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Introduction

o

Composite Higgs Models

> Alternative approach to explain the Higgs mechanism / electroweak
symmetry breaking

= Higgs is not elementary, but a composite pseudo Nambu Goldstone
boson (SM analogy: pions)
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> Solution to the hierarchy problem

lllustration by Sandbox Studio, Chicago
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Introduction

o

Composite Higgs Models

= Alternative approach to explain the Higgs mechanism / electroweak
symmetry breaking
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= Higgs is not elementary, but a composite pseudo Nambu Goldstone
boson (SM analogy: pions)

> Solution to the hierarchy problem

Higgs Pair Production

=~ Measurement of the trilinear Higgs coupling A = further insight into the
Higgs potential

lllustration by Sandbox Studio, Chicago

> Goal: Investigation of the impact of the composite sector on Higgs pair
production
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A Composite 2-Higgs-Doublet Model (2HDM) p. cuvic etz 2015

Main Features

= Additional strong sector with SO(6) symmetry: spontaneous breaking SO(6) — SO(4) x SO(2)
= Generation of 2HDM-Ilike structure

> Partial compositeness of SM fields: Explicit breaking of the symmetry

> 8 additional top partners T; (i = 1, ...,9, To =top quark)

> Obtain effective Lagrangian by integrating out heavy resonances
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Main Features

= Additional strong sector with SO(6) symmetry: spontaneous breaking SO(6) — SO(4) x SO(2)
= Generation of 2HDM-Ilike structure

> Partial compositeness of SM fields: Explicit breaking of the symmetry

> 8 additional top partners T; (i = 1, ...,9, To =top quark)

> Obtain effective Lagrangian by integrating out heavy resonances

RENENC

= Yukawa sector: resembles flavor-aligned 2HDM
> Higgs potential generated at loop level
= Need to reconstruct SM parameters (VEV, Higgs mass, top mass, ...)
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A CompOSite 2HDM [De Curtis et al. 2018]
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> h: 125 GeV Higgs, H: heavy
Higgs, A: pseudoscalar, ¢°:
neutral Goldstone boson

> T;: top partners
= f: composite scale
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A CompOSite 2HDM [De Curtis et al. 2018]

> h: 125 GeV Higgs, H: heavy
Higgs, A: pseudoscalar, ¢°:
neutral Goldstone boson

> T;: top partners
= f: composite scale

Lyk = — Guryr Te,iTr jh — Guryr Tr,iTr i H + iGarr; Te,«Tr,j A + h.c.
— Gunryr, TiTjh* — GHI—ITiTJ-TiTjH2 - GAATiTJ-TiTjA2
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A CompOSite 2HDM [De Curtis et al. 2018]

> h: 125 GeV Higgs, H: heavy
Higgs, A: pseudoscalar, ¢°:
neutral Goldstone boson

= T;: top partners
> f: composite scale
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Higgs Pair Production

> SM:

g 99909990 ———— - - - - - h g ;

9 99000990 A—— L - - h 9 L

DESY. | Higgs Pair Production in a Composite 2HDM | Felix Egle | 12.11.2024 Page 5


http://creativecommons.org/licenses/by/4.0/

Higgs Pair Production

= Contribution to di-Higgs cross section from resonant production, additional top partners in the
loops as well as new effective couplings

T;
g 22999999~
T;
g 22999999
T;

DESY. | Higgs Pair Production in a Composite 2HDM | Felix Egle | 12.11.2024 Page 5


http://creativecommons.org/licenses/by/4.0/

Higgs Pair Production

= Contribution to di-Higgs cross section from resonant production, additional top partners in the
loops as well as new effective couplings

T;
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Calculation and Setup

Differential Partonic Cross Section

2
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Calculation and Setup

Differential Partonic Cross Section

2
dé(gg — hh)

9 9
di 277)3512 Z CEAFL () + 3 > (ClroFE" (miyms) + Ol s Ry (miyms) )

i=1 j=1
2:|

9 9
+F Z Z (C{j}DG’E{‘(mi, m;) + CPo s G5 (ma, mj))

Generation of Parameter Points

> Scan in composite parameters
> Reconstruction of VEV, Higgs mass and top mass
= Perturbativity constraints

> Higgs searches and measurements implemented via HiggsBounds/ HiggsSignals [P. Bechile, S. Heinemeyer, et
al. 2010, 2011, 2014, 2015, 2020, 2021]

> Flavour constraints from b — sy and Bs — ppu
> Mass of the heavy tops larger than 1.3 TeV [atias 2023
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Overall Results

| Parameter Range
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Overall Results

e Not allowed from resonant constraints Parameter Range
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Remarks

>

v

Applying resonant constraints:
omax =~ 10 X osu (similiar to 2HDM
[Abouabid et al. 2022])

