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Motivalion

o Comgosi&a models ‘solve’ the Hierarchv Frobi&m...

o with new scale in the mulki-TeV'

o What are we Looking for?

-> Precision EW + Higgs observables
-> Light COMPOS£E€ scalars
-» mulki-TeV resonances (top parthers, pNGBs, sPav\--l)



COMPOSTTE
" HIGGS

COMF’OSEEQ Higqs models 101

o Symmetbry broken bj a condensate (of TC—fermions)

o Higgs and longitudinal Z/W emerge as mesons

(F?E,c;sr\s)

Scales:

J : Higgs decay constant

V : EW scale

m, ~ 4 f
N
[ f>4dv~1TeV |

. Limi&:

Vacuum
misalighment




HIGGS

CQMPOS&Q Higqs models 101

How cai Light states emerge?

Gauge LOO’PS

TC-fermion masses

Top Laaps

--mm &OP --mm

(h massless for
vanishing v) §

a

This can be
smwall!



The partial compositeness
paradigm

Kaplan Nucl.Phys. B365 (1991) 259

1 4 d—4
fl. fl.
we assume U | dge > 4

Let’s postulate the existence of fermionic operators:

i This dimension
F = yyy] %75 (YL 917 + Ur arF ) s wot related
Aﬂ. ; to the Higgs!

/

dr—5/2
A
flyr aLQL + yYr qr@R) wikh YL/RJ ~ i 47 f




Sequestering QCD in
Partial ﬁampos&emms

: y G Ferretti, D.Karateev
gTC : rep K rep K 1312.5330, 1604.064-67
e X T=wyy oF wyy
SM : EW colour + hypercharqe
) 2

global : (yy) # 0 a) (xx)#D0

$ coloured FNGBS
| di-boson
pPNGB Higgs

DM? b)ixx) =10

Light tor partners
from tHooft anomaly
conditions?



Comgos&e models af
various scales

Planclke scale

i G.C., SVakani, C.Zhang
: 191105454, 2005,12302

........

* Condensation scale Ay ~ 4nf

Usual low energy description
of composite Higgs models

One of Ferretti
models

» Skandard Model




Comgos&e models af
various scales

Plawnclke scale

HC 4 | G.C., SVatani, C.Zhang
Canc amegeiiie s Lty 1911,05484, 2008,12302

partially unified

4—fermion Ops
i Symmetry breaking by scalars mw—  goperated!

: Conformal window One of Ferretti

i (Large scaling dimensions) models
additional fermions
i

* Condensation scale Ay ~ 4nf

Usual low energy description
of composite Higgs models

One of Ferretti
models
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Comyos&%e models af
various scales

Planclke scale

i
L
A

__ HC and SM g Expea&ed masses:

£ L portially IEPRON

i ; partners
nfew

Con TeV

i (LO\TSQ S
coloured FNGBS

* Condensatigy

R

_ 100%
— GE\;

singlet pNGBs (ALPs)

was Skandard



Qaadmap to Higgs campmsu&emess

The HL-LHC will leav
covering the whole i
is the target)

'Vx& i.agacw bu,f: NOT
rameter space! lie: loTeV

A Tera-Z run will fu

COVWRPOS Lt ' lo "'

Case ;
+ EW

verj +
the se

rVETj

In both cases, the re
model building, pro
enerqy pp collider, «

ongly constraint the
le predictions for a high
ly cover the scenario.

* Not including flavour, Cosmatogj,



The LHC l@.g&«tj

The Higqgs - f:ouptmas

EW-charqged scalars (few 1005 GeV)

Singlets (ALPs) thak couple to gluons
> Spin-1 resonances (EW)

 Coloured states (QCD)




EW pNGB Airect prodwaﬁ:&mn
G .C., WPorod, TFlacke, LSchwarze

RR10,01%26&

Dominantly pair-produced (no VEVs except for the
doublel)

Couplings to two EW gauge bosowns via topological
anomalies, hot VEVs -» photons are present!!

