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1. Introduction

Q: Higgs potential: barely known

= measure triple Higgs couplings

Q2: Why is there

more matter than antimatter?

= (EW) baryogenesis

= requires First Order EW Phase
Transition (FOEWPT)

not possible in the SM
= BSM Higgs sector required

= new Higgs bosons below
~ 800 — 1000 GeV

= new phenomena:
— resonant di-Higgs production
— BSM triple Higgs couplings

m2_

2 —
(125 GeV)?

v = 246 GeV
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SM triple Higgs coupling: comparison of all colliders:
Higgs@FC WG September 2019

di-Higgs single-Higgs
HL-LHC HL-LHC HL-LHC

.- 500 tEmmEEamE- mofﬂ..--- -

= 500/0

HE-LHC _———————— .FCC ceichiih [ ] Fec * eelohihh

25"K

LE-FGC LE FCC

15%
B e . Focoh

7 a0
FCC-eel/eh/hh | T g s

\\\‘ FCC ee;:)'b
24°/u
under HH threshold FCC-ee

FCC-GS e T T S T 450 it

BT e TS e T A s SR 1
Bk --\_><\L e ‘?\\\‘_"& o -.L\\.\-\ka._ R FCC- ee i

_________________________________________

LC - - \ - o e
L"\ N \ "‘\ 2 \ 7% \\__. N H_th \ ||_wa
.............................................................. e e T e e Ve mLimmim i 2?0._,'0 i 380'_:0

it

) CLIC,

anon )
7o%411% o 499,
CLICL‘\[][J < CL{C?&U[I
: - i 36% " 49%
rycLc
0 10 20 30 40 50 N -
68% CL bounds on &, [%]  aituture coliders combined with HL-LHC

= focus on “SM triple Higgs coupling”, ry := Appn/Arry ce

BSM case 1: k) #1
BSM case 2: THC that involves BSM Higgses: Ay,

CLIC
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Di-Higgs production at the LHC:
g ---h ¢

® Q 0

g ---h g

Anhh

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"

——
-
-
-
-
—_—
-
-
-
~—
-
-
-

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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Resonant di-Higgs production requires BSM physics
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Resonant di-Higgs production requires BSM physics
Two Higgs Doublet Model (2HDM):
Fields:

o7 63

b = , P =
' %(’01 + p1+in1) ° %(’02 + p2 +in2)

Potential:
A Ao
Vo= miy|®q2 4+ md 0o — miy(@ldy 4 he) + E(q’;q’l)z + §(¢£¢2>2

A
FA3(D] 1) (PLdo) + Mg (D] Do) (DLdq) + 35[(@;%)2 + h.c]

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

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

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

I\/Iany triple nggs COUD”I’]gSZ )‘hhhi )‘hhﬂi )‘hHHr >\hH+H_’ )‘HAAr
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Assumption: h ~ hqiog

Z> symmetry to avoid FCNC:

CD1—>CD1,CD2—>—CD2

Extension of the Z>, symmetry to fermions determines four types:

u-type d-type Ileptons

type I P P P
type II Ps P4 P4 — SUSY type
type III (lepton-specific) o P P4
type IV (flipped) P P4 b,

Sum rule (with A SM-like): sin(8 —«a) ~ 1, cos(f —«a) =0

Unitarity/perturbativity and EWPO : = My ~ My ~ M+
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Higher-order correction to the THCs in the 2HDM:

[taken from J. Braathen]

Box vs. s-channel Higgs:

g - ————h 00 ~h
. )\hhh/’
b f >t @
¢ S .
g : ————h OO ~h

Inclusion of one-loop corrections to THCs:

TR e T -~ @~ -
N o
nt ——I—.\ |(I) ut Y I(I)

~ I |
TR o oLl eI
X O(ytgihq@) X O(yfgf%hqﬂb)

Correction to A, — included not included

= always closed subset, dominant for large THCs
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BSM THCs at the HL-LHC

g --~-h ¢ _-h g _-h
hi _ .~ H -7
O 1 o o> e Qo >
g ---h ¢ ~hoog A "~ h
Ahhh hhH
ooy ~ 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

Important: experimental limtis are obtained for

— non-resonant production
— purely resonant production
= no limits available for mixed scenarios :-(

= existing exclusion bounds questionable!

