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Motivation

BSM Higgs sectors are still allowed by the measurements of the properties of the 125 GeV Higgs
boson

In the 2HDM, triple Higgs couplings /Ih,.hjhk can be large while respecting all the relevant constraints
(Eur.Phys.J.C 80 (2020) 9, 884 arXiv:2005.10576 and Eur.Phys.J.C 82 (2022) 6, 536 arXiv:2203.12684)

l

Di-Higgs production could give access to /Ihh,hk at tree level
]

Two channels of interest: ¢ "¢~ — hihjZ and ¢"e” — hihjw? with ih; = hh, hH, HH, AA

€+
h;
(Eur.Phys.J.C 81
(2021) 10, 913
[arxiv:2106.11105])
e | hj
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The Two Higgs Doublet Model (2HDM)

Adding a second Higgs doublet to the SM = 5 physical Higgs bosons: /2, H, A and H~

: A A
POTENTIAL: V = mlzl(cD?chI)l) + m222(d>;d>2) — mlzz(d)’;d)z + CDECDI) | ; (CI)WILCDI)2 | ; (CDECI)z)z

+ t + + As tey \2 tey \2
(@[O0 (@]Py) + 4y(D[@)(PID)) + —-[(P]P)* + (D]D))°]
» CP conservation

- /, symmetry to avoid FCNC: softly broken by m122

* 4 possible Yukawa structures

INPUT PARAMETERS:

my, (= 125 GeV), my, my, my=, tanf := n/vy, cos(f —a) = Chg and mlz2
Alignment limit: ¢z_, — 0, the SM interactions for / are recovered

Fran Arco (UAM-IFT)



Triple Higgs Couplings (THC)

COUPLING DEFINITION FINAL ALLOWED RANGES
h, updated ranges from arXiv:2203.12684!
o el TYPE | Typell  Type Il (Y) Tvype IV (X)
_________ < — F iy, k, € [-0.5, 1.3] [0.6, 1.0] [0O.6, 1.0] [0O.5, 1.0]
i and Ao €[—1.7, 1.6] [-1.8, 1.5][-1.8, 1.3] [-1.8, 1.4]
. SM
L K= A 2 A € [—0.7, 15] [=0.5, 16] [-0.3, 16] [-0.6, 9]
ot tree level Arrer- € [—1.8, 33] |—1.4, 33] [—1.3, 33] [—1.7, 33]
CONSTRAINTS Mnan = Pnrrei! 2
» Electroweak precision data, /" parameter: » Collider measurements of the 125 GeV Higgs
motivates (before CDF |l) scenarios with - Close to cos(ff — a) = 0, specially for type I
degenerate masses, my = nmy = My= = M * BSM Higgs searches at LEP, TeVatron and LHC
* Tree level unitarity and potential stability: . Flavor observables: BR(B — X y) and
c mlz2 = mé cos” a/tan p helps to satisfy these BR(B, — upu)
constraints 2HDMC, HiggsBounds, HiggsSignals and

Fran Arco (UAM-IFT) superlSO were used
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m = 500 GeV
tan f = 10
Cha = 0.2

m?, = 24000 GeV?

Dependence with energy "o
o e | | ;

}

| Kﬂ — ;thhh//llfijl‘z ~ 1
+ — mh |1 | (Num. cancelation)
s — ?]}1{] Ay = — 0.5
AA A Ay = Apan = 0
— SM
10-5 . - . . . 105 . - . . . /thJfH‘ = 12
500 1000 1500 2000 2500 3000 500 1000 1500 2000 2500 3000
Vs |GeV] Vs |GeV]
Z channel — decreases - hhZ and hhuv: ~ 3 times the SM due to resonant diagrams mediated by H
with the energy (contains A, ;) and A (without THC)
g c.:hannel — INCTeASES . hH7 and hHui: dominated by A mediated diagrams but still sensitive to
with the energy (VBF .
| THC at large energies
topologies!)

