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1. Introduction: (BSM) di-Higgs production 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 (large THCs) required to realize FOEWPT
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Bubble formation can lead to Gravitational Waves

= BSM Higgs sector (large THCs) required to realize FOEWPT
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Our choice for BSM Higgs sectors: Two Higgs Doublet Model (2HDM):
Fields:

o7 ¢

P = , $o = -
F S pr A+ im) T St 2t im)

Potential:
A1 A2
Vo= miy|®12 4+ md 0o - miy(@ldy 4 he) + E(q)’{q)l)Q + §(¢£¢2>2

A
FA3(] 1) (PLdr) 4+ As(P] o) (PLavy) + 35[(@;%)2 + h.c]

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

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

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

Many triple Higgs couplings: Appn, AwhEY ARHHY A+ —1 AHAA - - -
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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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2. Calculation

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

gg — HH

g , H

(B)SM " g 8

.
g ~H

e third generation dominant — ¢, b
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e 2-loop QCD corrections: ~ 90 — 100%
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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
Q00000+ e [2] NLO HTL (5,61 NNLO HTL stolen from G. Salam)
| (8] Full reals (FT pr0)
T ———— -~~~ 0000
—e = T m
88 e
00 =%

[91 NNLO virt 1/m
[3] NLO HTL + NNLL +0(1/my)
[4] NLO 1/m¥

[71 NLO 1/m}?

[26] N3LO HTL [13] NLO + NLL

[10] NNLO HTL (Fully Diff
2 ,’/ [14,75] NLO + PS [11,12] NLO numerical
B5.27] MO/ / [16] 1/my + thres.

[17,28] NLO MS m; %

[0.0.0.0.0.+) DI SUSSIN
[18] NNLO (FT,ypr0x)
[19] NNLO + NNLL
[20] NLO small-p;-
[21,22] NLO small-m;

QQuess ~

2 [23] NLO small-p; + thres.
[29] small-p, + small-m; 22 [24] NLO num. + small-m

[1] Glover, van der Bij 88; [2] Dawson, Dittmaier, Spira 78; [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,
Maierhofer, 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,
Muhlleitner, Spira, Streicher 18; [18] Grazzini, Heinrich, SPJ, Kallweit, Kerner, Lindert, Mazzitelli 18; [19] de Florian, Mazzitelli 18; [20] Bonciani, Degrassi, Giardino,
Grober 18; [21] Davies, Mishima, Steinhauser, Wellmann 18, 18; [22] Mishima 18; [23] Gréber, 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,
Miihlleitner, Ronca, Spira 21; [29] Bellatronte, Degrassi, Giardino, Gréber, Vitti 22;

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)
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Di-Higgs production at the LHC: k) := Ahhh/A%%

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

P —
-
-—_‘_‘_\_-‘
- ——
-
~——
ﬁq_
“*ﬁ
a5

T | I I | ]
HH production at 14 TeV LHC &t {N)LC in QCD °
My=125 GeV, MSTW2008 (N)LO pdf (68%dl)

1 0 = = '%ﬁj_.u' o
pp-—?ZHH 2 pr’n o -
| | ! | L | I

4 3 -2 -1 0 i 3 4

MadGraphS_aMCRNLO

= 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\l "l' \\\ "’J
---------- : — X
A # r [
5 /(\ \\ /; \‘\
4 \‘\ ) ;l\ 5 3‘\ First found in 2HDM:
[Kanemura, Kiyoura,
5( ))\hhh D ! — 48mt i § 4n@m¢’ 1 — M Okada, Senaha, Yuan ‘02]
1672 v3 = e e,

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

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

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

._> »
TS, 1, for M? < \v? > FIliglRE e

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 k@ =(A_  @)2MCM(A, @)™ [left] and x, @/, M=(A_  @)?HCM(A  D)2HOM [right] in (m -m,, m,-m,) plane
2HDM type I, a = B — 7/2 2HDM type , a =3 — /2
300 . 3001
200} 200t
= = :
o 1001 <] 100 =
8 L | P
g Or g Or ;i
| i | i <
< = et
& —100¢ & —100¢
—200} —200
_300 [ ] . - N L " N e 1 s - - - _300 Uy L . . — 1 " " " 1 N i i
—400 —200 0 —400 —200 0
mpg — my+ [GeV] mu — 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:

