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BSM Higgs Lecture

Sven Heinemeyer, IFT (CSIC, Madrid)

Daejeon, 09-10/2025

1. The SM Higgs & Motivation for BSM Higgs

2. BSM Higgs sectors: RxSM, 2HDM, N2HDM, MSSM . ..

3. BSM Higgs sectors: collider phenomenology & more

4. Anomalies and possible explanations
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BSM Higgs Lecture

BSM Higgs sectors: collider phenomenology & more

Sven Heinemeyer, IFT (CSIC, Madrid)

Daejeon, 09-10/2025

1. Heavy BSM Higgs searches at the LHC

2. Triple Higgs Couplings (THCs) at the (HL-)LHC
3. my Mmeasurements at the HL-LHC

4. BSM THCs at the ILC

5. Measurements of BSM THCs

6. FOEWPT and GWs in the 2HDM

Sven Heinemeyer — BSM Higgs Lecture — Daejeon 2025 01.10.2025 II/2



1. Heavy BSM Higgs searches at the LHC
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The MSSM Higgs sector:
Enlarged Higgs sector: Two Higgs doublets

eo— (H11> (U1‘|‘(§b1+iX1)/\/§)
1 = 2
H{

¢1
= () (st aana)
Hz vo 4 (2 +ix2)/V?2

V = miHiHy +m3HoH, — mis(eqp HYHS 4+ h.c.)

12 2 2
g - +g _ _ g _
+ (H1Hy — HyH»)? 4+ = |Hq H>|?
_ 8 _ 2

gauge couplings, in contrast to SM

physical states: h9, HO AC0 H=* Goldstone bosons: GY, G+
Input parameters: (to be determined experimentally)
(¥
tg = U—Q, MEX = —m%Q(tﬂ + cot )
1
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Search for the MSSM Higgs bosons:

Smart choice of MSSM parameters?

— investigate benchmark scenarios:

— Vary only M4 and tang
— Keep all other SUSY parameters fixed

[E. Bagnaschi, H. Bahl, E. Fuchs, T. Hahn, S.H., S. Liebler, S. Patel,
P. Slavich, T. Stefaniak, C. Wagner, G. Weiglein '18]

1. M}?° scenario: 2HDM-like model

2. M}2°(7) scenario: light staus: h — vy, H/A — 77

3. M}2°(%) scenario: light EW-inos: H/A — g?;z?,;z,fﬁ
4. M}2° (alignment) scenario: h SM-like for very low My
5

- M}7° scenario: My ~ 125 GeV, all Higgses light

6. M&125 (CPV) scenario: complex phases, ho-hs interference
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Additional set for very heavy scalar tops:

Set of benchmarks for low tanpg
[H. Bahl, S. Liebler, T. Stefaniak '19]

— use 2HDM as low-energy model
— (mainly) EFT calculation, RGE running to Mgysy
— implemented in FeynHiggs2.16.0

7. M}25 scenario: all SUSY particles very heavy

8. M&’2E5FT(2) scenario: SUSY particles very heavy, but light EW-inos
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Data to be taken into account:

— Higgs boson mass (LHC) = FeynHiggs
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Data to be taken into account:

— Higgs boson mass (LHC) = FeynHiggs

— Higgs boson signal strengths (LHC) = HiggsSignals/SusHi
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Data to be taken into account:

— Higgs boson mass (LHC) = FeynHiggs
— Higgs boson signal strengths (LHC) = HiggsSignals/SusHi

— Higgs boson exclusion bounds (LHC, Tevatron, LEP) = HiggsBounds
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Data to be taken into account:

— Higgs boson mass (LHC) = FeynHiggs
— Higgs boson signal strengths (LHC) = HiggsSignals/SusHi
— Higgs boson exclusion bounds (LHC, Tevatron, LEP) = HiggsBounds

— SUSY searches (LHQC)
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Data to be taken into account:

— Higgs boson mass (LHC) = FeynHiggs

— Higgs boson signal strengths (LHC) = HiggsSignals/SusHi

— Higgs boson exclusion bounds (LHC, Tevatron, LEP) = HiggsBounds
— SUSY searches (LHQC)

Data on purpose not to be taken into account:

— electroweak precision data
— flavor data

— astrophysical data (DM properties)
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HL-LHC reach in M} scenario [H. Bahl et al., '20]

H/A — 777~ expected exclusion (95% C.L.)
- =t ATLAS3ab™' o CMS 3 ab™! - = ATLAS 36.1 th! [JHEP 01(2018)055]
*lo - = GCMS 35.9 fb~! [JHEP 09(2018)007]
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= direct and indirect measurements: M4 2> 1200 GeV
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HL-LHC reach in M}?>(¥) scenario [H. Bahl et al., '20]

H/A — 777~ expected exclusion (95% C.L.)
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= direct and indirect measurements: M4 2> 1200 GeV
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Indirect HL-LHC reach in M&72E5FT(52) scenario

= reach for charginos (mainly) via h — ~~:

6‘\) ‘\) l-‘: L jprirrrrrrrrpeirrrrrirriyprrrrrrira d,_"li f‘_l _ ._; Tﬂ‘f
\ o
\ Higgs signal rates (20 reach) 4
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—- strong reach for low tanpg
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Prospects for etTe~ colliders
CMS Preliminary Simulation MSSM ¢—tt
95% CL Expected exclusion: Projections:
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= strong (HL-)LHC limits

m, (GeV)
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Sum rule in the MSSM with h SM-like: sin(8 —«a) ~ 1, cos(f—a) =0

Search for neutral SUSY Higgs bosons:

ete~ — Zh,ZH

oz ~ Sin?(B — aerr)op !

oHz ~ COS2(B — aefr)op!

ete” — Ah, AH

e . A
opa X COS2(B — aefr)or
Z s oA x SINZ(B — aerr)ory
et ~ h, H ha
= only pair production of heavy Higgs bosons! reach: M4 < \/s/2

Sven Heinemeyer — BSM Higgs Lecture — Daejeon 2025 01.10.2025 /12



CLIC reach: [L. Linssen et al. '12]

CLIC SUSY Higgs Mass Reach

29
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= close to kinematic limit
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“Simple” LC reach in the MSSM (neglecting ¢t final states)

tang

CMS Preliminary Simulation MSSM ¢—tt
95% CL Expected exclusion: Projections:
[ 13 Tev Expected (HiG-16-008) ===** ECFA1BS1 (300 ) ===** ECFA16 S1 (30001 )
B . woExpected 0 e ECFA16 S2{300f0) * ECFA16S2 (3000 %)
+ 20 Expected === Stat Oniy (3001} === Stat Only (30001 )
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= uhique opportunities!
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Single heavy Higgs production beyond kinematic reach:

Sensitivity to the small signal of an additional heavy
Higgs boson in a Two-Higgs-Doublet model (2HDM)

Wy i '{\:1 [S. Liebler et al. ’15]
i V()

ghvy = sin(f —a) gff{lr\ guvv = cos(ff —a) gg{i\ V=W=%7Z27
et v
103_ L R R B s S s L 103_'||||||_-|_n_|nnu|--ru_
< C ete” — vvuudd, /s =1TeV ] < i ete” = vvuudd, /s =1TeV ]
& Pol(e*,e™) = (0.3, —0.8) e Pol(e™,e™) = (0.3, —0.8)
T 2HDM, $3_o = 0.95 . < 9HDM, sg_, = 0.95 ]
- my, = 125 GeV, my = 400 GeV | = mp, = 125 GeV, my = 600 GeV
102 £ [L£dt = 500 b1 102 E JLdt = 500 b~ Y4
10t ¢ = 10'F =
200 400 600 800 1000 200 400 600 800 1000
(a) Myadd |GeV] b Myadd |GeV]
= ILC: Potential sensitivity beyond the kinematic reach of Higgs pair
production
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2. Triple Higgs couplings (THCs) at the (HL-)LHC
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2. Triple Higgs couplings (THCs) at the (HL-)LHC

Gravitational

HIGGS 2013 Waves 2017
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2. Triple Higgs couplings (THCs) at the (HL-)LHC

Gravitational
HIGGS 2013 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 Higgs sector required
FOEWPT 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

= Interesting interplay of Higgs physics and Gravitational Waves!
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GW observatory: LISA

Approved launch date: ~ 2035
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BSM Higgs sectors can (should) behave very different from SM Higgs
[K. Radchenko '24]

EW vacuum

Deeper minimum

Deeper minimum

Absolute minimum

= much more complicated structure, very2 little known . ..
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Extended Higgs sectors and Triple Higgs Couplings (THCs):

[taken from A. Verduras '24]
e T[HC determine the formation of the barrier

e The computation of the EWPT

e o capture thlS effects in the d[ nggs
production v ed one-loop .

