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Introduction

New Physics, where are you?

Despite convincing motivations for NP at the TeV scale,
we are still lacking a discovery!

Where is everyone?

/ N\

too heavy to be probed by direct searches, too weakly coupled to leave a visible imprint
EWPT & Higgs physics on these observables
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Introduction

New Physics, where are you?

Despite convincing motivations for NP at the TeV scale,
we are still lacking a discovery!

Where is everyone?

/ N\

too heavy to be probed by direct searches,

too weakly coupled to leave a visible imprint
EWPT & Higgs physics

on these observables

Needed: indirect probes of new particles and interactions > T
that are sensitive even to very small NP effects phy J

also (g —2), EDMs. ..
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Introduction

The flavour of the Standard Model

SM flavour structure

@ generated by quark & lepton Yukawa couplings Y77, p, Y7,
@ very hierarchical pattern

@ misalignment between Yy and Yp parametrised by CKM matrix that enters charged
current interactions

d
Uj I/ij d]' @ @

W o ove|la 1 2 |@©
V: CKM matrix

A=~ 0.22: Cabibbo angle

e CKM unitarity > no tree-level flavour-changing neutral currents (FCNCs)
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Introduction

Flavour changing neutral current processes

FCNCs are strongly suppressed in the SM
@ loop factor @ chiral structure of weak interactions
@ CKM hierarchy @ GIM mechanism (CKM unitarity)

> unique sensitivity to NP contributions — probing scales far beyond the TeV range

Crucial:
high precision in > measurements of flavour violating decays
> predictions of the SM contribution
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Introduction Status of CKM determinations and meson mixing

Precision determination of CKM elements

Tree level decays: flavour changing charged current interactions

Vud Vus Vub
> Vekm = | Vea Ves Ve
Via Vis Vi

o direct sensitivity to relevant CKM element
@ small impact of NP contributions expected

o four independent measurements needed to fully determine CKM matrix

> model-independent determination of CKM matrix as a standard candle of the SM J
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Introduction Status of CKM determinations and meson mixing

Precise CKM determination from tree-level decays?
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V| and |V,,s| determinations > theory description? measurement?

y [

B — Dtvy
-D
[Veo| from ¢q*)"
* |V | with N3LO

@ tensions in |V,
@ determination of CP-violating angle ~ statistics-limited, but theoretically very clean

> current lack of precision impacts ability to constrain/discover New Physics J
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Introduction Status of CKM determinations and meson mixing

Alternative strategy: CKM from meson mixing data

Alternative strategy

@ use precisely known meson mixing
observables to (over)constrain CKM

matrix
0045, 2+1+1)
AM;
3
0041 o
AMG™~..
o040 T~ Tl
0.039|
60 62 64 66 68 70 72 74

vl

> perfect consistency and high precision!
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Introduction Status of CKM determinations and meson mixing

Alternative strategy: CKM from meson mixing data

Alternative strategy
@ assuming no New Physics in meson

@ use precisely known meson mixing o ) .
mixings, make precise predictions for rare

observables to (over)constrain CKM

matrix decays
@ confront with available data: clean

" @b opportunity to identify first hints at New
m am, Physics
:%0.042 \7\

o0 AM some appealing discrepancies in B

ZZ" o 5> meson decays, but higher precision

' (th+exp) needed to draw definite

60 62 64 66 68 70 72 74
vl

conclusions

> perfect consistency and high precision!
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Flavour anomalies

Persisting flavour anomalies

@ 3.20 tension in semi-tauonic B decays
exhibiting lepton flavour universality violation

@ set of consistent anomalies in b — sp " transitions
i ‘o : o iolati
In addition & possibly related?

© discrepancies in tree-level CKM determinations:
|Vup| and |Vp| problems, Cabibbo angle anomaly (1st row unitarity)

@ muon anomalous magnetic moment (g —2),
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The R(D®™) anomaly

Test of lepton flavour universality in semi-leptonic B decays
BR(B — D™rv)
BR(B — D®)fv)

> persisting tension between SM prediction and data for > 10 years!