External leg corrections

e ” ' - -
I e
4 o
e e
M = =-===_ 4 === X+ ---
~ ~
~ ~
~ b ~
~ ~ ) ~
~
W L. S
(0) e oD
tree-level: A : s & e g
hhh one-particle irreducible: 5genuine)‘hhh
e
~
-~
P
L + -+ tadpoles
_____ ~ I ~
~ ~
~ ~
~ ~
~ ~
N (1) [arXiv: 2305.03015 H. Bahl, J,
external leg corretions: & /pr Ahhh Braathen, M. Gabelmann, G.
Weiglein]
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Details of possible higher-order correction to BSM THCs:

External leg corrections

* The external leg corrections depend on the momentum of the external legs

1 0
SN = Z §Zlh,h( h, T Z 2 )\l(zj)hh
0 Jshus ;éh hj

1
Z 55(1)Zh(p?)/\g2h‘|‘ Z 5(1)Zhhj(pz2))\§g)hh
z j,hjF#h

flarYings: 2205 N2N15 H BRah 1 Rraathean M ahalmmanr == ~irilain
[arXiv: 2305.03015 H. Bahl, J, Braathen, M. Gabelmann, G. Weiglein
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Details of possible higher-order correction to BSM THCs:

For “no full-OS”

310
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290 ~

Annn(GeV)

270 A

260

= full calculation, or good/well justified scale choice

renormalization:

[taken from A. Verduras]

External leg correction effect

No external legs corrections

280 A

—— one loop

— tree level

300 400 500 600 700 800 900 1000
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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 myg = M = 400 GeV, myq = my+ = 700GeV, t3 = 2

3.0t
2.9t
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Im(/\hhh) [GBV]

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

[taken from J. Braathen]

Box vs. s channel Higgs:

g > —-—=—=-=h DOOC00000) - 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 Yo ol eI
X O(ytgihq@) X O(yfgf%hqﬂb)

Correction to A, — included not included

= always closed subset, dominant for large THCs
= see also M. Kerner's talk yesterday
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Genuine BSM THC effects: [taken from K. Radchenko]

BSM effects that can only be captured by explicite calculations

Di-Higgs production (gg — hh)

[Plehn, Spira, Zerwas : arXiv: 9603205]

- Dominant process at the LHC gluon fusion via quark loop (mostly the top): ¢, ~ 38 tb (NLO QCD)

We include corrections to this process by means of effective trilinear Higgs couplings assuming that the largest
contribution comes from this type of diagrams and others can be neglected (eg. double box diagram):

- Is this reasonable? -> modifications of 4, , , are

hhh - h
the leading source of deviations of non resonant S ¢ '
hh production cross section Q - -/C)
[Bahl, Braathen, Weiglein : arXiv: 2202.03453] g /\Z{L{b ~ h
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Genuine BSM THC effects: [taken from K. Radchenko]

BSM effects that can only be captured by explicite calculations

hhH i n m . [Arco, Heinemeyer, Miihlleitner, Radchenko: arXiv: 2212.11242 |

Effect of changes of A4

- Such a different phenomenology can be induced by the inclusion of loop corrections to the trilinears

[ o tree(Oror = 22.34 fb) - One loop corrections to 4, , .. in general are
10°F = = T toop (Tt = 23.16 fb) 5 subleading in the allowed regions. However, in
i : scenarios with mass splitting the sign of 4, can
- change.
2 19 :
& 5 - h - h ,
=, 1 H H .- H .
e e W o ¢ o
e v, & h g h
£10

S ]
2
-g . ] )\h,qs(j) X (Mz — qu_;)) [Braathen, Kanemura: arxiv: 1911.11507]

10°

S 0.901 ] - Smaller enhancement in the total cross section
Afé’éﬁ B 0 266 - The corrections on )’hhl—l lead to a completely
-4 hhH — Y o . 8. B .
10 , . : , R different phenomenology in invariant mass
=00 40 pad [‘C'é? C{[] lubl Leoe distributions compared to the tree level coupling
mMun €
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Three-loop effects consistently taken into account in the 2HDM:

[taken from K. Radchenko]