@
Yy

= Measurement of all THCs crucial!

= k)= Man/ AR AhhH> - -
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Calculation in the SM

Basics on di-Higgs production at the (HL-)LHC

gg — HH

(B)SM e TN

e third generation dominant — ¢,b

e 2-loop QCD corrections: ~ 90 — 100%

[MH<<4mt, M—MHH

| ,a f: z )
g € )

g

&
\
,

) g

L

5

1.5

0.5

05 Lo

[taken from M. Spira]

————— H
+ .-
————— H
‘ | —
2 2 2
[ K(pp — HH+X) w=M=0Q ]
r \s=14 TeV m, = 175 GeV ]
Kt
...................... K B e
...................... s m
- e E
Ko
T B AT S N S IO S S S S S S W
80 100 120 140 160 180 200
M,, [GeV]

Dawson, Dittmaier, S.

= predictions “easily” available in NLO QCD (heavy top limit)
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Basics on di-Higgs production at the (HL-)LHC [taken from M. Spira]

In the SM there is much more available:

1] LO (Slide design shamelessly
000 ————------ [2INLO HTL ) [5,6JNNLO HTL stolen from G. Salam)
1 [ [8] Full reals (FT,,0x)
o ------ >
h—-—_ [ m
88

[29] small-py + small-m,
. H eff
[30] EW: leading Yukawa vs A5 +@(1/mT)

[31] EW: leading Yukawa [9] NNLO virt 1/my.

[32] N°LO + N3LL + NLO m, [3] NLO HTL + NNLL +@(1/mT)

[33] small-t [4] NLO l/m,ls.

[34] NNLO: n; contrib. [71NLO l/m}2

[35] EW: 1/m; 16

[36] NLO comb expansions [26] N3LO HTL [13] NLO + NLL [10] NNLO HTL (Fully Diff)

[37] NLO EW corrections 14,15] NLO + PS )

Eg} Etﬁg bE;f}' qslcays 125,271 NNLO M:i Y llm[y- " th]res_ [1 1( 1 21N LO numie_r_w_cil
: reducible : <

[40] EW: Yukawa/self-coupling — S

[42] EW: self-coupling ' [17,28] NLO MS 1m; :m ......

[43] EW: Factorizable o [18] NNLO (Frapprox)

[44] EW: Yukawa/self-coupling small-m, [19] NNLO + NNLL

[23] NLO small-p; + thres.
[24] NLO num. + small-m,

[20] NLO small-py
[21,22] NLO small-m

[45] NNLO: Large-N, small-p;
[46] EW: Light quark induced

22
24 23

25

[1] Glover, van der Bij 88; [2] Dawson, Dittmaier, Spira 98; [3] Shao, Li, Li, Wang 13; [4] Grigo, Hoff, Melnikov, Steinhauser 13; [5] de Florian, Mazzitelli 13; [6] Grigo, Melnikov, Steinhauser 14; [7] Grigo, Hoff 14;
[8] Maltoni, Vryonidou, Zaro 14; [9] Grigo, Hoff, Steinhauser 15; [10] de Florian, Grazzini, Hanga, Kallweit, Lindert, Maierhéfer, Mazzitelli, Rathlev 16; [11] Borowka, Greiner, Heinrich, SPJ, Kerner, Schlenk,
Schubert, Zirke 16; [12] Borowka, Greiner, Heinrich, SPJ, Kerner, Schlenk, Zirke 16; [13] Ferrera, Pires 16; [14] Heinrich, SPJ, Kerner, Luisoni, Vryonidou 17; [15] SPJ, Kuttimalai 17; [16] Grober, Maier, Rauh 17;
[17] Baglio, Campanario, Glaus, Mihlleitner, Spira, Streicher 18; [18] Grazzini, Heinrich, SPJ, Kallweit, Kerner, Lindert, Mazzitelli 18; [19] de Florian, Mazzitelli 18; [20] Bonciani, Degrassi, Giardino, Gréber 18;
[21] Davies, Mishima, Steinhauser, Wellmann 18, 18; [22] Mishima 18; [23] Grober, Maier, Rauh 19; [24] Davies, Heinrich, SPJ, Kerner, Mishima, Steinhauser, David Wellmann 19; [25] Davies, Steinhauser 19;
[26] Chen, Li, Shao, Wang 19, 19; [27] Davies, Herren, Mishima, Steinhauser 19, 21; [28] Baglio, Campanario, Glaus, Muhlleitner, Ronca, Spira 21; [29] Bellafronte, Degrassi, Giardino, Gréber, Vitti 22; [30]
Mihlleitner, Schlenk, Spira 22; [31] Davies, Mishima, Schénwald, Steinhauser, Zhang 22; [32] Ajjath, Shao 22; [33] Davies, Mishima, Schonwald, Steinhauser 23; [34] Davies, Schonwald, Steinhauser 23; [35]
Davies, Schénwald, Steinhauser, Zhang 23; [36] Bagnaschi, Degrassi, Grober 23; [37] Bi, Huang, Huang, Ma Yu 23 [38] Li, Si, Wang, Zhang, Zhao 24; [39] Davies, Schénwald, Steinhauser, Vitti 24; [40] Heinrich,
SPJ, Kerner, Stone, Vestner [41] Li, Si, Wang, Zhang, Zhao 24; [42] Davies, Schénwald, Steinhauser, Zhang 24; [43] Davies, Schénwald, Steinhauser, Zhang 25; [44] Davies, Schonwald, Steinhauser 25; [45]
Bonetti, Rendler, Bobadilla 25;

S. Jones
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Basics on di-Higgs production at the (HL-)LHC

Size of the SM corrections has stabilized (albeit with uncertainties)

60

6 (HH) [fb]

50

40

30

20

10

M0 4y, NNLOHTL Vio Hry "o g

Wpy,

Ox

N N3
© ﬁ‘appr O
0
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+* /7?'10‘(0
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Di-Higgs production at the LHC: k), 1= Ahhh/Agf%

