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1. Introduction

SM triple Higgs coupling: comparison of all colliders:
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All future colliders combined with HL-LHC

Fx = Ahh/ M
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Toy example: Two Higgs Doublet Model (2HDM):
Fields:

o7 ¢

b = , P =
F | S pr i) T St 2t im)

Potential:

A1 A2
Vo= mi|®1]? + m3s|®of? — mIs(®]ds + he) + E(q’;q’l)Q + 3“”2"’2)2

A
FA3(DL D7) (PLds) + Mg (Pl o) (DLdy) + 55[(@1%)2 + h.c]

Physical states: h, H, (CP-even), A (CP-odd), H~ (charged)

“Physical” input parameters:
CR—a » tanﬁ ) v, Mha MH ) MA J ‘]\4[{i ) m%Q

Alignment limit: cg_,, — 0 (for My ~ 125 GeV)

I\/Iany triple nggs COUD”I’]gSZ )‘hhhi )‘hhﬂi )‘hHHr >\hH+H_’ )‘HAAr
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2. The Triple Higgs Coupling that you know: );;; = Ah125h125h125
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2. The Triple Higgs Coupling that you know: A, = Ay oohiochioe

Gravitational

HIGGS 2013 Waves 2017
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2. The Triple Higgs Coupling that you know

L Ahhh = >‘h125h125h125

Gravitational
HIGGS 2013 e o Waves 2017

= Why is there more matter than antimatter? = (EW) baryogenesis

= requires First Order EW Phase Transition (FOEWPT)

FOEWPT not possible in the SM = BSM THC's required

FOEWRPT can cause Gravitational Waves (GW), detectable with LISA, ...
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2HDM parameter scan to vield FOEWPT:

[T. Biekotter, S.H., J. No, O. Olea, G. Weiglein '22]
tg=3,02TeVImg<1TeV, 0.6 TeV<myg=mpg: <12 TeV, cz_q
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= FOEWPT requires k) < 2
= GW signal requires k) ~ 2
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Di-Higgs production at the LHC:
g ---h ¢

® Q 0

g ---h g

Ahhh

ooy ~ 38 fb at NLO Diagrams that exist in the SM:

They have a negative interference

Diagrams that are sensitive
to triple Higgs couplings

= strong interference of “box" and “SM-like Higgs”

——
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T T T T T .
HH production at 14 TeV LHC at {N)LQ in QCD 1
My=125 GeV, MSTW2008 (N)LO pdf (68%cl) :

MadGraphS_aMCRNLO
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Measurement of s, selfcoupling at HL-LHC

Higgs selfcoupling projections

==l H|-LHC (single coupl. analysis)

==g== |LC 500 GeV ZHH (full coupl. analysis)

— ==w = cross-section-level extrapolation

=g |LC 500 GeV + 1 TeV vvHH combined
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FOEWPT/GW: App, < 2 = bad for HL-LHC
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Example: 2HDM = FOEWPT = GW’

S

[T. Biekotter, S.H., J. No, O. Olea, G. Weiglein '22]

= Synergies: collider: Ay, < LISA: GW signals

SKSP (%] at HL-LHC
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= FOEWRPT requires large Ay, and can induce GW signals
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3. The Triple Higgs Coupling that you do not know:

AhhH
g --~-h ¢ _-h g
hi P
O I, 0>, O
g -=-=-h g S~ h g
Ahhh
s ~ 38 fb at NLO Diagrams that exist in the SM: Diagrams that are sensitive

They have a negative interference to triple Higgs couplings

= possible strong resonance with BSM Higgs

Sideremark: experimental limtis are obtained for
— non-resonant production

— purely resonant production

= no limits available for mixed scenarios :-(
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Di-Higgs production at the HL-LHC: [F. Arco, S.H., M. Miinlleitner, K. Radchenko '22]

Benchmark plane: 2HDM type I, m%, = (m#% cos?a)/tan g, tan 8 = 10
Aogp: precision in o (based on k), = 1)

Aosir Aosir
0.3 T T T 35 0.3 T 10
30 I
0.2t 1 ®2s5 0.2 1 W8
20
—16
0.1} 17115 0.1
LH* or 1 /18 . 0
= —{6 o 3
< <
01t =4 -0.1
3 2
0.2t 2 0.2 4
1
0.3t 0 -0.3 0
-1
-0.4 : : . -2 -04 -1
0.9 0.95 1 1.05 141 0.9 0.95 1 1.05 1.1
K\ Ry

= k) ~ 1, no effect on di-Higgs cross section
= strong variation with Ay, from resonant H-exchange
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Di-Higgs production at the HL-LHC: [rF. Arco, S.H., M. Miinlleitner, K. Radchenko '22]

