CIIs

Exploring
Composite Higgs Models
at FCC

Giacomo Caccilapaglia
[P2I Lyon, France



Mokivakion

o Composite models ‘solve’ the Hierarchy probi.em...

o with new scale in the mulki-TeV'

A

&
f’/

o What are we Llooking for?

-> Precision EW + Higgs observables
-> Light composite scalars
-> multi-TeV resownances (top partners, pNGBs, spivxml)



COMPOSIT;
_HIGGS !

Comgosi&e Higqs models 101

o Symmetry broken by a condensate (of TC-fermions)

o Higgs and longitudinal Z/W emerge as mesons

(Fvwms)

Scales:
J : Higgs decay constant
V : EW scale
m, ~ 4 f

EWPTe T o T
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Vacuum
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COMPQSLE@. Higqs models 101

How cal Light states emerqge?

Gauge loops

TC-fermion masses

TC)F’ Lc:»c:r[os
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(h massless for
vanishing v) {§
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This can be
smwall!



The partial compositeness
paradigm

Kaplan Nucl.Phys. B365 (1991) 259
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Ad-1 Onqrar Am3; ~ (—) f2 Both irrelevant if
f. Ag,

we assume; U | dpz > 4

Let’s postulate the existence of fermionic operators:

1 This dimension
dp =572 (gL @r 1t UR qRFR) s ot related
Aﬂ. ; to the Higgs!
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C.c;:»m[ms&e models ab
various scales

Planclk scale

HC and SM gauge groups
partially unified

4—fermion Ops
i Symmetry breaking by scalars s qcperated!

- Conformal window o Low energy model +
(large scaling dimensions) additional fermions
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Phenomeno Lc}gj
accessible
ko colliders

Usual Llow energy description
of composite Higgs models
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C.c;:-m[msi&e models ab
various scales

pectra on the Lattice 150106509

Planclk scale

HC and SM gaugy
Pm’&muv uhli

gcalars

Sjmmeﬁrj b

5 Confory
(Large scalil

Usual low e

ot composite Hiqqs models |
§ P P ko colliders

w Standard Model




Camma-s&%e models ok
various scales

Planclk scale

HC and SM g ExyeaEed masses:
PQT‘EE,OLLLj 16TeV

Ta:{a

| spin-1 .
! SPM par%mers

4 ‘ tc} LO Mrﬁid F}NGBS

W F'NGBs

Usual La

of cow

singlet pNGBs (ALPs)
s Skandard




The composite Higqgs
wilderness

Light ALPs

Electrowealk pNGBs

Coloured scalars (Mot in this talie)
Common exotic top parther decays
Exotic top partners

Spin-1 resonances (not i this Ealic)

- What are muon anomalies &rviyxg to bell ws?



The composite Higqgs
wilderness

- Light ALPs EW and Higgs

recision!!!
 Elecktroweale pNGBs P

Coloured scalars (not in this kalie)
Common exotic top parther decays
Exotic top partners

Spin-1 resonances (not in this talle)

What are muoh anomalies trying to tell us?



Typical ALY Lagrangian:

m? o*a
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Composi&e Higqgs scenario:

Cww % CpB Nrc

Y

I\ )\ 64v/2 72 f

(CW = Cww + OBB)

Cr is metpwimduaeo’tz

MRBauer eb al, 170%.004-43



Typical ALY Lagrangian:

2
ma,o 2 a’ua/

a +TZF: Vr Cpy, b

D§5_1 Be)
LI = 5 (0,0)(0a) — =

a

A

N . o
9. Coa 3 Gl G 4 g° Cww x Wi, W 4 "% O - B B

Compesi&e Higqgs scenario:

Cwwi Cplerl e % <
A A 64\/§ 772f ree FQ\'QW’\@. ers.

(CW = Cww + CBg)

We will consider two scenarios:
‘Pko&owpmi.i«: and
?’ho&c:w[phobw




Tera-Z Far%ad. to COMPOSEE@.M@.SS
(VE;Q AL‘P$> G.Cacclapaglia et al.

210411064
This process Ls atwajs associabted

with a monochromatic Fho&av\.

