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Motivation

In the 2HDM, triple Higgs couplings /Ih,h,hk can be large while respecting all the relevant
]
constraints (arxiv2005.10576, arXiv:2203.12684)

l

Di-Higgs production could access to /lhihjhk at leading order
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The Two Higgs Doublet Model (2HDM)

Adding a second Higgs doublet to the SM = 5 physical Higgs bosons: /1, H, A and H~

POTENTIAL: M Ay
POTENTIAL: V=m}(®ID)) + mH(@IDy) — mi(@TD, + OID,)) + E(cbjcbl)z + ?(cbgcbz)z

A
+ (DD ) (D] D,) + Ay (PD,)(P] D)) 4 25[(c1>‘1fc1>2)2+(c1>§c1>1)2]
* CP conservation

. /, symmetry to avoid FCNC: softly broken by mlz2

* 4 possible Yukawa structure: we only consider mainly 2HDM type | in this talk

INPUT PARAMETERS:

my, (= 125 GeV), my, my, mys, tanf := v/vy, cos(f —a) = ¢;z_, 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!
- ) TvpE | Type Il Type Il (Y) TypE IV (X)
_________ o - hibyiy, k, € [-0.5, 1.3] [0.6, 1.0] [0.6, 1.0] [0.5, 1.0]
hi and A € [—1.7, 1.6] [-1.8, L.5] [-1.8, 1.3] [-1.8, 1.4]

K= A My A € [=0.7, 15] [=0.5, 16] [-0.3, 16] [-0.6, 9]

A € [—1.8, 33] [-1.4,33] [-1.3, 33] [-1.7, 33]

CONSTRAINTS
/lhAA — /th+H—/ 2

» Electroweak precision data, / parameter:
motivates (before CDF Il) scenarios with * Collider measurements of the 125 GeV Higgs

degenerate masses » Close to cos(ff — a) = 0, specially for type |l

- Usually for us: my = m, = my= = m » BSM Higgs searches in LEP, TeVatron and LHC

* Tree level unitarity and potential stability: » Flavor observables: BR(B — X,y) and
: mlz2 = mé cos” a/tan f helps to enlarge the BR(B, = uu)
allowed region 2HDMC, HiggsBounds, HiggsSignals and

Fran Arco (UAM-IFT) superlSO were used 4
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Methodology

XS presented in some benchmark planes with large (and allowed) THC (2005.10576, updated 2203.12684)

¢ e~ COLLIDER PRODUCTION: hhZ and hhui HADRON COLLIDER PRODUCTION: Gluon fusion
 Tree level calculation: Madgraph + FeynRules * NLO calculation in the heavy top limit: HPAIR

. Study for ILC and CLIC (1405.0301) + Study for HL-LHC 1504.06577)
» hhZ (hhvp) dominates at low (large) energies » Resonant diagrams mediated only by H (w/ 4;,;,1)

- Resonant diagrams mediated by H (w/ 4,,,,) and A

‘ 5 g 90009999~ K h
//h A __[___‘/\
\ (ongoing work)
5 g 90009999~

Full work at (arXiv:2106.11105) hoe h
» Access to THC via XS distributions on the invariant mass 11,;,, —* ALL diagrams included (no NWA!)

For both colliders, in the alignment limit k, = 1 and 4., = 0, then 6,y pv = Oom
Fran Arco (UAM-IFT) 5
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Black lines are the boundaries to the total allowed region A) Main effect from K) at the threshold of ny,
« hhZ is the dominant channel at this energy B) H resonance when m,, ~ m; — accessto /1,
» o(hhZ) ~ Togy = 1 1b for low masses Asymmetry around the H resonance — 4,,; sign!

to H and A
due to £7 and A resonances C) Plateau wrt the SM from A resonance (without THC)
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hhuv production, CLIC 3TeV (type |)

o(hhvr), 3000 GeV osv = 0.819 fb (4097)

Type 1 |
1400 tazlpﬁ 10 ‘

2 2
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Black lines are the boundaries to the total allowed region

 hhuv is now the dominant channel

« o(hhvv) ~ 100 = 9 1b at low masses and

~ 30q) for a wide range of masses
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A) Main effect from «, at the threshold of m,,,

B) H resonance when m,, ~ m; — accessto 4,

Asymmetry around the H resonance — 4, ; sign!

