —BBP;((Z ii:e)) —Cgé’ggj;];f)
MSSM Loop Loop ~6x1073 1073 —1072
Type-I seesaw Loop™ Loop™ 3x107%—-0.3 0.1-10
Type-I1 seesaw Tree Loop (0.1 —3) x 10° O(107?)
Type-111 seesaw Tree Tree ~ 10° O(10%)
LFV Higgs Loop! Loop™ ~ 102 0(0.1)
Composite Higgs Loop™ Loop™ 0.05—-0.5 2—20

TABLE VII. — Pattern of the relative predictions for the u — e processes as predicted in several
models (see the text for details). It is indicated whether the dominant contributions to p —
eee and i — e conversion are at the tree or at the loop level; Loop™ indicates that there are
contributions that dominate over the dipole one, typically giving an enhancement compared to
Eq. (38, 39). T A tree-level contribution to this process exists but it is subdominant.
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First class: charged-current b — clv

test of Lepton Flavour Universality (LFU)

b c

SM diagram

Ly

BaBar had. tag
0.440 £0.058 £0.042

Belle had. tag
0.375 £0.064 £ 0.026

Average
0.407 £0.039 £ 0.024

FNAL/MILC (2015)
0.299 +£0.011

HPQCD (2015)
0300 + 0.008

HFLAV

BaBar had. tag
0.332 £0.024 £0.018

Belle had. tag
0.293 £0.038 £0.015

Belle sl.tag
0.302 £0.030 £0.011

Belle (hadronic tau)

0.270 £0.035 £ 0.0Z7

LHCb
0.336 £0.027 £ 0.030

LHCDb (hadronic tau)
0.285+0.019 £0.029

Average
0.304 £0.013 £ 0.007

S. Fajfer et al. (2012)
0.252 £ 0.003

HFLAV

EI | “ 1 | | |

0.2

0.6 0.2
R(D)

03 04
R(D¥)

Only two measurements available for R(D)
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First class: charged-current b — clv

b c

_ BR(BI — JW 17 v,)
W7 BR(BE — Jp put 1) w é

another LFU observable

SM diagram

Ly

B(Bf — Jrttu,)
B(Bf — Juty,)

R(J) = = 0.71 £ 0.17 (stat) £ 0.18 (syst).

LHCb, arXiv:1711.05623

~20 above the range predicted by the SM: 0.25-0.28
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Second class: neutral-current b — Sﬁ'f_

b w= s b

BR(B — K®ptpu)
BR(B — K(*)ete™)

u,c,t

=1+-0.01 in the SM (q2>1 GeV2) Bordone et al. ‘16

7, Z°

Most precise measurements up to date, integrated luminosity of 3fb
Ry = 0.745729% (stat) + 0.036 (syst) . 0.66"0 0y (stat) & 0.03 (syst) [0.045 — 1.1] GeV?
= 0.745" sta ) SysS » =
K 0.074 i : 0.697%LL (stat) & 0.03 (syst) [1.1 — 6.0] GeV>
Compatible with SM at
-e-LHCb -m-BaBar -a—Belle L B B B B
MM 2_ LA AL R L AL L DL | T ] i i
E LHCb E w 1.0 _Y-‘* ....................................... S SO o
1.5 i\ . 0.8 } T .
1: . 0.6 -_ £ ® LHCH
3 SM 8 BIP
:——+l—— 0~4 r 2 1-2.30 24-250 v CDHMV ]
0.5'_ J 0o b low g? central g2 B EOS
[ 2.60 “F LHCD M féav'”
O—....I....I....I....l..- 0_0_1||||11||l|1||||1||l||1l
0 5 10 15 20 0 1 2 3 E G
2 [GeV¥HcA Cd k{
¢l <l From D. Lancierini talk at SUSY17
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Second class: neutral-current b — 8€+€_

Angular observables in

b w=

s b u,c,t s

B— K*utu~

5.4 > ET T T T T | T
- e LHCbdata © ATLAS data ]
: m Belledata © CMS data ]
0.5 ] SM from DHMV ]
ET - l —— SM from ASZB 7
O :
~0.5F %) | —
B oY V4
i = I ]
1 = _

0 15

2.8 and 3.0 ¢ from SM qz [G €V2 / C4]_

... but are hadronic uncertainties fully under control?
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Second class: neutral-current b — Sﬁ'f_

Some b — su ;1T BRs

[JHEP 04 (2017) 142]

b w= 5

%%

l‘ l+

From S. Tolk talk at SUSY17

106 [PLB 753 (2016) 424] [JHEP 09 (2015) 179] [JHEP 06 (2015) 115]
o 0.15 T — 18f T . . —
= 0 LHCb L . Tk 3
Q I ] % >Y 1.4 'E— o -<5
ok BO-Kutu- 187 gk o .H—
w, 0l 6 2 12 - 3
s | “ p ] ? 5 5 l_AOb—>A0“+“ ) 3
g5 1%, 3 osE w0 _l_ 3
QO‘OSL M"— —+ —,-. § 3 e o f 3
[ ——1 § 2 2‘0'4:4‘ 3
[ 1 ?l; 1 g 02fF +_I_+ LHCb 3
0 L - . g 0 5 10 15 - 0 5 m s 2
0 : 10 qls[cevz,ﬂ = q* [GeV?/c?) ¢* [GeV¥/ct)
[JHEP 06 (2014) 133] [JHEP 06 (2014) 133] [JHEP 06 (2014) 133]
o e e ey i e e 20 HLCSR SNLatiice +-Deta
> B-Kuuw 1 7% B'-K'wu 1 % B o K uu
) LHCb § © LHCb § © LHCb
) . L 1 % :
X X X E
°'°§ ++ mé az:D‘ -+— I
s 1 A A A E L el . % 1 L 1 ]
o 10 15 20 o T 20 10 152 20
¢ [GeV?/cH] ¢ [GeVc4 q* [GeV7/ct]