Example model in this talk: 2HDM
Similar results exist also for RxSM (Higgs singlet extension)
[S.H., A. Verduras PRELIMINARY]
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2. Resonant di-Higgs production: theory vs. experiment:

SM.,tree

= analyses so far focus on “SM THC": k) := A\ppn/Anp =1

BSM case 1: k), #1

BSM case 2: THC that involves BSM Higgses: Appp, - - -

Example of my; distortions: [S.H., M. Miihlleitner, K. Radchenko, G. Weiglein '24]

——=JqM (O-tot = 19.76 fb)
Ttot — 2243 fb) 3

o (

(O'tot = 1631 fb)
(atot = 19.98 fb) |
(Gtot = 19.94 fb)-

200 400 600 800 1000 1200
mph [GGV]
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Experimental analysis vs. reality: including exp. uncertainties
[S.H., M. Miihlleitner, K. Radchenko, G. Weiglein '24]

smeared @ binned

0
107¢ ' ' ' ] 0

_afllll(o-t()t = 19.94 fb) 10
_Jr(!5(0t<)t, = 2.11 fb)

K0P = 3,61, AP = —0.21

—O'fu”(O'mt = 1994 fb)
_Urtrs(at()t =211 fb)

kP = 3.61, A0 = —0.21

[
S
=

dO'/dmh,h‘ [fb/GCV]

1074 |

200 400 600 800 1000 1200 200 400 o600 800 1000 1200
mMhpp [GCV] Mhph [GCV]

= experimental analysis = full calculation
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Experimental analysis vs. reality: relevance of loop corrections
[S.H., M. Miihlleitner, K. Radchenko, G. Weiglein '24]

THC tree-level THC one-loop
10° | | — (00 = 22.43 1b) | 100} —ta(Tor = 19.94 fb) |
_o-lft.‘ﬁ(o-tﬂt =5H.77 fb) _Jr(!H(Jt(1t =211 fb) -
[ kY =099, A9 = 039 ! ) = 3.61, AL = —0.21
10 'E my = 512 GeV 107" my = 512GeV
; my = 545 GeV ma = 545 GeV
Co—a = 0.2 Cl—a = 0.2

dO‘/d'm}Lh, [fb/GCV]
s 5

[—
<
&
—
o
IS

200 400 600 800 1000 1200 200 400 600 300 1000 1200
mun [GeV] mpy [(GeV]

= experimental analysis = full calculation
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Experimental analysis vs. reality: real point (I)
[S.H., M. Miihlleitner, K. Radchenko, G. Weiglein '24]

100 - | | _Io-full(o-tolt. - 9434.fb) e

‘l_L _O-res(o-tut =50.55 fb)
: :I_L kY =5.01, A, =0.23

mpyg =450 GeV
my =800 GeV
Ci—q =0.05

tg =4.00

—
-
L

da/dmhh [fb/GCV]
s 3

I

- Resonant production : 54%

200 400 600 800 1000 1200
Mhh [GCV]

[
9
o

= excluded by ATLAS resonant searches < reality: exclusion?
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Experimental analysis vs. reality: real point (II)
[S.H., M. Miihlleitner, K. Radchenko, G. Weiglein '24]

—100.29 fb) .

10“ 2 _Jflﬂl(at()t
J_L _Ur(rs(atot =83.82 fb)
| s\ =0.86, AL =0.24

mpg =450 GeV
myg = 450 GeV
Cl—aq = 0.04

ty =2.20

—
o
L

dO‘ / dmhh [fb / GCV]
= 3

H
o
1

- Resonant production : 84%

200 400 600 300 1000 1200
mMph [GCV]

= excluded by ATLAS resonant searches < reality: exclusion?
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3. THCs at the HL-LHC and the ILC

= Why is there more matter than antimatter? = (EW) baryogenesis
= requires First Order EW Phase Transition (FOEWPT)
FOEWPT not possible in the SM — BSM Higgs sector required

FOEWRPT can cause Gravitational Waves (GW), detectable with LISA, ...

