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1. Introduction

Gravitational
HIGGS 2013 Waves 2017

= Why is there more matter than antimatter? = (EW) baryogenesis
= requires First Order EW Phase Transition (FOEWPT)
FOEWRPT not possible in the SM = BSM THC's required

FOEWRPT can cause Gravitational Waves (GW), detectable with LISA, ...
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Phase transition: BSM vs. SM [taken from V. A. Rubakov and D. S. Gorbunov]

Vers(9) Vers(9)

= BSM Higgs sector required to realized FOEWPT
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Bubble formation can lead to Gravitational Waves

= Can this happen in the 2HDM? Implications for THCs?
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2. FOEWPT and GWs in the 2HDM
Two Higgs Doublet Model (2HDM):
Fields:

o7 63

Py = P2 =
F | S pr A+ im) T St 2t im)

Potential:

A1 A2
Vo= miy|@1]? + m3,|®o)? — mIy (Pl Do+ he) + E(qﬂiq;l)? + §(¢£¢2>2

A
FA3(P] 1) (PLds) 4+ As(P] o) (PLavy) + 35[(<b§<b2>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|iﬂgSZ )‘hhhi )‘hhHi )‘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 Ps Py Py
type II Ps P4 P4 — SUSY type
type III (lepton-specific) o P P4
type IV (flipped) P Ddq OP)

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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= Parameter scan in the 2HDM type II = ScannerS
tan g = 3, Ch—ey = 0, m%z = m%sﬂcﬁ
0.2 TeV<Impyg<1TeV, 06 TeVImy=myg+r <12 TeV

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 = HiggsSignals (2HDECAY, SusHi)
= X755 (with X§M7125 — 84.4)

e Flavor physics (mainly BR(Bs = Xsv), AMp, ) = Superlso bounds

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

Sven Heinemeyer, PPC 2023, Daejeon, 12.06.2023



GWs in the 2HDM: Ec i =ve/Te 2 1
[T. Biekotter, S.H., J. No, O. Olea, G. Weiglein '22]
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= large & found in the 2HDM = strong GW signal?
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GWs in the 2HDM: En = wvp/Tn 21
[T. Biekotter, S.H., J. No, O. Olea, G. Weiglein '22]

1000

900

=== £, >1
/ e  Global min. in origin 3

/ <1
Vacuum trapping

700

600

400 500 600 700 800 900
mg [GCV]

= potentially strongest GW signal: forbidden by vacuum trapping
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Six thermal histories in the 2HDM:

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

1000
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Tn
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e A"=my,ormy
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mey [GeV]

E: viable for FOEWPT, GWs are induced (detectable?)
- no FOEWPT, no GWSs are induced

Sven Heinemeyer, PPC 2023, Daejeon, 12.06.2023



Six thermal histories in the 2HDM:
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— Zone E preferred by phenomenology/FOEWPT
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GWs vs. LISA: (my = 419 GeV, my = mpy+ = 663 GeV)
[T. Biekotter, S.H., J. No, O. Olea, G. Weiglein '22]
", —_— = 0.2
—9( "»‘ — = (0.4
10 ’Q’ — U :06
’o ) Vw = 0.8
’o. .o. Vy = 1
.'o o pEEl hzﬂsens
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o -
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= bubble wall velocity and turbulence important
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GWs vs. LISA: (vw = 0.6, 7 years of LISA data)

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

mpy [Ge\/]
400 500 600

= detectable GWs only in a very small zone close to VT
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2HDM parameter scan to vield FOEWPT:

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

Ut
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= [ ——- ATLAS limit
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= FOEWPT requires k) < 2
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Smoking gun signature: gap between m4 and my

&n

1.5 20 25 30 35 4.0

| | | | | | | | | I | | | | I | | | | I | | i PR [ R T T N S 1
[(HL-)LHC searches for pp — A 2 ZH — Ztt
900 F -
. i
& i
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<

& :
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= GW zone can be covered at the HL-LHC
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| atest experimental results: ATLAS at LHCP23 [ATLAS '23]

— 700 r++rr{rryrryJrrrrfrrerryf{r7rrryJ|rrrryfrrr¢1. 17
> -ATLAS Preliminary /s=13TeV, 140 fo~', gg = A — ZH — ¢/t
g 650 - 95% CL upper limit exclusion, type-l 2HDM i
=N - [ tanf=0.5 Obs. f'f
S [ = Exp. ’ -
600+ — = A width 25% h
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— interesting excess in the “right spot” :-) (my = 420 GeV, m4 = 650 GeV)
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3. THCs in the 2ZHDM at the HL-LHC and the ILC

SM triple Higgs coupling: comparison of all colliders:

HL-LHC

HE-LHC ————

FCC-ee/eh/hh |

FCC-ee

ILC

Higgs@FC WG September 2019

M R

CLIC

= focus on
BSM case 1: k) #

20

0

68% CL bounds on K, [%]

“SM triple Higgs coupling’,
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All future colliders combined with HL-LHC

KX = Auan/ 2N

BSM case 2: THC that involves BSM Higgses: A\, 1,

Sven Heinemeyer, PPC 2023, Daejeon, 12.06.2023




Di-Higgs production at the LHC:

g ---h ¢ .-h 8 . coh
h] -7 - -
O 1 fo O >l Qo >t
e VA /'. ~.
g -==nh g h g A h
S Anhn hhH
Diagrams that exist in the SM: Diagrams that are sensitive

OsM ~ 38 fb at NLO

They have a negative interference 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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Di-Higgs production at ILC/CLIC:

Higgs-strahlung:
ete™ — Z* = Zhh

Signal diagram

weak boson fusion (WBF):
e+ e— — vvhh

v € ve
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 HL-LHC/ILC:

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

i SRR

-05 0 05 1 15 2
Mruel Mo

rue
FOEWPT/GW: A\, < 2 = bad for HL-LHC, good for ILC
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Measurement of k) selfcoupling at HL-LHC/ILC:
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= 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

K

2.20 F ;
2.15F .

[ s ©
2.10 F .
2.05 2HDM-I, tanﬁ — 3. SNR > 0. 1 ;

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

= FOEWRPT requires large Ay, and

SKSP (%] at ILC-500
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’ ” e

e v SIS GR0S
2.20 F
2.15 F
,<
@ « ©
2.10
2.05 § 2HDM-I1, tanﬁ —3: SNR > 0.1 ;
010 10 10

SNR at LISA, 7 = Ty, vy = 0.6

can induce GW signals
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BSM THCs at the HL-LHC and ILC

g -=--h g - h o4 - h

®) ° (®) of >-* £l 9 of =41

e -—-h ¢ ~h g

Diagrams that exist in the SM: Diagrams that are sensitive

Osm ~ 38 b at NLO 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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BSM THCs at the HL-LHC and ILC
g ---h ¢ _-h g - .
hi /’ oo ’,
O 1 I, Qu>trl | 0t
g -==h g h g h

Diagrams that exist in the SM: Diagrams that are sensitive
They have a negative interference to triple Higgs couplings

OsM ~ 38 fb at NLO

= possible strong resonance with BSM Higgs

ILC/CLIC:
Higgs-strahlung:

ete™ = Z*¥ 5 Zhh

weak boson fusion (WBF):
e+ e— — vvhh
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Di-Higgs production at the HL-LHC:
gg — hh in the 2HDM with HPAIR

Benchmark plane: 2HDM type I, m%, = (m#% cos?a)/tan g, tan 8 = 10

Aogp: precision in o (based on k) = 1)

Aosis ANosur
03 L L T 35 03 T
30
0.2r N 25 0.2
20
011 1115 0.1
— 10
t or 1 =18 . 0
= —6 =
~ ~<
-0.1¢E =4 -0.1
3
0.2t 2 0.2
1
-0.3t 0 -0.3
-1
-0.4 . . : -2 -04
0.9 0.95 1 1.05 141 0.9 0.95 1
K R\

= k) ~ 1, no effect on di-Higgs cross section
= strong variation with X,y from resonant H-exchange

[F. Arco, S.H., M. Miihlleitner, K. Radchenko '22]
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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

109 4 — Ana = -0.3975 (0w, = 22.43 fb)| |
: — A = 0.3975 (04or = 27.26 b) |}
107"
T
(]
O
~
=
2 0=
g
3
—
S
3
1073
1 0_4 T T T T T
200 400 600 800 1000 1200

mp [(GeV]

= 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
: — N = 0.3975 ]

200 400 600 800 1000 1200
mphn [GGV]

= smearing of 15% applied (optimistic?) = access to A\, 5”7

Sven Heinemeyer, PPC 2023, Daejeon, 12.06.2023

27



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

0. : —
1077 — N = -0.3975/
— Nz = 0.3975 |
10"
=
L
&
)
1072
-~
£
=]
T~
3
1073
107 ' ' : ' '
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= binning of 50 GeV applied (realistic?) = access to A,y 7
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Di-Higgs production at the ILC: [F. Arco, S.H., M. Herrero '21]