. but are hadronic uncertainties fully under control?
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Global fits to b — s¢T ¢~ observables

It seems that we have to fit a deficit of muon events

Oy ~ (57, PLiryb)((47) 015 ~ (59, Pr(r)b) (1" 750)

RH currents not favored

— Rk and R}
----- b — sup global fit

flavio v0.20.4

1 2 3

Altmannshofer Stang Straub ’17

Fits to the data: non-standard contributions preferred at the 4-50 level

Capdevilla et al . ’17, Altmannshofer et al. 17, D’Amico et al. ’17, Geng et al. ’17,
Ciuchini et al. ’17, Neshatpour et al. ’17 + many older refs.
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Global fits to b — s¢T ¢~ observables

It seems that we have to fit a deficit of muon events

Oy ~ (57, PLiryb)((47) 015 ~ (59, Pr(r)b) (1" 750)

No need of electron ops

Re Cg

s\
— Rg and R}

----- b — spp global fit

—1.0 7 flaviowo20s : 1 — all
o |
—2.0 —1.5 —1.0 —0.5 0.0 0.5 1.0 1.5

Re C§ Altmannshofer Stang Straub ’17

Fits to the data: non-standard contributions preferred at the 4-50 level

Capdevilla et al . ’17, Altmannshofer et al. 17, D’Amico et al. ’17, Geng et al. ’17,
Ciuchini et al. ’17, Neshatpour et al. ’17 + many older refs.
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Global fits to b — s¢T ¢~ observables

05" ~ (59, PL(myb) (7"0)

1) ~ (59 Prmb) (("750)

All _— LFUV
1D Hyp. Best fit 1o 20 Pullsym | p-value Bm 1o 20 Pullsm Me
Cour -1.10 |[-1.27,-0.92]|[~1.43,—0.74]| 5.7 72 -1.76 |[-2.36, —1.23]|[—3.04,—0.76]| 3.9 69 \,
Con = —Clo, || -0.61 |[—0.73,—0.48]|[—0.87,—0.36]| 5.2 61 -0.66 |[—0.84, —0.48]|[—1.04,—0.32]| 4.1 78
Con = —C,, || -1.01 |[-1.18,-0.84]|[-1.33,—0.65]| 5.4 66 -1.64 |[-2.12,—1.05]|[—2.52, —0.49]| 3.2 31 /'
Con = —3Co || -1.06 | [-1.23,-0.89] | [-1.39,-0.71] | 5.8 — e ]

Capdevilla et al. ‘17

2.38,—-0.59]| 4.0

“Clean” observables only!

Sizeable NP contribution would be required, O(10)% of the SM one:

u,c, t

b
W%

R

~ Ot ~ 4.1
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Vector Leptoquarks for the B-physics anomalies | ... .. 1. -

Both classes of anomalies can be explained by adding a single new field:
a spin-1 leptoquark with SU(3)cxSU(2). xU(1)y quantum numbers as
(3, 1 , 2/3) LC Crivellin Ota ‘15

Where does such an exotic field come from?
Interestingly, it has the quantum numbers of a SU(4) vector boson

We built a Pati-Salam - SU(4)xSU(2). xSU(2)r - model
to accommodate this vector leptoquark

We have to introduce extra vectorlike fermions embedded in the same
PS representations containing the SM fermions, in order to generate
flavour non-universal couplings of the leptoquark
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Vector Leptoquarks for the B-physics anomalies | ... .. 1. -

Field content:

SU (4) SU(2),, SU2)5 U(1)pg

XF[ 4 2 1 0

Y| 4 2 1 0 ]

YE| 4 2 1 1

X[ 4 1 2 0

ZER| 4 1 2 0 _

ZL| 4 1 9 1 SU(4)-breaking scalar
Y 44 1 1 -1

ContainSM doublets)and extra fermions: Yr = (%”; ) E Y = () E Xy, = ()

Because of this embedding, the leptoquark couple light to heavy fields:

SM and vectorlike quarks and leptons mix upon SU(4) breaking:

LD —v%b)_(fLa:injaR — v%bl_/iaLyinjbR + h.c. |:> LD~ (m?jfjw + MSQzL) Q;R—(Mzgiw + mz‘LjEiL) L'ig
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Vector Leptoquarks for the B-physics anomalies | ... .. 1. -

SM/vectorlike fermion mixing generates flavour non-universal leptoquark couplings:

c?sf + c{‘s? 0 0
. — Q L.Q /4 L[ .Q.L L.Q
L D kij cjiLv"PLEJLVM + h.c. with k;; = % 0 ¢y sy +chsy ) chs —s3s (02 53 + ¢3Sy )
Sefrebsd) st ot (b +ehsf) )

Depending on the field rotations, both class | (in blue) and class Il (in red) can be fitted:

Br[B—K t u]x10°
0.7 —g : : 1

0.6

0.5

= RDY) 20
[ R(D(*)) 10
Cy =—Clp 20

[ | CS":—C’{S 10

0.4:

[s2]
[\
%}

0.3
0.2

0.1

0.0 | 05 2 |
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14

sd=sk
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