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Motivation

Higgs Pair Production:
@ Measurement of the trilinear Higgs coupling = Further insight into the Higgs potential
® Beyond Standard Model (BSM): Enhancement of cross section possible

A Composite 2HDM Calculation Procedure Results Summary and Outlook

2/15 08.06.2022 Felix Egle: Higgs Pair Production in a Composite 2HDM Institute for Theoretical Physics (ITP)



Motivation

Higgs Pair Production:
@ Measurement of the trilinear Higgs coupling = Further insight into the Higgs potential
® Beyond Standard Model (BSM): Enhancement of cross section possible
@ |eading contribution in the SM:

h
& 29090909 e h & .
h .
—————— <
N
N
N
& > h & h
@ SM: destructive interference = challenging to measure at the LHC
A Composite 2HDM Calculation Procedure Results Summary and Outlook

2/15 08.06.2022 Felix Egle: Higgs Pair Production in a Composite 2HDM Institute for Theoretical Physics (ITP)



Motivation

Higgs Pair Production:
@ Measurement of the trilinear Higgs coupling = Further insight into the Higgs potential
® Beyond Standard Model (BSM): Enhancement of cross section possible
@ |eading contribution in the SM:
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@ SM: destructive interference = challenging to measure at the LHC
® BSM models: enhancement of cross section possible (resonant production, additional contributions,

etc..)
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Motivation

Composite Models:
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® Alternative approach to explain the Higgs mechanism / eletroweak
symmetry breaking

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

® Solution to the hierachy problem

IHlustration by Sandbox Studio, Chicago
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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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A Composite 2HDM

Composite 2HDM [De Curtis et al. 2018]:

elementary sector

strong sector

S0(6) ® U(1)x

S0(6) ® Ul)x
U, lzz

SUQ), ® U(l)y SO(4) ® SO(2) ® U(l)x

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

= Generation of 2HDM-like structure
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A Composite 2HDM

Composite 2HDM [De Curtis et al. 2018]:

A Composite 2HDM
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elementary sector

S0(6) ® U(1)x

SUQ), ® ULy

= Generation of 2HDM-like structure

08.06.2022

Calculation Procedure

strong sector

506)® U(l)y
=

S0(4) ® SO(2) ® U(1)x

Results
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® Additional strong sector with SO(6) symmetry: spontaneous breaking SO(6) — SO(4)xSO(2)

® Partial compositeness of SM fields: Explicit breaking of the symmetry, generation of masses for the
scalar sector

@ Scalar potential determined by composite parameters

Summary and Outlook
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A Composite 2HDM

Composite 2HDM [De Curtis et al. 2018]:

elementary sector

S0(6) ® U(1)x

SUQ), ® ULy

strong sector

506)® U(l)y
=

S0(4) ® SO(2) ® U(1)x

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

Incorporate top quark into sextuplet = 8 additional top partners

A Composite 2HDM
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A Composite 2HDM

Composite 2HDM [De Curtis et al. 2018]:

elementary sector strong sector

S0(6) ® U(1)x

S0(6) ® Ul)x
U, l):z

SUQ), ® U(l)y SO(4) ® SO(2) ® U(l)x

® 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
A Composite 2HDM Calculation Procedure Results Summary and Outlook
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A ComPOSite 2H DM [De Curtis et al. 2018]

® Obtain effective Lagrangian (h: 125 GeV Higgs, H: heavy Higgs, T;: top partners, A: pseudoscalar, ¢V
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]

® Obtain effective Lagrangian (h: 125 GeV Higgs, H: heavy Higgs, T;: top partners, A: pseudoscalar, ¢V
neutral Goldstone boson, f: compositeness scale):
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A ComPOSite 2H DM [De Curtis et al. 2018]

® Obtain effective Lagrangian (h: 125 GeV Higgs, H: heavy Higgs, T;: top partners, A: pseudoscalar, ¢V
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, Ti TihH + iGpat,7, Tivs TihA + iGrat, 7, Tivs TiHA + iGyo 1,7, Tirys Tj”
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A ComPOSite 2H DM [De Curtis et al. 2018]

® Obtain effective Lagrangian (h: 125 GeV Higgs, H: heavy Higgs, T;: top partners, A: pseudoscalar, ¢V
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, Ti TihH + iGpat,7, Tivs TihA + iGrat, 7, Tivs TiHA + iGyo 1,7, Tirys Tj”

1
Lecalar = )\hhhh *)\hhHhQH - §>\hHHhH2 *)\HHHH - *)\hAAhA - *AHAAHA

R 3!

- A¢ohA¢OhA — Apoad” HA
3f2 (h20,,hy — h10,hg) 0" hy + —— 3f (2A0,0°0" hy — ¢°0,A0" hy — hy0,, A" ¢°)

(m)=(& =) (%)
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A ComPOSite 2H DM [De Curtis et al. 2018]

® Obtain effective Lagrangian (h: 125 GeV Higgs, H: heavy Higgs, T;: top partners, A: pseudoscalar, ¢V
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, Ti TihH + iGpat,7, Tivs TihA + iGrat, 7, Tivs TiHA + iGyo 1,7, Tirys Tj”
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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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More on LO Calculation siio: et al. 2012

® Mandelstam:

s=(p1+ P2)27 t= (p1 + P3)27 U= (p2+ P3)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
b _ _PiP2

(p1-p2)’
A g papYps  2(ps-p2)pips  2(ps - p1)piph N 2p4 Py
2 - g 2 . 2 . 2 . 2 ’
p+(p1 - p2) p7(p1 - p2) p+(p1 - p2) pPT
2 _ o (PL-p3)(p2-p3) o
pr=2——"""—"—"% — p3.
T (p1 - p2) °
a |t follows:
Al Ay =0, A A=Ay Ay=2 (2)
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More on LO Calculation siio: et al. 2012

