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Introduction

* Flavour physics one of the most likely places for
indirect signs of new physics to show up

 Complementary to direct searches at high energy

* Top-down: flavour structure of models motivated
by solutions to SM problems

* Bottom-up: models motivated by solutions to
flavour anomalies



Top-down flavour implications



Top-down

* Flavour and cosmology  see talk by McKeen

* Flavour and dark sectors see talks by Shuve and Robertson

* Neutrino thSiCS See talks by Harris, Ochoa-Ricoux, McFarland, Dunne,
Hallin

* Origin of the Higgs sector see talk by Demers

* Top physiCS  see talk by Kareem

etc.
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Composite Higgs model

* Higgs as a (pseudo) Nambu-Goldstone boson

* Confinement of new strong sector at scale f ~ TeV

* Flavour structure from linear mixing with composite
operators

LD EQQLOQ +eyUrOp + epDROp. = Yum))ij ~ ebe{;(m

* Requires new sector to be coloured and
electroweak-charged = TeV-scale leptoquark
resonances! aripaios 0910.1789

* O(1) top Yukawa = composite top couples strongest
to new sector

* Minimal composite Higgs model with 4d UV-
completion: SO(6)/SO(5) = Higgs + singlet scalar

GUT

Agcp



FCNC top decays to new scalar

® Suppressed FCNC ln SM Banerjee, Chala, Spannowsky 1806.02836
* Dim-6 Top FCNCin SMEFT:t - cS,uS>t—->ch,uh
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FCNC top decays to new scalar
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FCNC top decays to new scalar

® Suppressed FCNC ln SM Banerjee, Chala, Spannowsky 1806.02836
* Dim-6 Top FCNC in SMEFT: t = ¢ S,uS t>chuh

~1S | ~ myl :
L= —qr Up + h.c. D gtLS(jR + h.c., Dim-5 NP

107! | | | ' | ]~ 107 | | | Bp;
|’§ _2 f=2TeV ] g f=2TeV
T N 1
| —6 _ g
n 103k f=10TeV { oy R £2 Uy
<& SO ~ - _ B8P ] 58 T Ts~L_Bry L
DA L S unEY I I it S S y--
E T Es=T 0 e _3 ~3 —TL Ll T mm—-— ~ _
T SO N () ey N
= 107 ] . > B(S = ~y)=10"
Q B(S — bb) =1 : Q 1
—06 ! ! ! ! ! ! -8 i I ! | I I
10750740 60 80 100 120 140 10750720 60 80 100 120 140
mg [GeV] mg |GeV]

BP1(2,3): §g=1.0(1.0,0.1), f =2(10,2) TeV = B(t — Sc) ~ 107345 _ 197234

Tevong You 9



Bottom-up flavour implications



Bottom-up

See talks by Alonso, Patel, Sevior, Carli, Robinson, Vaquero, Klaver,
Waheed, D. Kumar, J. Kumar, Moscati, Malinsky, Wong, Jaeger,

* Anomalies in charged (B— D) and neutral (B—
K®pu* ™) current B decays

* [f true, tremendous implications for future colliders
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Bottom-up

See talks by Alonso, Patel, Sevior, Carli, Robinson, Vaquero, Klaver,
Waheed, D. Kumar, J. Kumar, Moscati, Malinsky, Wong, Jaeger,

* Anomalies in charged (B— D) and neutral (B—
K®pu* ™) current B decays

B (+) % = Kx)

%
A<9.2(1.9) TeVv A < 84 (17)TeV  (DiLuzio, Nardecchia [1706.01868])
* [f true, tremendous implications for future colliders
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Bottom-up

See talks by Alonso, Patel, Sevior, Carli, Robinson, Vaquero, Klaver,
Waheed, D. Kumar, J. Kumar, Moscati, Malinsky, Wong, Jaeger,

* Anomalies in charged (B— D) and neutral (B—
K®pu* ™) current B decays

- i

+ v 1 M
W C“:
B (+) % S (%)
D K

N 2

* Focus on neutral current B decays for projections
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Neutral current B anomalies

* Points towards new physics parametrised by a four-
fermion effective operator

O.; = (57" Pb) (I, Pyl)
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New physics behind B anomalies?

e Z’ or leptoquarks (at tree-level)

b—>—>—u" b L
Z!
/7 L
r §—<——<— " S ut

B  What are the prospects

A k(*) for exploring directly this
new sector?
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Motivation for future colliders

» Can we definitely discover directly the source of the
anomalies at higher energies?

