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symmetry breaking
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Motivation

Composite Models:

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

® Higgs not elementary, but a composite pseudo Nambu Goldstone boson
(pPNGB) (SM analogy: pions)

® Solution to the hierachy problem

Higgs Pair Production:

® Measurement of the trilinear Higgs coupling = Further insight into the
Higgs potential

® Goal: Investigation of the impact of the composite sector on Higgs Pair lustration by Sandbox Studio, Chicago
Production

2/10 15.09.2023 Felix Egle: Higgs Pair Production in a Composite 2HDM KIT/ITP



A Composite 2HDM

Main features:

3/10 15.09.2023

[De Curtis et al. 2018]
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A ComPOSite 2H DM [De Curtis et al. 2018]

strong sector

c|emcnfarq sector

50(6) ® UD)y
>

S0(6) @ U(l)x

S0(4) ® S0(2) ® U(l)y

SUQ2), ® U(ly

Main features:
= Additional strong sector with SO(6) symmetry: spontaneous breaking SO(6) — SO(4)xSO(2)

= Generation of 2HDM-like structure
® Partial compositeness of SM fields: Explicit breaking of the symmetry, generation of masses for the

scalar sector
® Scalar potential determined by composite parameters
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A ComPOSite 2H DM [De Curtis et al. 2018]

c|cmcnfarq sector strong sector

50(6) ® UD)y
>

S0(6) @ U(l)x

S0(4) ® S0(2) ® U(l)y

SUQ2), ® U(ly

Main features:
= Additional strong sector with SO(6) symmetry: spontaneous breaking SO(6) — SO(4)xSO(2)

= Generation of 2HDM-like structure
® Partial compositeness of SM fields: Explicit breaking of the symmetry, generation of masses for the

scalar sector
® Scalar potential determined by composite parameters
® |ncorporate top quark into sextuplet = 8 additional top partners
® Obtain effective Lagrangian by integrating out heavy resonances
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A ComPOSite 2H DM [De Curtis et al. 2018]

w Effective Lagrangian (h: 125 GeV Higgs, H: heavy Higgs, T;: top partners, A: pseudoscalar, ¢°: neutral
Goldstone boson, f: compositeness scale):

Eyuk =— GhT,-Tj TLJTRJ/] — GHT,-Tj T[_JTR,J‘H + iGAT,-Tj T[_JTRJA + h.c.
— Gunr1; Ti Tjh? = Gunr,, Ti TiH? — Gaar,r, Ti T A?
— Gur,7, Ti TihH + iGpat, 7, Tivs TihA + iGrar,, Tivs THA + iGyo 1,7, Tiys Tjo°
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A ComPOSite 2H DM [De Curtis et al. 2018]

w Effective Lagrangian (h: 125 GeV Higgs, H: heavy Higgs, T;: top partners, A: pseudoscalar, ¢°: neutral

Goldstone boson, f: compositeness scale):
Eyuk = — GhT,Tj T[_’;TRJh — GHT,'Tj TL,;TRJH + iGAT,-Tj TL,;TRJA + h.c.
— Gunrr, TiTjH? — Gaar,17, Ti TjA?
— GhHT;'I'j 7_,7—JhH + iGhAT,‘Tj 7_,"’)/5 TJhA + iGHAT,'Tj 7_,"'}/5 TJHA + quSUT,-Tj T,")/5 TJ(,bO
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A ComPOSite 2H DM [De Curtis et al. 2018]

w Effective Lagrangian (h: 125 GeV Higgs, H: heavy Higgs, T;: top partners, A: pseudoscalar, ¢°: neutral
Goldstone boson, f: compositeness scale):
Eyuk = — GhT,Tj T[_’;TRJh — GHT,'Tj TL,;TRJH + iGAT,-Tj TL,;TRJA + h.c.
— Gunrr, TiTjH? — Gaar,17, Ti TjA?
— Gprr, 1, TiTihH + iGpat, 7, Trys TihA + iGrat, 1, Trys TiHA + iGgor.1, Tivs T;¢°

1 1 1 1 1 1
Lecalar = — §>\hhhh3 — §>\hhHh2H — §>\hHth"/2 — iAHHHHs — 5)\hAAhA2 — 5)\HAAHA2
— Agonad” hA — X gopuag” HA
+ 3% (haBuhy — hyByuha) 0" hy + —— (2A0,,6°0" hy — ¢6°0, A0 hy — ho0, A0 ¢)