“Realistic’” model analysis in the 2HDM
Q: where do we find a FOEWPT?

Q: implications for Ay, measurements?
Q: implications for BSM Higgs bosons?
— resonant di-Higgs production

— BSM triple Higgs couplings

Sven Heinemeyer, Particle Physics Phenomenology WS (Taipei), 23.10.2024
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= Parameter scan in the 2HDM type II = ScannerS
tan g8 = 3, Choey = 0, m%z = m%sﬂcﬁ
0.2 TeV<Imyg<1TeV, 06 TeVImy=my+r<12TeV

Constraints:

e Tree-level perturbativity = ScannerS

e Minimum of potential is global minimum = ScannerS
... or sufficiently long-lived = Evade

e Higgs searches at LEP, Tevatron, LHC = HiggsBounds

e SM-like Higgs properties = x7,- = HiggsSignals (2HDECAY, SusHi)
e Flavor physics (mainly BR(Bs = Xsv), AMp,) = Superlso bounds

e Electroweak precision data (7" and S) = ScannerS

e )\, at one-loop = BSMPT

Sven Heinemeyer, Particle Physics Phenomenology WS (Taipei), 23.10.2024 15



R\

2HDM parameter scan to yield FOEWPT: k) 1= Appn/Acpr o
[T. Biekotter, S.H., J. No, O. Olea, G. Weiglein '22]

6} 6f
5t 5
- o -- esw
4} === HL-LHC 4t VR
- o —~ [ === ATLAS limit
| === AT[LAS limit < [ . EW SnR
: Ay < my or myg I Tr: q
3t 3t rappe
Z ' SNR > 1
A AR o
| | g
0 100 200 300 400 0 100 200 300 400
mg — my [GeV] mg —my [GeV]

= FOEWPT requires k) <2 and my —mpyg ~ 200 GeV
= GW signal requires k) ~ 2 and my —mpg 2= 200 GeV
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Measurement of k) selfcoupling at HL-LHC/ILC:

ILC550: 20%

E =] Higgs self-coupling projections T 1 1 1 i1
dp) - | == HL-LHC (single coupl. analysis, ATL-PHYS-PUB-2022-053) ; H - - H L- LH C:
(< 3 — . ..... extrapolation HL-LHC, )-dependency as of Y S L = 0
~ _ x-section significance in ATL-PHYS-PUB-2022-053) ’ . . - 84%
% |_ | == ILC 550 GeV ZHH (2014, full coupl. analysis) &vvHH = - -
(0)) ~ | === |LC 1 TeV vvHH (2014, single coupl. analysis) E . - |LC55O
= | === |LC 550 GeV ZHH &vvHH + 1 TeV vwHH combined, 2014 e 0
(< 2 : f i : i|‘ ...... !h_ Q9%
B HL-LHC: 50%—|: A
) s s !I“ II‘ : I
O __ ............. * ........................ I .............. Va’rt!:e"preferré'd"—_
- *‘ SM val for GW signal, -
- o s 5 value . _.: i
) | i i 5 f|rst:|—order EVYPT.

L
-0.5 0 0.5 1 1.5 2

7\'true/ 7\'SM

= over most of the parameter space ILC is clearly superior to 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
70 71 72 73

2.20 f . 2.20

2.15F . 2.15

< <
e « ® ¢
2.10 F 1 2.10
2.05 2HDM-II, tan § = 3: SNR > 0. 1 1 205
107! 100 101 102

SNR at LISA, T = Ty, vy = 0.6

SKSP (%] at ILC-500
90 95 100 105 110

’ - e

.--....