Resonant case: resonant production

Non-resonant case: Impact of heavy

top partners and effective couplings

Interference between all contributions
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Differential Distributions

> BP4 parameters:
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Differential Distributions

. . S > BP4 parameters:
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Differential Distributions
> BP2 parameters:
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Remarks

= (1. coupling dominant for large @
values
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Comparison to other 2HDM Realizations

2HDM Realizations

> Type II-2HDM, Flavor-aligned 2HDM: SM
+ additional Higgs doublet, distinct

Yukawa structures
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10 Comparison to other 2HDM Realizations
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Conclusion

Summary

= Composite 2HDM allows for large widths Tz

> Interference effects between resonant production, heavy quark contribution and quartic couplings can
be important

= Shape of differential distribution can be used to distinguish between the composite 2HDM and an
elementary 2HDM
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Conclusion

Summary

= Composite 2HDM allows for large widths Tz

> Interference effects between resonant production, heavy quark contribution and quartic couplings can
be important

= Shape of differential distribution can be used to distinguish between the composite 2HDM and an
elementary 2HDM

Thank you for your attention!
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A CompOSite 2HDM [De Curtis et al. 2018]

Degrees of Freedom Composite Symmetry Structure

> G =280(6), H=S50(4) x SO(2)
=n=15— (6 + 1) = 8 NG bosons

> 3 are eaten to give masses to the 1 and Z bosons,
remaining 5: 2HDM-like structure

elementary sector strong sector

S0(6) ® U(l)x

SU@), ® Uy

Full coset structure:
g SU(3)e. x SO(6) x U(1)x

H SU(3). x SO(4) x SO(2) x U(1)x

S0(6) ® U(l)x

U, l 5,

SO(4) ® S0(2) ® U(l)y
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A CompOSite 2HDM [De Curtis et al. 2018]

Composite Gauge Lagrangian

2 2
1 17
s, = %Tr|DuU1|2 + %Tr|Du22|2 - ﬁ(pA)W(pA)“
9o
1
493

(0™ ) (P™ ) = é(AA)MD(AA)“” - @XWXW

> G1,G2 = SO(G) X U(l)X

> (: local, describes spin-1 resonances through p* and p*
(A € Adj(S0(6))),

= G1: global with only SU(2)1 x U(1)y local, SM gauge fields
embedded

= Us: link field, realizes spontaneous symmetry breaking from
G1 x G to diagonal component G
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e|ementarq sector

Full coset structure:

SU(3)e x SO(6) x U(1) x
SU(3)e x SO(4) x SO(2) x U(1)x

g _
H

S0(6) ® U(1)x

SU@), ® Uy

S0(6) ® U(l)x
Zl

SO(4) ® S0(2) ® U(l)y

Composite Symmetry Structure

strong sector
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A CompOSite 2HDM [De Curtis et al. 2018]

Composite Gauge Lagrangian

2 2
1 v
oo, = Swr D, + %Trwuw - 32 "
1 X X\pv A A 1 v
- . AN, (A — X X"
493)( (,0 )H (,0 ) 492 ( )M ( ) 4g§( M

> G1,G2 = S0(6) x U(1)x

> (: local, describes spin-1 resonances through p* and p*
(A € Adj(S0(6))),

= G1: global with only SU(2)1 x U(1)y local, SM gauge fields
embedded

= Us: link field, realizes spontaneous symmetry breaking from
G1 x G to diagonal component G
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e|ementarq sector

g _
H

S0(6) ® U(1)x

Full coset structure:
SU(3). x SO(6) x

SU@), ® Uy

S0(6) ® U(l)x
2:Z

SO(4) ® S0(2) ® U(l)y

U(1)x

Composite Symmetry Structure

strong sector

SU(3)e x SO(4) x SO(2) x U(1)x

= Y,: VEV accounts for breaking to
SO(4) x SO(2) x U(1)x

> 2=

fr

S
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A CompOSite 2HDM [De Curtis et al. 2018]

Composite Fermion Lagrangian

LT = (@2)iP(a1) + (ER)iB(tR) + U'iP¥’ — W' (My) 1, Pr¥s — ¥ |[(Y1)15e + (Yo)1s55] W7
+(AL)1(@) U PRYT + (AR)1 (B)U1 PLY! + hec.

=~ SM fermions embedded into fundamental representation of SO(6)
> qr,tr: embedding of top quark, U!: Additional spin-1/2 resonances
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A CompOSite 2HDM [De Curtis et al. 2018]

Composite Fermion Lagrangian

fgéﬂglr& = (qL)llp(qL) (tR)ilD(t?%) + ‘I’Iilp‘l’I - ‘PI(M\I')IJPR‘I’J - ‘I’I ‘(YI)IJZZ a4 (Y2)IJE§] ‘I’J
=+ (AL)I(qL)UlPR\III + (AR)I(F;%)UlpL\I/I + h.c.