R(DW) = (£=e,p)

o~ A AR @ theoretically clean, as hadronic and |V,
Q F x°=1.0 contours . . . .
= : ] uncertainties largely cancel in ratio
035~ Bellel5 SBartz ]
035 L 1 @ measurements by BaBar, Belle, and LHCb in
" 3 decent agreement with each other
0zl \ = J
g 1 @ LHCb found R(.J/v) to be larger than expected
[ Belel7 ] .
02— #HFLAV SM Prediction W{’Dr;‘:%é%@nunx — n SM
C R(D) =0.298 + 0.004 R(D' 0.284 + 0.0L: -
r . a(uvzozlanaoos ) . ’;(}I)st 1
0.2 0.25 03 0.35 0.4 045 05 O.FE\‘,F)(D) > 3.20_ anomaly
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Flavour anomalies R(D(*))

R(A.) — a sum rule challenging the anomaly?
Approximate sum rule relating R(D™)) and R(A.)

Rlhe) 959 D), 79 RIDY)

Rsm(Ac) Rsu(D) Rem(D) R(Ac)

_ BR(Ay — AcTv)
"~ BR(Ap — Alv)

e enhancement of R(D™) implies R(A.) > Ran(A.) = 0.33 £ 0.01
@ consistent with expectation from heavy-quark symmetry

e model-independent — holds for NP in 7 and/or light lepton channels

Model-independent prediction: R(A.) = 0.380+0.0125 () £0.005¢0rm factorSJ

LHCb 2022: R(A}) = 0.242 4 0.026 % 0.040 = 0.059 J > more precise data needed!
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Effective Hamiltonian for b — ctv

New Physics above B meson scale described model-independently! by

Hor = 3V2GEV,[(1+ CF)Of + CHOE + ChOE + CTOTU

with OF = (ey*Prb) (79, Prvy), O8'" = (ePg/1b) (7Priy), Or = (€0 Prb) (70, Priy)

Possible BSM scenarios (tree level!)
@ charged Higgs contributions > C’g’R # 0

@ charged vector boson W’ > C’é #0

@ (scalar or vector) leptoquark > various C; # 0 (depending on model)

Lassuming no light vz and no NP in e/ channel
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Single particle scenarios — current status

02} - | \ ~
N 00
| Y . 20

& o e IV’ solution disfavoured by LHC direct
o [T N searches and EWP constraints
3 BR(Bc—>7v)>10% 1

@ significant improvement possible with
various leptoquark (LQ) scenarios

~ @ charged Higgs scenario predicts large
o) 10 B.60%
i BR(B. — 7v) > not excluded!
o} ™ (\—\ E s e —— e
ool SREEERE R .~——- ] @ constraints from LHC mono-7 constraints
ck Re[ C5]=4Re[ Cr]
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Flavour anomalies R(D(*))

More on LHC mono-7T searches

@ crossing symmetry relates b — c7v to pp — X7v Cross,ng symmetry
. [
e mono-7 + K signature probes NP models for BbJD BT
(4
R(D™) anomaly S ¢ v
T
) P
% Py & ATLAS @ CMS @ LHG O HL-LHG(20) A [TeV]
©43 2 1 > LHC has become competitive in testing
Bl the R(D™)) anomaly

-
' Vector

@ charged Higgs ruled out for mpy- > 400 GeV

L

:— Tensor

-~ @ leptoquark models less pressured

e e @ HL-LHC should be able to probe all possible NP
00 02 04 06 08 10 12 models Solving anomaly

|€r]
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Flavour anomalies R(D(*))

What about a light charged Higgs?

@ light charged Higgs (mpg- < 400 GeV) not excluded by mono-7 data due to huge
W — 7v background

o efficient background suppression by requiring additional b-tagged jet

> Is this sufficient to exclude the charged Higgs solution to the R (D)) anomaly?
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Flavour anomalies R(D(*))

Reach of the bTv signature

Minimal coupling scenario
(additional couplings do not alter conclusions)

[fint = +yQH_ (EPRC) - y‘rH_ (?PLVT)

> H~ close to top threshold most difficult to test

> relevant constraints from SUSY stau and
(flavoured) dijet searches at the LHC

> performing (flavoured) dijet and proposed brv
search with Run 2 data would almost exclude
charged Higgs solution for R(D™)

