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Motivation: BSM in the Higgs Sector ﬂ("

® The Higgs boson potential is
essentially untested

® Extended Higgs sectors can solve
(at least some) of the SM problems

® Baryon asymmetry
® Dark matter

® Hierarchy problem

LHC (now)
® Many, many room for BSM
p hys ics! Sketch of the current uncertainty in the
’ (SM) Higgs potential, by Nathaniel Craig
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Large 1L corrections @BSM models! ﬂ(“

® Framework: Two Higgs doublet model (2HDM)
® 5 Higgs bosons h, H, A, H+ + new scalar interactions
® Large scalar couplings are still allowed! jFa, Heinemeyer, Herrero, 21, 22]

. . 1
® | arge scalar couplings can lead to large 1L corrections to Ag,fh (well
above 100% w.r.t. the tree Ievel) [Kanemura, Kiyoura, Okada, Senaha, Yuan, 02]

m Other triple Higgs couplings (THCs) could receive similar contributions
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Where to look? At ete— colliders! ﬂ(“

® Our computation of the xs (@ ILC):

Tree level ete™ — hhZ
+

1L corrected Ash)h and )\S,BH

® Computation of 1L THCs:
1. Effective potential for Au., and Aunu

2. Diagramatic calculation for Ay,

® |[ncludes the expected main EW corrections
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Two Higgs Doublet Model (2HDM) ﬂ(“

® SM + second Higgs doublet (CP-conserving)
5 physical Higgs bosons: h, H: (CP-even) A: (CP-odd) and H=

m /> symmetry to avoid FCNC (softly broken by m%Q) = Four 2HDM types

® |nput parameters:

mp (=125 GeV), myg, ma, myg+, tan B, cos (8 — a) = cs_q, m2, = m23505

® Alignment limit: for cg—, = 0 the SM interactions for % are recovered !!

® Notation for THCs: hj .-
hi ' (0,1)
. . 0 A .
--------- <. = —zvn!)\éi)hjhk /15\0’1) = —)\h’(}(;;b with
SM 0) _ m% ~0.13
i i h BN SM " 9p2 &
(n = # identical bosons) k
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Triple Higgs Couplings at 1 Loop ﬂ(“

u Effective potential for Aﬁllh)h and AE},QH o K
® ‘On-shell’ renormalization: 1L parameters are set /
equal to their tree-level values 777777 1 ,‘\\

® BSMPTv3 [Basler, Biermann, Mihlleitner, Miiller, Santos, Viana, 24] [N

a Full diagramatic approach, only for )\Sh)h

® On-shell conditions for masses, angles, and WFRs
MS-bar for mi,

® The finite momentum effects are included!

® anyH3/anyBSM [Bahl, Braathen, Gabelmann, Weiglein, 23] N

® They will capture the pure scalar 1L corrections to etfe — hhZ
(expected to be the main EW ones)
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THCs: tree vs 1loop with constraints

Lype "{',(xn} ”‘g\” Aﬁﬂfﬂ )‘;ELI.JH
I |[0.2 1.2 |[0.2 6.8 | [-1.6,1.5] | [-2.1, 1.9]
11 0.6, 1.0] | [0.7,5.7] | [-1.5, 1.6] | [-1.7, 2.0]
LS | 0.5, 1.0] | [0.6,6.3] | [-1.7, 1.7] | [-2.2, 2.1]
FL | [0.7,1.0] | [0.8,5.8] | [-1.6, 1.3] | [-1.9, 1.5]

SKIT

stitute of Technology

(results from
the effective
potential)

m Scan of the parameter space (550,000 points) [scanners + HiggsTools + HDECAY]

m Applied constraints to the 2HDM

" EWPO

® Tree-level unitarity + potential

stability

® BSM Higgs boson searches
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boson