(Y- )
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A ComPOSite 2H DM [De Curtis et al. 2018]

w Effective Lagrangian (h: 125 GeV Higgs, H: heavy Higgs, T;: top partners, A: pseudoscalar, ¢°: neutral
Goldstone boson, f: compositeness scale):

£yuk = — GhTfQ T[_l,'TRJh — GHT,-TJ :/_L,,'TRJH + iGAT,-Tj TL,,'TRJA + h.c.
— Gunr,1, TiTiH? = Gaar,1, Ti TiA?
— Gprr, 1, Ti TihH + iGpat, 1, Trys TihA + iGrat, 1, Trys TiHA + iGgor.1, Tirys T;¢°

1 1 1
Lscalar = — i /\hhhh - */\hhHh H— )\hHHhH2 - gAHHHH3 - §AhAAhA2 - 5)\HAAHA2

- )\¢ohA¢ hA — Agoriad” HA

+ — W (h20yh1 — h10yhe) O hy + == 3f (2A9,0°0" hy — ¢°0,,AD" hy — h20, AD"¢")

A2

(m)=& ()
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HiggS Pair PYOdUCtiOn [Plehn, Spira, Zerwas 1996; Gréber, Mihlleitner 2011; Gillioz et al. 2012]

a SM:

& - h & y

& et h & h
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HiggS Pair PYOdUCtiOn [Plehn, Spira, Zerwas 1996; Gréber, Mihlleitner 2011; Gillioz et al. 2012]

a Composite 2HDM: Contribution to di-Higgs cross section from resonant production, additional
top partners in the loop as well as

8 200990900 LI h & 0999984 g h
T T T
g 090090090 44— @ - - - - - h 8 99909099 g h
T
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HiggS Pair PYOdUCtiOn [Plehn, Spira, Zerwas 1996; Gréber, Mihlleitner 2011; Gillioz et al. 2012]

a Composite 2HDM: Contribution to di-Higgs cross section from resonant production, additional
top partners in the loop as well as

8 200990900 LI h & 0999984 g h

T; 7 T
g QLA - - - - - h g h

T
2 .
C_hh _ GhTfo)\hhh + GH—T_/TV'/\Hhh + GHT,T,/\E—HBh(2mZ - 25) +92
i 5— m% + impl'p 5 — m,2_, + imyl'y 5— m,2_, + imyl'y
hh hh
Cjn= T, T,EnT: T Clins=— &hT,T;,58hT,T;,5
1 1
8hTiT; = 5 (th,-Tj + GthT,-) ) BhTiTi5 =5 (GhT,vTj - GthT,-)
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CrOSS SECthI‘I [Plehn, Spira, Zerwas 1996; Grober, Miihlleitner 2011; Gillioz et al. 2012]

u Differential partonic cross section at LO:

9 9 9

dé(gg — hh) a?
di = (271’);512 Z C:hhAth(mi) + Z Z (C,J o RS (mi, my) + Ci’,’jh,m,:a’:gl,%(mia m;))
i=1 i—1 j=1

2

9 9
+ ZZ 'JDGD m”mJ)+CljD5GD5(mhmJ))

i=1 j=1
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CrOSS SECthI‘I [Plehn, Spira, Zerwas 1996; Grober, Miihlleitner 2011; Gillioz et al. 2012]

u Differential partonic cross section at LO:

do(gg — hh) 043 _ > hh hh o hh hh hh 2
a7 = (27m)3512 E CI,AFA (m;) + E E (C,J oFa" (mi, my) + Ci,j,D,5FD,5(mia mj))
i i=1 j=1

2

9 9
+ ZZ 'JDGD m”mJ)+CljD5GD5(mhmJ))

i=1 j=1

Implementation:

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

& |mplementation into HPAIR [Dawson, Dittmaier, Spira 1998], including pt distributions

a Calculation of decay widths with HDECAY [Djouadi, Kalinowski, Spira 1998; + Miihlleitner 2019]
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Overall Results

Parameter Range

00 ] : Lower Upper
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LS 5 mr . 2700 TeV 80 TeV