Fran Arco (UAM-IFT) - HHuvyv ~ AAvp: dominated at large energies by 4, 1y (4,,44) if large enough 5



Methodology

* XS presented in some benchmark planes
with large (and allowed) THC

* ALL diagrams included (no NWAI)

 Access to THC via XS distributions on the
invariant mass of the final /2,5, pair

. We studied effects from THC in My, for 5

benchmark points (BP) with a wide range of
BSM Higgs masses

- In the case of the sensitivity to 4, ,; at hh
production we propose a theoretical

estimator from 4-bjets events

MadGraph, FeynRules, ZHDMC

Fran Arco (UAM-IFT) and ROOT were used

2 2

Collider | /s [GeV] | Lin [ab™']
ILC 500 4
ILC 1000 ]
CLIC 1500 2.5
CLIC 3000 5
Point | Type | m |tanf | cs_o | mi,
BP1 | 1 [ 300 10 |025]Eq
BP2 | I | 500 | 7.5 | 0.1 | 32000
BP3 | I | 600 | 10 | 0.2 | Eq. (8
BP4 | I |1000 85 | 0.08 | Eq. (8
BP5 | II | 650 | 1.5 | 0.02 | 10000

(Eq. (8) = m?, = m7 cos” a/tan f3)



hh production

Three main effects different from the SM:

1. Deviations from k; = 1

Diagrams with k; has a positive interference in the
/. channel and negative in the neutrino channel

2. H mediated resonant diagrams (contains 4, /)
ete™ - H*Z — hhZ ( - hhup)
ete” > H*v,v, > hhu,p,

3. A mediated resonant diagrams (no sensitivity to

THC)
(More relevant for
€+€_ —> hA* —> th ( —> hhl/lj) the Z channel)

If c5_, = 0 we recover the SM prediction

Fran Arco (UAM-IFT) diagrams with Z — vU included



hh production, ILC 500GeV (type |)

o(hhZ), 500 GeV, ogy = 0.158 b (630)

Type I

Production XS for hhZ and hhuo
wrt the SM @ILC500GeV s 102%%§Za/tanﬁ

hhZ is the dominant channel

o)
-
@)

+~

. Cp_,— tanpplane: H and A are

too heavy — effect of k,

. Cp_, — mplane: the H (4,,,,) and A
(ho THC) resonances manifest for

—-0.3 -0.2 —-0.1 0.0 0.1

Ch—a
o(hhZ), 500 GeV, ogy = 0.158 fb (630)

low masses
The enhancement wrt the SM in ;400 oo
hhui is larger, but the absolute S
XS is smaller L
I 800
— Access to THC via the XS |§ 600
distributions on the invariant mass £ 4,

of hh
Fran Arco (UAM-IFT)

—-0.3 -0.2 -0.1 0.0 0.1
Ch—a

0.2

o (hhv), 500 GeV, USM — 00341 135) | Black fines are the

Type 1

m = 1000 GeV

m?2, = m? cos? a/ tan 3

boundaries to the
total
region

allowed

50 (31520, 6740)

30 (18910, 4050)

10 (6300, 1350)
5 (3150, 670)

2 (1260, 270)

—-0.3 -0.2 -0.1 0.0 0.1

Ch—a
o(hhvi), 500 GeV, ogy = 0.034 fb (135)

1.5 (950, 200)

1.3 (820, 180)

Type I
1400 ta};lpg 10

m3, = m? cos? a/ tan 3

1.05 (660, 140)

o/osm (Events hhZ, Events hhvo)

1200

0.95 (600, 130)
1000

0.8 (500, 110)
300 0.7 (440, 90)
600 0.6 (380, 80)
400 0.5 (320, 70)
200 0.01 (10, 0)

0.1

—0.3 —02 —0.1 0.0
Ch—a

0.2 0.3



hh production, ILC 500GeV, THC dependence (type |)