Example: 2HDM type I ete™ — Zhh/vohh with MadGraph
mp A — 300 GeV,tg = 10,c3_, = O.25,m%2 = m%cg/tﬁ = k)= 1.1, \pp,g = —0.2

o(ete- — hhZ), (s = 500 GeV o(ete™ — hhvV), Vs = 500 GeV
L ]_0 L] I L] L] L] L] I L] L] L] L] I L] L] L] L] I L] L] L] L] I L] L] L] L] - (g ) L] I L] L] L] L] I L] L] L] L] I L] L] L] L] I L] L] L] L] I L] L] L] L] —
2 BP1 — o =-10631 1 . =z 2 BPI — 6 =04041b 10" %
© ky=11,2,,=-02 — ow-olsh 1510 @ 9O E k=11 4,,-02 — Ow=00MD 2
O-noTHC: = 3 — o-no"['HC: . —_—
2 1 — 0, =0539fb ] - =) — 0, =0309fb 10° =
< —— Oy, =0018 b 10° el S — Oy =001 1 ol
@ —— 0y =0519% E| > 10 —— 0 =0295 D
:‘3 A -5 102 88} g 10—2 0
» 107 = 3
O \ k| 10 O 103
10” >
\ E- l 10—4
10" :
107 1073
_5 'l L L L L I L Il L L L L L 7I |
10 250 300 350 400 450 500 250 300 350 400 450 500

m,, [GeV] m,. [GeV]
hh hh

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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4. Bonus track: Discovery of the second Higgs boson
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LHC Seminar
Measurement of Higgs boson production and search for new resonances in
final states with photons and Z bosons

by Chiara Arcangeletti (INFN e Laboratori Nazionali di Frascati (IT))

Tuesday 6 Jun 2023, 11:00 — 12:00 Europe/Zurich
@ 500/1-001 - Main Auditorium (CERN)

New ATLAS result on the low-mass Higgs search in pp — ¢ — vy

Sven Heinemeyer, PPC 2023, Daejeon, 12.06.2023
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LHC Seminar

Measurement of Higgs boson production and search for new resonances in
final states with photons and Z bosons

by Chiara Arcangeletti (INFN e Laboratori Nazionali di Frascati (IT))

Tuesday 6 Jun 2023, 11:00 — 12:00 Europe/Zurich
@ 500/1-001 - Main Auditorium (CERN)

New ATLAS result on the low-mass Higgs search in pp = ¢ — vy
180
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I_III|IIII|IIII|IIII|IIIIIIIIIIIIIIIIIIIIIIIIJ
’ 60:— ATLAS Preliminary — Observed CL_ limit
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= higest “excess’ at 95.4 GeV m, [GeV]
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Full Run 2 results from CMS: excess at 95.4 GeV [CMS '23]

/ 6, xB(H— “yy)SM

o, X B(H — vy)

CMS Preliminary 1322 fb™ (13 TeV) CMS Preliminary 132.2 fb™ (13 TeV)
1_|||||||||||||||||||||||||||||||||||||||: 3 _|||||||||||||||||||||||||||||||||||||||_
- b= ¥¥ — Observed : Lo 0'2:_ H— yy — Observed E
098 E 50.181- :
- .Expectedih . ° C
0.88 = 50161
= ——-- Expected £ 26 J ; -
0.7k = 014
_ T T
0.6 = L 012
1 F F
(—é 058 B X
% .
@ 04 —
0.3; —f
0-2;
0.1 -
_||||||||||||||||||||||||||||||||||||||| |||||||||||||||||||||||||||||||||||||||_
70 75 80 85 90 95 100 105 110 70 75 80 85 90 95 100 105 110
m, (GeV) m, (GeV)
CMS +0.19
Mnmy — = [0(g9 — hos) x BR(hgs — ’Y’Y)]exp/SM = 0331515 (2.90)

PO EAS =021 4012 (1.7 0)
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New CMS/ATLAS comparison:

[ T. Biekbtter, S.H., G. Weiglein '23]

obs. 95% CL

e Typell
Lob 7T exp. 95% CL o TypelV
' 20 exp === ATLAS exp.
T 1o exp - ATLAS obs.
T -
= 0.6 \
T
>
=04y
0.2

llll

T

= agreement between ATLAS and CMS!

100 105
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New CMS/ATLAS comparison: [T. Biekétter, S.H., G. Weiglein '23]

obs. 95% CL. e Typell
=== cxp. 95% CL o TypelV

20 exp === ATLAS exp.
T 1o exp - ATLAS obs.