Radiative corrections to the trilinear couplings

- Crucial for first order electroweak phase transition
- We use the effective potential approach and implement an effective coupling in the di-Higgs production

[Coleman, Weinberg: (1973) Physical Review]

‘/eff = mree + VCW + VCT
/\eff o 83‘/611‘ . r 4 ] 3 "“@/
hhh = 3 - " e b
oh X - "
h=0 \

\ W
o O\ * zero external momentum

* no external leg corrections

]

The calculation is done by means of the public code BSMPT: [Basler, Miihlleitner: arXiv: 1803.02846]
Itis performed in the limit of zero external momentum

]

]

Physical masses and mixing angles are renormalized on shell to their tree level value
An alternative approach would be to compute the corrections diagrammatically: anyH3

1
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3. Phenomenological impact

g ---h e - h
hi -7
® Q #) of >-= 1
g --=-h g T~ h

OsMm ™~ 38 fb at NLO

Case 1: Non-resonant BSM di-Higgs production

Case 2: Resonant BSM di-Higgs production

Q: effects of higher-order corrections to THCs?

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

— purely resonant production

= no limits available for mixed scenarios :-(

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

= all calculated with HPAIR

Sven Heinemeyer, Loops & Legs 2024 (Wittenberg), 16.04.2024
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Non-resonant BSM di-Higgs production
[S.H., M. Miihlleitner, K. Radchendo, G. Weiglein — PRELIMINARY]

100+F —04,=0.9(00; = 21.33 fb) |
; — 0y, ~1(0tt = 19.67 fb) ;
O=117(Otor = 17.14 1b) ]
_Uﬁ,\zl.()(gtot =13.1b fb) I
-;' —Ufﬁ'-,\=2(gt0t =9.29 fb)
w — 04, —3(0t0t = 9.62 fb)
g _'O'H,,\=5(Jtot = 42.30 fb)
EE]« \
oy D d
§10 5
=
"
=
)
i =
104} | ;

200 400 600 800 1000 1200
N [GGV]

= higher-order effects in k)
= huge effects on my,, distributions = effects on search limits?
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Non-resonant BSM di-Higgs production
[S.H., M. Miihlleitner, K. Radchendo, G. Weiglein '24]

tan 8 = 10, cg_,, varied, mpy = my = my+ = 1000 GeV, m3, = m% cos” o/ tan 3

14 = : ' : i :
xx =1 1|=—=Theo. THC NLO
(1) 11- = =Theo. THC LO
K
1241 __ - 1|——Obs. limit NLO
~ = = =0bs. limit LO
10 1 = 10 4 —— Exp. limit NLO S
E_? 1|~ - ~Exp. limit LO [
=
2 s W A
< LS 0 000Aa | Ewe———cccIlIlifee==fmr="
2 5 | Lot
o B 3 5 = B e g =
' = e 1z =g = :
= - IR - . |
44E R E |2
2 = 7 £ |z
= A, ks 18 Ay E
212 s B S s
S Z | 1= Z. =
————— | 0.1 . . -
0.15 0 0.05 0.1 0.15

cos(f3 — )

= higher-order effects in k)
= Visible effect on allowed parameter space
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Resonant BSM di-Higgs production
[S.H., M. Miihlleitner, K. Radchenko, G. Weiglein '24]

| | _O-I.h(: tree (Jtot I: 22.43 fij)
10°%F | k(0o = 1631 )
- =g, l(Jop(Utot = 19.98 fb) :
| =l X Innp(gtnt = 1994 fb) .
— ® -
= 107 my = 5125CGeV |
o ma = 545.0 GeV :
Co—n = 0.2
% fig = 10
= 10“2 3 :
= :
3
~
*'tbj L
16k .
R = 0.0, AEE, = —0.30 ™,
10*4F F{,E\m)p == 361_} AE}?}} = —(0.21 ._ ]
200 400 600 800 1000 1200

mpn [GCV]

= higher-order effects in ) and Apng
= huge effects on my, distributions = effects on search limits?
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Experimental analysis vs. reality:

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

Experimental reality: smearing and binning (THCs at 1L)