Cross section distribution on the invariant mass of hh:

o
- —
! —_— -

Cross section / 2.0 [fb/ GeV]
>

1073

107

107

o(ete- — hhZ), (s =500 GeV

o(ete~ — hhvv), \s = 500 GeV

E 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 - ; ; : I I I 1 I 1 1 1 1 I 1 1 1 1 4
E BP1 — 0 = 1.063 fb = A O D) - BP] — 0 = (.404 fb —E 10
ok, =10,A4, =02 — ow=0158 1=10° QO gL 11, -0 — O5u=00341b 3
| O e =04721b | = —, = O me=0.105b | Z
= O e = 0.539 fb ] o =, - O e = 0.309 b —= 103
= " — 0, =0018 fb < 10° o < [ . e 0, =001 fb =
B — 0,,=0519fb E S QI E — 0,,,=0295fb -
E . § 5 - = 10?
: IE 10> /@ g 107 g -
? - é - = 10
N ER O 107 .
% - - o1
- IE 1 107" g -
E - | E i = 107!
: = 10_ -5 — E
1 1 1 1 I 1 1 1 1 I 1 1 1 [ = 10 E 1 | | | 1 I | 1 1 1 1 I 1 [ [ ]
250 300 350 400 450 500 250 300 350 400 450 500
m,_ [GeV m,, [GeV’

- Main effect from k, at the

threshold of m,;, (light blue line)

Fran Arco (UAM-IFT)

The effect from k, and 4,;,; can be “mixed” if my; is small

 H resonance when
my,;, ~ my = 300 GeV (dark
blue line) — access to 4,

Events /2.0 [1/GeV]

BP1

Type |

m = 300 GeV
tanf = 10
C,B—a — 025

My, =

2 a2
Mj; COS”

tan f

* Plateau wrt the SM from
diagrams without THC (yellow

line) — A resonant diagrams




hh production, CLIC 3TeV (type )

e Production XS for hhZ and hhuo
wrt the SM @CLIC 3TeV

« Now hhur is the dominant
channel

tan 3

» hhZ is dominated by A mediated
diagrams — no THC info :(

» hhvv the H mediated diagrams
are more important — access to

1400

%1200
A S
hhH & 1000
s
» o(hhvr) ~ 100g\; = 9 1b at % 300
low masses and ~ 3o, fora | ™
wide range of masses = 0
200

Fran Arco (UAM-IFT)

"~ 03 -02 -0.1 00 01 02 03
Ch—a
o(hhZ), 3000 GeV, oey = 0.033 fb (164)

o(hhZ), 3000 GeV, ogy = 0.033 fb (164)

0
Type
m = 1000GV
m2, = m? cos® o/ tan

tan 5

Type I

tan § = 10

m32, = m?% cos® o/ tan 3

1400

-03 -0.2 -0.1 0.0 0.1 02 0.3
Ch—a

0.3 —-0.2 —0.1

0.0 0.1

Ch—a

o(hhviv), 3000 GeV, ogy = 0.819 fb (4097)

Type I

tan 8 = 10

m32, = m?% cos® o/ tan 3

[ |

0.2

—-0.3 —0.2 -0.1

|

\_J
0.0 0.1

Ch—a

0.2

(hhvy 3000 GeV osy = 0.819 fb (4097)

0.3

0.3

Black lines are the
boundaries to the
total allowed

region

50 (8180, 204850)
30 (4910, 122910)
10 (1640, 40970)
- 5 (820, 20490)
=+ 2 (330, 8190)

I+ 1.5 (250, 6150)

I+ 1.3 (210, 5330)

1.05 (170, 4300)
0.95 (160, 3890)
0.8 (130, 3280)

0.7 (110, 2870)

o/osm (Events hhZ, Events hhvv)

0.6 (100, 2460)
0.5 (80, 2050)