=~ SM fermions embedded into fundamental representation of SO(6)
> qr,tr: embedding of top quark, U!: Additional spin-1/2 resonances
= Composite parameters determining the Higgs potential:
f7 Y1127Y212 ) A%MA% ) M‘}/laM\%zaM&P ) 9p
N—_—— N——r N————

fermion coupling to resonances partial compositeness composite fermion mass matrix composite gauge coupling
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A CompOSite 2HDM [De Curtis et al. 2018]

RCIEE
= Non-linearities in the effective Lagrangian lead to custodial symmetry breaking = need scenarios with
additional symmetries (CP invariance, C> symmetry)

=~ Symmetry of strong sector highly constrains higher-dimensional operators contributing to Yukawa
sector. Flavor alignment similar to 2HDM.

> Higgs potential obtained from Coleman-Weinberg formalism
= Tuning required for correct EWSB

DESY. | Higgs Pair Production in a Composite 2HDM | Felix Egle | 12.11.2024 Page 19



http://creativecommons.org/licenses/by/4.0/

A CompOSite 2HDM [De Curtis et al. 2018]

Generation of Parameter Points

= Reconstruction of VEV, Higgs mass and top mass

> Direct and indirect searches in the scalar sector implemented via HiggsBounds/ HiggsSignals
[Philip Bechtle, Dercks, et al. 2020; Philip Bechtle, Heinemeyer, Klingl, et al. 2021]

Flavor constraints from b — sy and Bs — uu
Mass of the heavy tops larger than 1.3 TeV
UV finiteness of the potential, perturbativity of the quartic couplings

VVVYV

Points are generated through a MCMC scan
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Elementary 2HDM

2-Higgs-Doublet Model (2HDM)

> SM + additional scalar doublet

A A
Vorom =mi1 | @1]2 4+ m3s|®@2|? — m34(®1d, + h.c.) + 51@1@1)2 + ?2(@;@2)2

A
+ A3(DT®1) (@1 D2) + Ma (@] Do) (DT D1) + (55(@1@2)2 + h.c.)
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Elementary 2HDM

2-Higgs-Doublet Model (2HDM)
> SM + additional scalar doublet

A A
Vorom =mi1 | @1]2 4+ m3s|®@2|? — m34(®1d, + h.c.) + 51@1@1)2 + ?2(@;@2)2

A
+ A3(DT®1) (@1 D2) + Ma (@] Do) (DT D1) + (55(@1@2)2 + h.c.)

= Additional parameters not predetermined

DESY. | Higgs Pair Production in a Composite 2HDM | Felix Egle | 12.11.2024
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Differential Partonic Cross Section

2
dé(gg — hh)

di (2m) 3512

9 9
Zch FlMme) + D23 (O RS (me, mg) + Oy s F (i, my))

i=1 j=1

2

9 9
—+ ZZ (CthGD (mum_]) = O 5,0 SGD 5(m17m3))
=1 j=1
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Differential Partonic Cross Section

2
do(gg — hh) ol 2 hh -hh — hh _ hh
dé = (2r)3512 ;CLAFA (miH;; (C 205 (m“m’)JrC’JD"’FM(m“mJ))
9 9 2
+ D> (CthGD (mi, m;) + CL30 s GO 5(muma))
p=ll gi=il

Implementation

> Generation of set of parameter points obeying several theoretical and experimental constraints (details
see appendix)

= Implementation into HPAIR [v. spira n.d}, including pr distributions

> Calculation of decay widths with HDECAY [Djouadi, Kalinowski, Spira 1998: + Miihlleitner 2019]

DESY. | Higgs Pair Production in a Composite 2HDM | Felix Egle | 12.11.2024
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More On LO Calcu |at|0n [Plehn, M. Spira, and Zerwas 1996; R. Grober and M. Muhlleitner 2011; Gillioz et al. 2012]

Definitions

8= (p1+p2)° t=(p1+ps)? a=(p2+p3)°

A;luj — MY pgp‘zt
(p1 - p2)’
ABv _ gpv 4 _PSDIPE  2(pspa)piph _ 2(ps - pu)psph | 2p4pS
2 p2(p1-p2)  pE(p1-p2) p%(p1 - p2) %
P1-p3)(p2 - P3
ph =P P)P2 ps) 2
(p1 - p2)

A1 A =0, A-Ai=A Ay =2
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More On LO Calcu |at|0n [Plehn, M. Spira, and Zerwas 1996; R. Grober and M. Muhlleitner 2011; Gillioz et al. 2012]