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

1 I I I 1 -
HH production at 14 TeV LHC at {(N)LO in QCD
~~~~~~~ M,,=125 GeV, MSTW2008 (N)LO pdf (68%cl)

——
-
-
-
e
~—
-

107

MadGraph5_ aMCRNLO

Illlllll
31
L
A
XL
2

~
Lo
[\
o
N
Lo
~

= higher-order corrections to ), potentially very important
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Higher-order correction to BSM THCs: [taken from J. Braathen]

One-loop non-decoupling effects

> Leading one-loop corrections to A . in models with extended sectors (like 2HDM):

hhh

SM top quark loop BSM scalar loops ,
s ".r' ‘v\' "1' \\\ "’r
---------- ! — p
) # r A
s /(\ \\ /.v \‘\
4 ‘\\ ) -\4\ 5 3\\ First found in 2HDM:
[Kanemura, Kiyoura,
5( ))\hhh D ! — 48mt i § 4nq}m¢’ 1 — M Okada, Senaha, Yuan ‘02]
1672 v3 = v3 s,

M : BSM mass scale, e.g. soft breaking scale M of Z, symmetry in 2HDM
N : #of d.o.f of field d

. . : 2 2 Yo 2
» Size of new effects depends on how the BSM scalars acquire their mass: MMlg 7~ M = AV

1_&2 ; 0, for M2 > \v?

.—> o
i 1, for M? < \v? > P st

effects possible!

= effects of 500% - 1000% found ...
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Higher-order correction to BSM THCs: [taken from J. Braathen]

= effects of 500% - 1000% found ... = perturbativity??

Parameter scan results [Bahl, JB, Weiglein 2202.03453]
Mean value for x,? =(A_ @)OM(A @)™ [left] and @/, M=(A,  @)HPMI(A  B)2HOM [right] in (m -m,,, m -m,,) plane
2HDM type I, a = g — /2 2HDM typel, a =3 —7/2
3001 y 3001
200 ; 200
8 1.6
-, 1" 5 il ]
o 100 6 19 100§ 5
" : [ 142
s E o~ . —
g 0Of °E< E  Of =
| - 4 = | - 2=
= = —
& —100¢f 3 S 100t 1.2
2 [
—200} 1 —200}
_300 o g 1 L " . L N " . L 2 - o -_ _300 I L . . — 1 4 " L 1 " rd e
—400 —200 0 —400 —200 0
mp — my+ [GeV] mp — my+ [GeV]

NB: all previously mentioned constraints are fulfilled by the points shown here

= Perturbativity is found going from 1L to 2L
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Details of possible higher-order correction to BSM THCs:

[taken from J. Braathen]

Momentum dependent effects:

anyH3: momentum dependence in the 2HDM (1L)

THDM-I mpg = M = 400 GeV, myq = mpy+ = 700GeV, t3 = 2

3.0f

2.9F

2.8F

K

2.7F

2.6F

2.5k

; — (p2= m?ﬂ m?z)

2.4k

0o 200 400 600 800

100}

————
——
— o ——————
—
-
e
———
-
-—
-
-
-
-
-
——

Im()\hhh) [GBV]

= induce numerically sub-leading effect
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Higher-order correction to BSM THCs:

Box vs. s channel Higgs:

q >

A T

- ——-h

- —--h

Inclusion of one-loop corrections to THCs:

TOBO00) e
// I
A t _}_Z_.\ |¢)
(I)\xl

D000 @ --

3
x O(Ytghnoo)
Correction to A, — Included

[taken from J. Braathen]

REO0) b
. Ahhh/’

f oot @
T SNk
-~ OO - @ --—-
h O f* h

+ 1 ¥ |(I)
|
I -t g

x O(Y; grnoo)
not included

= always closed subset, dominant for large THCs
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(Theory) Tool development: [taken from J. Braathen '24]

Generic predictions for A_

—gryH=

Based on

arXiv:2305.03015 (EPJC) + WIP
in collaboration with Henning Bahl, Martin Gabelmann, Kateryna Radchenko Serdula and Georg Weiglein

= crucially needed
= links to MadGraph, ...
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Exploration of possible ranges of k) using anyH3:

[taken from J. Braathen '24]

New results I: mass-splitting effects in various BSM models

Mass-splitting effects on k) for various aligned SU(2); multiplets

> Consider the non-decoupling
limit in several BSM models

M]%SM — M2 ‘|‘ X'UQ

> Increase M__,,, keeping M

fixed
- large mass splittings
- large BSM effects!

> Perturbative unitarity
checked with

anyPerturbativeUnitarity

> Constraints on BSM
parameter space!

- ATLAS-CONIE-2022-050

I T T T T

R A

SM

IDM
THDM-II
TSMy_,

[ HL-LHC

GeorgiMachacek SM + 2 triplets

SM + doublet

SM + triplet

L}

s

~ayH

—

350 400 450 500 550 600 650 700 750

300
MBSM [GeV]

Here: scenarios with lightest BSM scalar mass + BSM mass param.

at 400 GeV, other BSM scalar masses = M,
DESY. | ECFA Mini-workshop on Higgs self-coupling | Johannes Braathen (DESY) | 15 May 2024
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(HL-)LHC di-Higgs searches rely on my,, [PhD K. Radchenko '25]

mpp. INvariant mass distribution of the di-Higgs system

SM case with ¢! varied:

10 — ¢ =0z

80};5 [Omy, [th/GeV]

10~

300 400 500 600 700 300 900

5 mpy |GeV]

= my, = (Pp,1 + ﬁh,2)2
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Non-resonant BSM di-Higgs production = all calculated with HPAIR

[S.H., M. Miihlleitner, K. Radchendo, G. Weiglein — PRELIMINARY]

100+F —0,=09(00; = 21.33 fb) |
| —0,-1(010t = 19.67 fb) ]
O,=1.17(For = 17.14 fb) ]
_Uﬁ)\zl.ﬁ(atot =13.15 fb) ]
= —0,,=2(0t0t = 9.29 1b)
Q —0,,—-3(040t = 9.62 b)
g _'O'H,,\=5(Jt0t =42.30 fb)
= \
=
< 10
=
=
.
)
i =
107

200 400 600 800 1000 1200
mpp [GGV}

= higher-order effects in k)
= huge effects on my,;, distributions = effects on search limits?
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Experimental limits on ky and koy

k i m
g 050 , H — @ - - - H

= all k's should be varied simultaneously

= sensitivity to k) and ko 7!
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Experimental limits on ky and koy

CMS 138 fb™' (13 TeV)
| T I T T T I L} T L] I L] L] T I T T T I Ll L} T I T Ll T I L] L] Ll I L T T I L] i cMs 138 fb_1 (13 TeV)
Kt=K2V=KV=1 '—Obsewed ----- Med]anexpected - 103._-! LA S NN A AL A I B A I L R B R B B BN N
I &= Theory prediction 8 68% CL expected F Kk =k =ky=1 ~——Observed  ---=- Median expected ]
- {221 95% CL expected i & Theory prediction 88 68% CL expected ]
a | 95% CL expected -
L 3
= 10° b~ ﬁ
: :
102
Q T 8
a
(o8
° 2 g
_2 5 Excluded . Excluded
£ -
= 102 £
a il
o N o 10|
3 N 5
Excluded
N
N N
1 0 = 1 l L1 1 | Ll 1 l:\\l | | Ll 1 | L1 1 | L1 1 l L kl | L1 | L 1 1 1 1 1
-6 -4 -2 0 2 4 6 8 10 =2

K

= shape of expected limits from my,; distributions

= limits getting stronger, improvement getting difficult

Sven Heinemeyer — BSM Higgs Lecture — Daejeon 2025 01.10.2025 I11/35



BSM THCs at the HL-LHC

g ---h 2 Ty _-h g _-h
O] T SO e
d /\\ /‘\\\
SR 11111111

g -=-=h

Diagrams that exist in the SM: Diagrams that are sensitive