0 : - : 10% - - -
107 = = ot (Oror = 19.94 fb) : — (Tt = 19.94 fb)
\ ; = _O—rcs((ftum = 2.11 ﬂ)) _Urcﬁ(atnt =2.11 ﬂJ)
! loo loo loop loop
B e &P = BT, 300 = ~0.21 | _ - Ko P =481, 35F =021 _
:t 0 . > . .
3 15% smearing = 50 GeV binning
T e
% 15 é 1074
s s
= =
iy B
< 1073 = 1073
107 , | , , g 1074} , | . . .
200 400 600 800 1000 1200 200 400 600 800 1000 1200
Mph [GCV} muh [G(‘V]

= experimental analysis = full calculation
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Experimental analysis vs. reality:
[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
L d,
T
H
o
S

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:
[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:
[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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4. BSM di-Higgs production at eTe~ colliders

Higgs-strahlung:
ete™ — Z* — Zhh

weak boson fusion (WBF):
e +e— — vvhh

Signal and background interference:
®)
e

v € veé
Signal diagram Background diagrams
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Di-Higgs production at ILC/CLIC:

+ - + - —
e'e - Zhh e'e - vvhh
4 ! ! T } I | ! ! ! 4 [ | ! R L
i — ILC 500 GeV, P(e”,e")=(¥0.8,+0.3), 313 fb | | ——— |[LC 1 TeV, P(e”,e*)=(-0.8,0.2), 0.13 fb
IcL|(_3|c1 EVT’ F\’}'ei?)l-(_o-%ofé-go]; ;7 fo ] SEREEEE CLIC 1.4 TeV, unpolarized, 0.15 fb
4 TeV, unpolarized, 0. - o | -
3+ - CLIC 3 TeV, unpolarized, 0.03 fb - 3 \\ GLIG p TeW. tnpolaiized. 8,59 o /
AN
2 | ‘.‘0\\
w) L s,
o 2 2 '—"\\‘*.,’\
b 4-\:‘,;\’
S (R i ot | | L (oo™ \ ;e’.‘~- = ‘.- = -
L ILC 500GeV (+16.8%) S '-‘J&K
P
LILC 1TeV (+37%)
COLIC TATeV EdR
0 . . | i A ; i i i ; 0 [ | T T BT
—2 —1 0 1 2 =10 -05 0.0 05 1.0 1.5 2.0
5K,\ 5!(,\
Ky -— 1 -|— 5&:)\

= 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* — Zhh

e+ e— — vvhh

Difference w.r.t. gg — hh:

— alignment limit gives the SM result for ete™
— C’P-odd Higgs bosons enter into the calculation
(but not with THCs)
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Di-Higgs production at the ILC: [F. Arco, S.H., M. Herrero '21]

Example: 2HDM type I etTe™ — Zhh/vvhh with MadGraph
mp ap- = 300 GeV,tg = 10,c5_ = 0.25,m$, = m%c2/tg = k) = 1.1, \pypg = —0.2

o(ete- — hhZ), s = 500 GeV o(ete” — hhvT), Vs = 500 GeV
=~ ]_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] - v - 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] ~—
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Opomnc = V51 = 3 — G omc=0- -
= 1 —_— 0= 05391 ] o =) — 0= 0309 fb 10° =
=] —— 0, =0018 fb 10° ol ] — 0, =0011b ol
o —— 0,5 =0519% E| = 10 —— 0y =0295b =
g 10 ] & = 5
5 23 RS, 3
3 S S0 <
» 107 3 p
g ° g
O S k| 10 O 1073
10 >
\ ?_ 1 1074
10 =
107! 1073
_5 L L 1 1 L I '] 1 L L '] L L _I |
10 250 300 350 400 450 500 250 300 350 400 450 500

n., [GeV] n., [GeV]

theory analysis: R := (NIt — N¢)/VNC
R = “resonance”, C = “continuum”, N incl. cuts and b-tagging efficiencies
v =500 (1000) GeV = R =58(205)

experimental analysis: crucially needed!
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Impact of NLO corrections to THCs at ete~ colliders
[F. Arco, S.H., M. Miihlleitner — PRELIMINARY]