0.01 (0, 40)
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hh production, CLIC 3TeV, THC dependence (type |)

o(ete- — hhvv), Vs = 3000 GeV

o(ete- — hhvv), Vs = 3000 GeV

Cross section distributions on my,, for 3 £ ", . —ontoson 107
Point | Type | m |tanf | cs_o | mi, g 1 0 EE{%% 0 S
BP1 | I |300| 10 025 |Eq (8) 2 .
BP2 | I | 500 | 75 | 0.1 | 32000 210" I 3
BP3 | I |600]| 10 | 0.2 |Eq (8) &0 |*- 10
BP4 | I |1000| 85 |0.08|Eq (8§ . i | P 10
(Eq. (8) = m, = m7 cos” a/tan j3) ) Wh HHHLH.
10 | ISOIO 1000 1500 2OIOO "I | I250(3 3000
m,, [GeV]
- Effect from k;: the region of low olete” = hhvv), Vs = 3000 GeV
invariant mass g oo — o 1 8
e e =
* The neutrino channel can = b —om=own g §
rovide access to viathe £ ¢ 5
P Anhm o 10° 3
H resonant peak for a wide : 10
range of my and ¢g_, . 10
-4 1
10 5001000 15003000 - 2500 3000

Fran Arco (UAM-IFT)

m, [GeV]

[
-

Cross section / 20.0 [fb / GeV]
= 3

U
-)
&

[
-,
A

[
-

[E—

107!

Cross section / 20.0 [fb / GeV]

E 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 ;
C BP2 —_— 0=1851b s 8
[ x:,=08,4,,=03 — gSM=0;811?6£ - 107 ¥
= — Ope= 1192 fb o
- e Oy, =0.266 b 10* S
L — 0, =0954 fb «
- 10° 2
e
l'rhﬁ B 10°
"y | 10
l’_dllh ‘ ""l_ﬂ} LI ‘ . l'q‘
d s | b=n MILuch- o, Mi.mmwmw
500 1000 1500 2000 2500 3000
m, [GeV]
o(ete- — hhvv), Vs = 3000 GeV
— I 1 1 I 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 —
E BP4 — 0 =1.524 b s ?D)
[ x=05.2,, =11 — T =080 10 =
= — 0. =035 o
- e 0, =0.085 b 10* S
L — 0, =0283 b «
X 107 3
10
10
| 1
L | M | 1 I 1 | l 1
500 1000 1500 2000 2500 3000 11
m, [GeV]



hh production, CLIC 3TeV, THC sigh dependence (type |)

_ _ L _ Type |, m = 600 GeV,
Evolution of the H resonance with Cp_q (@nd indirectly with A lian B =10, m%, = m? cos® a/tan

o(ete — hhvv), Cpog = 0.1, Vs =3000 GeV o(ete- — hhvv), Ch g =0.14, Vs = 3000 GeV o(ete — hhvv), Cpog = 0.2, Vs =3000 GeV
~ '|""|""|""I""I""105'_''_1 '|""I""I""I""I""105'—'* '|""|""|""I""I""105'—
% 10 K,=077,A, =03 — g;iﬁglf;fb 4 g % 10 k,=073,A, =0. — g;i%gfgbfb 4 g % 10 K,=10,4, =-052 — g;i‘gégfh ) E
= O e = 1.693 fb 10" = 32 O e = 163 b 10" = 72 O e = 1502 fb 10" =
= 0y =0.721b o = Oy =0262 b o = Oy =2256 b o
< O = Y- < O iy = Y- < Oy = Y-
s ol g s S g L R S (e
§ 1k 102 § § 102 § 5 .!: :: 102 §
g 107 il "3 = 8107 f "b.ll =
2 F o ey [ 7 =5 . 2 EESpREMSTennipn = ——
S . 3 O S . 4
S 10 w 5 510 #
- ] gl { :
1074 I U 1074
i | 11 -1
105 t |'Ii 10 . 10 105
10—6 AP BRI B Nl PP PR B 10_2 10—6|||||||||||||||||||||||_10_2 10—6||||||||||||||I||||I|||||I|||-10_2
450 500 550 600 650 700 750 450 500 550 600 650 700 750 450 500 550 600 650 700 750
m, . [GeV] m, . [GeV] m, . [GeV]
» Height of the resonance depends on A : .
e For |arge Cﬁ—a the resonance is wider More events at the More events at the
. Cois) left of the peak than right of the peak
ecause 1 g IS larger at the right than at the left