%

1.0

)

p(gg — h — vy
o
>

<
W

ATLAS4+CMS
el ;IL,T’Y- PR T R T PR W T [N T TR T N N T TR N
85 90 95 100 105
mp)
= agreement between ATLAS and CMS! Uy = O.27J_r8.'§g (3.20)

Sven Heinemeyer, PPC 2023, Daejeon, 12.06.2023 33



LEP: etTe™ — Z¢p — Zbb (20) CMS: pp = ¢ — 777~ (2.40)
10° CMS Prelimillnaryl 138 fo! (13 TeV)

—e— (Observed

Sos
[

f @) LEP - 102 _ -------- Expected —
I Vs = 91-209 GeV : I 68% expected :
SM branching ratios i 10 [ ] 95% expected 1

— Observed g :

~~~~~~~ Expected for background

107° 3
10 [ (N (N O N0 N N Y - (O i LOW'maSS

20 40 60 80 100 120 1074 e N IR .
2 70 100 200 300 1000 2000
m,, (GeV/c") m, (GeV)

95% CL limit on o(gg¢)-BR(¢—17) (pb)

High-mass

— NO LEE (as theorist I am allowed to add naively)

= ~4.60
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S2HDM: 2 Higgs doublets (complex) 4+ 1 Higgs singlet (complex)
Three neutral CP-even Higgses:

(hl\ (,01\

Ca,Ca; Sa; Cas Sa
h2 — R p2 ) R — _(Ca18a28a3 _I_ Salcaa) Ca;Cas; — Sa;SarSas CarSas
\ h3 ) \ PS ) —CaiSasCas T SaSas  —(CaiSas + Sai5a:Cas)  CazCas

Coupling to fermions: (same pattern as in 2HDM)

u-type (cp,4) d-type (cppp) leptons (cprr)

type III (lepton-specific) éf? & &
type IV (flipped) % i ﬁ
53 cg 53

“Physical” input parameters:
2
Oé]_,273 Y tan /B ) v Y US ) mh17273 ) mA 9 MH:l: 9 mX 9 m12
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S2HDM type II vs. type IV

[ T. Biekdtter, S.H., G. Weiglein '23]

Color coding: x%,5 from HiggsSignals
= both type II and IV can fit the vy and bb excesses

0.6
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HTT

S2HDM type II vs. type IV

o I ved
0.6 B Type II \ ’v&% X%QE) SM — 146.15 -
o e ) -
L % i

0.4 F :

0.2 04 06
My

Color coding: x%,5 from HiggsSignals

[ T. Biekotter, S.H., G. Weiglein '23]

ey

= only type IV can fit marginally the vy and 77 excesses
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5. Conclusions

e = 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
Q: Can this happen in the 2HDM?” Implications for THCs?

e 2HDM: = FOEWRPT requires k) < 2 = GW signal requires k) ~ 2
= bad for HL-LHC (5)‘hhh ~ 70%), good for ILC (5)‘hhh ~ 10%)

= FOEWRPT favors A-H mass gap
= Smoking gun signature: A - ZH — Ztt

e Tripe Higgs couplings are in the focus of current and future colliders
= focus on “SM triple Higgs coupling”, k) := Ahhh/A%m
BSM case 1: k) # 1
BSM case 2: THC that involves BSM Higgses: A\png, - - -

e Access to BSM THC's: A\pnpy
= 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!
ILC: theory analysis looks very good, exp. analysis: crucially needed
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Needed to fit the two excesses: my, ~ 95 GeV, my, ~ 125 GeV

— c%lvv strongly reduced for ;i £p

— cp,pp reduced to enhance BR(h1 — v7)

— ¢pq ¢t NOT reduced for rcps

— cp,rr POSSibly reduced to enhance BR(hy — )

Decrease ¢, ,; No decrease c;, ;7 No enhancement ¢, .7

typel  (52) ) (h2) ~( (fuz)
type Il (F21) ) (f12) :-) ()
type L (F2) =) (2) (fa)
type IV () ) (f2) =) (fi2)

Type II and IV: ¢y pp and cp 4 INdependent
Type Il vs. IV: ¢, Can be suppressed or enhanced
= only type II and IV can fit CMS and LEP excesses
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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
< :‘ ======= Combined (stat only5
<] ! m— COmbined
C}l 10 :_— bbyy

'._ bbt, 1, +bbrt, T,

S DD ZZ(4])

4 = L e

= result only for kK, =1
= pile-up neglected
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Measurement of k) at the FCC-hh:

FCC-hh Simulation (Delphes)

' 80 T [ T T T T [T T T T [ T T T T [ T T T T [ T T T T [ I T T T ]
=, - ]
X gol— Vs=100TeV ]
< — -1 -
- L=30ab -
© 40 — —]
2017 0% ‘
oF—+#——H—H—H | | f
0% 0 B LR IR IRIIBIIEIIE ‘
-20 — ‘
-40 :— 68% C.l.onk,
B scenario | 11 1 ‘
_60|— statesyst
— statonly I B B
~80 [ ]
[N T N ST TN T NN TN T T N TN A [N N N N N N N NN B

0.0 04 0.7 1.0 1.3 15 1.7 20 22 24 26 28 3.&
= better (worse) than ILC for k) < (>)1.5 '

= no results for k) <0
= pile-up neglected . ..
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