Tera Z phase of FCC-ee will lead to §-6 10712 Z bosons
at the end of the rumn,

Ideal test for rare Z decays!'
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Tera-Z FOT‘EQL o ﬂOMPOEiE@.V\QSS
(\/LQ AL‘Ps> G Cacciapaglia et al.

Rlo4 11064

‘Pho&wgk@bw ‘Pko&wmpkitw

No leading order coupling to WZW interaction to photons
Photons (WZW interaction is Zero!!) (Like the Pia&\)



‘Ph@.mamemomgv*?rampé ﬁe&&vs

Photo-philic ““Lre

o Three isolaked tha&ov\s

BR(Z — 37)Lep < 2.2-107°

Discriminating variable:

ma = 10 Gev . .
tavariant wass

my = 60 GeV
m, = 88 GeV
Photown ordering changes

ak tav. mass 50 GreV

Bins above ¥0 GeV
populated bv folkes:

hard ko eskimake!




Mo-mej pi.o&

& Caceia FQSLLQ et al.
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EW pNGB direct Frm:{wt:&mm
W.Porod ek al.
woTk Ui progress
Dominantly pair-produced (no VEVs except for the
doublel)

Couplings to two EW gauge bosons via WZW
Couplings to two fermions via partial compositeness

Few dedicated direct searches (WWWW and WWWZ
via doubly-charged scalar)




£ W F'NGB direck proc&uﬁﬁmm

Decays to two GBs from
WZW amamatj

Svwaall toupi.ihgs

Cascade ciecoujs can be
tampe&&ive

Photon-rich final states!

Porod et al.
k th progress

Typically sizeable
a:cmpi.ings ko &op and
boktom

Always dominate if
presem&!

They may be absenk -
model depﬁmdev\r:e!



F‘v“ermmwpkobw SU(8)/50(8) model

1.0p ———————_ — Totalwzw ) OF ——————— — Totalwzw W.Porod et al.
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(c) Decays of n for ms = 600 GeV > mg (d) Decays of ¥ for ms = 600 GeV > mg
Decays to two GBs from

WZW anomaly Cascade d@.aavs

competitive for mass
Small couplings SFJL&S around §0 GeV

Cascade cietoujs can be
tOMFQEEEEVQ

Photon-rich final states!




50(5)/ SO(§> bemﬁkm&ﬂf W.Porod et al.

worTk A Progre_ss

Ru all searches in MadAmaL:sts, Checlkemate and Contur
on all di-scalar pair prmdw&&imm channels,

Best Limits from multi-photon searches (ATLAS generic
amaivsis)

Many channels contribute to the same signal region’
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SU(8)/50(8) benchmark

W.Porod et al,
work i progress

Exclusion from mulki-photon search

S++ cascade cie.coujs Change i dominant SR
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TOP ParEMQr Pkémo revisibted

ABaner jee ek al
2203,0727 (Showmass LOI)

o pNGBs Lighter than the top partners are to be
expec&ed i all camyasi&e models

The S cie&ajs are mociatmdepemd@\&,
but they can be classified:

STT — Wb,
St — tb,
SY 5 tt, bb.
Calculable ratios (from Dominant, if
anomalies) and always present for the

present for all models. specific S.



Commwon exoctic Ec::vp Par%mev

d@.@&js

€ + —
L = k¥ T Prb+ k% TZ Pt +
UV Zsm . TW' Pr ZCWSW 7. TZPL \/—SW
+— k% BIPb+ KW XW Pt + L& R+he (14)
2CW SW ’ \/_SW/

KZB LBW PLt

- - - —
Loss = St [nifLTPLb + Ky  XPrt+ L R] +he + Y S; lnf;,LBPLt + L R| +he.

0 0
+ 3080 [k, TPt + sy BPLb+ L R| +he.

S++

+y S [KXLXPLb—l—L(—)R] +h.c.

o Possible to write a Master-Lagrangian containing all
possibm tauptav\gs, ampieme&\&ed abk NLO in MG (FSMOG)

Work in progress by A.Deandrea and B.Fuls



Commoin exobie %QP Par%mev
d@.&&js ABoletier oot

2203,0727 (Showmass LOI)
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B-bZ, 1808.02343 (ATLAS)
B-tW", 1808.02343 (ATLAS)

3ab™', 1905.03772
T-1Z, 1808.02343 (ATLAS) 227 3ab™', 1710.02325
T-bW*, 1808.02343 (ATLAS)

[-tS
y =-31t, 1907.0589

[tSY & 4
— T5tS? S%5bb, 2002.12220
T-tS°,8%5jj, 2002.12220

o Dedicated searches may be
useful to push up the Limits.