Fran Arco (UAM-IFT) 15



4-bjets in hh production: 4,,,; “sensitivity”

- Which collider and channel are best suited to access to 4, ;7

-  We define a theoretical “sensitivity” R ratio: estimation of the final 4-bjets events at
a collider close to the H resonance:

_ _ - N are events from the H
B N*—N mediated diagrams
R = — N€ are events from
V N diagrams without THC
where N = N X of X elf with N the number of total 4-bjets events, €, ~ 0.8 the
b-tagging efficiency and & = N_,../N,,, . IS the acceptance with these cuts:

. Cuts:  p2>20GeV, |5’ <2, AR, > 0.4, p% > 20 GeV, Er > 20 GeV

Fran Arco (UAM-IFT)
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Ao “sensitivity” at 1hZ from 4-bjet events

» Large sensitivity

@ILC for BP1
(lighter H)

e 20-30 events
@ILC1TeV for
BP2 and BP3

* Barely no events

@QCLIC

Fran Arco (UAM-IFT)

hhZ | \/s [GeV] | oaspm / osm [fb] | Niz; / Nigz / Nz | Asiiom/ Asm | Ravz
500 1.063 / 0.158 193 / 10 / 3 0.70 / 0.68 | 58
oy | 1000 0.913 / 0.120 206 / 1/ 4 0.70 / 0.71 | 205
1500 0.493 / 0.077 22/ <1/1 051 /062 | -
3000 0.147 / 0.033 1/<1/<1 | 005/005 | -
1000 0.156 / 0.120 20 /1 /1 0.73 / 0.71 | 19
BP2 | 1500 0.106 / 0.077 4/<1/<1 | 065/062 | -
3000 0042 /0033 | <1/<1/<1 | 007/005 | -
1000 0.254 / 0.120 29 /5 /2 0.71 /071 | 11
BP3 | 1500 0.218 / 0.077 S /1/ <1 070 / 062 | 7
3000 0.086 / 0.033 1 /<1/<1 | 008/005 | -
oy | 1500 0.075 / 0.077 1/<1/<1 | 064/062 | -
3000 0038 /0033 | <1/<1/<1 | 007/005 | -

14



Ay “sensitivity” at Ahvr from 4-bjet events

 Better

sensitivities for
all BPs
compared to

hhZ

» Better R ratio
@CLIC3TeV

* No significant
events only for
BP4
@CLIC1.5TeV

Fran Arco (UAM-IFT)

hhvv | /s |GeV]| | ooupm / osm [fD] 4b/E/T / N 4I;E“T / Nfé\g«T Aoupm/ Asm | Raps,
500 0.404 / 0.034 119 /4 /1 0.70 / 0.68 | 58
BP1 1000 2.391 / 0.097 1510 / 24 / O 0.65 / 0.55 303
1500 4.423 / 0.239 794 / 13 / 2 0.58 /041 | 217
3000 9.098 / 0.819 2425 / 46 / 6 0.44 /025 | 351
1000 0.234 / 0.097 79/3 /1 0.65 / 0.55 | 44
BP2 | 1500 0.625 / 0.239 70 /3 /1 0.56 / 0.41 | 39
3000 1.850 / 0.819 282 / 28 / 9 041 /025 | 48
1000 0.208 / 0.097 85 /5 /3 0.66 / 0.55 | 36
BP3 | 1500 0.709 / 0.239 111/5 / 3 0.61 / 0.41 | 47
3000 2.422 / 0.819 577 / 30 / 11 0.47 /0.25 | 100
py | 1500 0.428 / 0.239 4/<1/<1 050 /041 | -
3000 1.523 / 0.819 72 /4 /3 0.38 /025 | 34