Ism ~ 38 b at NLO 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)
[F. Arco, S.H., M. Miihlleitner, A. Parra Arnay, N. Rivero Gonzalez, A. Verduras Schaeidt '25]
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Resonant di-Higgs production at the (HL-)LHC:
[S.H., M. Miihlleitner, K. Radchenko, G. Weiglein '24]

| = o (O1, = 19.76 fb)
100 ' : e T f\n] A;(;H(O'tot = 2243 fb)
' — 0. o (0t = 16.31 fb) ;
A )hH
. N\ Uhyl A}?H(G‘tot = 19.98 fb)
= 107 1F |\ A0 (G0t = 19.94 fb)
@
T~
=
= -2
= 10 3 3
S
3
S
<
1073} :
1R =0.99, A0, = —0.39 X ]
(1) _ 1) _
1074F Ky =3.61, Ay =-021 3

2000 400 o600 800 1000 1200
Mph [GCV]
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Experimental analysis vs. reality:
[S.H., M. Miihlleitner, K. Radchenko, G. Weiglein '24]

smeared ¢é binned
109 - - - - 0 . . .
_Jf'llll(at:Jt. = 19.94 fb) 10 _Ufull(o-tot = 19.94 fb)
_Jr(rs(at()t. =211 fb) _Ur(rs(gt()t =211 fb)
loop loop 00 00
3 10_1 Ky = =3.61, A\, ;= —0.21 _ 10_1 '“‘.’1\ P — 3.61, )\LMI} — _0.21 |
=
@)
@,
S
— 1072
3
=
~
S 103
104 1 . , , , NNGE 104} , . . . .
200 400 600 800 1000 1200 200 400 600 800 1000 1200
mph [GCV] mMhup [GCV]

= experimental analysis = full calculation
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Experimental analysis vs. reality:

[S.H., M. Miihlleitner, K. Radchenko, G. Weiglein '24]

10"t

1

'—l
=
L

do / dmhh [fb / GCV]
= s

'—l
o
IS

I

L

_Jfldl(gtt)t =94.34 ﬂ)) .
_o-res(o-tot =50.55 ﬂ))

k) =5.01, Al =0.23

mpyg =450 GeV
ma =800 GeV
Cl—a — 0.05

ty =4.00

- Resonant production : 54%

200

= excluded by ATLAS resonant searches < reality: exclusion?

400

600 800 1000 1200
mph [GCV]
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Experimental analysis vs. reality:

[S.H., M. Miihlleitner, K. Radchenko, G. Weiglein '24]

—
o
L

dO‘/dmhh [fb/GCV]
s s
L

| —
Nl
=

_Uflﬂl(at()t =100.29 fb) -

100}
[ J_lj kY =0.86, ALY, =0.24

—Opes (010t =83.82 1h)

1

mpyg =450 GeV
maq = 450 GeV
Cl—a =0.04

t3 =2.20

- Resonant production : 84%

200 400 600
mMhph

= excluded by ATLAS resonant searches < reality: exclusion?

800 1000 1200
|GeV]
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3. my Mmeasurements at the HL-LHC?

[F. Arco, S.H., M. Miihlleitner, A. Parra Arnay, N. Rivero Gonzalez, A. Verduras Schaeidt '25]

Model: RxSM

Benchmark plane features:

— FOEWPT

— large “pure resonant di-Higgs production” at the LHC
based on [M. Ramsey-Musolf et al. '19]

= first look at total cross section

= then at differential cross section (my,, distribution)

= effects of kK, # 1

= effects of H resonance, A\yng
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Our model:

Real singlet extension of the SM (RxSM)

0
<I>(¢+U) Singlet S =s+vg

V2
A A M A
V(®,5) = p*(2719) + Z(812)° + nsp(279)S + %(qﬂ@)s? + 7582 + %583 + 7334
¢7 S mi = Mq% cos?(a) + M2 sin®(a) + M;g’s sin(2a)

ey = Mi sin(a) + M2 cos?(ar) — qus sin(2a)

IM2.
h, H tan(2a) = 0 —¢M§'

= note slight difference w.r.t. RxXSM introduced yesterday?

= simplest Higgs-sector extension that features strong FOEWPT
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RXSM anaysis in parameter plane featuring a FOEWPT

.0 650
1.50 A :.:
o®s 625
0%
1.49 - ..0. 600
| ®od 0 >
- 0...:.. 5758
< 1.48 - .... ... 550v
| AL XEER: S
0000000000 0 525
1.47 - ceo® 500
eo®
..... 475
1.46 - | | , |
0.35 0.40 0.45 0.50
Anny (GeV)

= interesting range of my
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RXSM anaysis in parameter plane featuring a FOEWPT
1.47
- 30
o
TR
T
1.46 e 0 @ 28
® e 0 O
{
® P e © ¢
® o © '! 26
o _©® o ! Q
[ ] o ) Y
1.45 A oo _ %o O ! =
< ® o ® oo ® 24 =
® 9 ® e o ® o 2
® © o o Py @)
000000 0 0 ¢ 0 o 22
1.44 |
20
P
o ©
o ©
1.43 o®® 18
o
0.325 0.350 0.375 0.400 0.425 0.450 0.475 0.500 0.525

Annn (GeV)

= deviations from SM possible, but not guaranteed
= not alignment, but compensation of ky =~ 1.45 and H contribution!
III/44

01.10.2025
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Define benchmark points for detailed analysis:

1471 o b1 @
e P2 © O
o © ©
::;3;0":.
1.46 - e o ° o o
PSQ......
P6 e O o
® P8 @ 4 '0.0:0 !
1451 ® 0 0% e, ¢
s ® ® o ® o
® o ® o ®
.... ....
® o ¢ o ¢ o
® o
1.44 - ©0 0600 0 0 0 0 o g o
o
o © ¢ ?
N
1434 © o ®
o
o

0.325 0.350 0.375 0.400 0.425 0.450 0.475 0.500 0.525
Anny (GeV)

= covering the whole plane/relevant phenomenology
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Define benchmark points for detailed analysis:

Point =z [GGV] A a1 [GeV] a9 bg [Ge\/] b4 R\ )\hhH /\hHH )\HHH

P1 46.3 0.18 -691.10 4.50 -6226 089 147 0.36 041  0.80
P2 46.3 0.18 -691.10 445 -44270 045 1.46 0.35 046  0.37
P3 A7.4 0.18 -675.10 4.11 0.00 0.00 143 0.33 044  0.67
P4 41.9 0.18 -763.70 5.23 0.00 0.00 143 0.38 0.55 0.82
P5 37.5 0.18 -853.30 6.650 -58290 0.78 1.46 045 084  0.45
P6 40.8 0.18 -784.30 5.63 -442.70 0.45 1.45 0.40 0.60 0.42
P7 34.2 0.18 -935.70 785 -21890 0.11 1.44 049 088 0.96
P8 33.1 0.18 -966.80 &.44 -58290 0.78 1.44 0.52 092  0.98

Variation of:

— . negligible

— : 50%

— : 100%

— : 100%
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Analysis of my,; distributions:

Smearing: 15% and bin size: 50 GeV

- Theoretical
- Smeared
100 —— Smeared+Binned

—_— -1
S 10
()]
0]
—
o
=
°~
<1072
&
S
)
S ﬁJ\

1073

107%; “

200 200 600 800 1000 1200

mMpp (GeV)

= smearing and binning crucial - as expected
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How to determine the significance of the H resonance?

T heoretical estimator:

R nC
2 |[N; " — N,

Vi NF

NZR : # of events in bin ¢ under the resonance
NZ-C . #£ of events in bin 7 in the continuum/SM

under the condition:

R =

N*— NE| > 100 in bin i

Assumed final state: gg — hh — bb bb
Assumed luminosity: £+ = 3000fb~1 x 2 (for ATLAS & CMS)

NOTE: this is to compare parameter points, it does NOT correspond to
an experimental significance. But it helps. :-)
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BPs with large deviation in o(gg — hh) wrt. SM:

Region 1
— wues M
1o-1 — P
| - — P2
I———-
| e
S ey
Q T e i
7 Q. e
0 10 ] 1
= ey
EE v
S -y
S -—=
10-3 -“‘___
P1—» «—P1 g
P2 —» «— P2 e
400 600 800 1000
mpn( GeV)

= R1 2~ 230 = good prospects (full exp. analysis needed!)

Sven Heinemeyer — BSM Higgs Lecture — Daejeon 2025 01.10.2025 II1/49