Xs321S*, S*-1"v, 1907.05894

TgTTg, Mg=> iR, 1907.05894

Xen>bS*™ S** > W' S*.S* b, 1907.05894

o Projections for FCC-hh are
needed...

Xs;3-bS* S W*S* St -1y, 1907.05894

o i combinakion wikth scalar
direct produ&&ian.

S8, S**>W* W*, 2101.11961 (ATLAS)

S§*S, S*-1v, 1301.6065 (LEP)

800 1000 1200 1400 1800 2000
my (GeV)




Exokbie %QP par%mers

G.CQCCZLQPQSLLQ ekt al.
2112.00019

o A specific model: M of Ferrettis classification

Underlying fermions (Like guarks) Baryons (Eop Pm*?:ners}

o ool oo [ b

14 — 80+3—2x+32x,

21 — 80—|—62x+6_2x + 1o




Exokbie %QP par%mers

G.CQCCZLQPQSLLQ ekt al.

2112.00019
o A specific model: M of Ferrettis classification
Underlying fermions (Like guarks) Baryons (Eop Pm*?:ners}

o ool oo [ b

21 — 80—|—62x+6_2x + 1o




Exokbie %QP par%mers

G.CQCCZLQPQSLLQ ekt al.

2112.00019
o A specific model: M of Ferrettis classification
Umderb:}ivxg fermions (Like qumhss) Baryons (Eop Pm*?:ners}

21 — 80—|—62x+6_2x + 1o




Exokbie &vp par%mm’s

G.Caccia[aagtia ekt al.
2112.00019

SU((2).
doublets




Exokbie &vp par%mm’s

G.Caccia[aagtia ekt al.
2112.00019

SU(2). . .
doublets Octoni (Dirac):

Gluoni (Majorana):

Higgsoni (Dirac):

. [B
Boni (Majorana): B = (~) .
B

The ba\r:jc)m conbtent loolks iromiﬂawj
SUSY-Lilke!



Exokbie &vp par%mm’s

G.Caccia[aagtia ekt al.
2112.00019

Mixing with ‘
the &:}p

Octets Triplets Singlets



Octoni bounds

G.Cacciapagtf.a ekt al.
2112.00019

o Model E,m[zatemem&ed . MG,

o Check Limits from searches in
MadAnalysis and CheckMate.

o Strongest bound from gluine and
stop searches:
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(a) g — Brg, T3 — tt/gg. (b) G+ — htmg, mg — tt/gg. (c) GO — hOmg, mg — tt/gg.
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There’s something abouk
Muowns »

BR (BT — KTutu™)

0.044
Rk = = 0-846:;.(;41

Ntc=2, (Ya¥q)bs=0.035

BR (BT — Ktete™)

o 92 fixes the scale of new physics

o watural values for TC-like
theories!

o RK requires large muon couplings
(attainable i strong dynamics)

These anomalies will be
further probed in the
near future!




Bownus ktraclkes



What f FCC-ee discovers Z > ya?

G.Co\ﬁciapagtia et al.
work i progress

o 1Is it possible to distinguish the composite scenario,
from an elementary mock-up model?

b=k 1 @ U = doublet + singlet

Stinglet scalar

Triangle L@st caln mimie
the WZW interactions of
Fhe aomyosi&e ALT:

doublel + singlet =
Pho&o-—-[pkobw case

o Note: fermion masses of the order of Tev, potentially
discoverable at HL-LHC or FCC-hh (QCD-neubral)



What f FCC-ee discovers Z > ya?

G.Ca&ciayagtia et al.
work i progress

o 1Is it possible to distinguish the composite scenario,
from an elementary mock-up model?

covaosf,&e case:
see 1502.0471%

EWPT omtv ciepamd
on H Laaps
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0.10 For fixed BR = 107-%,

L. di,scoverj.
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-0.05 ; Arrows: haive conbribubtion
of top partner loops.
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