C) No sign from A resonance!




hhuv production, CLIC 3TeV, THC (type |)

Cross section distributions on mhh for o =M mEI0OY L glee mhm, B eeY
> =9.098 fb . % % — 0 =1.851b . %
Point | Type | m | tanf | cg_q m2, S N BP1 —on-oson 4100 G 8 N BP2 ogoson  |410° O
& eeen |1 o 2 s |12
BP1 | I | 300 | 10 |0.25|Eq(8) = F] — oy 1S S oo | J4er
BP2 | I | 500 | 7.5 | 0.1 | 32000 % A B S A
g= 100 2 3 100 2
BP3 | I | 600 | 10 | 02 Eq (8 % = S s
BP4 | I |1000| 85 | 0.08 | Eq. (8) & | 1055 o 10°
T
(Eq. (8) = m?, = mf cos® a/tan f3) T 10 10~ 10
! el
. . B |
—> Which collider and channel are best 1| LS i 10 AN |
. 4o . 500 1000 1500 2000 2500 3000 500 1000 1500 2000 2500 3000
suited to access to 4,y at e"e™ colliders? i (O] g (O]
o(ete — hhvv), Vs = 3000 GeV o(ete — hhvv), Vs = 3000 GeV
We estimated the final 4b-jets events S L I e v i I ML I LA I i i s S
: O - 0y, =08191b 1009 O - 04, =08191b —=10° ©
around the resonant peak (without o BP3 —ome (302 2 of BP4 ~olwemn |30 2
backgrounds) and we found large =N G S - R =N o haen 310" S
“sensitivity” to 4, , ,, at: E i 2 8 1y B
thD, SpeCiaIIy at CLIC 3 TeV g i 107 g i 10?
10~ 10~
hhvv and hhZ for low my; at ILC . 10 . 10
More details at arxXiv:2106.11105 | |
107 107
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hh productlon HL-LHC (type I)

o/osy (NLO) AO’SM

Ao SM
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Black lines are the boundaries to the total allowed region

. 6(hh) ~ 864 ~ 300 b for

Cs_y < 0 and low masses due, in

part, to i resonant diagrams
» K-factors = ony /010 ~ 2
Fran Arco (UAM-IFT) HL-LHC?7?7?

OoHDM — Osm
00

the actual projected significance at HL-LHC for x;, = 1 (1910.00012)

- Slight dependence on 4, ;; but strong dependence on

K, (also in other scenarios)
* Possible access thanks to the large luminosity of


https://arxiv.org/abs/1910.00012

hh production, HL-LHC, THC (type |)

- Larger k, effect, again, at the m,, threshold
- Access H resonances at m;, = my,; for different values of m;; — info about 4, ;,

- Large asymmetry around the H resonant peak — sign of 4, .,

Black lines are the boundaries to the total allowed region
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Summary & Conclusions

- The hh production is studied at future e e~ colliders and at the HL-LHC in the 2HDM type I, with

the aim to find effects coming from BSM triple Higgs couplings (THC): Only sizable distortions
at 2HDM type |

- From «,, at low invariant mass of the ih pair, similar to what happens in the SM

» From /,,,;, through a H boson resonant peak:

. At ete” COLLIDERS:

- A study of the final 4 b-jets events shows that #hvv channel is better to access to 4, ;; at

large energies (specially CLIC 3TeV), but large #events at ILC energies for a light H for
hhvv and hhZ

* At HL-LHC:

- Upcoming work!! Looking for scenarios with larger sensitivity to 4, , ;

- Effects from THC in hHvy, HHup and AAvD at e e~ colliders could be seen at CLIC 3TeV, see
[arxiv:2106.11105]!

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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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
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e
I
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* 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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4-Djets in hh production: 4,, ., “sensitivity”

-  We define a theoretical “sensitivity” R with an estimation of the final 4-bjets events
that could be detected at a collider close to the H resonance:

NR _ NC NX are events from the H
R = mediated diagrams and
\/ N N¢ are events from
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, .4 IS the acceptance of the collider

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

Fran Arco (UAM-IFT)



“Sensitivity” to 4,,,; at hhZ and hhuo

But good prospects for BP1 at ILC at both channels

More sensitivity to 4, (i.e. larger R) in hhvr, specially at CLIC 3 TeV

hhZ | /5 [GeV] | oompm / osm (] | NE, /| NGy | N9 | Rusz | [ hhww | /5 [GeV] | oampm / osm (0] | NE, / NS, [ N T Ry
500 1.063 / 0.158 193 /10 / 3 58 500 0.404 / 0.034 119 /4 / 1 58
apy | 1000 0.913 / 0.120 206 / 1/ 4 205 | | pp, | 1000 2.391 / 0.097 1510 / 24 / 0 303
1500 0.493 / 0.077 22 / <1/ 1 i 1500 4.423 / 0.239 794 /13 / 2 217
3000 0.147 / 0.033 1/<1/<1 i 3000 9.098 / 0.819 2425 / 46 / 6 351
1000 0.156 / 0.120 20/1/ 1 19 1000 0.234 / 0.097 79 /3 /1 44
BP2 | 1500 0.106 / 0.077 1/<1/<1 i BP2 | 1500 0.625 / 0.239 70 /3 /1 39
3000 0.042 / 0.033 <1/<1/<1 i 3000 1.850 / 0.819 282 / 28 / 9 48
1000 0.254 / 0.120 29 /5 /2 11 1000 0.208 / 0.097 85 /5 /3 36
BP3 | 1500 0.218 / 0.077 8/1/<1 7 || BP3 | 1500 0.709 / 0.239 111 /5 / 3 A7
3000 0.086 / 0.033 1/<1/<1 i 3000 2.422 / 0.819 577 / 30 / 11 100
apg | 1500 0.075 / 0.077 1/<1/<1 : apa | 1500 0.428 / 0.239 1/<1/<1 i
3000 0.038 / 0.033 <1/<1/<1 i 3000 1.523 / 0.819 72 /4 /3 34

