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Motivation

Higgs Pair Production: Composite Models:

a Measurement of the trilinear Higgs coupling

. . . . m Alternative approach to explain the
= Further insight into the Higgs potential

Higgs mechanism / electroweak

a SM contributions: symmetry breaking
a Higgs not elementary, but a
h .
£ 90 T - -~h & WH composite pseudo Nambu Goldstone
. - boson (pNGB) (SM allegory: pions)
EASEE “TochoE T a Solution to the hierachy problem lustration by
Sandbox Studio,

® BSM models: enhancement of cross section Chicago

possible (resonant production, additional
contributions, etc..)
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A ComPOSite 2H DM [De Curtis et al. 2018]

a Composite 2HDM: Composite model with 2 Higgs doublets
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A ComPOSite 2H DM [De Curtis et al. 2018]

Composite 2HDM: Composite model with 2 Higgs doublets

Additional strong sector with SO(6) symmetry: spontaneous breaking SO(6) — SO(4)xS0(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]

a Composite 2HDM: Composite model with 2 Higgs doublets

® 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

= Contribution to di-Higgs cross section from resonance production as well as additional top partners
in the loop
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A ComPOSite 2H DM [De Curtis et al. 2018]

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

Ly == Grr,1, TL,i TRjh — Gurir TLi TrjH + iGar,1, T1,i TRjA + hec.
— Gurr,1, TiTih* = Gupr, 7, Ti TiH? — Gaar,r, T, THA
— Gurr1; Ti TjhH + iGpat,7, Trys TihA + iGrat,7, Tiys TiHA + iGyor, 1, Tiys T°
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A ComPOSite 2H DM [De Curtis et al. 2018]

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

Lysk =~ G171, T1i Trjh — Gurir, TLi TrjH + iGat,1, T1i TRjA + hoc.
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A ComPOSite 2H DM [De Curtis et al. 2018]

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

Lysk =~ G171, T1i Trjh — Gurir, TLi TrjH + iGat,1, T1i TRjA + hoc.
— Gt TiTiH? — Gaar,7, T T;A?
— G, 1, Ti TihH + iGpat, 7, Tivs TihA + iGrat,1, Tiys TiHA + iGyo 7 Tiys T

1
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R 3!
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A ComPOSite 2H DM [De Curtis et al. 2018]

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

Lysk =~ G171, T1i Trjh — Gurir, TLi TrjH + iGat,1, T1i TRjA + hoc.
— Gt TiTiH? — Gaar,7, T T;A?
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LO Contrlbutlons [Plehn, Spira, Zerwas 1996; Gréber, Miihlleitner 2011; Gillioz et al. 2012]

a Di-Higgs production via gluon fusion at LO:

T,'
g O - - - - - g h
e
T; 7 Ti X
\\
g WA - - - - - g h
Ti
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LO Contrlbutlons [Plehn, Spira, Zerwas 1996; Gréber, Miihlleitner 2011; Gillioz et al. 2012]

a Di-Higgs production via gluon fusion at LO:

T
g O - - - - - h & h
7/ 7/
T T; « Ti X
\\ \\
& A —— O - - - - - h & h
T
Ghrr A G A G A, (2m2 — 23)
chh — hT,Ti%hhh HT,T,2Hhh | ZHTTiHhh\ = Th +92
ha 5— m% + impI'y 5— m2H + imyl'y 5— m2H + imyl'y
hh _ hh _ _
Ci,j,D = &nT.T;8hT: T Ci,j,D,5 = = 8nT,7;,58nT:T;,5
L G G L G G
EnTiT; T 5 ( hrT; t thT,) ) EnTiTi5 =5 ( hT;T; — hTm)
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Cross section

a Differential partonic cross section at LO:

B 2
9 9 9
dé(gg — hh) Gia?
_ F“'s hh hh hh hh hh hh
& =3 3 E CAFA (m;) + E E (Ci,j,DFD (mi, mp) + Gl s F s (mi, m;))
; (27)3256 | |- L .
i=1 i=1 j=1
2
9 9
hh hh hh hh
+ § § (Ci,j,DGD (mi, mp) + G o 5 GO s (mi, mj))
i=1 j=1
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Cross section

a Differential partonic cross section at LO:

[ 2
9 9 9
do(gg — hh) Giag = hh hh
dt - 2(2;)3;56 Z CiaFA' (mj) + Z Z Gy m,-, m;) + C,j 0.5 Fas (mi, mj))
i=1 i=1 j=1
) 2
9 9
+ ZZ /JDGD mlvmj)—’_cljDSGngE)(mhmj))
i=1 j=1
® Full cross section:
1 t 2 o 2 2
dces +d — hh,5 = 4 . - 4
otpp s by = [ arSe= [ TEEZERETTE L A S5 ()i A
o dr /3 dt s 2 s s
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Cross section

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

O'NLo(pp — hh + X) =oLo + Aoyire + AO'gg + AO’gq + AO'qa
ONLO

= K= ~ 2

JLo
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Cross section

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

O'NLo(pp — hh + X) =oLo + Aoyire + AO'gg + AO’gq + AO'qa
ONLO

= K= ~ 2

JLo

Implementation:
® Parameter points: Checked against constraints from Higgs searches and measurements
® |mplementation into HPAIR [Dawson, Dittmaier, Spira 1998]

a Calculation of decay widths with HDECAY [Djouadi, Kalinowski, Spira 1998; + Miihlleitner 2019]
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Overall Results
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Overall Results
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Overall Results
7 32.67

" s Parameter Range
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—— BBBBCMS  ---- BBTAUTAUATL o HPair Resonant case

-------- BBBBATL e BBGAMGAMATL « HIGLU*BR a HIGLU*BR [Spira 1995]:

10 - ' o(gg — H) * BR(H — hh)

® Factor 2: approximate NLO
corrections

@ HPATIR: All diagrams included

® Experimental data from: [CMs-PAS-

B2G-20-004,ATLAS-CONF-2021-016,ATLAS-
CONF-2021-030,ATLAS-CONF-2021-035]

a See also talk from Duarte Azevedo

2000

mpg [GeV}
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Resonant case
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Resonan
e Not allowed from resonant constraints esonant case
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e Not allowed from resonant constraints Resonant case
30
<= 20
~wm
S
= - .
== - :
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. a New maximum: opax = 12.8 X osm
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(2HDM: enhancement up to 12 X ogy
2 - . - [Abouabid et al. 2021])
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-~ Invariant-mass distribution
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10° . . . .
. s Invariant-mass distribution
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10° . . . .
QM Invariant-mass distribution
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10° - - - -
Invariant-mass distribution
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@ Quartic coupling Gppe: destructive
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10° - - - -
Invariant-mass distribution
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10° - - - -
Invariant-mass distribution

o SM
o BP3065onlytop a BP3065:
0! e BP3065onlytopnoGhhff
o BP3065onlytopGhhffsign my 806 GeV
- o BP3065 mrs 1025 GeV
] mr 7 1153 GeV
105 mr6 1237 GeV
Ahhh / AsM 1.05
10 ghtt/ghtt,SM 0.97
o/osm 0.92

do/dQ [fb/GeV]

@ Quartic coupling Gppe: destructive
interference

@ Heavy quarks: enhancement + "tail
effect”
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Summary and Outlook

Summary

® Possible enhancement of cross section through
resonance production and heavy top partners

® Destructive interference from Gppe coupling

® Resonant searches already constrain the
parameter space
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Summary and Outlook

Summary Outlook
® Possible enhancement of cross section through ® Search for parameter points with opposite sign in
resonance production and heavy top partners Gphet = possible enhancement of cross section
® Destructive interference from Gppe coupling ® |Implementation of pr distributions into HPAIR

® Resonant searches already constrain the
parameter space
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Summary and Outlook

Summary Outlook
® Possible enhancement of cross section through ® Search for parameter points with opposite sign in
resonance production and heavy top partners Gphet = possible enhancement of cross section
® Destructive interference from Gppe coupling ® |Implementation of pr distributions into HPAIR

® Resonant searches already constrain the
parameter space

Thank you for your attention!
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MOI’e on the CompOSite 2HDM [De Curtis et al. 2018]

® Full coset structure:
g _ SU(3)c x SO(6) x U(1)x
H  SU(3). x SO(4) x SO(2) x U(1)x

@ Gauge sector Lagrangian:

1 1

f2 5 13 9
Egcazt;—;gSM =-LTr |Du Ui|” + 2Tr ‘Du22| - (PA)IW(PA)MV - (px)uu(px)“y
4 4 4gp2 4g3x
1 1
— 5 (A (A — —5 X, X
17 A A = 1 X,

® Gp,G, two copies of G = SO(6) x U(1)x, Gy: local, describes spin-1 resonances through pX and p*
(A € Adj(50(6))), Gi: global with only SU(2); x U(1)y local, SM gauge fields embedded

a U;: link field, realises spontaneous symmetry breaking from G; x G to diagonal compomenent G