BPs with small

deviation in o(gg — hh) wrt. SM:

Region 2
—m= SM
10-1- | P3
—— — P4
e -: P6
1
| | (ER—
; ———
(4D} i
2 10-2. 1
= -
< oot
S Sm— i
S i
S et
S
1073 - '_____
P3—» <P3 A
P4~ ~ P4 oy
P6-~ —P6 —_
400 600 800 1000
Mpr( GeV)

= R3 46 ~ 150..200 = good prospects?? (full exp. analysis needed!)
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BPs with vanishing deviation in (g9 — hh) wrt. SM:

Region 3
1071
: = === SM
. —— — P5
|
! - — P7
— P8
3
I
- T el
= 1072
(D bl
S~
O
b~ —
L —
L b———,
E —_—
S -
S
1073 -
P5 — «~P5
P8~ ~— P8
P7—~ —P7
400 600 800
mhh( GEV)

= R5 78~ 75..110 = good prospects???7 (full exp. analysis needed!)
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Mini-summary of BSM Higgs bosons/ THCs at the LHC:

— large parameter spaces with relatively low masses allowed

— BSM Higgs sectors predict k) 1= Ahhh/A%m different from 1
FOEWPT favors Ky ~ 1.5 -2

— BSM Higgs sectors predict BSM triple Higgs couplings: Aynm, - - -

— access to k) and A\yppg Via gg — hh

crucial: my,; distributions
— low my,;,: affected by changes in k)

— myp, ~ mp. peak-dip resonance structure caused by Ay, p

crucial: smearing and binning

— RxSM analysis suggests experimental sensitivity at the HL-LHC
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4. BSM THCs at the ILC

[K. Radchenko]
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ahnstrale!
One Way Street!
-~
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Di-Higgs production at eTe™ colliders

Higgs-strahlung:
ete™ — Z* — Zhh

weak boson fusion (WBF):
e +e— — vvhh

V Vv e
Signal diagram Background diagrams
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Di-Higgs production at ILC/CLIC:

+ - + - —_
e e = Zhh e'e - vvhh
4 ! i T ! I | ! ! ! 4 L [ f PR I R
' — ILC 500 GeV, P(e,6")=(70.8,+0.3), §.13 fb j j ——— ILC 1 TeV, P(e™,6*)=(-0.8,0.2), 0.13 fb j
ILC 1 TeV, P(e”,6")=(~0.8,0.2), 0.17 fb : - e CLIC 1.4 TeV, unpolarized, 0.15 fb :
======  CLIC 1.4 TeV, unpolarized, 0.09 fb - o - -
3+ - CLIC 3 TeV, unpolarized, 0.03 fb - 3 \\ CLI p oW, Inpraaiized. .59 To /
3
E 2
o)

L 1L.C 500GeV (+16.8%)

1 oo R NS WA R R RS RN A
T T L L L Ll

T

LCLIC 3TeV (+20%) . ..
LILC 1TeV (+37%)

| CLIC 1 4TeV (+44%)

P : j AR 0 T | BoF B a o g
05 1 0 i > 10 -05 00 05 10 15 20

Ky -— 1 -|-(Sl$)\

= strong and different dependence on k)
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Heavy Higgs enters also in ete™ di-Higgs production:

Higgs-strahlung: weak boson fusion (WBF):
ete™ — Z* 5 Zhh _
e +e— — vrvhh

Difference w.r.t. gg — hh:

— alignment limit gives the SM result for etTe™
— C’P-odd Higgs bosons enter into the calculation
(but not with THCs)
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Two Higgs Doublet Model (2HDM):
Fields:

o7 63

Py = P2 =
' \%(vl + p1+in1) ° \%(vz + p2 + in2)

Potential:
A Ao
Vo= miy|®q? 4+ md 0o — miy(@ldy 4 he) + 5(49;431)2 + §(¢£¢2)2

A
+A3(P] 1) (DLds) 4+ As(Pl o) (dLavy) + 35[@1%)2 + h.c]

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

“Physical” input parameters:
Cﬁ—a ’ tanﬁ ’ v, Mh? MH ) MA ) MHj: ) m%Q
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Assumption (for now): h ~ hqios

Z> symmetry to avoid FCNC:

CD1—>C|>1,CD2—>—CD2,CDS—>CDS

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

u-type d-type Ileptons

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

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

Unitarity/perturbativity and EWPO: = M4 ~ My ~ Mg+
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Possible effects (beyond tree-level) on 2HDM THCs:

Parameter scan in the 2HDM (all types):

Type

|

II
LS
FL

® Scan of the parameter space

(0)

4D
0.2, 1.2]
0.6, 1.0]
0.5, 1.0]
0.7, 1.0]

o)

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

boson

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

1.6, 1.5]
1.5, 1.6]
1.7, 1.7]

1
A

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

1.6, 1.3]

1.9, 1.5]

® Properties of the SM-like Higgs
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Possible effects (beyond tree-level) on 2HDM THCs:

Parameter scan in the 2HDM (all types):

. Type ) s Nam Aim
I -0.2, 1.2] (0.2, 6.8] [-1.6, 1.5] [-2.1, 1.9]
1 06,100 [0.7,5.6] [1.5,1.6] [-1.7, 2.0
Y LS  [0.5,1.0] [0.6,5.6] [-1.7, 1.7 [-2.0,2.1
¢ S FL 0.7, 1.0 0.8, 5.6] |[-1.6,1.3] [-1.9, 1.5
¢$=H,A H* (results from the effective potential)

® Very large corrections are possible! )\&)h >> )\533,1

® /, couplings to heavy Higgs bosons can be large (\ysp ~ 15)

® Even at the alignment limit ! (In the SM, top-loops are ~ -8%)

= effect of the extended BSM Higgs sector!
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Effects on THC determination at the ILC: [taken from F. Arco '24]

[F. Arco, S.H., M. Miihlleitner '25]

Effects from THCs at efe—— hhZ AT

Karlsruhe Institute of Technology

€+

A) Non-resonant diagram
with k» - at low mus,

B) Resonant H diagram
With Appr - at mu, >~ mau e

C) Resonant A diagram
(no THC)

13 13/06/2024 Francisco Arco — Impact of One-Loop Triple Higgs Couplings on di-Higgs Production at ete~ Colliders SUSY 2024 — IFT, Madrid

Sven Heinemeyer — BSM Higgs Lecture — Daejeon 2025 01.10.2025 II1/62



Effects on THC determination at the ILC: [taken from F. Arco '24]

[F. Arco, S.H., M. Miihlleitner '25]

In the alignment limit (¢s_.=0) ﬂg“

= SM ) = SM c)y =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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How to determine the significance of the H resonance?

T heoretical estimator:
> [Nt — NF

Vi NF

NZ-R . # of events in bin ¢ under the resonance
Nic . # of events in bin ¢ in the continuum/SM

R =

under the condition:

N NE| =2 inbin

N = N x (BR(h—>b5))2 X x et

. p4 > 20 GeV, ph > 20 GeV, |ny| > 2, ARy, > 0.4
ep, = 0.8
L =8ab 1
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RXSM: my,;, for BP1 (lowest myy)

o(e’ et — hhZ), Vs = 1000 GeV

;‘ 10_1 - LILELL LILELL | LILELIL | LI L I LI L I:
> : 2147, 4, =036 — Orom = 0-17110)3
~ L Sl LR . —— Gy = 0.137 b
o : — 6,,=0.0327 b |-
= 102k Cey =0.12fb |
© - -
g I Jl' A i
= i l||.-!| s el i
g 10°F J""l'll-*' i | 3
) - =
S - :
S - | 1 -

107 E