15



hH production, CL

» Production XS for hHZ and

hHvp @CLIC 3TeV

» ¢ = (0 in the alignment limit

* Very strong contribution from
resonant A diagrams in the

hHZ channel

» Inthe hHvr channel, the
effects from diagrams with

THCs (4;,,,;; and 4, ;) are
mixed with the effects from A

mediated diagrams

Fran Arco (UAM-IFT)

tan 3

10" 4

10V 4

= 3000 GeV

FType1 N
L m =10 OGV
_m%2= s? o/ tan 8

r

-0.3 -0.2 -0.1 0.0 0.1 0.2 0.3
Ch—a
o(hHZ), /s = 3000 GeV

tan 3

-0.3 -0.2 -0.1 0.0 0.1 0.2 0.3
Cp—a

10! 4

10V 4

1 tan g = 10

1\ |

IC 3TeV (type I)

hf{VV

= 3000 GeV

Type I

m = 1000 GeV
2a/tan 3

2 /4 12
mis = M* cos

03 -02 01 00 0.1 02 03

Ch—a
o(hHv), /5 = 3000 GeV
Type I ‘

s?2a/tan 8

p L
m12_mH

-03 -0.2 -0.1 0.0 0.1 0.2 0.3
Ch—a

Black lines are

the boundaries to

the total
region

allowed

‘: 10 (50000)
5 (25000)
=+ 2 (10000)

-t 1 (5000)

I+ 0.7 (3500)

)

- 0.5 (2500) %

>

I + 0.2 (1000) B

oy

0.1 (500) =

B
0.07 (350)
0.05 (250)
0.02 (100)
0.01 (50)
0.005 (20)
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hH production, CLIC 3TeV, THC dependence (type |)

Cross section distribution on the invariant mass of hH:

o(ete- — hHZ), \s = 3000 GeV o(e~et — hHvV), Vs = 3000 GeV
— T TTTTT T T T T T T T T T T T T — — le T T T T T T T T T T T T T T T T T T T T —
o BP3 | | | — AT 10°% % = Bp3 | | | — =0z - >
9 10 Ay =05, A,y =6 O otc = 0.895 b g 9 ~ Ayg =05, 4,,,=6 Trome = 09110 E 103 (05 BP3
_ - = O e = 0.26 fb = —
% | — ZZ:;;SG'(_)SE;T 10* o §IO = —— 0, =0.034 b . = Type |
= —— 0, =0. S . O, = 0473 fb <102 &
S o = 0.005 b 0 = &g _ : 10 p m = 600 GeV
= 107! £ 5 S . 5
-§ 0 L%) '§ . N = 10 i tanﬂ = 10
21" L F : Cpq =0-2
O 03 10 O 10_4% ! mlz2 = mé cos” a/tan f
107 : | 0_5:_ 107!
107 : - 5
10_5...|...|. A T B 10—6_---I....I....I....I.. . BF
500 1000 1500 2000 2500 3000 500 1000 1500 2000 2500 3000
m, . [GeV] M, [GeV]
* Large effects from diagrams . The combined effect of
* Large plateaus of events . . |
coming from A resonant with AhhH anc /IhHH Only " both THC (purple Ime)
" J the neutrino channel at the depends on their relative
|l2graims :
J m, ,, threshold sign

Fran Arco (UAM-IFT) 17



HH ~ AA productlon CLIC 3TeV (type 1)

Vs = 3000 GeV ] o(HHvr), /s = 3000 GeV

——
\Typ 11
m = 650 GeV

e = 0.02 |

* Production XS for HHZ and
HHyrr @ILC500GeV

10 10 1
* Intypellonly HH ~ AA g i
production is relevant
(because cz_, ~ 0) | g
00 05 10 15 20 23 0'50-0 05 1.0 15 20 25
- HHuvv production up to iy GV e
0.5 tb inside the allowed U2 G QUi 7) /s 3000 GV

region

- Effect coming from 4, 7, !