Abbb/ Asm 0.7 1.07

ghtt/ghtt,SM 0.73 1.33

O’/O'SM 0.46 37
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® Applying resonant constraints:
omax ~ 10 X osy (similiar to 2HDM
[Abouabid et al. 2021])
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Overall Results

Parameter Range
30.0
08 Lower Upper
20.0 my 180 GeV 3TeV
= mrg 1300 GeV 23 TeV
S mr 1 2700 TeV  80TeV
10.0 =
0.6 g )\hh/—,/)\SM 07 107
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: z
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Overall Results

Parameter Range
Lower Upper
my 180 GeV 3TeV
mrg 1300 GeV 23 TeV
mr 1 2700 TeV 80 TeV
Ahhb/Asm 0.7 1.07
8htt/ &htt,SM 0.73 1.33
O'/O'SM 0.46 37

® Applying resonant constraints:
omax ~ 10 X osy (similiar to 2HDM
[Abouabid et al. 2021])
® 3 regions:
® Resonant case: resonant production
a Non-resonant case: heavy Quarks and
quartic coupling
® |ntermediate region: Interference between
all contributions
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W Differential distributions
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. |sm Differential distributions

BP16287:
o : g = 2981 GeV, g — 1337 GeV a BP16287:
mry, = 1500 GeV, mr, = 2296 GeV
Tu/my =2371%, ow/0sn = 1.08 f 1140 GeV
PRI B o only top, 10 Gurr Abin/Asm 0.92
: htt / &htt,sM 1.07
10 Ghntt 3.9 x10™* 1/GeV

[/ 9(‘\" ]

102

do/dQ

100

1000 2000 3000 1000 5000
Q [GeV]

8/10  15.09.2023 Felix Egle: Higgs Pair Production in a Composite 2HDM KIT/ITP



. |sm Differential distributions
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. |sm Differential distributions
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Differential distributions

effect
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. . destructive interference

® Heavy quarks: enhancement + threshold
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Differential distributions

a BP16287:
f 1140 GeV
)\hhh/)\SM 0.92
ghtt/ghtt,SM 1.07
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effect

. destructive interference

® Heavy quarks: enhancement + threshold

® | arge total width T'y
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SM
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Differential distributions

a BP9358:
f 750 GeV
Abhh/Asm 0.899
AHhh/ Asm -2.576
8htt/ &htt,sM 0.856
8Htt/ htt,5M -0.864
Ghhet —6.1 x 10751/GeV

® Red line resembles elementary 2HDM

a Here constructive interference from

a |nterference effects between resonance,
heavy Quark contribution and
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Differential distributions
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Summary

m Resonant searches already constrain the parameter space

a Composite 2HDM allows for large widths I'y

® |nterference effects between resonant production, heavy quark contribution and are
important

® Shape of differential distribution essential to distinguish between the composite 2HDM and an elementary
2HDM
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Summary

m Resonant searches already constrain the parameter space

a Composite 2HDM allows for large widths I'y

® |nterference effects between resonant production, heavy quark contribution and are
important

® Shape of differential distribution essential to distinguish between the composite 2HDM and an elementary
2HDM

Thank you for your attention!

10/10 15.09.2023 Felix Egle: Higgs Pair Production in a Composite 2HDM KIT/ITP



Literature |

De Curtis, Stefania et al. (Dec. 2018). “A concrete composite 2-Higgs doublet model”. In: Journal of High
Energy Physics 2018.12. DOT: 10.1007/jhep12(2018)051.

Ellis, Joshua P. (Jan. 2017). “Ti k Z-Feynman: Feynman diagrams with Ti k Z". In: Computer Physics
Communications 210, pp. 103-123. 1sSN: 0010-4655. DOI: 10.1016/j.cpc.2016.08.019.

Plehn, T., M. Spira, P.M. Zerwas (Nov. 1996). “Pair production of neutral Higgs particles in gluon-gluon
collisions”. In: Nuclear Physics B 479.1-2, pp. 46—64. DOI: 10.1016/0550-3213(96) 00418-x.

Gréber, R., M. Miihlleitner (June 2011). “Composite Higgs boson pair production at the LHC". In: Journal
of High Energy Physics 2011.6. DOI: 10.1007/jhep06(2011)020.