10—5 . I | T | I 1 [ I Ll b1 I [ | | I | | I | I | I I

0O 100 200 300 400 500 600 700 800 900 1000
m,, [GeV]

Effects of k): low myy,

Effects of Ay at my, ~ mpyg = clear peak-dip structure
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RXSM: mpyp for BP8 (hlghest ’ITLH)
c(e’e* — hhZ), Vs = 1000 GeV

_ _1— frirjgirirrrjprrirrjplrrrngpirirtrnid | LI | L LI | LI rrri T T 1 T
% 10 = P8, m =657.9 GeV _gR SMI=01119 NE
0] - K, =1.44, ) . =0.52 _GN0H=O-14fb .
3 - — G,,=0.00637 b |-
= 102k Gey = 0.12f0 |
© F .
8 : ..|!1IIIIJ| ll—lil! Fral :
— “'_"I.‘-.IIL .
g 10°F -l Pt 3
* = ! =
x - .
2 - ]
'S - [ 1 -
107 | E
1078 b b L L L T T
O 100 200 300 400 500 600 700 800 900 1000

m,, [GeV]
Effects of k): low myy,
Effects of A\pppg: at my, ~ mpyg = less clear peak-dip structure

Sven Heinemeyer — BSM Higgs Lecture — Daejeon 2025 01.10.2025 II1/66



RxSM: Summary of sensitivities:

P1 P2 P3 P4 P5 P6 P7 P8
R 1359 14.35 10.54 7.16 5.75 7.26 3.39 3.70
my |GeV] | 461.9 470.8 469.4 530.9 575.1 529.6 642.5 656.1
AhhH 036 035 033 038 045 040 049 0.52

Benchmark plane artefact:

lower A\, & lower myg < higher R
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RxSM: Summary of sensitivities:

P1 P2 P3 P4 P5 P6 P7 P8

R
my |GeV]

)\hhH

1359 14.35 10.54 7.16 5.75 7.26 3.39 3.70
461.9 470.8 469.4 530.9 5H75.1 529.6 642.5 656.1
036 035 033 038 045 040 049 0.52

Benchmark plane artefact:

lower A\, g < lower mpy < higher R

Q: Can we actually
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RxSM: Summary of sensitivities:

P1 P2 P3 P4 P5 P6 P7 P8

R
my |GeV]

)\hhH

1359 14.35 10.54 7.16 5.75 7.26 3.39 3.70
461.9 470.8 469.4 530.9 5H75.1 529.6 642.5 656.1
036 035 033 038 045 040 049 0.52

Benchmark plane artefact:

lower A\, g < lower mpy < higher R

Q: Can we actually

A: Yes! Either with NNs , or at high-energy lepton colliders
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5. Measurement of BSM THCs

You can choose:

1. THC BSM measurement at the HL-LHC with NNs

2. BSM THC measurements at a uC
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THC BSM measurement at the HL-LHC with NNs

Di-Higgs production at the HL-LHC: [F. Arco, S.H., M. Miihlleitner, K. Radchenko '22]

2HDM type L. my g = 545 GeV,my = 515 GeV,tz = 10,c5_o, = 0.2,m3, = m?%,c2/tg

100 — M\ = -0.3975 (owor = 22.43 fb)| |
1 — i = 0.3975 (00 = 27.26 fb) ||
107!
o
5 ]
2 4
E S
5 ~h
<
1073
10_4 T T T T T
200 400 600 800 1000 1200

Mph [GCV]

= dip-peak / peak-dip from resonant H-exchange = access to ng X AphE ¢
II1/69
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Di-Higgs production at the HL-LHC: [F. Arco, S.H., M. Miihlleitner, K. Radchenko '22]

Benchmark point: 2HDM type I,
ma g- = 545 GeV,my = 515 GeV,tg3 = 10,c5-o = 0.2,771%2 = m%,cg/tg

dU/dmiJ..Iz. [fb/GCV]

' ' : : : 15% smearing
100 — N = 0.3975 (010 = 22.43 )| | . . : . .
- — N = 0.3975 (010 = 27.26 fb) | | 10°} — Nzt = -0.3975
' — Ay = 0.3975
-1
10 — 10"
<5
@)
£
1072 =102
<107
&
)
~—
3
10 107
10 - ' - - ' 107 ' ' ' | |
200 400 600 800 1000 1200 200 400 600 800 1000 1200
mphn [GOV] mpp [GGV]

= smearing of 15% applied (optimistic?) = access to &, x Ay, 57
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Di-Higgs production at the HL-LHC: [F. Arco, S.H., M. Miihlleitner, K. Radchenko '22]
Benchmark point: 2HDM type I,

ma g- = 545 GeV,my = 515 GeV,tg3 = 10,c5-o = 0.2,771%2 = m%,cg/tg

Bin size: 50 GeV

15% smearing 10
100 | | A = -0.3975 1 ? — Ay = -0.3975 ]
[ —Nine = 0.3975 : — Awng = 0.3975
-1
= 10" % 10
®
@) D
< -
B E
§ 1072 é‘g 10
3 =
S S
1073 107
107 ' ' ' ' ' 1074 : ' . ' '
200 400 600 800 1000 1200 200 400 600 800 1000 1200
Mhph [GGV] mMhup [GGV]

= binning of 50 GeV applied (realistic?) = access to &4, x N7
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Parameter plane to train the NN:
[M. Frank, S.H., M. Miihlleitner, K. Radchenko, PRELIMINARY]

& X Awhl
—0.10 —0.05 0.00 0.05 0.10
101
Q.
=
E
10°
Type I myg =450 GeV
—0.3 —0.2 —0.1 0 0O 01 02 0.3
CR—a
Sven Heinemeyer — BSM Higgs Lecture — Daejeon 2025 01.10.2025 /72



Each point yields an my,; distribution = fed to the NN

_AhhH > 0]

Lol At < 0| NN set-up:

— 16 input values
(smeared and binned)

. 1
2 o — 4 hidden layers with
Q 128 nodes
é_ﬂ — output layer to
g vield & X Ay
10—.2 —
::\ — — training with 3/4 of my,
S ; distribution (randomly
T - chosen)
10—3

1‘=EL — “measure’ the

remaining 1/4 (or ...)

200 400 600 800 1000
mphp [GCV]
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Train with the correct my; distributions: = perfect result
[M. Frank, S.H., M. Miihlleitner, K. Radchenko, PRELIMINARY]

0.15}

0.10}

0.05}

0.00¢

Mg X €4 (NN prediction)

—0.10¢

—0.10 —005 000 005 010 015  0.20
Awni X € (theory)

= but not realistic ...
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“Realistic result’” has statistical uncertainties (bb bb final state):
(and corr. exp. efficiencies) [m. Frank, S.H., M. Miihlleitner, K. Radchenko, PRELIMINARY ]

10% ¢
_I_rl-
© 4
I I
100 T[] 1
LI
Z, J( \ {
100t 1IN
4 —I_ E
L :
‘L_L _
1
1071 - - - :
200 400 600 800 1000
77266b5

= for each point in the plane test an my; distribution statistically smeared
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(X3 H H 1 H H t .
Realistic” determination of £ X Apppg:
[M. Frank, S.H., M. Miihlleitner, K. Radchenko, PRELIMINARY]

0.15}
=
O
= 0.10¢
P
o
&
S, 0.05
—
=z
~  0.00F
e
el
<
X _0.05¢
-
r
—0.10}
[ ]

@ X X 1 ' 1
—0.10 —0.05  0.00 0.05 0.10 0.15 0.20
& X Apnp (theory)
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X H H 1 H H t .
Realistic” determination of £ X Apppg:
[M. Frank, S.H., M. Miihlleitner, K. Radchenko, PRELIMINARY]

“good” point “bad”’ point
Total (SR) efficiency: 17.3 (1) %, mug = 450 GeV Total (SR) efficiency: 17.3 (1) %, mg = 450 GeV
1 e
T ) T
L I
101 _ % J. 101 | J.
_ T
10(] ; | = | Il B . 10[) |
a
1071 , , ) ; 101} ' . . :
200 400 600 800 1000 200 400 600 800 1000
Mphph MMpbbp

= ‘“‘good” point much more likely than “bad’ points
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“Realistic” determination of A,z x &
[M. Frank, S.H., M. Miihlleitner, K. Radchenko, PRELIMINARY]

0.15F 40
) 35
g 010}
2= 30
E —_—
2. 0.05 Z
952
Z. =
= g
= 0.00k Az
un
X 15
T _0.05