Couplings to two fermions via partial compositeness

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




£ W F?NGB direck proda&&am

W.Porod ek al.
2210.01%26

| o Typically sizeable

Decays to two GBs from :
anomadfj ;} ﬂmg,pm«gs to Ecwp and
botkom
Small COMFLLV\QS
o Always dominate if
Cascade decays can be present!
tompe&i&ive ,
o Th&j may be absent -
Photon-rich final states! model dependence!



SU(£)/50(8) benchmark

W.Porod et al.
2210.01%¥26

=~ Full simulation ~—Full simulation
ns nd - Wyyy — NsNs = =2V + X
ns* ng - WyyZ
ns' ng -»WZyy

— Ns' ng = WyWy

a
—
c
)
2
(&)
Q
(V)]
("))
(V)]
o)
.
(@)

Cross section [fb]

Run all searches in M&dAMQLsts, Checlkkmate and Contur
on all di-scalar pair Ferc:-dut&c:-m channels,

Best Limiks from multi-photon searches (ATLAS generic
o\mo\bjsis)

Many channels contribute to the same signal region!



SU(£)/50(8) benchmark

W.Porod ek al.
2210.01%¥26

Exclusion from mulki-photon search

S++ cascade cie.c:avs Change i dominant SR

X X X X %X X X

Axxxx'-,xx
ol X X X

o

Exclusions
® >95%CL
> 68% CL
® =68%CL
— 95% CL
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The QCD sector

(Above the TeV scale)

o Coloured F@NGBS
o “'i“c;)p Par&mevs

3 Spinwl resonainees



The models

m|
\-- 7 classes
M8-9 (hrhx) | M3-4 ( zpsz M10-11 (y9x) ‘ ]
N i of modes
(¥ipx)

Focusing on QCD-charged states:
-I




Coloured F.?NGBS

g — tt, gg; mg — bb,

o Th&j are atwa\js presam& A models. : Ts — tF, gg; T —> tt
g — tt, gg; w3 — b3 or t, brT,
o They are relatively Light (TeV scale) .78 2 99
2002 01474
g — It (sgluon-like) :ai;r pc??lrodu;céion
Ocket ofinde or) Céky

g — 88,87 ;(Kélngﬁm)

77:3—)[95

TrLF;LQ_E { 7 — 1y (SEOP“LE,QQ)

13 TeV, 4g

13 TeV, 4t

g — It | .
Sextet 7, — bb 400 600 800 1000 1200 1400 1600
Mo[GeV]




TOF.' par&mer Phema revisiked

ABaner jee et al
2203,0727 (Showmass LOI)

o TDedicated searches i SM final states: tZ, bw, EH...

o pNGBs lighter than the top partners are to be
expected in all composite models

The S detajs are madetw&epemd@&,
but they can be classified:

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

present for all models. specific S.



Common exotic EOP Par&mer
Ci@.&ﬁ:js KBahenigl chiot

2203,0727 (Showwmass LOI)

200 400 600 800 1000 1200 1400 1600 1800 2000

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 Dedicaked searches may be
useful to push up the Limits.

Xs321S*, S*-1"v, 1907.05894

TgTg, ne—)!nt;;, 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 combination wikth scalar
direct Pradu«:&om.

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&ners

"~ | Mods [xRYB)[ r | V- | A | ¥ | diquak_
O] M2 | R—5D) [ 80650 8ol ta
C2 | Mi3-4, M&-11 TR T R T B N

_I 80, Lo, 62/

M5
M6-7 )| ede | [51.5.6] s

Models in C1, C3 and C4 conkain X
&opwparémers as octet and sextet! gt

Larger production than the triplets!