Gillioz, M. et al. (Oct. 2012). “Higgs low-energy theorem (and its corrections) in composite models”. In:
Journal of High Energy Physics 2012.10. DOI: 10.1007/jhep10(2012)004.

Dawson, S., S. Dittmaier, M. Spira (1998). “Two-loop QCD corrections to Higgs-pair production at the
LHC". In: DOI: 10.48550/ARXIV.HEP-PH/9806304.

Djouadi, A., J. Kalinowski, M. Spira (Jan. 1998). “HDECAY: a program for Higgs boson decays in the
Standard Model and its supersymmetric extension”. In: Computer Physics Communications 108.1,
pp. 56-74. DOI: 10.1016/s0010-4655(97)00123-9.

11/10 15.09.2023 Felix Egle: Higgs Pair Production in a Composite 2HDM KIT/ITP


https://doi.org/10.1007/jhep12(2018)051
https://doi.org/10.1016/j.cpc.2016.08.019
https://doi.org/10.1016/0550-3213(96)00418-x
https://doi.org/10.1007/jhep06(2011)020
https://doi.org/10.1007/jhep10(2012)004
https://doi.org/10.48550/ARXIV.HEP-PH/9806304
https://doi.org/10.1016/s0010-4655(97)00123-9

Literature Il

Djouadi, Abdelhak et al. (May 2019). “HDECAY: Twenty++ years after”. In: Computer Physics
Communications 238, pp. 214-231. DOI: 10.1016/j.cpc.2018.12.010.

Abouabid, Hamza et al. (2021). Benchmarking Di-Higgs Production in Various Extended Higgs Sector
Models. DO1: 10.48550/ARXIV.2112.12515.

Bechtle, Philip, Daniel Dercks, et al. (Dec. 2020). “HiggsBounds-5: testing Higgs sectors in the LHC 13 TeV
Era” In: The European Physical Journal C 80.12. DOI: 10.1140/epjc/s10052-020-08557-9.

Bechtle, Philip, Sven Heinemeyer, et al. (Feb. 2021). “HiggsSignals-2: probing new physics with precision
Higgs measurements in the LHC 13 TeV era”. In: The European Physical Journal C 81.2. DOT:
10.1140/epjc/s10052-021-08942-y.

Grober, R., M. Miihlleitner, M. Spira (June 2016). “Signs of composite Higgs pair production at
next-to-leading order”. In: Journal of High Energy Physics 2016.6. DOI: 10.1007/jhep06 (2016) 080.

Spira, M. (1995). HIGLU: A Program for the Calculation of the Total Higgs Production Cross Section at
Hadron Colliders via Gluon Fusion including QCD Corrections. DOTI:
10.48550/ARXIV.HEP-PH/9510347.

12/10 15.09.2023 Felix Egle: Higgs Pair Production in a Composite 2HDM KIT/ITP


https://doi.org/10.1016/j.cpc.2018.12.010
https://doi.org/10.48550/ARXIV.2112.12515
https://doi.org/10.1140/epjc/s10052-020-08557-9
https://doi.org/10.1140/epjc/s10052-021-08942-y
https://doi.org/10.1007/jhep06(2016)080
https://doi.org/10.48550/ARXIV.HEP-PH/9510347

A ComPOSite 2H DM [De Curtis et al. 2018]

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

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

elcmenfan, sector strong sector

S0(6) @ U(1)y

SU2), ® U(l)y

Full coset structure:

G SU@B)cx SO(6) x U(1)x

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

S06) ® Ull)y
1 x,
S0(4) ® SO(2) ® U(1)x

U,
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A ComPOSite 2H DM [De Curtis et al. 2018]

e|émmtar:.1 sector strong sector

@ Gauge sector Lagrangian:

S0(6) ® U(1)x

u f12 2 7“22 2 1 A A\ pv
LEripm = 7 T DuU" + - Tr | DuEs|” — rgg(ﬂ ) (P7)H 50(6) @ Ul . :
1 1 1 SUQ), ® Uy 50(4) ® S02) ® U(l)y
(™) (PN = —5 (AN (AN = =5 X X ‘
13 4g§ 122 4g)2< 122

4g3,
Full coset structure:

G SUB3). x SO(6) x U(1)x
M~ SU(3)c x SO(4) x SO(2) x U(1)x

KIT/ITP
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A ComPOSite 2H DM [De Curtis et al. 2018]

