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Introduction

New Physics, where are you?

After a decade of LHC operation ;
Hierarchy problem

@ discovery of Higgs boson

> apparent completion of Standard Model Neutrino
masses

@ Higgs, electroweak and top measurements in
impressive agreement with SM

@ no evidence for TeV-scale new particles, Flavour problem

increasingly stringent bounds

> huge success of the Standard Model! Baryogenesis
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Introduction

The quest for high precision

Possible paths to New Physics J

/ N\

Direct searches — energy frontier Indirect probes — precision frontier
@ increased luminosity @ rare processes
@ higher energies (> new collider) @ theoretically clean
@ new observables @ experimentally under control

N\ /

complementarity & interplay
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Flavour physics at the precision frontier

Quark flavour physics Lepton flavour physics
@ SM flavour violation strongly Lepton flavour violation
suppressed by CKM hierarchy @ absent in the SM
e additional GIM suppression for neutral @ unambiguous sign of New Physics

current processes . )
P @ small rates, no interference with SM

@ plethora of measurable meson (and contribution

baryon) decays . .
Lepton flavour universality

@ many processes theoretically well

understood @ approximately conserved in the SM,

broken only by small Yukawa couplings
@ overall good agreement with SM Yy Pine

predictions @ theoretically clean

@ measurable rates
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Anomalies in lepton flavour universality tests

(Not-so-)Recent news from lepton flavour universality tests

e R(D™) anomaly — 3.10 anomaly in charged current
semi-tauonic BB decays, exhibiting LFU violation =

o R(K®™) anomaly - various consistent 2 — 3¢ deviations in _'
neutral current semi-leptonic B decays

e (g — 2), anomaly - 4.20 tension between SM prediction and
data in anomalous magnetic moment of the muon

o Cabibbo angle anomaly — 3¢ deviation from first-row CKM
unitarity, hinting at possible violation of LFU in
charged-current transitions
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The R(D®™) anomaly

Test of lepton flavour universality in semi-tauonic B decays

_ BR(B — DWrv)

o C T T T ]
2 [ A venge A¢*=1.0 contours 7] R(D(*)) = (f =e, /J,)
= OA;LI(DS E BR(B — D(*)ﬂy)
£ BaBarl2 ]
035 = 3 ] . . .
E | wcws /@ ] @ theoretically clean, as hadronic uncertainties largely
02 w = cancel in ratio
:_ * Bellel9 Bellels _:
B ] @ measurements by BaBar, Belle, LHCb (R(D*) only)
[ Bellel7 ]
e B i 1 @ model-independent sum-rule relating values of
r ‘ ‘m)-)fo.zsszoaos ‘ P=2% ] N
02 03 0.4 05 RD) R(D), R(D ) and R(AC)

> experimental consistency check

> 3.10 discrepancy with SM MB, CRIVELLIN, DE BOER, KITAHARA,
MosCATI, NIERSTE, NISANDZIC (2018), (2019)
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Anomalies in lepton flavour universality tests R(D(*>)

Effective Hamiltonian for b — cTv
New Physics above B meson scale described model-independently by

HYF = 2V2G RV, | (1 + CF)OF + CEOE + CEO + Cr0n ] J

with O% = (ey"PLb) (7, Prvy) OF = (¢Pgrb) (7PLv,)
Or = (o™ Ppb) (70, Prvy) O% = (ePrb) (FPLvy)

Possible (tree-level) NP scenarios:
@ charged Higgs contributions > C’g’R #0 KALINOWSKI (1990); Hou (1993)
CRIVELLIN, KOKULU, GREUB (2013). ..
] charged vector boson W' > C‘g 7& 0 Hg, VaLencia (2012); GRELJO, ISIDORI, MARZOCCA (2015). ..
@ (scalar or vector) leptoquark > various C; # 0 (depending on model)

see e.g. TANAKA, WATANABE (2012); DESHPANDE, MENON (2012); KosNIK (2012); FREYTSIS ET AL (2015)
ALONSO ET AL (2015); CALIBBI ET AL (2015); FAJFER, KOSNIK (2015); BECIREVIC ET AL (2016),(2018)
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Anomalies in lepton flavour universality tests R(D(*))