Benchmark point: 2HDM type I,
ma g = 545 GeV,my = 515 GeV,ts = 10,c5_, = 0.2, m?, = m%c2/ts
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= dip-peak / peak-dip from resonant H-exchange =- access to A\, g7
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Di-Higgs production at the HL-LHC: [F. Arco, S.H., M. Miinlleitner, K. Radchenko '22]

Benchmark point: 2HDM type I,
ma g = 545 GeV,my = 515 GeV,ts = 10,c5_, = 0.2, m?, = m%c2/ts
15% smearing

100F | — A = -0.3975 3
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mphn [GGV]

= smearing of 15% applied (optimistic?) = access to A\, 5”7
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Di-Higgs production at the HL-LHC: [F. Arco, S.H., M. Miinlleitner, K. Radchenko '22]
Benchmark point: 2HDM type I,

ma g = 545 GeV,my = 515 GeV,ts = 10,c5_, = 0.2, m?, = m%c2/ts

Bin size: 50 GeV
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= binning of 50 GeV applied (realistic?) = access to A,y 7
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4. Conclusions

Tripe Higgs couplings are in the focus of current and future colliders
= focus on “SM triple Higgs coupling”, k) := Ahhh/A%}:ﬁl

BSM case 1: k), #1

BSM case 2: THC that involves BSM Higgses: A\ppp, - - -

Toy model: 2HDM

Many triple Higgs couplings: Appnn, Awhis AwHHY A+ g—10 AHAA, - - -

= Why is there more matter than antimatter? = (EW) baryogenesis
= requires First Order EW Phase Transition (FOEWPT)

FOEWPT not possible in the SM = BSM THC's required

FOEWPT can cause Gravitational Waves (GW), detectable with LISA

2HDM: = FOEWPT requires k) < 2 = GW signal requires k) ~ 2

= bad for HL-LHC (A, ~ 70%), good for ILC (6App, ~ 10%)

Access to BSM THC's: A\

= benchmark point in the 2HDM type I with my = 300 GeV
HL-LHC: = dip-peak / peak-dip from resonant H-exchange
smearing/binning crucial = full exp. study needed!
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Di-Higgs production at ILC/CLIC:

Higgs-strahlung:
ete™ — Z* = Zhh

v €

weak boson fusion (WBF):
e+ e— — vvhh

ve
Signal diagram Background diagrams
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Di-Higgs production at ILC/CLIC:

+ - + .- —
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= strong and different dependence on k)
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Measurement of k) selfcoupling at ILC/HL-LHC:

D 2 . 5 T 1 11 1 1 T | Higgs selfcoupling projections T [ 1
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= over most of the parameter space ILC is clearly superior to HL-LHC
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Di-Higgs production at the ILC: [F. Arco, S.H., M. Herrero '21]

Example: 2HDM type 1
mp an- = 300 GeV,tg = 10,c5_o = 0.25,m$, = m%ca/tg = k) = 1.1, \pypg = —0.2

o(ete- — hhZ), (s = 500 GeV o(ete™ — hhvV), Vs = 500 GeV
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theory analysis: R := (NIt — N¢)/VN¢
R = “resonance”, C = “continuum”, N incl. cuts and b-tagging efficiencies
v =500 (1000) GevV = R =58 (205)

experimental analysis: crucially needed!
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Measurement of k) at the FCC-hh:
[Mangano, Ortona, Selvaggi '20]

15 FCC-hh S:mulat:on (Delphes)

| ﬂ L L B T L
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<] ! m— COmbined
C}l 10 :_— bbyy
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S DD ZZ(4])

4_---------- ----------:

I
=

= result only for k)
= pile-up neglected

Sven Heinemeyer, 7th Red LHC workshop, 11.05.2023

21



Measurement of k) at the FCC-hh:

FCC-hh Simulation (Delphes)
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= better (worse) than ILC for k) < (>)1.5 '

= no results for k) <0
= pile-up neglected . ..
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Phase transition: BSM vs. SM

Verr(o)

[taken from V. A. Rubakov and D. S. Gorbunov]

Verr(0)

O

= BSM Higgs sector required to realized FOEWPT
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Bubble formation can lead to Gravitational Waves
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Example: 2HDM, FOEWPT and GW's

[T. Biekotter, S.H., J. No, O. Olea, G. Weiglein '22]
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E: viable for FOEWPT, GWs are induced (detectable?)
F:no FOEWPT, no GWSs are induced

Sven Heinemeyer, 7th Red LHC workshop, 11.05.2023



Example: 2HDM, FOEWPT and GW's
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