Exobic EOP F?m*%me

&.C., TFlacke, MKunkel, W.Porod
2112.00019

o A specific model: M of Ferrettis classification

Hyper-fermions Chimera Baryons (&atp par&vxers)

s o ol [ [

21 — 80—|—62x+6_2x + 1o




Exokbie &w[p Fam*%mers

&.C., T.Flacke, MKunkel, W.Porod
2112 ,00019

SU((2).
doublets




Exokbie &w[p Fam*%mers

G.C&c&iago\gtm ek al.
2112.00019

Mixing with ‘
the Ec:fp ‘

Octets Triplets Singlets



Octoni bounds

&.C., T.Flacke, MKunkel, W.Porod
2112 ,00019

o Model imytemen%@.d . MG,

o Check Limiks from searches in
MadAnalysis and CheckMmate.

o Strongest bound from gluine and
sﬁop 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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‘Spim-wl resonainces

&.C., ACornell, A Deandrea, MKunkel, W.Porod
R24-04- 0219%

[ v Dxwvo] « [ v [ & [ 5 o

O] M2 | R—5D) [ 80650 8ol ta

C2 | M54, M T~ (RLD) 806 [ B0l S| by | 3|V
l

| 80, 1o, 6_2/3

5
6-7 ) | _“_ none

o Octebs (and one singlet) ubiqu&&ous

o Vg always mixes with the gluon (V| with
hypercharge)

o ‘Tripte&s and sexkeks presem& n C1, and C3.



Sp&y\*l resonances: d&cavs

&.C., ACornell, A Deandrea, MKunkel, W.Porod
R24-04- 0219%

o Cauptit/xgs ko F?NGBS

Oy = i Tr([w, 0,7|VH), V — 7

VENNLALNMUIRIN A — 7ax Determined btﬁ Epur

o Octet couplings to quarks via mixing

Determined btj g

o Cauptitr\gs ko Ec)ps via Partial Compasi&emess

t,b t,b

bﬁ&ﬁfﬂﬂi&f\ﬁd bj ngB




Stni;wwl resonances: d@c:afjs

&.C., ACornell, A Deandrea, MKunkel, W.Porod
R24-04- 0219%

o Cauplivxgs ko F'NGBS

Oy = iTr([ﬂ', 8#71']V“),

O = Tollm Tm A =11 AL

o Cauptitr\gs ko Ec)ps via Partial Compasi&emess

t,b t,b

bﬁ&@fﬂﬂiﬂﬁd bj ngB




‘SPL&\--:L resonances: LHC bounds

&.C.,, ACornell, A Deandrea, M.Kunkel, W.Porod
R24-04-0219%
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Spin-1 resonances: LHC bounds

A &.C.,, ACornell, A Deandrea, M.Kunkel, W.Porod
i 24-04,0219%
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The FCC~ece™ i.@.goucj

(* alea GEFPC, ILC, &)

o The Higqgs (pre&&smm)
o EW Frec:ismm tesks

o Light singlets (ALPs) below the Z
A SS




Typical ALY Lagrangian:

m? o*a

1 2 _
£55° = 2 (0u0)(@a) ~ "0 0 4 TS G Op i
F

2
a

A

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

Campmsi&a Higqs scenario:

Cww % CpB Nrc

Y

I\ )\ 64v/2 72 f

(CW = Cww + OBB)

Cr s Loopwimdutedt

MBauer et al, 170%.0044-3



Tfjpif’:ai. 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

Campmsi&a Higqs scenario:

Cwwi Cplerl e 4 < -
A A 64\/5 7_‘_2f ree PM‘&MQ ers,

(CW = Cww + CBg)

We will consider two scenarios:
‘?ko&owpkai.i;c: and
‘Pko&owpkabit




Tera~Z F?C}T‘EOJ. o compasi&emess
(VE;QL AL?S) G.C., ADeandrea, Adyer, Sridhar

2104 11064
This process LS atwajs associabted

with a monochromatic Pha&an.

Tera Z phase of FCC-ee will lead to 8-6 10712 Z bosons
at the end of the run,

Ideal test for rare Z decays!!