Single particle scenarios

MB, CRIVELLIN, KITAHARA, MOSCATI, NIERSTE, NISANDZIC (2019)
R oz 1 see also MURGUI ET AL (2019); SHI ET AL (2019)
’ \ N - .~ Main results
G ll.(!» \\ 1 _o2 |
T | % [k @ 1/’ solution disfavoured by LHC direct
I -02; BR(Bc~7v)>10% 1 -04 1 10
v | BR(B+1)> 10% | searches FAarouaHY, GRELJO, KAMENIK (2016)
—0.6) 5
" | @ significant improvement possible with
oLt L2815 | D . . .
=02 -0.1 00 OlCLﬂ.Z 03 04 05 0.00 0.05 U.IDCLU.1:| 0.20 0.25 Varlous |eptoquark Scenarlos
v v
. @ charged Higgs scenario predicts very large
%0 - BR(B. — mv) ~ 50%
» % o e see ALONSO, GRINSTEIN, MARTIN CAMALICH (2016)
1 e = AKEROYD, CHEN (2017); MB ET AL (2018)
-0 , t):“ ‘ - AEBISCHER, GRINSTEIN (2021)
Yy o - £ . SCmaeseee (| @ constraints from LHC mono-7 constraints
~oal, T UETTROE = GRELJO, MARTIN CAMALICH, RUIZ-ALVAREZ (2018)

ct Re[ C5]=4Re[ Cr]
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More flavour observables to test NP in R(D®™))

Direct probes of NP structure
e B — DMty differential distributions, angular and polarisation observables
NIERSTE ET AL (2008); CELIS ET AL (2016); BECIREVIC ET AL (2016)
IGURO ET AL (2018); MB, CRIVELLIN ET AL (2018); ALONSO ET AL (2018; BECIREVIC ET AL (2019)
Additionally: implied by SU(2); symmetry
) Iarge impact on B — K(*)VI?, Bs — T+T_, B— Krtr~ CRIVELLIN, MULLER, OTA (2017)
@ contributionsto ¥ — 777~ and ¢ — 777~ ALONI ET AL. (2017)

Complementary probes in high-pr searches
@ strong constraints from bb — 77 and mono-7 at ATLAS and CMS

FaroucHy, GRELJO, KAMENIK (2016); ALTMANNSHOFER, DEV, SONI (2017)
GRELJO, MARTIN CAMALICH, RUIZ-ALVAREZ (2018)

> full NP resolution of R(D®™)) anomaly challengingJ
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The R(K ™)) anomaly

Test of LFU in b — s£T£~ transitions —
)y _ BR(B = KWputu) N R
R(K ) =5 1.0 < ¢ <60 GeVie*
BR(B — K®ete™)
- Ifo <qu1’<96,f)b;v3/v
e recent LHCb update lifted R(K') anomaly above 3o 05 I (R
o R(K*) and R(Kp) hint in same direction 20 All modes Belle preliminary
Anomalies seen in various b — su™u~ observables 1o I
e angular distribution of B — K™y~ (mainly PY) g . 3 e
0.5 ? LHCb
@ less significant tensions in other decays, e

e.g. BS — (‘/“)/I/+/l,7, BS — ,U,+IU‘7 005 5 10 15 20
@* (GeV?/c?)
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Anomalies in lepton flavour universality tests R(K(*))

New Physics in b — s€1t4~

. _ . . 4Gp ., e? 1yl
Effective b — s¢1T£~ Hamiltonian: Her = — 3 Vip Vis 162 Zi:(CiOi + C;0;) + h.c.

with the operators most sensitive to New Physics

br(w) electromagnetic dipole operators O;')

oY = % @ govern inclusive and exclusive b — s+ transitions
SL(R) @ enhanced contribution to B — K*/T/~ in low ¢ region
bum br semileptonic four-fermion operators 0§, O\

O = @ loop-suppressed in the SM, but potentially tree level in
SL(R) lr the presence of NP
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Status of global fits

ALTMANNSHOFER, STANGL (2021)
see also GENG, GRINSTEIN, JAGER, L1, M. CAMALICH, SHI (2021)

By = pp 1o .
e e 10,20 lavio Main results
1.0 b= spp lo, 20
rare B decays 10, 20 . .
' @ best 1D fit solutions (~ 60 pulls):
—0.8 4
o CP%M ~ —0.80
23 bspp _ bspp
? —0.6 o Cg - _ClO s —041
S bspup P .
F o @ non-zero """ preferred by deviation in
; BR(B, — 1rtp)
—0.2 1
‘ @ small flavour-universal contribution to Cy
00 possibly generated by RGE effects (b — s77)
0 (or non-perturbative SM charm loops)
’ -2.0 —i..") —i.l) —l').f) lJ:(l UT") 1.0

Cymiv- see also CRIVELLIN ET AL (2018)

M. Blanke Theory perspective on the flavou



Popular NP models

Variety of NP models on the market

@ tree-level flavour changing A ALTMANNSHOFER, STRAUB (2013); GAULD ET AL (2013)
ALTMANNSHOFER ET AL (2014); CRIVELLIN ET AL (2015). ..