- 2HDM-II, tan § = 3: SNR>01;

107! 100 101 102
SNR at LISA, T = Ty, vw = 0.6

= FOEWRPT requires large Ay, and can induce GW signals

Sven Heinemeyer, Particle Physics Phenomenology WS (Taipei), 23.10.2024
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Accessing BSM THCs in the 2ZHDM at ILCb500:

Parameter scan in the 2HDM (all types):

Type

|

II
LS
FL

® Scan of the parameter space

<

0.2, 1.2]
0.6, 1.0]
0.5, 1.0
0.7, 1.0

oD

0.2, 6.8
0.7, 5.6
0.6, 5.6
0.8, 5.6

® Applied constraints to the 2ZHDM

* EWPO

® Tree-level unitarity + potential

stability

® BSM Higgs boson searches

0
Ao

1.6, 1.5
1.5, 1.6
1.7, 1.7

1.6, 1.3

boson

* Close to the alignment! /s....c/s +
® Flavor Observables

Nt
2.1, 1.9]
1.7, 2.0]
2.0, 2.1]

1.9, 1.5]

® Properties of the SM-like Higgs

Sven Heinemeyer, Particle Physics Phenomenology WS (Taipei), 23.10.2024
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Concrete example: 2HDM:

Parameter scan in the 2HDM (all types):

¢
o T 5 Type
o I
R h
’ , I1
LS
h------ (
N . FL
¢ h
é6=H A H*

® Very large corrections are possible! )\EL
® /1 couplings to heavy Higgs bosons can be large (\j4p ~ 15)

k)
0.2, 1.2]
0.6, 1.0]
0.5, 1.0]
0.7, 1.0]

m Even at the alignment limit !

1
Nt

2.1, 1.9
-1.7, 2.0
2.0, 2.1
-1.9, 1.5

(results from the effective potential)

(In the SM, top-loops are ~ -8%)

= effect of the extended BSM Higgs sector!

g Mm
0.2,6.8 [-1.6, 1.5
0.7, 5.6] [-1.5, 1.6]
0.6, 5.6] [1.7, 1.7]
0.8, 5.6 [-1.6,1.3
1h)h > > Aﬁﬁfh
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Effects on THC determination at the ILC: [taken from F. Arco '24]

[F. Arco, S.H., M. Miihlleitner - PRELIMINARY]

Effects from THCs at etfe—— hhZ g("

€+

A) Non-resonant diagram
with kK, — at low mu

B) Resonant H diagram
With Adpegr — at mm >~ mnu e

C) Resonant A diagram
(no THC)

et

13 13/06/2024 Francisco Arco — Impact of One-Loop Triple Higgs Couplings on di-Higgs Production at ete~ Colliders SUSY 2024 — IFT, Madrid
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Effects on THC determination at the ILC: [taken from F. Arco '24]

[F. Arco, S.H., M. Miihlleitner - PRELIMINARY]

In the alignment limit (¢cs_.=0) AQT

= SM ) = SM cy =0

14 13/06/2024 Francisco Arco — Impact of One-Loop Triple Higgs Couplings on di-Higgs Production at e*e~ Colliders SUSY 2024 — IFT, Madrid
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Effects on THC determination at the ILC:

[F. Arco, S.H., M. Miihlleitner - PRELIMINARY]

Large 1L Awvp @ILC500GeV

[taken from F. Arco '24]

SKIT

Karlsruhe Institute of Technology

] L 105
BPlahhH-1, type I 102 K0 =095, A, =0.02 oNLO = 0.8786 fh
my = m = 300 GeV, |k =469, Ay =021 —=- oMo, — 092361 107
1]

ma =myg+ =650 GeV, = 1075 olee — 0.1579 fh -

1 tree __ 3 104
tan § = 12, cos(f — a) = 0.12 2 100 “SNI;JTO_ 01568 b 3
= i ohr) = 0.6828 fb | .
" ST I B N0 — o219 b |
® Large effect from «) £ 102*§