< 10
—0.10 .
01 0.0 0.1 02 Y

A X &g (theory)
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Hypothetical improvement in the efficiencies by x2:
[M. Frank, S.H., M. Miihlleitner, K. Radchenko, PRELIMINARY]

0.15r 50
g
=2 0.10¢
3! 40
g
o _
3, 0.05} =
Z 30
z 2
& 0.00F =
g
X 20
T _0.05
=
<
10
—0.10F
0

—0.1 0.0 0.1 0.2
Annir X &g (theory)
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BSM THC measurements at a uC

Several proposals exists:

proton driver front end cooling acceleration collider ring

__OOA,

Ecom:

: Higgs Factory
to
\ ~10TeV ,

buncher |
phase rotator |

SC linac
buncher
combiner
capture sol.
decay channel
6D cooling
6D cooling | |=

bunch
merge

accelerators: utow
linacs, RLA or FFAG, RCS

accumulator
MW-class target
initial 6D cooling
charge separator

final cooling

Low EMmittance Muon positron linac positron acceleration collider ring
Accelerator (LEMMA): rng

1011 y pairs/sec from e*e-
interactions. The small production
emittance allows lower overall charge p|
in the collider rings — hence, lower positron linac
backgrounds in a collider detector
and a higher potential centre-of-mass
energy while mitigating neutrino
radiation from muon decays.

rngs

accelerators:
linacs, RLA or FFAG, RCS

isochronous

We assume: /s =3 TeV, £ =5ab~ !
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Higgs cross sections:

Vs [TeV]

— utu~ — vwvhh/hH/HH is a good choice
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Feynman diagrams (in the SM):

K Vu

= calculated with MadGraph
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BSM THC measurements at the uC

Objective |

Calculate the total di-Higgs production cross section via MadGraph at a 3 TeV
Muon Collider (MuC) via the VBF channel for the following final states:

e utu~ — hhvio — (bb)(bb)vi
o yTu~ —hHvp — (bb)(ZZ/W+W— — jets)viv
@ uu- -HHvD — (ZZ/WTW~ — jets)(ZZ/WTW ™~ — jets)vi

Objective Il

Estimate the experimental uncertainty in the cross section measurement for each
process at v/s = 3 TeV and an integrated luminosity of Lix = 5 ab™!.

Objective i

Extract the trilinear Higgs couplings (THCs) and evaluate their associated
uncertainties.
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Analysis flow

Generate signal events p "~ — hihjvv using MadGraph.

\ 4

Shower and hadronise with Pythia8.

A

Apply detector smearing and cuts to events generated by Pythia8.

\4

Jet reconstruction using FastJet and apply final cuts.

Observable (O) 22 (%)
o(ut ™ — hhvo— bbbb ) 9.43
o(putu~ — hHvo— bbgqqq vp) 26.11
o(ptu~ —HHvD— qq9qq qqqqvi) | 18.59

= experimental uncertainties obtained
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Differential distributions I;

Tree Level g(up* — hh v, V), Vs = 3000 GeV -

; s mH= i e I LI T
(05 x, =1.44, 3 =0.52 — Opyom = 1 .049 fb
= —— G,y = 0.6555 fb
s F — 6, =0.4015 fb
S : — 0, =0.8472 b
o C
® 10'F
c =
e} L
3 1072 E
w = r, . ’
2 [ : | Sl
3 10° 1 FISTI
° 10°F | . m i
O 3 | ﬁ l, M’ Hi}

10°* E

1™ E ..

0 200 400 600 800 1000 1200 1400 + v
m,, [GeV] u ﬂ-

SM-like di-Higgs production for BP8 Resonant diagram

— resonance peak as in ete~ (obvious)
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Differential distributions II:

Tree Level o(uu* — hH v, V), Vs = 3000 GeV Tree Level o(u u* — HH v, V), Vs = 3000 GeV
— _1 IIIIIIIIIIIIII L] L] L] L] L] L] L] L] — ] | | | | | | 1 1 | 1 1 L] L] L] L] L] L] L] L] L] L]
% 107, P8, m = 657.9 GeV —— Opysm =I 0.2865fb |3 % P8, m, = 657.9 GeV —— Opysm =I 0.08292 0] 4
O K, =144, A ,=051, &, =096 - g”of ;8591?39%1 o - o %, =144, % =051, & . =096 4, =118 - gNOE ; gog?)g%-lféb 1
o 6200210710 |] a 107°E —0,=004216T0  [3
S 1 02 Oy =0.154210 py = — Gy, =0.0067 10 |3
o) - . T - -
- - - c
ie) S 107°F =
5 10°F E S : ]
& F ] & F i ]
w = - w 1
8 - . 8 [ | ]
S 10 S 107F | M ‘g
i " |l|| : o '
Tl '\I ‘ ‘
10°° 10°F fl
1 1 1 | | I | | 1 L 1 I 1 1 1 ] I | Iu ‘ | ‘ : 1 | | | | I 1 1 1 1 I 1 1 ‘ I .‘1 I |I |
0 500 1000 1500 2000 2500 0 500 1000 1 500 2000 2500
M,y [GeV] my, [GeV]

hH di-Higgs production for BP8 HH di-Higgs production for BP8

— Nno resonance peaks (obvious)
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Determination of all THCs:

= Ahhhy ARWRH» AhHH» "\HHH

= three production cross sections: hh, hH, HH

as at CLIC (11%)

2
y (65 =k +(a(;ﬁ/f%hhww)BP—U(u*u_—>th£1/€))2

AP Ao (ptu= — hhvey)
4 O'(u+u_ — hHVgﬁg)BP — O'(;L+u_ — hHl/ng) °
AO’(},L_’_/J_ — hHVng)
4 O'(u+u_ — HHVQL_/Q)BP — cr(;ﬁ/u_ — HHVQDQ) ?
AO’(/,L+[,L_ — HHVng)

— scan (randomly) around the true point in all parameters
— find regions with 2 < 4.72(9.72) = find 68(95) % CL regions

= first determination of all THCs of a model
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BP8 projection I:

K) VS /\hhH K) VS )\hHH
0.651 : 1.08 [
0.59 1.014
0.53 0.948 -
< <
0.47 - 0.882
0.41 = Scanned Points 0.816 - Scanned Points
[ 195% C.L. [195% C.L.
[68% C.L. 68% C.L.
0.35 —* BUS | | | | 0.75 | * BPe |
1.3 1.36 1.42 1.48 1.54 1.6 1.3 1.36 1.42 1.48 1.54 1.6
R\ R\
= good determination of THCs
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BP8 projection II:

AnhH VS AHHH AWHH VS AHHH
1.3 1.3 : '
1.22 1.22
1.14 " 114l
an| o
an| aw
T o
~< ~<
1.06 - 1.06 |
Scanned Points . Scanned Points
0.98 [ 195% C.L. P 098! - [195% C.L.
EI68% C.L. - | II68% C.L.
¥ BPS ' : % BPS8
0.9 ‘ ‘ ‘ ‘ ' 0.9 ' ' ' '
0.35 0.41 047 0.53 0.59 0.65 0.75 0.816 0.882 0948 1.014
AhhH AhWHH

= good determination of THCs

1.08

Sven Heinemeyer — BSM Higgs Lecture — Daejeon 2025 01.10.2025

111/89



BP8 projection III:

K) VS AHHH

1.3 1

1.22¢

1147

AHHH

1.06

Scanned Points
0.98 Mg 1ot oo
[168% C.L.

% BPS8

0.9

KA

= good determination of THCs

13 1.36 1.42 1.48

AnHH

1.08
1.014
0.948 -

0.882

0.816

0.75

AnhH VS ALHH

i Scanned Points
[F2195% €.1x
68% C.L.

* BP8

0.35 0.41 0.47 0.53 0.59 0.65

AhhH

Sven Heinemeyer — BSM Higgs Lecture — Daejeon 2025

01.10.2025 I11/90



Results for all BPs: 68% CL ranges:

Point ) AhhH AWHH AHHH

Pl [1.44,1.53] [0.34,0.38] [0.39,0.44] [0.75,0.84
P2 [1.41,1.52] [0.31,0.41] [0.42,0.49] [0.34,0.40
P3  [1.39,1.51] [0.29,0.41] [0.38,0.49] [0.62,0.71
P4 [1.36,1.50] [0.30,0.45] [0.47,0.61] [0.77,0.87
P5  [1.42,1.50] [0.41,0.53] [0.74,0.87] [0.39,0.51