* In type | we can obtain similar
XS with similar values for 4,

7
Fran Arco (UAM-IFT) 00 02 04 06 08 L0 12 00 02 04 06 08 10 12

m3, [GeV?] m3, [GeV?|

Black lines are
the boundaries to
the total allowed

region

‘: 10 (50000)
5 (25000)

= 2 (10000)
=t 1 (5000)

I~ 0.7 (3500)
- 0.5 (2500)

I + 0.2 (1000)

0.1 (500)

o [fb] (Events)

0.07 (350)
0.05 (250)
0.02 (100)

0.01 (50)

0.005 (20)
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HH ~ AA production, CLIC 3TeV, THC dependence (type Il)

Cross section distribution on the invariant mass of HH:

o(ete — HHZ), \s = 3000 GeV o(ete- — HHVV), Vs = 3000 GeV
o N 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 — = N 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 —
> - Bps —— 0=00141b < 10° > B " BP5 — o=01731b 310 %
9 107" E_ Ay =1, Ay = 3.0 O o e = 0009 1b = g 9 107! E_ Ay =T Ay =30 O o e = 0-002 1b - g BP5
= i GTHCig.ggi?; - 102 ; =, - OTHCi(()).EffE - 102 ;
g 102 - 3211;3.6—06% ; g g 102 & Z’;’;’; _:2'6_04% ; 8 Type |l
S E 1 = & E ] m = 650 GeV
= B —= = - - —= =
£ 107k 10 g Sk 10 g tanff = 1.5
O - - QO - - N
S e = o —4 = —
& 10 = - & 10 = - m12 = 10000 GeV
- 5 10™ - = 10"
107 = 107 & =
: = 10~ - = 10~
10°°E 3 10 =
— 1 1 I 1 1 1 1 I 1 1 1 ] — 1 1 I 1 1 1 1 I 1 1 | I | | | | I | 1 1 1 I 1 -
500 1000 3000 500 1000 1500 2000 2500 3000

* Very small XS and number ¢ In the neutrino channel the < Sizable XS in both types if

of events in the HHZ diagram with 4, ., Ay 1S large (and my; light
channel dominates enough)

Fran Arco (UAM-IFT) 19



Summary & Conclusions

- The di-Higgs production is studied at ¢ "¢~ colliders in the 2HDM, with the aim to find
effects coming from BSM triple Higgs couplings (THC)

» Two production channels were studied: ¢"¢~ — h/i.Zand e"e™ — hhvi

- For hh production, only sizable distortions at type | (type Il is very constrained)

- From k,, at low invariant mass of the hh pair, similar to what happens in the SM
 From /4, ,;, through a resonant peak due to the H boson:

- A study of the final 4 b-jets events hints that #hvr channel is better at large energies
(specially @CLIC 3TeV)

 Large #events @ILC energies for a light { at both channels

- Effects from THC on hHvv and HHvr ~ AAvp could be potentially seen @CLIC 3TeV in
both types, even at the alignment limit! — u collider (?)

Fran Arco (UAM-IFT)
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Thanks for your attention :)

Questions??



Prospects on K,

The shape of the SM Higgs potential is NOT measured experimentally and there is not a
precise measurement of the Higgs self-coupling

_ SM _ SM
Actual measurements on k; = A,,,/4, " Prospects on k) = A;,,/ Ay,

ATLAS CMS ILC CLIC

500GeV: +27% at 68% CL 3+1.4 TeV combination:

2.3, 10.3]at95% CL - 133, 8.5]at 95% CL - v £10% at 68% CL  -8% and 11% at 68% CL

[arXiv:2011.12373, CMS-
HIG-19-018]

All the above analysis assume the SM couplings
» There are analysis for FCC-hh [arXiv.2004.03505] and ILC [J. List et al., preliminary] with k;, # 1

[ATLAS-CONF-2019-049] [arXiv:1910.11775] [arXiv:1901.05897]

Future e e~ colliders will play a crucial role to measure 4,,,, but...