~ 10~

: : (0) (1) © =

® Forthis point A\, < Ay = o

: 1073
= the H resonance is ] "
more prominent w-ed . b & LI D
250 300 350 400
mMih [GeV]
17 13/06/2024 Francisco Arco — Impact of One-Loop Triple Higgs Couplings on di-Higgs Production at e*e- Colliders SUSY 2024 - IFT, Madrid
. .. 1 1 : .
= individual effects of Agh)h and Agh)H = extraction possible? = WIP
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Effects on THC determination at the ILC: [taken from F. Arco '24]

[F. Arco, S.H., M. Miihlleitner - PRELIMINARY]

1L \vnz with different sigh @ILC500 ﬁ("

. 102+ i
BPsign, type I | — o9, =080/ A =100, A, =008 |
myg = m = 350 GeV, PSR —— oALO L — 0.9026 fh (1):547 A =016
ma = mg+ = 650 GeV, = | obiiing = 0.1762 fb ;-1045
(UF R tree __ i
tan 8 = 20, cos(f — a) = 0.1 2 10 Jixlfo_ 0.1568 b &
£ 10_1_: _____ Tptpy = 0.8492 fb ?103 =
® |n this point: s - T = 0.8616 fh e
] - 10° =
o (A © \ £ 5] g
sign ( whg ) Fsign (A g \bJO | 15
= ] F 10
® = changes the dip-peak 105 il ;
structure of the : 100
resonance ! 1044 . L Pt i
(1) 250 300 350 400
m [arge effect from «) man [GeV]
18 13/06/2024 Francisco Arco — Impact of One-Loop Triple Higgs Couplings on di-Higgs Production at e*e~ Colliders SUSY 2024 - IFT, Madrid

= individual effects of A%)h and AEL)H = extraction possible? = WIP
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4. Conclusions

e Triple Higgs couplings are in the focus of current and future colliders
= focus so far on “SM triple Higgs coupling”, ky := Appn/A2M
BSM case 1: k) #1
BSM case 2: THC that involves BSM Higgses: Appp, - - -

= Both can have a strong impact on o(gg — hh) and my,,

e BSM model: 2HDM: spectrum: h, H, A, HT with \,nn, Aunr, - - .
—- large one-loop corrections to x, of 100% ...1000%

e Experimental searches for resonant di-Higgs production:

= exp. analyses leave out interferences with non-res. diagrams
= strong impact on my; = results not reliable

e x) IN the 2HDM:

= FOEWPT requires ) <2 = GW signal requires k) ~ 2
= bad for HL-LHC (5>‘hhh ~ 70%), good for ILC500 (5)‘hhh ~ 10%)

e BSM THCs in the 2HDM: = FOEWPT requires my < 800 GeV

= ILC500, ILC1000 are unique laboratories to study these scenarios
= extraction of A, ;7 appears possible = WIP
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Phase transition: BSM vs. SM

Vers(9) Vers(9)

= BSM Higgs sector required to realized FOEWPT

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

Sven Heinemeyer, Particle Physics Phenomenology WS (Taipei), 23.10.2024
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Bubble formation can lead to Gravitational Waves

= Can this happen in the 2HDM? Implications for THCs?
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GW observatory: LISA

Approved launch date: ~ 2035
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Six thermal histories in the 2HDM:

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

1000

900

600

Th
75 100 125 150 175 200 225

e A"<=my,ormy

T 400 500 600 700 800 900 1000

my [GeV]

E: viable for FOEWPT, GWs are induced (detectable?)
F:no FOEWPT, no GWs are induced
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Six thermal histories in the 2HDM:

400 i
A I B C
— 300 _/ . ]
>
v | [ \
S 200 - | - -
;é origin : EW origin EW
100 - i - -
|
O 1 I I 1 1 I — I_ — _I — _I — _I ——— I_ 1 I 1 I
400
| | 1
D ! E ! F i
300 A I . I . I
S, 200 - I . . I
- — — —
£ EW : origin EW origin EW 1 origin
100 1 i . .
|
0 _n_l__u__n__n__u_ T e Y — -, T
0 100 200 300 400 500 0 100 200 300 400 500 0 100 200 300 400
T [GeV] T [GeV] T [GeV]

= Zone E preferred by phenomenology/FOEWPT
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