80 TeV unitarity limit = no general no-lose theorem at FCC-hh (Di Luzio, Nardecchia [1706.01868])
* Consider sensitivity to most pessimistic scenario: only

include minimal couplings required to explain b —
sutu~ anomalies

b —> —> 7 b [
/
1Q R
§—<——<— T S ut

* More realistic models will typically be easier to discover



Z’ Sensitivity

 Extrapolate current 13 TeV di-muon search:

95% CL lim. on Z’
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* Actual limits depend on Z’ couplings in signal x-section
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Z’ Sensitivity : -

ZI
 Extrapolate current 13 TeV di-muon search:
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* Actual limits depend on Z’ couplings in signal x-section
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Z’ Sensitivity : -

 Extrapolate current 13 TeV di-muon search:

v
=

Naive o(pp—Z'—puj) [fbl, (M, =1.5 TeV, v5 = 14 TeV

-

Extrapolated

95% CL lim. Behiise

by Bs
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Fat width
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* Actual limits depend on Z’ couplings in signal x-section
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Z’ Sensitivity : -

Z’ coverage:

For each M.,
plot vertically
the anomaly-

ZI
 Extrapolate current 13 TeV di-muon search: ) .
5 T
Naive o(pp—2'—pup) [fb], (M, =1.5 TeV, /5 = 14 TeV
6} : Extrapolated
| 95% CL lim. Excluded
5t | : by Bs
C'D <|3 mixing,
4t 8 B
< o =2
33 Fat width Summary of

b-anomaly

ol o ——— : : compatible
0.000 0.002 0.004 0.006 0.008 0.010 0.012 0.014 region
sb g
gr

* Actual limits depend on Z’ couplings in signal x-section
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Z’ Sensitivity : -

 Extrapolate current 13 TeV di-muon search:

5 j

35 Naive o(pp—Z'—pji), Vs =| 14 TeV|
B Fz'/ﬂfz' >0.1
3.0f — 95% CLw/3ab'[
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* Actual limits depend on Z’ couplings in signal x-section
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, ° L] ® —
/' Sensitivity b :
 Extrapolate current 13 TeV di-muon search: 5 et

Naive o(pp—Z'—up), vs =100 TeV

6} — Tz/Mz>0.1 i
— 95% CLw/10ab"!

g,’g St -= 95% CLw/1ab!

— | I . 95% CL 33 Tev10ab!
[l =

e 4 B, — B, excl.

2 4 6 8 10 12 14 16 18 20
My [TEV]

* 100 TeV can cover almost all (narrow width) parameter
space of most pessimistic scenario
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Z’ Sensitivity

 Extrapolate current 13 TeV di-muon search:

Narrow width
approximation no
longer valid!

1.33

—sb __
CLL —

(g7 — gi)

Naive o(pp—Z'—up), vs =100 TeV

S Fz'/l‘[z'>0.l
— 95% CLw/10ab! i
-=- 95%CLw/1lab!

----- 95% CL 33 Tev10ab!
— B, - B, excl.
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My [TEV]

* 100 TeV can cover almost all (narrow width) parameter
space of most pessimistic scenario
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Z’ Sensitivity N, A

 Extrapolate current 13 TeV di-muon search: 5 "

Narrow width Naive o(pp—2Z'—>pp), vs =100 TeV

approximation no 6
i — Tz /Mz >0. i
longer valid! Lz /Mz >0.1
- 95% CLwW/10ab!

-=- 95%CLw/1ab!
---- 5% CL 33 Tev10ab'

1.33

LL =
H

sb

4 .
Necessarily have
additional flavour
structure...

\
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* 100 TeV can cover almost all (narrow width) parameter
space of most pessimistic scenario
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ﬁsz — (QLE)‘(Q}AFIJQ —|—L’f /\{L),},;JL; )Zp,

Tevong You
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Ly = (Q_’Lihif}'r%!ij +L—i,i)\§f)7pLij) Z,.

l V=V] Vi, U=V}V.,
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~/ (@ T/ L) _p
Lzy= (Q’LiAE}- }’r‘inj + L"Li/\gj % Lij) Z,.

l V=VVy, U=V]}V,
[ — (ﬁv AQVtyrur + diA@nPdy + apUAD UtyPng, + EA(LJ,},;::EL) Z,

AQ) = VJL}‘(Q}%L? AL) = %TL )‘(L)VEL
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Ly = (Q—ii)‘g.?}'?’inj +L—ii/\§f}’}”"%j) Zp
l V:VJLVJL! U:VJLWT
£ = (wVAQViy g + dA@ardy + TUAPU g +epAPver) 7,