Fran Arco (UAM-IFT)
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Back-up, Feynman Rules with THC

h A
“““ <: = 3t (200’02 mi —m?) ci_ + (3m? — 2m?) ¢5_ S5_o + M3 83 ) : '
. - B (mj, ) Cio + (3, ) €558 hop—a h----- 3 = —2 (sg—a (—2m? +2m? + m3) + 2cot 28 (mi — m?) cp—q)
h \\A
H A
H----- <: = — 3 ((3m?%, — 2m? Cg_asz_a + 2cot 28 (m? — m? 33_a + m? c3_a / ,
o= (2 et =) oot ihon) gL ook () s - s (24 208 )
H A
A
h
_____ <\\ — iCﬁv_a (2"’7’&2 (C%—a — 3 cot 2IBCﬁ—aSﬁ—a o 28;28—a) T (2m121 + m%{) (_C%—O‘ + 2 cot 2,30[3_@8[3—a T S%_a))
H
H
----- = (o 2m) (B 2ot 2o as9-a -+ 55 ) = 27 (<26 + Beot 26030550 +55..))
H
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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
— A > Mne O e =0.64 fb — = A > ThhH O, e =0.323 fb _
Point | Type | m |tanf | c m?2 % I T ot 10% o g I f T oot 10* o
B—o 12 " _ gzz:_: 0249 fb Nghe _ ZZZ;_: 2192 fb =
g ot 10° g 5 10° g
BP1 | I |300| 10 |0.25|Eq (8) £ 2 EoE E
BP2 I 500 | 7.5 | 0.1 | 32000 Ll e H10 Z e ’J l 102
@) ‘! @) |
BP3 | I | 600 | 10 | 0.2 |Eq. (8 . o s ,luh ,
BP4 I [1000| 85 | 0.08 | Eq. (8 f‘”" rm
1 10—4 n 1
2 _ 2 2 M i*
(Eq (8) — m12 _ mH COS a/tanﬁ) i | h | N ||i'|*4-1|| ||| I | ‘llL N
300 400 500 600 700 800 900 1000 200 300 400 500 700 800 900 1000
m, [GeV] m,, [GeV]
® Eﬁect from Kﬂ: the region Of IOW o(ete- — hh7z), s = 1000 GeV o(ete — hhvv), s = 1000 GeV
_ _ %10""I""I""I""I"":'O':I.""I""_E|105%%10""I""I""I""I""::}':I.""I""_E|105%
Invariant mass 3 BP . oasorn |1 & 8 BP3 . ousowrn |3 O
— A > Mt o o=0.184 fb - — = A » "hhH O me=02421b - _
= —owomer 410t e 2 — mesiann 410"
- Effect from A, .;: H resonant peak & S SR = B et B
2 10-! =10° § £ 1o <10° §
210 37 2 £10 1 2
at mhh A mH > : a3 f M
2107 2100 %ok 410
» Extra events due to the A © : O F = :
107 E 10 103 |4 10
resonance : :
10—4E 1 10—4E—‘. 1
N1 'R R B A A Ll ' T A . I b ool L
200 300 400 500 600 700 800 900 1000 200 300 400 500 600 700 800 900 1000
Fran Arco (UAM-IFT) m, [GeV] my GV 1 g