@ Gauge sector Lagrangian:

e|ementar5 sector strong sector
cee = LD, 0 + B 0, - (o
C2HDM 4 © 4 © 4gp2 12 U, lzz
1 X X\ v 1 A A v 1 » SUQ), ® U(l)y S0(4) ®S0(2) ® Ull)y
(D) (PP — (AP W (AP - XX
g P g A X,
® G, Gy = S0(6) x U(1)x Full coset structure:
® Gy: local, describes spin-1 resonances through p* and p* g SU(3) x SO(6) x U(1)x
(A € Adj(50(6))), M~ SU(3)c x SO(4) x SO(2) x U(1)x
® G;: global with only SU(2); x U(1)y local, SM gauge fields

embedded
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A ComPOSite 2H DM [De Curtis et al. 2018]

@ Gauge sector Lagrangian:

e|emenhmj sector strong sector

f2 f2 1
ﬁgﬁém = iTr 1Dy, Ul|2 + %Tf |Du22|2 - rgg(ﬂA);w(PA)W S0(6)® U(l)y " SO(G)TZU:DX
1 X X\ v 1 A A v 1 » SUR), ® Uy S0(4) ®S0(2) ® Ull)y
() (P — o (AP) W (AP — X, X
g O = g A A = X,
® G, G, = S0(6) x U(1)x Full coset structure:
® Gy: local, describes spin-1 resonances through p* and p* g SU(3) x SO(6) x U(1)x
(A € Adj(50(6))), M~ SU(3)c x SO(4) x SO(2) x U(1)x
® G;: global with only SU(2); x U(1)y local, SM gauge fields

embedded ® 35: VEV accounts for breaking to
® U link field, realizes spontaneous symmetry breaking from S50(4) x SO(2) x U(1)x

G; X Gg to diagonal component G . f2— f1_2 4 f2—2
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A ComPOSite 2H DM [De Curtis et al. 2018]

® Fermion Lagrangian, SM fermions embedded into fundamental representation of SO(6):

LS = (@2)iD(qf) + (tR)iD(tg) + V'ipV' — W/(My)yPr¥, — U (Y1) B2 + (Yo) 23] O/
+ (AN U1 PRI + (AR) (T Ur PLY + hec.

® g,,tg: embedding of top quark, ¥': Additional spin-1/2 resonances
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A ComPOSite 2H DM [De Curtis et al. 2018]

® Fermion Lagrangian, SM fermions embedded into fundamental representation of SO(6):

LS = (@2)iD(qf) + (tR)iD(tg) + V'ipV' — W/(My)yPr¥, — U (Y1) B2 + (Yo) 23] O/
+ (A (@Y UL PRY! + (AR) (T8 Uy P! + hc.
® g,,tg: embedding of top quark, ¥': Additional spin-1/2 resonances
® Composite parameters determining the Higgs potential:

12 12 1 A2 11 5422 pgl2
f Yit, Y, ) A, AR ) My, Mg~ My ) 8p
N—_—— N—_—— ——

?

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

Non-linearities in the effective Lagrangian lead to custodial symmetry breaking = need scenarios with

additional symmetries (CP invariance, Co symmetry) to reduce the effects of the missing custodial
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
Generation of parameter points:

Reconstruction of VEV, Higgs mass and Top mass

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

Flavor constraints from b — sy and Bs — pu

Mass of the heavy tops larger than 1.3 TeV

UV finiteness of the potential, perturbativity of the quartic couplings

Points are generated through a MCMC scan
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Elementary 2HDM

2 Higgs Doublet Model (2HDM):
® SM + additional scalar doublet

® Scalar potential:
A A
Vorom =m3; [ @1]% + miy|®s|” — miy (@10 + hoc) + 71@14’1)2 + 32(4’5‘1)2)2

A
i i i i 5 (ot )2
1
+ A3(DB1) (DFDy) + Ay (BT Do) (D)D) + ( 5 (@]®2)” + h.c.)

KIT/ITP
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Elementary 2HDM

2 Higgs Doublet Model (2HDM):

® SM + additional scalar doublet

® Scalar potential:

A2

A
Varom = |@1]2 4+ m3y| @2 — m3y(@] @2+ he) + TH(@]@1)? + 2 (@f@,)?