BPlahhH-1, /s = 500 GeV

10° r 5.00 A
o.tree — (0.1579 fb r i Ecotcl Eﬁ. pOt.
aM E 103 1
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- = 1.247 tb L 102 4.90
S 10-2 - o g — ] —_—
— I O 1
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£ .. : P
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tanf =12, cg_, = 0.12, my = i = 300 GeV, my = my+ = 650 GeV

free = 0.95, kNFO = 4.69

A
Atree = 0.02, ANEQ =0.21
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Impact of NLO corrections to THCs at ete~ colliders

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

10°
atree = 0.1213 fb
1 s oM = 0.1201 fb
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= 0.21
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Impact of NLO corrections to THCs at eTe™

colliders

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

BPlahhH-1, /s = 500 GeV

10° 5
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tanf =12, cg_, = 0.12, my = i = 300 GeV, my = my+ = 650 GeV
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free = 0.95, kNFO = 4.69

= 0.21
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Impact of NLO corrections to THCs at ete~ colliders
[F. Arco, S.H., M. Miihlleitner — PRELIMINARY]

BPlahhH-1, /s = 1000 GeV

10° 5.00
o' = 0.1213 fb ] === Eff. pot.
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tanf =12, cg_, = 0.12, my = i = 300 GeV, my = my+ = 650 GeV

free = 0.95, kO = 4.69

X
Atree = 0.02, ANE9 =0.21
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Impact of NLO corrections to THCs at ete~ colliders
[F. Arco, S.H., M. Miihlleitner — PRELIMINARY]

BPlahhH-sign, /s = 500 GeV

10° 5

otree = 0.1762 fh [ a 5601 === Eff pot.
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tan 8 =20, cg_, = 0.10, my = m = 350 GeV, my = my+ = 650 GeV
riree = 0.995, kKNLC =5.47

Atree = —0.07, AN =0.16
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Impact of NLO corrections to THCs at eTe™

colliders

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

BPlahhH-sign, /5 = 1000 GeV
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tan = 20, cg_o = 0.10, my = i = 350 GeV, my = mpy+ = 650 GeV

riree = 0.995, kNLC =5.47

Atree = —0.07, A\NE@ =0.16
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Impact of NLO corrections to THCs at ete~ colliders
[F. Arco, S.H., M. Miihlleitner — PRELIMINARY]

BPlahhH-sign, /s = 500 GeV
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tan 8 = 20, c3_, = 0.10, my = m = 350 GeV, my = my+ = 650 GeV
ki = 0.995, kNLO =5.47

Atree = —0.07, ANEQ =0.16
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Impact of NLO corrections to THCs at ete~ colliders
[F. Arco, S.H., M. Miihlleitner — PRELIMINARY]

BPlahhH-sign, /5 = 1000 GeV
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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 Higgs sector required
FOEWPT can cause Gravitational Waves (GW), detectable with LISA

e 2HDM:

Many triple Higgs couplings: Ay, Annirs AwHE M+ -0 AHAA, - - -
= large loop corrections to «, (= Ahhh/)\%f'ﬂb possible
(many sublteties can be taken into account)

® gg — hh:
— large corrections to x, have a drastic effect on the XS
(large destructive interference of box and h resonance)
— A\pppg €nters via resonant H exchange
— loop corrections to THCs form a closed — and often leading — subset

e Experimental limits from non-resonant di-Higgs searches:
— limits depend on the value of k)
— one-loop corrections can rule out otherwise allowed parameter space

e Experimental limits from non-resonant di-Hiiggs searches:
= exp. analyses leave out interferences = results not reliable
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SM triple Higgs coupling: comparison of all colliders:

HL-LHC

HE-LHC

FCC-ee/eh/hh

FCC-ee

ILC

CEPC| T T“TT™"YF"

CLIC

= focus on “SM

Higgs@FC WG September 2019
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68% CL bounds on k, [%]
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triple Higgs coupling”

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

di-Higgs single-Higgs
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Measurement of k) selfcoupling at HL-LHC/ILC:

Higgs selfcoupling projections

==Be== HL-LHC (single coupl. analysis)

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

— ==w = cross-section-level extrapolation

mmgpem |LC 500 GeV + 1 TeV vwvHH combined

o ________ - +. SEENENE

-05 0 05 1 15 2
Mrue! Mo

rue
FOEWPT/GW: A\, < 2 = bad for HL-LHC, good for ILC

Sven Heinemeyer, Loops & Legs 2024 (Wittenberg), 16.04.2024

45



Measurement of k) selfcoupling at HL-LHC/ILC:

()} 2 . 5 T 1 11 1 1 T ] Higgs selfcoupling projections 1 [ 11
g | : : ==sem HL-LHC (single coupl. analysis) : i
(S B ==%= cross-section-level extrapolation =
% o SE— SRR SRR A —e=— |LC 500 GeV ZHH (full coupl. analysis) |}.......5.._.._|
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= over most of the parameter space ILC is clearly superior to HL-LHC
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2HDM parameter scan to vield FOEWPT:
[T. Biekotter, S.H., J. No, O. Olea, G. Weiglein '22]

6t ' 6t '
5t S5t
e e oo e
4 ——- HL-LHC Ar . AT_LAS limit
Z | === ATLAS limit S0 . Bwen
i Ayr < my or my I
It ] I Trapped
j ' SNR > 1
/" | I
| p— I} ens®
0 100 200 300 400 0 100 200 300 400
mg —mpyg [GeV] myg —mpyg [GeV]

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

100 - — A\ = -0.3975 (owor = 22.43 fb)| |
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107
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—
=,
2 40
g
"
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S
3
1073
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= dip-peak / peak-dip from resonant H-exchange = access to A\j,p”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
15% smearing

10°¢ | — N = -0.3975"
| — A = 0.3975

107 ' ' : ' '
200 400 600 800 1000 1200

mMphp [GGV]

= smearing of 15% applied (optimistic?) = access to A\;,y7
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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

0. : —
10 ; — N = -0.3975 ;
— Az = 0.3975 ]
__ 10" 3
> :
L
@
9
1072}
-~ [
E L
=
T~
S
1073
107 ' ' ' ' '
200 400 600 800 1000 1200

mpuyn [GGV]

= binning of 50 GeV applied (realistic?) = access to A\,,y7
Sven Heinemeyer, Loops & Legs 2024 (Wittenberg), 16.04.2024 50




My first neural network analysis

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

Benchmark point: 2HDM type I,
ma - = 545 GeV,my = 515 GeV,t3 = 10,c5_o = O.Q,m%Q = m%cg/tg
Bin size: 50 GeV
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Parameter plane to train the NN:
[M. Frank, S.H., M. Miihlleitner, K. Radchenko, PRELIMINARY]

g%'x-khhH
—0.10 —0.05 0.00 0.05 0.10

tan [

100k -
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Each point yields an my,; distribution = fed to the NN

i —HPAIR prediction|
100k —15% smeared
%
o 1071
.
=
s
= 107
3
o
=
10—3 -

200 4(I]0 6(TJ(J S{Tl(l 1(]I{'J('J

mpn |GeV]
— 15 input values (smeared and binned)
— 3 hidden layers with 128 nodes

— output layer to yield Ay X 63{

10(] i

=
=

do /dmy, [fb/GeV]

—
3

ot
=
b

e
S
T

—original — binned |4

—smeared — binned|

200

400 600 300 1000
mpy [GeV]

— training with 3/4 of my, distribution (randomly chosen)

— “measure” the remaining 1/4 (or ..

)
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Train with the correct my; distributions: = perfect result

[M. Frank, S.H., M. Miihlleitner, K. Radchenko, PRELIMINARY]
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“Realistic result’” has statistical uncertainties (bb bb final state):
[M. Frank, S.H., M. Miihlleitner, K. Radchenko, PRELIMINARY]

Total (SR) efficiency: 17.3 (1) %, my = 450 GeV

10° 3
. 10% :
: — :
| L
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200 400 600 800 1000
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= for each point in the plane test an my; distribution statistically smeared
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“Realistic” determination of Ay, g X &
[M. Frank, S.H., M. Miihlleitner, K. Radchenko, PRELIMINARY]
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“Realistic” determination of Ay, g X &
[M. Frank, S.H., M. Miihlleitner, K. Radchenko, PRELIMINARY]
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Hypothetical improvement in the efficiencies by x2:
[M. Frank, S.H., M. Miihlleitner, K. Radchenko, PRELIMINARY]
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