® ¥,: VEV accounts for breaking to SO(4) x SO(2) x U(1)x

a f—2 — f1_2 + f2_2
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More on the Composite 2HDM o curtis et a1 2015

clcmcntarg sector stron 4 sector

SO(6) @ U(l)y SO(6) ® U(1)x

lZ‘.z

SO(4) @ SO(2) ® U(l)y

SU@2), ® U(l)y
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MOI’e on the CompOSite 2HDM [De Curtis et al. 2018]

® Fermion Lagrangian, SM fermions embedded into fundamental representation of SO(6):
LENSY = (@0)iP(q)) + (R)iD(tR) + Vi — W' (My),PrWy — | (Y1) Z2 + (Yo) T3] U7
+ (AL U PRY + (AR)i(E8) U1 PLU + h.c.

® q,,tg: embedding of top quark, ¥': Additional spin-1/2 resonances
® Composite parameters determining the Higgs potential:

12 12 1 2 11 22 12
fa Yl i Y2 ) ALa AR i M\I/ ) M\I/ ) M‘Il ) gp
—— N—_—— | Y ——— ~—~

fermion coupling to resonances partial compositeness composite fermion mass matrix composite gauge coupling
a 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 the strong sector highly constrains higher-dimensional operators contributing to the
Yukawa sector. Flavor alignment is similar to the elementary 2HDM.
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A Composite 2HDM

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

a Scalar potential:
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A Composite 2HDM

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

a Scalar potential:

a Additional parameters not predetermined
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More on LO Calculation siio: et al. 2012

® Mandelstam:

s=(p1+ P2)27 t= (p1 + P3)27 U= (p2+ ,03)2 (1)
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More on LO Calculation siio: et al. 2012

® Mandelstam:

s=(p1+ P2)27 t= (p1 + P3)27 U= (p2+ ,03)2 (1)

a Projectors:

p g PY Py
h _PiP2

(p1 'P2)7
A — g pipipy  2(ps-pa)pipy  2(ps- pi)Pipy N 2p5 pY
PQT(Pl “ p2) PQT(Pl “ p2) PQT(Pl * p2) P2T
s _op-p3)(p2-ps)
pr =2——"—"—""" —p3.
4 (p1- p2) 3
a [t follows:
A1-A =0, A -AA=A-A =2 (2)
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More on LO Calculation siio: et al. 2012

a Triangle amplitude:

SG LV _a
Ap =2 F\/_A‘ ele fj(SabZC” Fa(m;) 3)
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More on LO Calculation siio: et al. 2012

a Triangle amplitude:

asG \/_ w a
AA = F A'L N 363[)2 AFA m, (3)

a Box amplitude:

asGF\/_ a 2

Ag = abzz AMV CthFD(m,,mj)—i— C,J[]5FD 5(m,,mj))
i=1 j=1
+ AMV (CthGD(mH mj) + Clj 0, SGD 5(ml7 mj))]
a Total:
A(gg — hh) = Ax + An
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N LO Contribution [Grdber, Miihlleitner, Spira 2016]

® ook at additional contributions:

onwo(pp = hh+ X) = 010 + Advirt + Avgg + Avgq + Aogg
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N LO Contribution [Grdber, Miihlleitner, Spira 2016]

m Look at additional contributions:

onwo(pp = hh+ X) = 010 + Advirt + Aogg + Aogqg + Aogg

oo factorizes out
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N LO Contribution [Grdber, Miihlleitner, Spira 2016]

m Look at additional contributions:

onwo(pp = hh+ X) = 010 + Advirt + Aogg + Aogqg + Aogg

oo factorizes out

® Aoyir: . AR SN 111 P @ S h

References Backup

20/11 28.11.2022 Felix Egle: Higgs Pair Production in a Composite 2HDM Institute for Theoretical Physics (ITP)



N LO Contribution [Grdber, Miihlleitner, Spira 2016]

h € h
a A0v|rt L7 //’ g 0900990 »r----- h
,,,,, <
g : h g N h g ,,,,,
1
d £gg
B = 8 [ 0(Q2 = 7o),
7r I
B 124 eff
Coz L, 32N i S db(es)? [F - £E(Q% — 2md)F]
=t g log g ke Ty —— ,
S R[IF2 + |Fof?)
~ “ 9
o _ (t—mp)(&—mjp) 2 eff &nT,T,v
= m 5 — —_—
pPT QQ h ghgg Iz; mr
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