4—\ T T T [ T T T [ T T T [ T T T [ T T
10—7§ wwwwwwwwwwwwwwwww E 10%
| \ 1000
10_85 E -
i : T 100
— | 3 E
Se h L
(S 9 | = i
v | —f=1Tev B
N i ] o i
| \ — f=10TeV > 1.
-0} i g :
10774 L f=50Tev & f
- i 0.10 = 3
o \ 001 -
0 20 40 60 80 o 2 w0 e e

m, (Gev) m, (Gev)



Tera-Z For%a& to compas&%emess
(VE;Q ALPS) &.C., ADeandrea, A.Iyer, Sridhar

2104 11064

‘Pku&owpkobm ‘mempmua

No leading order coupling to WZW interaction to photons
Photons (WZW inkeraction is Zero!!) (Like the piam)



?hemamematagfy?romyﬁ “Bmmjs

‘Pko&wmpkdw g vk

o Three isolaked pha&ams

BR(Z — 37)Lep < 2.2-107°

Dis&rimima&ims variable:

ma = 10 GeV = z
vavariant wass

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

ak v, mass 50 CreV

Bins above %0 GeV
populated bfj fales:

hard ko eskimake!




Phenomeno Lc:;-gj

Gr.Polesello, 2602.0%411
+ work U progress

Two searches:
- prompt d@.&&js to photons;

‘Pkc}%ﬁ'“kiti@ - Decay oubkside bthe debector.

Bm FCC-eeyy—a (PRD 109 (2024) 5, 055003)
FCC-ee Z-pole ya » y+MET
FCC-ee Z-pole ya = 3y

ICy /A [TeV!]
]
O,

-
o
o

Assuming 6 X 1012 2%
1072




What f FCC-ee discovers Z > ya?

&.C., ADeandrea, Adyer, APinto
2211.00941

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

b=k 1 @ U = doublet + singlet

Stinglet scalar

Triangle loops can mimic
the WZW interactions of
the composite ALP:

doublet + singlet =
Pho&zswpkabic case

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



What f FCC-ee discovers Z > ya?

&.C., ADeandrea, Adyer, APinto
2211.00941

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

COMPOS£E€£ cose;
see 1502.0471%

EWPT cmi.v d\epev\d
on H Laops

0.15

0.10 For fixed BR = 107-%,

L. cii,sc:mverj.
0.05

~ 0.00

-0.05 ; Arrows: haive conbribution
of top partner loops.

-0.10

-0.15
-0.15 -0.10 -0.05 0.00 0.05 0.10 0.15

S




The FCC~hh™ Legactj

(* alka CEVPC, ILC, 443

o The Higgs potential (Erilinear)

3 Heo\v;; resoinaneces

o Mulki-bosown Fradm&%ms« (Preﬂursors
of techni-jets)




SF»LM*:L resonances: FCC-hh

&.C.,, ACornell, A Deandrea, M.Kunkel, W.Porod
R24-04-0219%

o Pair production becomes relevant
o Dominant channel is the sextet (whein presev&)

o Note: bthe octel should be discovered in single
pmdu&mn channel!

Ve — 7r87r;§ — (tt)(bs or gl) in C3
Ag — mgmame (t1tEbb) and mimeme (bbbbbb) in C1

Ag — tt or mgmgmg (titttt) and wimemg (FEtttt) in C2




Mulki-boson Praduc&am

& .C., ADeandrea, Ayer, S.Kullkarni, ASingh
Work in progress

o Study high-energy multi-boson production via
techni-quark Drell-Yan

We simulabed evenks wikh
my = Npc =2 TeV

Mulkiboson dominant
at large energies

Smin (TeV) 3 Bosons 4 Bosons
men osm (ab)|osig (ab)|osnm (ab)|osig (ab)

685.18

8

EW Boson Count




The tampas&e Higqs Qoacimap

LHC: Higqs, EW scalars, coloured states

FCC-ee: EW precision + Higgs, Light ALPs ->
Indicakions on the tomposLEeness scale and Eop
par&ner skrucktures

FCC-hh: discovery up to 10 TeV, JQEE:} skructures

Complementary programme: flavour
experiments, gravitational waves (LISA), ...