There is room for SM

ati ' 1]
Fran Arco (UAM-IFT) deviations in the scalar sector !!!
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Back-up, k; sensitivity on the SM

+ - + - —
e e - Zhh e'e - vvhh
4""' I - 4-""""|""|""|""|IIII
—— ILC 500 GeV, P(e",e")=(70.8,+0.3), o013 fb j ——— ILC 1 TeV, P(e",e*)=(-0.8,0.2), 0.13 fb j
Iclz_ﬁé IZV{_ P\fe © )T(fo-%’oc-)zz)’gofgﬂb : [ |- CLIC 1.4 TeV, unpolarized, 0.15 fb —
------ 4 TeV, unpolarized, O. : : o . 1
3 CLIC 3 TeV, unpolarized, 0.03 fb - 3 \\ CLIC 3 TeV, unpolarized, 0.59 fb /
] E 2\~\’\’\
S SN
_ IETPTITE N
| ILC 500GeV (+16.8%) : N
e | 1 P
|ILC 1TeV (+37%)
CLIC .4Tev @ado)
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Prospects for k; at ILC

Sensitivity to Kﬂ for the di-Higgs productlon at HL-LHC and ILC, also for k;, # 1

| Higgs selfcoupli

=t HL-LHC (si

==%= Ccross-s

=== |LC 500 GeV ZHH (full coupl. ana

ng projectio

ngle coupl. analysis)

ection-level extrapolation

lysi
mgpes= |LC 500 GeV + 1 TeV vwvHH combined

s)

1
K, =

e
I

frue

2

[hay

* Allowed ranges by type | and |l are included

Higgs selfcoupli

=== |LC 500 GeV ZHH (full coupl. anal
mmgpesm |LLC 500 GeV + 1 TeV vvHH combined

ng projectio
=—s== HL-LHC (single coupl. ana

= =W = cross-section-level extrapolation

lysis)

ys

is)

......................................................................

/g

frue

M

- |LC 500 + ILC 1000 is better to measure k, except for k, ~ 0, where HL-LHC competes
(ho BSM channels are included)
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Back-up, Feynman Rules with THC

h A
----- =Y et2B(mE - o (- 207 assatmhsha) i L i Com g amd 4md) 4 20028 (m? — ) cp)
h \A
H A
// ) _ — 2 2 3 2 .3 ///
Hooooo o = =3 (3my — 2m®) cpoash_o + 200628 (M2 —m) o) o +miych o) < = £ (2cot28 (m} — m?) sp_a — cg—o (—2m% + 2m% + m}))
H A
h
/ : 2 2
————— <\ — wﬁv_a (277?,2 (C%—a — 3 cot 2IBCﬁ—aSﬁ—a o 28;28—a) T (2m121 T m%{) (_cﬁ—a + 2 cot 2,30[3_08[3_a T sﬂ_a))
H
H
/ . — 9 2 2
----- = (o 2m) (B 2ot 2o as9-a -+ 55 ) = 27 (<26 + Beot 26030550 +55..))
H
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tan 3

Type I

m = 1000 GeV

m2, = m% cos® o/ tan 3
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BaCk-up, /Ihih]hk

Type I

m = 1000 GeV

m3y = m% cos® o/ tan 3

,

—03-02-01 00 0.1 02 0.3
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hh production, THC dependence, ILC 1TeV (type |)

o(ete- — hhZ), \s = 1000 GeV o(ete — hhvv), \s = 1000 GeV
. . . . = JRERALEN BLALELELE BLALRLLE NLELEELE BLRLNLEL LR SLI I B s 55 AL BLELELELS B BLELELE BB NLNLNLL SRR B 5 5
Cross section distributions on m,;, for g "©ge —oenr JEY 8 & g — o 13 8
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