] Ioop—induced NP BELANGER ET AL (2015); GRIPAIOS ET AL (2015); ARNAN ET AL (2016)
KAMENIK ET AL (2017)

@ leptoquarks HILLER, SCHMALTZ (2014); ALONSO ET AL (2015); CRIVELLIN ET AL (2015)
FAJFER, KOSNIK (2015); BECIREVIC ET AL (2016). ..

Most popular (subject to personal taste): SU(2)-singlet vector leptoquark U,
@ least constrained by complementary data (e.g. Bs mixing, direct searches)
e potential common origin of R(K*)) and R(D™)) anomalies
@ contained in the Pati-Salam gauge group SU(4) x SU(2)r, x SU(2)r

> plenty of model-building effort for UV-complete model

BARBIERI, MURPHY, SENIA (2016); D1 Luzio, GRELJO, NARDECCHIA (2017); CaLiBBI, CRIVELLIN, LI (2017)
BORDONE, CORNELLA, FUENTES-MARTIN, ISIDORI (2017); MB, CRIVELLIN (2018); GRELJO, STEFANEK (2018)
Heeck, TERESI (2018); BavLaji, Foor, SCHMIDT (2018). ..
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PS3 — a leptoquark model for flavour hierarchies

BORDONE, CORNELLA, FUENTES-MARTIN, ISIDORI (2017)
model sketch from Isibori, CKM’18

PS3 in a nutshell
S o B (P P (7)) W0 (S 1
e three copies of PS gauge group for 9, S 9\
each fermion generation High-scale [~ 105 ToV] I

“vertical” breaking

@ cascade of symmetry breakings
generates flavour hierarchy in
leptoquark couplings

PS,—SM, link fields
PSxPS.— PS. ...__

' ! " "B Low-scale “vertical”

l Breaking [EWSB]

@ SM Yukawa couplings governed by SM, — QED,

same hierarchies as U; couplings SM (= QED)
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Anomalies in lepton flavour universality tests R(K(*))

Complementary U, leptoquark signatures — flavour physics

CORNELLA, FAROUGHY, FUENTES-MARTIN, ISIDORI, NEUBERT (2021)
see also ANGELESCU ET AL. (2021)

BBt — Ktrtu™)
UV-insensitive observables 107 1079 107
T T T

@ Lepton flavour violating decays
B — K®7p, By — utr=, 7 — py. .. ] reludedat S%OL i
o di-tau final states
By > 1ttr=, B— K&t T
l 105k 1
Depending on UV-completion (loop-induced) =
e B, — B, mixing
e B— KWup v E
101*“ mlf 1u|*'1

e D — D mixing
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Anomalies in lepton flavour universality tests R(K(*))

Complementary U; leptoquark signatures — LHC

U, pair and resonant production Coloron tt, jj resonances
g,=3B"=1,8*=0 0 ‘ ‘
&41"‘IU‘“‘L\"R‘/W"": ! =
=09 — b+z3ab" E S Y
° t+ET™, 3ab” ] S\ e 5
T 08 — j+EEiSS,3ab" ] OARVAG N ‘%\)\ A
3 E = \s =
897 —_ :{Dr 36 7 R
= 0.6 ’ d - 5 e LN
o T i e UU +Ur, 13907 7 = s 3 Sq
5 0 ; 5
© 0.4 e =
0.3 E
0.2 E 0.2 _
0.1 =
, ‘ ‘ e Fer < Tarmjj + Tomi
1000 2000 _ 3000 _ 4000 _ 5000 0.1
2.5 : 5.0
MU (GeV] Mey [TeV]

HaiscH, POLESELLO (2020) CORNELLA ET AL. (2021)
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Anomalies in lepton flavour universality tests Cabibbo angle

The Cabibbo angle anomaly

Test of first-row CKM unitarity Vis [ e8%CL ellipse
I Without scaling § =2.8
0.226 Vo
Vaal? + Vs> +Vip > <1 (~30) _ v
L l
. . ) <~ fit with
Possible NP influence - fit= | unitarity
. 0.224 -
@ New Physics in nuclear 8 decay i "
@ New Physics in Gr from yu — evi

@ violation of LFU in W uv coupling 0.222 |
> connection to R(K(*))? :

=

=~
N
}
[ Awepun

0.965 0.97

4
oL
~
a

Vud

BELFATTO ET AL. (2019); GROSSMAN, PASSEMAR, SCHACHT (2019)

KIrK (2020); CRIVELLIN, HOFERICHTER, MANZARI (2021) ...
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Anomalies in lepton flavour universality tests Cabibbo angle

Common origin of the Cabibbo angle and R(K*)) anomalies?

