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Why are top and Higgs friends?

The top has the largest Yukawa coupling: n1, = ot = 173GeV — y, = 0.99

NG

The top quark is the only "natural™ quark
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Large corrections for the Higgs mass ===l
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g Absolute stability |
168 Andreassen, Frost, Schwartz arXiv:1707.08124

Motivation for BSM with special connection to top:
top partners, moditied Yukawas etc

Top and Higgs play a *
special role in the stability of the Universe

Eleni Vryonidou FCC Phenomenology Workshop, CERN



Looking for the (un)known

“SM” Higgs measurements

Exotic searches for top partners
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The LHC offers a unique testing ground for New Physics

Expect the FCC to push this frontier even further
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Top lessons from Higgs measurements
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SMEFT interpretations
Essig, Meade, Ramani, Zhong arXiv:1707.03399
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Top lessons from Higgs measurements
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Top lessons from Higgs measurements

H Theoor o tH e =<

Top partners
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SMEFT: What is it all about?

new

UV physics (heavy particles L Z',X,0Q,S ...
A physics (heavy p ) np(® Q )

Effective Field Theory Lsn (@) H Laime(@)H - ..

—nergy

Standard Model  Lgn/(¢)

—ffective Field Theory reveals high energy physics through precise measurements at low energy.
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LHC global EFT fit: marginalised (1)
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Ellis, Madigan, Mimasu, Sanz, You arXiv:2012.02779

il

All coefticients allowed to
be non-zero

For weakly coupled
theories A\ bound below the
TeV scale: EFT Validity???

Strongly coupled C,-6(ﬂ)

Weakly coupled A?
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LHC global EFT fit: marginalised (2)

* Higher Orders in 1/A\4

* squared dim-6 contributions

- Top+ Higgs + VV, Quadratic NLO EFT

- Top+ Higgs + VV, Linear NLO EFT

cQQ8

cQtl cQt8 I cttl

cllqq
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Magnitude of 95% Confidence Level Bounds (1/TeV?)
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Posterior distributions
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| W Top + Higgs + VV, Quadratic NLO EFT

' B Top + Higgs + VV, Linear NLO EFT 5 M E F i T

1015_

10°;

Ethier, Maltoni, Mantani, Nocera, Rojo, Slade, EV and Zhang arXiv:2105.00006

Significant impact for most operators
In particular 4-fermion operators
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LHC global EFT fit: marginalised (2)

* Higher Orders in 1/A\?
* squared dim-6 contributions
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Ethier, Maltoni, Mantani, Nocera, Rojo, Slade, EV and Zhang arXiv:2105.00006

Significant impact for most operators
In particular 4-fermion operators

Some operators remain unconstrained: Need more data/better probes/new colliders!
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What can we hope for the FCC?

Eleni Vryonidou

Cleaner environment

Precision frontier

e can make very precise measurements

Messier environment

Energy frontier:

e can push energy probed to 10s of TeV

FCC Phenomenology Workshop, CERN

Which operators:

4-lepton, 2-fermion, pure
gauge, Higgs-gauge, top
operators at 365 GeV

2-fermion, pure
gauge, Higgs-gauge, top
operators,



What can we hope for?

Example: ZH production
Expected total cross-section uncertainty at FCC-ee: ~0.5%

0.100 -
0.010 !

I._L._L._A_I

" | (1) (3)
Opp  Opw  Opa Opw  Ops Oy 04 Oy O

0.001
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——

e et - ZH

| B FCCee@240

FCCee@350
FCCee@365

LA

Using current LHC bounds from
fitmaker: arXiv:2012.02779

Celada, EV et al in preparation

Bounds will be significantly better at the FCC-ee!

FCC Phenomenology Workshop, CERN



What can we hope for?