A
i i i i 5 (ot )2
1
+ A3(DB1) (DFDy) + Ay (BT Do) (D)D) + ( 5 (@]®2)” + h.c.)

® Additional parameters not predetermined

KIT/ITP
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MOI’e on LO Ca|CU|ati0n [Plehn, Spira, Zerwas 1996; Gréber, Miihlleitner 2011; Gillioz et al. 2012]

® Mandelstam:

s=(p1+p2)? t=(p1+ps) U= (p2+ps)
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MOI’e on LO Ca|CU|ati0n [Plehn, Spira, Zerwas 1996; Gréber, Miihlleitner 2011; Gillioz et al. 2012]
® Mandelstam:

s$=(p1 +P2)27 t=(p +P3)27 = (p2 -l-Pa)2

a Projectors:

p — g Py Py
b _ _PiP>

(Pl'Pz)’
wr e . PPYPY  2(ps-pa)piph  2(ps-pu)piph | 2Pk pY
Ay ="+ —= Y -3 + =5
p7(p1 - p2) p+(p1 - p2) p7(p1 - p2) PT
o _opi-p3)(p2-p3)
= L BB ES) p2,
P (pl'PQ) P3

a [t follows:

Al Ay =0, A A=Ay Ay =2
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MOI’e on LO Ca|CU|ati0n [Plehn, Spira, Zerwas 1996; Gréber, Miihlleitner 2011; Gillioz et al. 2012]

® Triangle amplitude:

asGEV?2 v
.AA = 4F A‘u a baabz FA m,)
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MOI’e on LO Ca|CU|ati0n [Plehn, Spira, Zerwas 1996; Gréber, Miihlleitner 2011; Gillioz et al. 2012]

® Triangle amplitude:

asGEV2
.AA = 4F A‘u a baabz FA m,

a Box amplitude:

SG 2 v
@ Ff a b§abzz AM CthFD(m,,mj)—i-C,JDL—FD5(m,,mj))

i=1 j=1
+ A (CPPaGa(mi, my) + CPPe 5 Go s (mj, my)) ]

Ao = ———

a Total:

A(gg — hh) = Ax + An
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CrOSS SECthI‘I [Plehn, Spira, Zerwas 1996; Grober, Miihlleitner 2011; Gillioz et al. 2012]

m Full partonic cross section:

X % d6(gg — hh) . -3 m? Am?2
U(gg—>hh):/A %7 ti:2<1—2§”¥ 1- ")

t_

@ Hadronic cross section:

1 2
aces 4dm
o(pp — gg — hh) = / dr i 6(s=71s) (1o =—n)

70

m Cross section at NLO [Dawson, Dittmaier, Spira 1998; Gréber, Miihlleitner, Spira 2016]:

onto(pp = hh+ X) = 010 + Adyire + Aogg + Avgg + Aogg

ONLO __ 9

= K=
JaLo
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N LO Contribution [Dawson, Dittmaier, Spira 1998; Gréber, Miihlleitner, Spira 2016]

@ Look at additional contributions:

onto(pp = hh+ X) = 010 + Adyire + Aogg + Aogqg + Aogg
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N LO Contribution [Dawson, Dittmaier, Spira 1998; Gréber, Miihlleitner, Spira 2016]

® ook at additional contributions:

onwo(pp — hh+ X) = 010 + Adyire + Adgg + Avgq + Aogg

oo factorizes out
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N LO Contribution [Dawson, Dittmaier, Spira 1998; Gréber, Miihlleitner, Spira 2016]

® ook at additional contributions:

onwo(pp — hh+ X) = 010 + Adyire + Adgg + Avgq + Aogg

oo factorizes out

a AUvirt: ’ 7 g 90990 r----- h
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N LO Contribution [Dawson, Dittmaier, Spira 1998; Gréber, Miihlleitner, Spira 2016]