=7

Slmpllfled model m All data (68% CL)
spin-1 SU(2)-triplet with flavour-specific couplings All data (95% CL)

m NObstt (95% CL)
NObstt (68% CL)

CAPDEVILA, CRIVELLIN, MANZARI, MONTULL (2020)

'S

B

e W-W' mixing modifies W v coupling
e significant Z’ contribution to b — sfT ¢~

b s (68% CL)
b s (95% CL)
b— s (99% CL)
7 LEP-II (excluded 95% CLf

> parameter regions resolving anomalies overlap: 4
good overall fit

. i 6l = b= s, azy =0 (68% CL)
> correlations predicted between observables b a2 =0 (05% CL)
e.g. R(K*) and m — pv/ev 6 -4 -2 0 2 4 6

ﬂfl
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Anomalies in lepton flavour universality tests (9—2)u

The (g — 2),, anomaly

4.20 tension in muon (g — 2)

Experiment
HVP from: ; "] e recent FNAL result confirmed BNL result
BMW20 © . apr . . . .
_ @ significant reduction of uncertainties with larger dataset
WP20(lattice) °

@ upcoming J-PARC experiment to measure g — 2 with
different method

not used in WP20 T

DHMZ19 +——e

Projected final Fermilab uncertainty —|

KNT1S R ane | SM prediction
WP20 e o .
‘ ‘ J ‘ LIPNAL @ consensus by g — 2 theory initiative > whitepaper 2020
(") x 10 @ tension reduced by recent lattice determination of
hadronic vacuum polarisation, but inconsistent with
global EW fit CRIVELLIN ET AL. (2020)
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Anomalies in lepton flavour universality tests (9—2)pn

New Physics options for (g — 2),

Observed anomaly requires NP contribution of similar size as SM EW contribution

/ N\

Heavy (>EW scale) New Physics Light New Physics
chiral enhancement required to avoid m,, enhanced by scale ratio Agw/Anp

s €ssio i
uppression @ axion/ALP models

@ SUSY: enhancement by tan 8 ~ 50 o light scalars
@ leptoquarks: enhancement by e light 7'
my¢/my, ~ 1600 ° ...
° . ’
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Anomalies in lepton flavour universality tests

(g — 2)#

(g — 2), — a no-lose theorem for muon colliders

Path to NP discovery

@ discover/falsify low-scale EW singlet
scenario at fixed-target experiments &
Belle Il

@ discover/falsify any singlet scenario at
3 TeV muon collider
© discover EW scenarios < 10 TeV via

direct NP production at 10 TeV muon
collider

© probe unitarity ceiling (g 100 TeV)
through pt =™ — hy

.

Space of BSM Theories

at genera — gobs
that generate Aa, = a;

Note: muon collider also tests NP in b — sy ™!

CAPDEVILLA, CURTIN, KAHN, KRNJAC (2021)

Boy,
dary ey
Datjy, e

Singlet Scenarios Electroweak Scenarios

New particles in (g — 2), loops:

New particles in (g — 2), loops:

only SM singlets not only SM singlets

ion of : direct ion of

new charged states

: direct p
SM singlet states

Discovery: requires inclusive
search for singlet, with g o< m

Discovery: discoverable at lepton
collider for “all” m < /5/2

ory perspective ol



Anomalies in lepton flavour universality tests (9—2)u

Towards combined explanations — model building 101

see also CRIVELLIN, LHCP’21

R%\ A bosonl (9\2)

laer k / new scalars/
ei)ofqﬁj fermions \

W' boson 0O
oy, Wboen) e ot

N/ of
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Anomalies in lepton flavour universality tests (9—2)u

Towards combined explanations — model building 101

see also CRIVELLIN, LHCP’21

R%\ A bosonl (9\2)

laer k / new scalars/
%J fermions \

Flavour
structure?

W' boson | 0O O
(?(0( %) — Ca\o\o\\e &

N/ of
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Summary & outlook

@ various intriguing anomalies in observables
testing lepton flavour universality

@ resolution requires TeV-scale New Physics
(or lighter)

@ complementary probes in

> related flavour observables
> high-pr collider data
> Dark Matter phenomenology

distinguish between underlying NP scenarios
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Summary & outlook

@ various intriguing anomalies in observables
testing lepton flavour universality

Flavour
structure!

@ resolution requires TeV-scale New Physics
(or lighter)

@ complementary probes in

> related flavour observables O
> high-pr collider data ')
> Dark Matter phenomenology o

distinguish between underlying NP scenarios
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