Example: ZH production
Expected total cross-section uncertainty at FCC-ee: ~0.5%
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0.010

(1) (3)
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Opp  Opws  Opa  Opw  Oyp

e et - ZH
B FCCee@240

FCCee@350
FCCee@365

@t’ﬂ”

Using current LHC bounds from
fitmaker: arXiv:2012.02779

Celada, EV et al in preparation

Bounds will be significantly better at the FCC-ee!
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SMEFT prospects for FCC(-ee)

Snowmass study: arXiv: 2206.08326

Machine | Pol. (e, e™) Energy | Luminosity
HL-LHC | Unpolarised 14 TeV 3 ab™!
250 GeV 2 ab~!
diBoson o (F80%, +30%) | 350 GeV | 0.2 ab™?
(WW,WZ) 500 GeV | 4 ab!
(F80%,+£20%) | 1 TeV 8 ab™!
HL-LHC -
Yes (u) LEP/SLD Yes 380 GeV |1 ab
Full EFT param. CLIC | (£80%,0%) | 1.5TeV | 2.5 ab!
Updated 3 TeV 5 ab_l
Come k024 | Full EFT param. Yes Yes (365 GeV, Ztt) Z-pole | 150 ab™!
2myy 10 ab™!
_ FCC-ee Unpolarised | 240 GeV 5ab1
Update European Strategy study of de Blas et al., arXiv:1905.03764 350 GV | 0.9 ab-1
365 GeV | 1.5 ab™!
_ —1
Setup: Z-pole 100 ab
2mw 6 ab~!
: CEPC | Unpolarised -1
SMEFT truncated at linear level npolarised | 240 GeV| 20 ab
350 GeV | 0.2 ab™!
" 1 b—l
CP-conserving 0 GeV | 1a
125 GeV | 0.02 ab™!
- - MuC Unpolarised T h—1
No 4-fermion operators (apart from Gf ones), no dipoles " A I A
€ a

Flavour universal (18 parameters) and flavour diagonal (30)

Eleni Vryonidou

FCC Phenomenology Workshop, CERN
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What we can learn: Higgs+EW

precision reach on effective couplings from SMEFT global fit
B HL-LHC S2 + LEP/SLD Wl CEPC Z,00/WWg/240GeVy, Il CLIC 380Ge TwiFCC —ee

(combined in all lepton collider scenarios) | [ll CEPC +360GeV, M ILC +350GeV, ,+500GeV, | Il CLIC +1 5Te v _ Il MuC 10TeV 4o
Free H Widih BWILC+1TeVs  ~/wGiga-z | MCLIC +3Te v B MuC 125GeV, gp+10TeV 1 l I S O ( :O I ' I a re re -

0 i subscripts denote luminosity i "1, Z & WW denote Z-pole & WW threshold
o 1E
£ =
3 107 s 2 LHC with and
o ®
© '®)
(7)) wn
@)} -2 4
> 10
T

1073

1074

—
S

B * Typically FCC-ee improves
bounds by more than an order of
o magnitude compared to HL

Higgs couplings
=
o
sBuijdnoo sbbIH

—
<
w

., 1l ...« Thisis true for both Higgs
u couplings and Vit couplings
%122 g rDefault flavor assumptions?
S 2 Same a SMEFTnD . . C
s | wmmesozo | * IMprovement is not significant for
Showmass study Zy, VY, Ud (dominated by HL-
de Blas, Du, Grojean, Gu, Miralles, Peskin, Tian, Vos, EV arXiv: 2206.08326 LH C)
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What we can learn: Top sector

Goals of the Showmass study:

e EX
® =X

O
O

ore
ore

HL-LHC prospects

future collider prospects

Do this in some some unitied fit setup, with reasonable uncertainty assumptions

Eleni Vryonidou

Coefficients fitted

Cia Caq Coq = Coo — Cg
2—quark Cgpt C(pb CtZ — CWctW — SWctB
— Ctsp CtW
133 3(33ii 1,8 1(i33 3(i33i
Ch=3200™ | Ch=3 O™ | Cgp =3 Cag™ +3Cy""
~ 3(33ii L 8(33 38 < (1330 3(i33i
4-quark C%u — Z Cqé ) ngd — Z ch(z ) OQq — Z Oqé ) — Cqé )
| o . 8(1i33
N o qu — Z OUC(Z )
Cy Clet CZE — CllQ + CZBQ
2-quark B | 5
2-lepton Cin Cle Cig = Cig — Cig
_ _ C.o