PG [1.38,1.53] [0.35,0.46] [0.50,0.68] [0.38,0.46
P7  [1.36,1.55] [0.46,0.57] [0.83,0.92] [0.87,1.04
P8 [1.39,1.48] [0.46,0.56] [0.85,0.94] [0.93,1.01

= good determination all THCs
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Results for all BPs: 95% CL ranges:

Point K AhhH ALHH AHHH
P1  [1.35,1.58] [0.32,0.40] [0.34,0.47] [0.67,0.91]
P2 [1.38,1.56] [0.28,0.43] [0.39,0.51] [0.30,0.44]
P3  [1.37,1.53] [0.26,0.44] [0.35,0.52] [0.59,0.73]
P4 [1.32,1.53] [0.26,0.50] [0.43,0.64] [0.75,0.91
P5  [1.40,1.52] [0.37,0.57] [0.68,0.91] [0.30,0.57
P6  [1.35,1.57] [0.32,0.49] [0.46,0.73] [0.36,0.49
P7  [1.32,1.59] [0.43,0.60] [0.80,0.94] [0.82,1.09
P8  [1.35,1.50] [0.43,0.58] [0.84,0.98] [0.90,1.03

= good determination all THCs, even at 95% CL
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6. FOEWPT and GWs in the 2HDM
Two Higgs Doublet Model (2HDM):
Fields:

o7 63

b = , o =
' \%(”01 + p1+in1) ° \%(vz + p2 + in2)

Potential:
A Ao
Vo= miy|®q? 4+ md 0o — miy(@ldy 4 he) + 5(49];431)2 + §(¢£¢2)2

A
+A3(P] 1) (DLds) 4+ As(Pl o) (DLavy) + 55[@1%)2 + h.c]

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

“Physical” input parameters:
Cﬁ_a ] tanﬁ ) v, Mh7 MH ) MA ) MH:E ) m%Q

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

I\/Iany triple nggs COUD”I’]gSZ Ahhhr )\hhH, )\hHH, AhH"'"H_’ )\HAA,
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Assumption: h ~ hqiog

Z> symmetry to avoid FCNC:

CD1—>C|>1,CD2—>—CD2

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

u-type d-type Ileptons

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

Sum rule (with h 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—qy = 0, m%z — m%{sﬁcﬁ
0.2 TeV<mpyg<1TeV, 0.6 TeVImy=mpg+ <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%,\,,,lzf) — 84.4)

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

e Electroweak precision data (7" and S) = ScannerS
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GWs in the 2HDM: Ec i =ve/Te 2 1
[T. Biekotter, S.H., J. No, O. Olea, G. Weiglein '22]

1000

900

700

- . gn > 1
7 o Global min. in origin
4 £ <1

lllll TN NN F SN NS NN .

400 50 600 700 80 900
mg [GCV]

600

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

1000 p

900 |

f==> & >'1
/ e  Global min. in origin '

<1 ]
e Vacuum tra,pping

Peesliadllicii L AT T FTTT T F IT TR
400 500 600 700 800 900

mpg [GCV]

700

600

= 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

900

700

600

)
75 100 125 150 175 200 225

e AM<=myormy

T 400 500 600 700 800 900 1000

mgy [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
P 300 _y . ]
>
v I — \
£, 200 | | . .
;E origin : EW origin EW
100 A I - .
|
0 I I I I I 1 — I— — _I — _I — _I ——— I_ I 1 I I 1
400
| | i
D I E I F I
. 300 A I 1 I . I
> I I I
= 200 A | 7 1 i
- — — —
I EW : origin EW origin EW i origin
100 - i - .
|
0 e e e e e e e . o ——— .
0 100 200 300 400 500 0 100 200 300 400 500 0 100 200 300 400 500
T [GeV] T [GeV] T [GeV]

— 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]

1077} "

10—11 I ,\n

.Q
g Ny
Ny

\‘..N

— e = 0.2

— g, = 0.4

— 1, = 0.6
vy, = 0.8
Vw = 1

" hQQsenS

\\
—13L
10 \:\
\\\
\\ \~
~
10—15.... o o . . S,
107° 104 1073 102 1071

f [Hz]

= 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]

mpg [Ge\ﬂ
400 500 600

= detectable GWs only in a very small zone close to VT
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7. Signs of a FOEWPT at the LHC?

2HDM parameter scan to vield FOEWPT:
[T. Biekotter, S.H., J. No, O. Olea, G. Weiglein '22]

6 6F
| A
' 1 [ 1LC-500
_ TLC-500 | ——
4p === HI-LHC AL mee ATLAS limit
= | === ATLAS limit = | o T
< : Ay <my or mpy < |- EW SnR
3t 3t Trapped
[ ' SNR > 1
of T A of
| | gl
0 100 200 300 400 0 100 200 300 400
my —mpyg |GeV] m4 —mpyg |GeV]
= FOEWRPT requires k) < 2 = GW signal requires k) ~ 2
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Smoking gun signature: gap between m4 and my

900 F

700 [
Proj. 95% C.L. excl.

No FOEWPT or &, < 1 ]

600 E

= GW zone can be covered at the HL-LHC
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Latest experimental results: ATLAS at LHCP23

[ATLAS 23]

'I L] L L L I T L3 Li 1 l' Li Li L

= 700

- 95% CL upper limit exclusion, type-l 2HDM
- 1 tanp=0.5 Obs.

o XD,

600+ —— A width 25%
| 3 tanf=1 Obs.
| === EXxp.

950 —-— A width 25%
[ 8 tanp=2 Obs.

500[ Exp.

650

my [Ge

450 &

4
VA

400+ d
E f’ /’ \‘

f ', i i nf

d

1

- ATLAS Preliminary \/s=13TeV, 140 fb~', gg — A — ZH — ftt

Li Li r T L |

307500 600 700 800

900 1000 1100 1200
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— interesting excess in the “right spot” :-) (my = 450 GeV, m4 = 650 GeV)
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Smoking gun signature: highest excess for tang = 1.5
[T. Biekotter, S.H., J. No, O. Olea, K. Radchenko, G. Weiglein '23]

1.2 1.4 1.6 1.8 2.0 2.2 24 2.6

900

800

ma [GBV]

600 |

* Local 2.850 excess

= ATLAS obs.: gg— A — ZH — £Ye 7t
= ATLAS exp.: gg — A — ZH — €707 tF
= ATLAS obs.: gg > A = ZH — vuvbb

== ATLAS exp.: gg =+ A — ZH — vvbb
== HiggsBounds comb. 95% C.L. excl.

400 500 600 700 300

= excess in the sweet spot
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Smoking gun signature: highest excess for tang = 1.5

[T. Biekétter, S.H., J. No, O. Olea, K. Radchenko, G. Weiglein '23]

By s
1.2 1.4 1.6 1.8 2.0 2.2 24 2.6

900

800
=
[ab]
O,
g 700
600 |
* Local 2.850 excess
= ATLAS obs.: gg = A — ZH — £T 87t
== ATLAS exp.: gg— A — ZH — £ 0 ¢f
. : m— ATLAS obs.: g9 = A = ZH — vubb
500 A == ATLAS exp.: gg =+ A — ZH — vvbb

== HiggsBounds comb. 95% C.L. excl.

300 400 500 600 700 800

— excess in the sweet spot = not confirmed by CMS Run 2 analysis :-(
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Smoking gun signature: GW signal at LISA?

[T. Biekétter, S.H., J. No, O. Olea, K. Radchenko, G. Weiglein '23]

SNR
10 i 16 1= 10— s 10t

ma [GeV]

700

660 F

640 |

620 |

680 |

% Local 2.850 excess

‘5\ —— ATLAS obs.: g9 — A — ZH — 0Tt
TSl /=== ATLAS exp.: g9 = A = ZH — 0+ tT
....... L |,|.| T e g =TT
420 440 460 480 5
my [GeV]

= GW signal at LISA possible, but not guaranteed
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