1 gg
A — 2sUiR) / def 510(Q? = 75)C,

t 4 e
, 11 33-oNe, gk Jodigleng)’ {F —gtu(02—2mh)F2}
C=nr +?+Tlo Q2—|—Re . )
LT dt[|F? + |Fa?]
R . 9
o _ (t—mp)(a—mj) 2 _eff _ N\ 8hTiTY
bt = Q2 — My, gﬁgg E T

i=1
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04t - Composite 2HDM . " i |z  Comparison to elementary 2HDM
0.2
007 == 5.000
o4l -+ Typell 2HDM
=] =
£ 3
502 2000 2
-
= S
0.0 . e e
500 1000 1500 2000 2500 3000
0.4 « Flavor-aligned 2HDM 1.000
02 .
B Y LA
0.0 0.458
500 1000 1500 2000 2500 3000
mpg [Ge\/]
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04l - Composite 2HDM . S| 0 Comparison to elementary 2HDM
0.2
® Large widths possible in the Composite
0.0 —= 5.000 2HDM but also in the flavour aligned
2HDM = Not sufficient to distinguish
04t - Type Il 2HDM models
§ é ® Higgs decay to heavy top partners
EOQ 200 == possible in Composite 2HDM for heavy
& My
™ 500 1000 1500 2000 e ® Shape of differential distribution
important to distinguish between models.
0.4 « Flavor-aligned 2HDM 1.000
0.2
TIROME 3‘;&
vo o Bast B
0.0 0.458
500 1000 1500 2000 2500 3000
mpg [GGV]
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—— CMS bbbb = ATLAS bbr7 e 2xoa(gg— H)x BR(H — hh) Resonant case
------- ATLAS bbbb < ATLAS bbyy J ® HIGLU*BR [spira 1005]:
o(gg — H) * 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]

=2
i

% P
eoA0s3

3

® Similar approach as [Abouabid et al. 2021]

2 X o(gg — hh) [pb]

2000 3000 0
myg [Ge\/]

2000 3000
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Resonant case

30.0

20.0

hh | hh
o/ o

750 1000 1500 2000 2500 3000
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e  Not allowed from resonant constraints Resonant case

30.0

20.0

hh | hh
o/ o

. “l s
Shatding
g. ;-:;"':f:'.f

750 1000 1500 2000 2500 3000
[ [GeV]
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e  Not allowed from resonant constraints Resonant case

30.0

20.0

hh | hh
o/ o

® New maximum: opax ~ 10 X ogy
(2HDM: enhancement up to 12 x oy
[Abouabid et al. 2021]])

750 1000 1500 2000 2500 3000
[ [GeV]
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. SM Invariant-mass distribution
BP8403:
my =261 GeV,  myp, = 2780 GeV a BP8403:
101 my, = 3574 GeV, mr, = 5051 GeV
Tir/mir = 18.83%, Gy fosyt = 231 f 822 GeV
e only top, no Gurr, )\hhh/ASM 096
1072 full result AHhh/)\SM -2.73
ghtt/ghtt,SM 0.81
— gHtt/ghtt,SM -2.2
)U 1073
O
=
<
~10!
3
107
10°°¢
1077
0 500 1000 1500 2000 2500 3000
Q [GeV]
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. SM Invariant-mass distribution
BP8403:
my =261 GeV,  myp, = 2780 GeV a BP8403:
101 my, = 3574 GeV, mr, = 5051 GeV
Tir/mir = 18.83%, Gy fosyt = 231 f 822 GeV
e only top, no Gurr, )\hhh/ASM 096
1072 full result AHhh/)\SM -2.73
ghtt/ghtt,SM 0.81
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)U 1073
O
=
<
~10!
3
107
10°°¢
1077
0 500 1000 1500 2000 2500 3000
Q [GeV]

24/10 15.09.2023 Felix Egle: Higgs Pair Production in a Composite 2HDM KIT/ITP



[fb/GeV]

do/dQ

1077

e SM
BP8403:
mp = 2661 GeV, my, = 2780 GeV/
my, = 3574 GeV, mr, = 5051 GeV
Tp/my = 1883%, oor/0sn = 2.34
e only top, no Gurr,

full result

24/10 15.09.2023

500

1000 1500 2000 2500 3000
Q [GeV]
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Invariant-mass distribution

a BP8403:
f 822 GeV
>\hhh/>\SM 0.96
AHhh/)\SM -2.73
ghtt/ghtt,SM 0.81
gHtt/ghtt,SM -2.2

values

® Gu,7.7, coupling dominant for large Q
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gHtt/ghﬁ
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