Following Top WG note

Only colour octet 2-light-2-heavy

operators

No 4-heavy operators (see later)
Only linear 6(1/A*contributions

Durieux, Gutierez, Mantani, Miralles, Mirrales, Moreno, Poncelet, EV, Vos arXiv:2205.02140

FCC Phenomenology Workshop, CERN
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LHC vs HL-LHC

|12
[HEPT

101- y
10—2_ I

95% Interval (TeV~2)
[
o
o

=
o
o

B | HC Run 2 + Tevatron + LEP B +HL-LHC S2
solid: individual
shaded: marginalised

Ctop Ciw Copt C(%) Coo Cz Cop Ciwc C8 C§ Cé,'s Ctsq Cg'qs cs, C8,
Operator Coefficients

arxiv:2205.02140

q

Best improvement: 4-
fermion operators
driven by difterential
measurements
extending to higher
energies

Not much ir?provement
(dominated by b at LEP
but better at FCC)

Limited by theory and
modelling uncertainties

2-quark-2-lepton not fitted
(need t?)

Difference in individual and marginalised limits persists at HL for 4-fermion operators

Eleni Vryonidou

FCC Phenomenology Workshop, CERN
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LHC vs HL-LHC
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LHC vs HL-LHC

Best improvement: 4-

IFHK\ B LHC Run 2 + Tevatron + LEP B +HL-LHC S2 fermIOﬂ OperatOrS

¥ solid: individual . . .

‘[:Eafitl shaded: marginalised driven by ditferential
measurements

1o extending to higher
energies

Not much ir?provement
(dominated by b at LEP
but better at FCC)

95% Interval (TeV~2)
[
o
o

101
Limited by theory and
modelling uncertainties
102
Ctop Cw GCor CcB) Cpo Ciz Cop Cic C8, & cit® c®@ c28 c8, CcC& _
i operator Coefficienss . 2-quark-2-lepton not fitted
arXiv:2205.02140 (need 1ic7)

Difference in individual and marginalised limits persists at HL for 4-fermion operators
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LHC vs HL-LHC

Best improvement: 4-

IF'HIK\ B LHC Run 2 + Tevatron + LEP B +HL-LHC S2 ferm|on OperatOrS

¥ solid: individual . . .

‘[:Eafitl shaded: marginalised driven by ditferential
measurements

1o extending to higher
energies

Not much ir?provement
(dominated by b at LEP
but better at FCC)

95% Interval (TeV~2)
[
o
o

101
Limited by theory and
modelling uncertainties
102
Cop Cow Cor ClY Coo Ciz Cop Cwo Cp Cy C5° Cq C3° Céu C8 _
° operator Coefficienss . 2-quark-2-lepton not fitted
arXiv:2205.02140 (need 1ic7)

Difference in individual and marginalised limits persists at HL for 4-fermion operators
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Top quarks at future lepton colliders

Scenarios considered:

Machine Polarisation Energy Luminosity Reference
250 GeV 2 ab™1
ILC P(et, e7):(£30%, F80%) 500 GeV 4 ab™1 56]
1 TeV 8 ab™1
380 GeV 1 ab™!
CLIC P(et, e7):(0%, +80%) 1.4 TeV 2.5 ab™! 57]
1 | Z-pole 1 150 ab™? ./
FCC-ee Unpolarised 240 GeV > ab™ 58]
f 350 GeV 0.2 ab™!
| 365 GeV | 1.5 ab~! |
[ Zmpole | Bihabt |
CEPC Unpolarised 240 GeV 20.ab™ 58]
350 GeV 0.2 ab™!
360 GeV 1 ab™!