> final verdict from future (HL-)LHC runs
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Remaining option: leptoquarks

@ ‘“exotic"? — present in any theory unifying quarks and leptons
e favoured solution for the “B anomalies”

@ popular scenario: SU (2)-singlet vector leptoquark U; = A

> compatible with other flavour constraints (Bs mixing, B — Kv...)
> can also solve b — s anomalies (see later)
> no proton decay induced

> attractive for model-building (main challenge: flavour structure!)
contained in Pati-Salam gauge group SU(4). x SU(2)r x SU(2)r
unifying quarks and leptons
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Flavour anomalies R(D(*))

What can we learn from direct leptoquark searches?

BR(A) and Ry
2.0 ;

Example: SU (2)-singlet vector leptoquark

1.5
o R(D™) constrain Abr Acy ~ AprAs
M? Mz VN A T T BR.
L1000 N X T T ] BRy,
@ LQ mass M can be measured at LHC from e — R
pair-production cross-section and invariant mass 05 < N o
e branching ratios BRy; ~ BRy,, BRs; ~ BR./,, =
determine ratio of couplings Ay, /Asr 00 05 10 15 20

Ast

> synergy between flavour and collider data fully determines leptoquark parameters
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Flavour anomalies ’R(D(*))

Leptoquark branching ratios: pair production

BR(AA — QLQL) [%]

200 2 TeV -- Tau Isolation Pattern brbr brst brcy tvsT  tvey  STST  sTCY  cvey
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Flavour anomalies R(D(*))

Constraints from bt tv — and jets+ Fr

Mixed channel AA — bt tv
@ reinterpretation of existing experimental analysis
2.0
@ strong sensitivity to coupling ratio Ay /Asr 5
= 1.0
Jets+ Fr from final-state neutrinos <
@ most stringent constraint identified in CheckMATE 0

1000 1250 1500 1750 2000

500 750
M (GeV)

analysis
@ less sensitive to leptoquark coupling structure
@ complementary to bt tv

B Physics: From Present to Future Colliders

M. Blanke




Flavour anomalies b — S}l+}l.7

Anomalies in b — sy~ transitions

R ‘Q_“" 1F T T T ]
057 S . LHCb Run 1 +2016 ]
T e LHCh'12B [ SM from DHMV 1
Z 049 o oy 04 O.SQ -
<, ®  LHCH1C F
2,0.37 o hch2 0.3 (\:
= J|
~ L
T 0.27 Log -+ i ]
e} F 2 _ ]
= 05 = ]
2019 0.1 0,55 l —+ = +28 —+
0.0 T T T 0.0 71-_ 1 i:| 1 L -
0 5 10 15 20 0 5 10 15
¢’[GeV7] ¢ [GeV¥c¥]

Significant tensions with SM predictions
@ branching ratios of b — supu transitions e.g. BR(B — Kutp™), BR(Bs — ¢u™ ™)
e theoretically cleaner angular distribution of B — K*u*u~ (P; and friends)
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Flavour anomalies b — s;L+LL7

New Physics in b — s€T4~

. _ . . 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

M. Blanke
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Flavour anomalies b — S}l+}L7

Hadronic uncertainties in B — K*utp~ (and similar)

B — K* form factors non-factorisable corrections
- -
* ,Y +
b s b s
L X R
o) o)
o from lattice QCD and light-cone sume @ ‘“charm loops” at low ¢?, broad c¢
rules resonances
@ systematic improvements possible @ dominant uncertainty, no systematic

theory description

> construct observables in which these uncertainties cancel
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Flavour anomalies b — S;L+;47

Clean(er) observables

Optimised observables P;, P/
@ describe angular distribution in B — K*utpu~
@ designed to be form-factor-free at leading order

@ still susceptible to non-factorisable corrections

Lepton flavour universality (LFU) ratios

_ BR(B — K®ptyu)
~ BR(B — K(®eter)

R(K(*))

@ theoretically extremely clean test of SM
> deviation from R(K®)) ~ 1 would signal NP
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Flavour anomalies b — S/l+[l.7