Di-Higgs Amplitudes

9
An = asGF\fAW ® b5abZC£ZFA(mi)

=1

Ao — asGF\f o b5abzz [Auv ( o Fa(mi, my) + Crio s P, 5(mz,mg))

=1 j=1

+ Ay (C}tJ,DGD(mi’mj) + Cﬁﬁm,sGD,s(mi,mg‘))]

A(gg — hh) = Aa + A
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C rOSS Sectlon [Plehn, M. Spira, and Zerwas 1996; R. Grober and M. Muhlleitner 2011; Gillioz et al. 2012]

Di-Higgs Cross Section

. % dé(gg — hh) .  —& 2 4m?
6(99 = hh) = [ %, tizf (1—2mﬁ¢ ===
o t s
> Hadronic cross section:
1 2]
dcos . 4
U(pp—>gg—>hh)=/ dr—g—0(@=7s) (0= n;h)
TO

> Cross section at NLO [Dawson, Dittmaier, and M. Spira 1998; Ramona Grober, Margarete Muhlleitner, and Michael Spira 2016]:

ono(pp — hh 4+ X) = o0 + Advit + Acgg + Aogq + Aogg

ONL
= K =2NO0 9
JgLo
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NLO Correction

O’NLo(pp — hh + X) = o0 + Aovit + Aagg + Aagq + Aogg

s * ol
Ao'virt = e (;LR) / 7;17_ ULO(Q2 = TS)07
0

_ Ji* dEd(o8n,)? [Fi — ZE(Q? — 2m3) ]
Copy L, 3 2NF|g 1 | R gtg A 2t ’
2 6 Q S AR + | R
9
o (E—mp)(a—mj) 2 ff InT, T,V
pbr = Q2 — My, gfezgg = E mr,

=1
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—— CMS bbb - ATLAS bbrr o 2x0(gg— H) x BRUH — hh)
"""" ATLAS bbbb - ATLAS bB‘W
1k
i
05
a’
=)
= o
~
T sM
>
>
S
X
001
o
0 1000 2000 3000 0 1000 2000
mg [GeV]
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3000

Resonant case

> HIGLU*BR M. Spira 1995]:
(g9 — H) x BR(H — hh)

= Factor 2: approximate NLO corrections
= HPAIR: All diagrams included

> Experimental data from:
[CMS-PAS-B2G-20-004, ATLAS-CONF-2021-016,ATLAS-
CONF-2021-030,ATLAS-CONF-2021-035]

> Similar approach as bouabid et al. 2022]
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Resonant case

HIGLU*BR :

o(gg — H) * BR(H — hh)

Factor 2: approximate NLO corrections
HPAIR: All diagrams included
Experimental data from:

30.0

20.0

hh / hh
o/ o

Similar approach as

750 1000 1500 2000 2500 3000
1 [GeV]
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30.0

20.0

e Not allowed from resonant constraints

10.07. ¢

hh / hh
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>
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Resonant case

HIGLU*BR :
o(gg — H) * BR(H — hh)

Factor 2: approximate NLO corrections
HPAIR: All diagrams included
Experimental data from:

Similar approach as
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Resonant case

HIGLU*BR :
o(gg — H) * BR(H — hh)

Factor 2: approximate NLO corrections
HPAIR: All diagrams included
Experimental data from:

Similar approach as

New maximum: ouax =~ 10 X osm
(2HDM: enhancement up to 12 x ogm
[Abouabid et al. 2022]])
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[/CeV]

do/dQ

DESY.

e SM
BP16287:
my = 2981 GeV,
mr; = 1500 GeV,
Tu/my =

o only top, 10 G,

mp, = 1337 GeV
mr, = 2296 GeV

1%, Owt/osu = 1.08

1000 2000 3000 4000
Q [GeV]

| Higgs Pair Production in a Composite 2HDM | Felix Egle | 12.11.2024

5000

Differential Distributions
> BP16287 parameters:

f 1140 GeV
Ahih/Asm 0.92
Ghtt/Ghtt,SM 1.07
Ghhit 3.9x107*1/GeV

= Red line resembles elementary 2HDM
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Differential Distributions
> BP16287 parameters:

f 1140 GeV
Anhi/Asm 0.92
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REMENS

= Red line resembles elementary 2HDM
= (/)11 destructive interference

= Heavy quarks: enhancement +
threshold effect
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o  full result
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Differential Distributions
> BP16287 parameters:

f 1140 GeV
Anhi/Asm 0.92
Ghtt/ Ghee, M 1.07

thtt 3.9 x 10_4 1/GeV

REMENS

= Red line resembles elementary 2HDM
= (/)11 destructive interference

= Heavy quarks: enhancement +
threshold effect

> Large total width T
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