® Triangle amplitude:

SG LV _a
Ap =2 F\/_A‘ ele fjéabZC” Fa(m;) (3)

A Composite 2HDM Calculation Procedure Results Summary and Outlook
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More on LO Calculation siio: et al. 2012

® Triangle amplitude:

« GF\/_ "y @
O LT A ®
a Box amplitude:
9 9
asGEV2 v
An = %eiegéab ZZ [AY CthFD(m,, mj) + C,J 0.5 Fo,s(mi, mj))
i=1 j=1
+ AMV (CthGD(mH mj) + Clj 0, SGD 5(”’7,7 mj))]
a Total:
A(gg — hh) = Ax + Ap
A Composite 2HDM Calculation Procedure Results Summary and Outlook
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Cross section

a Differential partonic cross section at LO:

B 2
9 9 9
dé(gg — hh) GZa?
_ F%s Chh th hh
- = . E ; m-—i—EE Chn mi, m;) 4+ CM o R (my, m;
d? 2(2’/T)3256 . (VAN A( l) ' . ( i, D ( 3] _/) iJj,0,5 D,S( i J))
= i=1 j=1
2
9 9
hh hh
+ E E (C DGD (mi, mj) + CIJD5GD,5(mi’mj))
i=1 j=1
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Cross section

a Differential partonic cross section at LO:

i 2
9 9 9
do(gg — hh) Gias hh hh hh
dt - 2(27r)3;56 Z CIaFA'(mj) + Z Z (Cu oFE? (mi, mj) + CI_/ 0.5 s (mi, mj))
i=1 i=1 j=1
i 2
9 9
hh
+ ZZ (chy DGD (mi, m;) + C;J o, 5GD 's(mi, mj))
i=1 j=1
a Full partonic cross section:
(g — hh) /f+ dogg —hh) . _ =5 ( . m_ [ dm
a = - 4z = 5 - ~ - =
g8 . R L= = F
A Composite 2HDM Calculation Procedure Results Summary and Outlook
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Cross section

® Hadronic cross section:

b odcee 4m}

wlop > g ) = [ drZa =) (m="T)
o T s

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

O'NLo(pp — hh —|—X) =00 + Aoyt + AO'gg + AO’gq + AO'qa

ONLO

= K= ~ 2

JLo

A Composite 2HDM Calculation Procedure Results Summary and Outlook
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Cross section

® Hadronic cross section:

b odcee 4m}

wlop > g ) = [ drZa =) (m="T)
o T s

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

aNLo(pp — hh + X) =00 + Aoyt + AO'gg + AO’gq + AO'qa
ONLO

= K= ~ 2

JLo
Implementation:
@ Parameter points: Checked against usual constraints from Higgs searches and measurements
a |mplementation into HPAIR [Dawson, Dittmaier, Spira 1998]
a Calculation of decay widths with HDECAY [Djouadi, Kalinowski, Spira 1998; + Miihlleitner 2019]
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1000
a Resonance contribution:

considerable enhancement

20
_ (up to 30 x osm)
5z =
X ) ® Other Models: 2HDM
= 15 5 enhancement up to 12 x
OsM [Abouabid et al. 2021]
10
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Summary and Outlook

Summary
a Calculation of di-Higgs production cross section in a Composite 2HDM, including NLO corrections

® Possible enhancement of cross section through resonance production and additional quark loops

A Composite 2HDM Calculation Procedure Results Summary and Outlook

15/15 08.06.2022 Felix Egle: Higgs Pair Production in a Composite 2HDM Institute for Theoretical Physics (ITP)



Summary and Outlook

Summary

a Calculation of di-Higgs production cross section in a Composite 2HDM, including NLO corrections
® Possible enhancement of cross section through resonance production and additional quark loops
Outlook

® Calculation of non-SM-like Higgs pair production (hH,HH,hA, ..)
a Phenomenological investigation of di-Higgs cross sections

® Detailed study of different effects (top partners in loop, quartic fermion-Higgs coupling, resonance
contribution)

A Composite 2HDM Calculation Procedure Results Summary and Outlook
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Summary and Outlook

Summary

a Calculation of di-Higgs production cross section in a Composite 2HDM, including NLO corrections
® Possible enhancement of cross section through resonance production and additional quark loops
Outlook

® Calculation of non-SM-like Higgs pair production (hH,HH,hA, ..)
a Phenomenological investigation of di-Higgs cross sections

® Detailed study of different effects (top partners in loop, quartic fermion-Higgs coupling, resonance
contribution)

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 2 13 2
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

References Backup

18/15 08.06.2022 Felix Egle: Higgs Pair Production in a Composite 2HDM Institute for Theoretical Physics (ITP)



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

References Backup

19/15 08.06.2022 Felix Egle: Higgs Pair Production in a Composite 2HDM Institute for Theoretical Physics (ITP)



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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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
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N LO Contribution [Grdber, Miihlleitner, Spira 2016]
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Parameter ranges

Parameter Range
Lower Upper
my 180 GeV 4840 GeV
mr 1 3179 GeV 37311 GeV
mr g 949 GeV 12794 GeV
Ahbh/ Asm 0.79 1.07
8het/ 8htt,SM 0.86 1.05
Ghhet 1.5x 107  0.00024
o(gg — hh)/osm 0.36 30.5
ONo Reso(gg — hh)/USM 0.56 1.19

a Used pdf: PDF4LHC15
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