Eleni Vryonidou

Observables:

ete™ — bb: 0, A2,

ete” — 1. optimal observable
constraints from arXiv:1807.02121
for ILC, CLIC, FCC-ee, CEPC

Optimal observables based on
WbWhb

Input from arXiv:1807.02121
bounds for #Z and top-lepton 4F
operators

itH 1S not included here for ILC
and CLIC

FCC Phenomenology Workshop, CERN
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Putting everything together

. =T
10% N % arXiv:2205.02140 ‘mﬁt\
- FCC-ee improves: ttZ,
¢ 1o % bbZ, tbW
: Gl B i o " First access to ttll
i fin i iInteractions with runs
“ i T |1 . above the threshola
1072 I i o
103 i % L % % %

Coop Cw Cor C) Coo Ciz CpN\NCev Ceo Cn C§ Ce Cr  Cp
Operator Coéfigients

No bounds for 2Q2| operators at the (HL)LHC, no 4Q bounds for lepton colliders
Runs above ttbar threshold needed for constraining 2Q2| well
Extremely well bounded at higher energy lepton colliders

Eleni Vryonidou FCC Phenomenology Workshop, CERN



Pushing the energy frontier

How about top qguarks at the FCC-hh?
No full study but expect much better sensitivity:

o(my > 1.4TeV) =18 pbx[140.3-Cy¢+0.1-C;z+0.1-C;, 4 0.3 (Cy, ) >+ ...

o(myg>10TeV) =0.1pbx [14+0.3-Cie+1.8-Ci, +3-C5 4256 (CS )%+ ...]

Expect bounds to improve from 6(1Tev—=) down to 6(0.1TeV—>)

Eleni Vryonidou FCC Phenomenology Workshop, CERN
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Pushing the energy frontier

How about top qguarks at the FCC-hh?
No full study but expect much better sensitivity:

o(my > 1.4TeV) =18 pbx[140.3-Cy¢+0.1-C;z+0.1-C;, 4 0.3 (Cy, ) >+ ...

Ll

o(myg>10TeV) =0.1pbx [14+0.3-Cie+1.8-Ci, +3-C5 4256 (CS )%+ ...]

Expect bounds to improve from 6(1Tev—=) down to 6(0.1TeV—>)

Eleni Vryonidou FCC Phenomenology Workshop, CERN
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Where can the FCC-hh help?

4-heavy operators

l' l' : Linear+quadratic
—e— HL-LHC 3ab~! - 95% C.L. Individual (QCD only) - Incl. Ot
—e— HL-LHC 3ab~! - 95% C.L. Individual (QCD only) - Diff. Mgt
6 —e— HL-LHC 3ab~! - 95% C.L. Individual - Incl. o

l‘ l‘ HL-LHC 3ab~! - 95% C.L. Individual - Diff. Mg

0% = (Qr'T'QNQy,T'0)  *
@éQ = (QYMQ)(QV,,,Q) EZ ======= I E R — X AR S— |+| gggggg

08, = QP T'ONF, T .
O = (Or"0)(iy,1)

1 _ —_ /’l —_ Cc%o Cc%o Cil)t Cot
@tt o (t}/ t)(tyﬂt) Aoude, El Faham, Maltoni, EV arXiv:2208.04962

1
Ctt

HL-LHC differential information helps

FCC needed to really pin down these coefficients

Eleni Vryonidou FCC Phenomenology Workshop, CERN
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10 A

(N/TeV)?
(@]

_10 -

—15

ti

1 8 1 8 1

LHC - 95% C.L. Individual (QCD only) - Incl. O
LHC - 95% C.L. Individual - Incl. o+

FCC-hh - 95% C.L. Individual (QCD only) - Incl. O
FCC-hh - 95% C.L. Individual - Incl. ot
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Knowing the top helps us know the Higgs

Example: Higgs self-coupling

] — —</\
rGGGSO\ - O Triple Higgs coupling

N
O = (¢'6) () &, et Inclusive H, Higgs plus jets, ttH

O = (¢ ¢) G4 GA | g INClusive H, Higgs plus jets, ttH
Oi; = (QorTH)PG), w1, tH, TV
Op = (0,(¢71¢))? e All Higgs couplings

O6 = (¢T0)3 —  HH (single Higgs@NLO)

Eleni Vryonidou FCC Phenomenology Workshop, CERN
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Knowing the top helps us know the Higgs