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

Type |, m = 600 GeV,
tan f = 10, m122 = mé cos” a/tan 3

Evolution of the H resonance with Cp_q (@nd indirectly with A )

o(ete — hhvv), Chq =0.1, Vs =3000 GeV o(ete” ehhv?),cﬁ_a =0.14, Vs =3000 GeV o(ete — hhvv), Chq =0.2, {s = 3000 GeV
- 0 B DAL R pL e e (ol T e 100 o o T 3 10°
E 10 K,=077,4, =03 — g; ﬁfgﬁfb % % 10 K,=073,4, =0.1 — g;i-%glf;fb g % 10 K,=10,A  =-052 — g;i‘g;f;fb %
= O o = 1.693 b 10* = 3 O o e = 1.63 b 10* = 3 O o i = 1.502 b 10* =
= o =072f o = o= 0262f o = 0220561 o
% o rmosn B0 TS s S e R o T P o R
= = = 2 g I 1 =
.% | Il; 102 L% .% | 1" 102 L% .% . I::' T 102 L%)
Qf 10 m— L'L_"L*‘——""_'J! !l % 1 L J“"L""‘JI! : Qi o Tt iy T D e M
10_4 | Il o ! 107 1 10—4 Ll'l.r -|'|_ |
0k I o 107 10” 10 10™
10—6 ..|....|...|....|....| {107 10—6|||||||||I||||I||||I||||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]
hh hh hh
» Height of the resonance depends on A : .
e For |arge Cﬂ—a the resonance is wider More events at the More events at the
. Coel left of the peak than right of the peak
ecause 1 g IS larger at the right than at the left
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hH production, CLI

The hH production channels
disappear in the alignment limit

Very strong contribution from
resonant A diagrams in the

hHZ channel

In the neutrino channel, the

effects from A mediated
diagrams mixes with the effects
coming from the THC (for this

process: Ay, and Ay )

Fran Arco (UAM-IFT)
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hH production, CLIC 3TeV, THC dependence (type |)

Cross section distribution on the invariant mass of hH-:

o(ete — hHZ), Vs = 3000 GeV o(e~et — hHvV), (s = 3000 GeV
o 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 = o 1 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_‘
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m, . [GeV] M, [GeV]

- Large effects from 4, ,,; (dark . The combined effect of

* Large “steps” in both channels

coming from A resonant blue line) and 4, ;;;; (green line) both THC (purple line)
- at low m1,,; only in the neutrino depends on their relative
diagrams h sign

channel at the m, ; threshold
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HH ~ AA production, CLIC 3TeV

= 3000 GeV HHVV = 3000 GeV

« The HH ~ AA production can be S | Gosya/tanﬂ \
non-zero even in the alignment
. 10!
—>
limit (Cﬁ—(l O) %

* Only sizable cross sections inside
the allowed region for the

10V
neutrino channel
—-0.3 —-0.2 —-0.1 0.0 0.1 0.2 0.3 —0.3 —-0.2 —-0.1 0.0 0.1 0.2 0.3
Ch—a Ch—a
 Not larger than 0.5 1b Y e 00 Gy 0 oy

e The sizable cross sections comes
from the effect of 4,717 (A), 4 4)

o Effects from Ay (Ar44) could
be important only for larger

values of cg_,

Black lines are
the boundaries to
the total allowed

region
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HH ~ AA production, CLIC 3TeV, THC dependence

Cross section distribution on the invariant mass of HH:
o(ete — HHZ), Vs = 3000 GeV
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* Very small XS and number of events in the

HHZ channel
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» Dominant effect in HHvv comes from A, ;1
and it is responsible for almost all the cross

section
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tanf = 10
Cp_q = 0.2

— 1p2 2
mi, = my cos” a/tan f

23



HH ~ AA productlo

Production cross sections wrt the SM at
ILC 500 GeV for HHZ (left) and HHuv
(right)

* |n type ll, due to the collider

constraints, only HH ~ AA production

IS relevant

« Only sizable XS, not larger than 0.5 1b,

inside the allowed region for the
neutrino channel

e Sizable XS comes from the effect of

A Anan)

e XS is larger at low mlzz, that is the
region where A, .7 is larger!

* |n type | we can obtain similar XS (in
other regions of the parameter space)

Fran Arco (UAM-IFT)

= 3000 GeV

50

e = 0.02 |

10

tan B
tan &

0.0 0.5 1.0 1.5 2.0 2.5 0.0

m3, [GeV?] <10

c(HHZ), /s = 3000 GeV

00 02 04 06 08 1.0 1.2
m%z [Ge\/z] <10

- 50 -
\ Type II L
m = 650 GeV 1 _

10 A

o(HHvD) = 3000 GeV

Type I1
m = 650 GeV
cg—a = 0.02

0.5 1.0 1.5 2.0 2.5
5
m3, [GeV?] <10

o(HHvr), /s = 3000 GeV

0.2 0.4 0.6 0.8 1.0 1.2
m3, [GeV?| <10

n, CLIC 3TeV (type Il)

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)
0.07 (350)
0.05 (250)
0.02 (100)
0.01 (50)

0.005 (20)

o [fb] (Events)

24



HH ~ AA production, THC dependence, CLIC 3TeV(type II)

In type Il only HHvr ~ AAvp production is relevant (because of collider constraints)

o(HHvD), \/s = 3000 GeV o(ete- — HHVV), Vs = 3000 GeV
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