Clean(er) observables

Optimised observables P;, P/
@ describe angular distribution in B — K*utpu~
@ designed to be form-factor-free at leading order

@ still susceptible to non-factorisable corrections

Lepton flavour universality (LFU) ratios

_ BR(B — K®Wputp)

)y =
RIET) BR(B — K(®ete)

@ theoretically extremely clean test of SM
> deviation from R(K®)) ~ 1 would signal NP
> latest LHCb result SM-like
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Flavour anomalies b — S}l+}l.7

Current status & recent development

—— ABCDMN

@ good agreement between various fits, despite
differing th & exp inputs

- @ pull towards large negative CE']\LP in the ballpark of 40
' — could be mimicked by charm loops?

o SM-like BR(B; — utp™) implies '’ consistent
with zero

—0.75

e nau CN e recent LHCb finding R(K ™)) ~ 1 requires NP in
s b — sup and b — see to be lepton-flavour universal
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Flavour anomalies b — s;L+LL7

The quest for future colliders

Generic b — sup NP scale 1
1 = = | —1 wo
Lol za 10 P
(40 TeV)2(Q3Q2)( 2 2) ?é:} —?: g
1 51072
@ nightmare for (HL-)LHC 3 103
@ improved reach with S
4 4 —1
100 TeV pp collider o ag 107w
@ promising physics case for h 1 %102
high-energy muon collider 103 Vector LQ
Lo 1 10 100
— bs
e Miq (TeV)

(also motivated by (g —2),)

> What about eTe~ colliders? Emergy and lumi needed?
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Flavour anomalies b — S}l+}L7

Beyond discovery

10 TeV with 1 ab™!

putpu~ — bs at 10 TeV muon collider

@ cross-section measurement determines overall size of
NP contribution
> circle in CP — O]} plane

o forward-backward asymmetry distinguishes between
vector and axial muon current

Cio

@ advantage: no issue with long-distance QCD effects!

> complementary to B decay measurements
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Flavour anomalies b — S;L+;47

What NP could it be?

Generic EFT arguments hint to tree-level NP scale < 40 TeV

1 _ _
W(QSQz)(Ll,sz)

but potentially lower, depending on flavour structure!

Possible tree-level models
@ flavour-changing Z’ boson

e stringent constraints from B, — B, mixing data > large coupling to muons
o lepton universality implies Z’ coupling also to electrons
> tight LEP bounds on ete™ — utp~™/ete™
© scalar or vector leptoquark
o less restricted by B, — B, mixing
e u-e universality requires second leptoquark to avoid lepton flavour violation
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Flavour anomalies b — s;L+LL7

Alternative: Loop contributions

NP in b — sup could also contribute at the one-loop level
@ NP scale lower by (at least) one order of magnitude: < few TeV

@ much more easily accessible at collider experiments!

> intriguing possiblity: link b — suu anomaly to NP in R(D ™))

@ vector leptoquark mediating b — c7v can generate CQ'P via 7-loop
> large NP effects in b — s77 predicted

e H™ contributing to R(D(*)) can enter b — sup through penguins and boxes
> can be tested in t77 final state at the LHC
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Conclusions

Summary. ..

Flavour anomalies among strongest hints for BSM physics

R(D®™) anomaly b — suTp~ anomalies
persists, but scrutinised by

@ related flavour observables q : ) i
> R(Ac) sum rule @ recent data points to pu-e universality

ey (HILHC s @ generic NP scale beyond (HL-)LHC reach
> (b+)7v, leptoquark searches etc. @ ...or TeV-scale NP in loops?

@ consistently solved by global NP fit

Are they linked to the same underlying NP?
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Conclusions

... and outlook

To move forward on these (or future) B anomalies, here’s what we need

from experiment from theory

@ (even more) precise measurements of @ better understanding of
relevant B meson decays non-perturbative QCD effects in form

@ better data on related decays of factors and beyond
heavier b hadrons, e.g. Ay, B, @ guidance for the experimental

e complementary information from NP community on promising observables
searches and precision tests at high- @ open mind regarding the nature of the
energy hadron and lepton colliders anomalies!
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Conclusions

Thank you!
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