Example: Higgs self-coupling

] — —</\
rGGGSO\ - O Triple Higgs coupling

N
O = (¢'6) () &, et Inclusive H, Higgs plus jets, ttH

Ouc (¢ ¢) G4 GA | g INClusive H, Higgs plus jets, ttH
— (QJ#’/TAt ¢G;1V . ttH, ttV..
Op = (0,(¢71¢))? e All Higgs couplings

O6 = (¢T0)3 —  HH (single Higgs@NLO)

Eleni Vryonidou FCC Phenomenology Workshop, CERN
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Knowing the top helps us know the Higgs

Example: Higgs self-coupling

] — —</\
rGGGSO\ - O Triple Higgs coupling

o
O = (¢T¢) (@) @) ey INClusive H, Higgs plus jets, ttH

O = (ng(b) G4 GA | g INClusive H, Higgs plus jets, ttH
v A A
(Qo" TAL)GGL, e 1, TtH, HHV..
Op = (0,(¢71¢))? e All Higgs couplings

O6 = (T0)3 —  HH (single Higgs@NLO)

Eleni Vryonidou FCC Phenomenology Workshop, CERN
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HH(H) at FCC-hh

log,,(linear /SM) log,(quadratic/SM)
O

Different sensitivity patterns for H,
HH and HHH in SMEFT

_________
- ~

Differential distributions in HH and
0. HHH cross-section can help

~ e
o -
- -

FCC-hh reach: 1%, 5% and 50% on H, HH and HHH cross-sections

Eleni Vryonidou FCC Phenomenology Workshop, CERN 19



Broader Higgs-top interplay

Top EW

Top chromo

Top Yukawa

Top-Higgs are deeply connected

Eleni Vryonidou FCC Phenomenology Workshop, CERN

Production process
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Why are loop processes so important?

TOOOR_ H - 000 —@ - - 000N/
M ‘. k /\/tfN /H production
0000 4 0000 OO N

O, @ 0, ® Oy,

2 2 2 2 2 2 2
msi vegs; s\ ms; veg; s\ me v° e g2 s\ .
3272 my Cw Sw [lOg ( m? ) Zﬂ-] 3272 My Cw Sw [lOg ( m? ) Zﬂ-] 32272 M. G Sw [log ( m? ) Zﬂ-]

:b i ji:i // production

(=)
Oty Ot ® Qs ®
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Impact of loops on precision

Can we use these growing amplitudes to probe unconstrained couplings”

Test Case: analysis of ZH production@LHC
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What can the Higgs tell us about the top?

Diboson (off-shell Higgs) sensitivity to top couplings

do I < — ISM S
— . . =,
% 10 _Oﬂpt — ! (99T D ,UJ(I'O) <t’7l t) — ‘O’interference E
fh/GeV] - — ONP? =
91 2
- Thomas, EV in
- arXiv:2203.02418
1071 —L_
102 &
S S
103 czq Azatov, Grojean, Paul, Salvioni arXiv:1608.00977
- ' e To)
- 40— ZZ LHCIS3 See also: Englert, Soreq, Spannowsky arXiv:1410.5440
I ‘ | 2004.
104 Cos/A2 = 1TeV™2  \— L Cao et al 2004.02031
:\ [ [ 1 ‘ I ‘ I T ‘ I ‘ I I ‘ I I ‘ [ ] - z - " "
200 300 400 500 600 700 800 01006 Expect much better sensitivity@FCC
mygzyz [GGV]

Dedicated studies for FCC welcome!
Eleni Vryonidou FCC Phenomenology Workshop, CERN


https://arxiv.org/abs/2203.02418

Conclusions

 FCC can provide a great testing ground for SMEFT, pushing in either the
precision or energy reach

e Global SMEFT fits at FCC-ee show that one can improve over HL-LHC
bounds by an order of magnitude in higgs and gauge-fermion couplings

* [o access top couplings we need runs above the top threshold

 FCC-hh can significantly improve bounds on Vff and hVVV couplings, as
well as unconstrained 4-quark operators

 FCC-hh can probe energy growing amplitudes, improving sensitivity to
poorly constrained interactions

Eleni Vryonidou FCC Phenomenology Workshop, CERN
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