A Q) = KEFL)\(Q)%L? AL) = Vjﬂ}*(L)%L

The ‘mixed up-muon’ (MUM) model

000 000
AD =g loo1 |, ABP=g, 010
010 000

The ‘mixed down-muon’ (MDM) model

000 000
AN =gvi-looo |-V, AP =g, 1010
001 000
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ZI SenSitiVity Allanach, Corbett, Dolan, TY [1810.02166]

* Improved MC study including large widths and two
benchmark flavour scenarios:

MUM Model, 95% Sensitivity MDM Model, 95% Sensitivity
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Z, SenSitiVity Allanach, Corbett, Dolan, TY [1810.02166]

* Indirect effects from effective operators in LHC di-muon tail
would point towards fat Z’" at higher energies

MDM varying g, 9,,=1.5
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Leptoquark Sensitivity

* Extrapolate current 8 TeV LQ di-muon+di-jet search: ,

102 95% CL lim. 2nd gen. Iep‘toquark pair production 95% CL lim. 2nd gen. Igptoquark pair production
: — CMS 8TeV, 19.6 fb 102 — FCC-hh 100 TeV, 1 ab !
- -- HL-LHC 14 TeV, 3 ab™! -- FCC-hh 100 TeV, 10 ab™!
— 107} —— HE-LHC33TeV,lab! || 2 1073 “ ' © oxzo x BR FCC-hh 100 TeV
Q. Q
= HE-LHC 33 TeV, 10 ab"! y NLO LQ pair prod. code from
‘3107 oxi0 % BR HE-LHC 33 TeV S . Kramer et al [0411038]
3 VIR h | e oxto ¥ BR LHC 14 TeV £ 10
% 10 3
10° ! 5
» i « 10
S .\ 5
PR N -
10°° PR ©
\\ 10 3
2 4 6 8 10 20
M [TeV] M [TeV]

* Pair production for scalar LQ depends only on QCD
coupling

* Upper limit from Bs mixing constraint
31
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Leptoquark Sensitivity g

Excluded
by Bs

mixing

x5

= b-anomaly

g 101 compatible
See also Hiller
& Nisandzic,

Extrapolated 1704.05444
i%% CL lim.
107255 —
10 10 Max Mg = 37,41,18 TeV for S3, Vi, Vs
M LQ [TeV]

* Pair production for scalar LQ depends only on QCD
coupling

* Upper limit from Bs mixing constraint
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o x BR(upuj) [pb]

- HL-LHC 14 TeV, 3 ab!
~—— HE-LHC 33TeV, 1 ab"!

CMS 8 TeV, 19.6 fb !

HE-LHC 33 TeV, 10 ab !
0,2 x BR HE-LHC 33 TeV ||
o,-2 x BR LHC 14 TeV

M [TeV]

o x BR(ppj) [pb]
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Leptoquark single production

FCC-hh 100 TeV, 1 ab !
1-- FCC-hh 100 TeV, 10 ab !

o,-1 x BR FCC-hh 100 TeV
------ o,_» x BR FCC-hh 100 TeV
0,12 x BR FCC-hh 100 TeV |

—————
________

:"‘,"-“"'l--.-_-

10 15 20 25
M [TeV]
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Take-Home Message: Z’ sensitivity

* Drell-Yan, pp - Z' - u"u~ for two flavour assumptions:

* Mixed-Up Model:

 HL-LHC: No sensitivity
« HE-LHC: My, up to 13 TeV, width up to 30%

* FCC-hh: My, up to 22 TeV, width up to 30%

e Mixed-Down Model:

« HL-LHC: My, up to 5 TeV, width up to 10%
 HE-LHC: My, up to 10 TeV, width up to 60%

* FCC-hh: My, up to 20 TeV (entire parameter space)
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Take-Home Message: LQ sensitivity

e Pair production,pp - LQLQ - u*u7jj

Mpo=5TeV My, =12TeV 40 TeV
27 TeV -

« Single production,pp - LQ —» u u~j

MLQ = 21 TeV 40 TeV

LQ coupling strength



Conclusion

* If confirmed by LHCb and Belle II...

* B anomalies could shed light on many BSM questions
* Accessible scale of new physics

* First studies of direct search potential at future colliders

 Even if anomalies vanish, motivates inferplay between
direct discovery potential of future hadron colliders and
indirect sensitivity from precision physics