® Properties of the SM-like Higgs

® Close to the alignment!
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® Flavor Observables
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k. tree level vs 1 loop

eeeeeeeeeeeeeeeeeeeeeeeeeeeeee

————————— h
0, Type| W Ay | N | Mm
o I | [-02 1.2] |[0.2 68] |[-1.6,1.5] | [2.1, 1.9
o II | [0.6,1.0] |[0.7,5.7] | [1.5, 1.6] | [1.7, 2.0
A LS | [05,10] | [0.6, 6.3 | [-1.7,1.7 | [22, 2.1
YT FL | [0.7,1.0] | [0.8, 5.8] | [-1.6, 1.3] | [-1.9, 1.5
b = Hfb A H* h (results from the effective potential)
® Very large corrections are possible! )\Ellh)h >> Agoh?h
® Reason: h couplings to heavy Higgs bosons can be large ({ggggoil\sﬂ,
® Even at the alignment limit W' mpyg ~m < mg ~ Mg+ are ~ -8%)
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Munm s tree level vs 1 loop

eeeeeeeeeeeeeeeeeeeeeeeeeeeeee

fffffffff H
T, Twe| R Ay Nl | N
o I |[0.2 12|02 6.8 |[-1.6,1.5] | [-2.1, 1.9
q; ******* o1 | [06,1.0] | [0.7,5.7) | [1.5, 1.6] | [1.7, 2.0]
LS | [0.5,1.0] | [0.6,6.3] | [1.7, 1.7] | [-2.2, 2.1
TR A FL | [0.7,1.0] | [0.8, 5.8] | [-1.6, 1.3] | [-1.9, 1.5
& Hfb A H* " (results from the effective potential)

m 1L corrections for A,y can also yield interesting results!

m Example: AS,I)H 2 )‘gzOh)H

16/10/2024

0 or change of sign in Apna
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At eTe colliders
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Effects from THCs atete—— hhZ AT

Karlsruhe Institute of Technology

+

€

A) Non-resonant diagram
with Ky = at low muy,

B) Resonant H diagram
with Mpg = at mup, >~ mpy e

C) Resonant A diagram
(no THC)
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In the alighment limit (cs_.=0) ST

Karlsruhe Institute of Technology

A)N
wit
B) R
wit
C)R
(no THC)

lig\o) = 1,

0
A%zfﬂ =0

= SM ) = SM c =0
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Access to | (at ILC)
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Large 1L k) @ILCS500GeV

BPal, all types!
myg = m = 400 GeV,
ma = mg+ = 800 GeV,
tan =3, cos(f —a) =0

m XS 6 times larger
than the tree-level !!

® Momentum effects on
&Y (mp) around 1-2%

m Better access, and
sensitivity, to &\ than
In the SM!
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(0

o

— 1.00, A'Y,, = 0.00

=5.75, A

(1) ——- gNLO
b = 0.01 O diagram — 1-377 b
oliee = 0.232 fb
----- oit = 0.232 fb

oNEQ. . = 1.363 fb

950

300
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Large 1L x) @ILC1TeV AT

Karlsruhe Institute of Technology

—1 |
BPal, all types! 10 kY =1.00, AY, =0.00 oRES = 0.843 b
mpy = 1m = 400 GeV, 1w =575 A =001 =77 OQugam = 0.854 fb
ma = mpg+ = 800 GeV, 1072 ooy = 0.178 fb

=
=~ o = 0.178 fh
tanﬁ:g’ COS(/B_&)IO é \ o

S -3

S 10

= ]

\ i

N

=

= ]

3

® Similar tothe 500 = | e ﬁ.,\
GeV case P T U

a All points with large
scalar couplings can
potentially lead to
large ) at 1L I!!

7300 400 500 600 700 800 900
mmpp [GGV]
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Access to )\\") (at ILC 500 GeV)
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‘Sensitivity’ to the H resonance ﬂ(“

® Theoretical ‘sensitivity’: significance Z from a likelihood profile ratio
testing the H resonance peak vs. the no resonance (i.e. \i.n =0)

m Expected final 4b-jet events: Nupz = Nypz X A X €
m 4p-jet tagging efficiency: e, = 85% [purig PhD Thesis, 16]
= Acceptance A after the preselection cuts (around 75%):

min( E2,E2 —Cos
Mpz| < 2.5, By >20GeV, ypp, = - (El’EQS)(l %12) - 0.0025

®m Smearing of the my,, distributions due to finite detector resolution

® We consider 2% and 5% Gaussian smearing

m Sjze of the bin: bins with at least 2 events inside the kinematically
allowed region
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Large 1L \w»z (no smear)

18

BP1, type I
mpyg = m = 300 GeV,
ma = mg+ = 650 GeV,
tan f = 12, cos(f — a) = 0.12

® For this point )

(0)
hhH

u Large effect from «"

SKIT

Karlsruhe Institute of Technology

~0< A

= More prominent H resonance (greater %)

KO =

W _

0.95, A% = 0.02
4.69, A\, = 0.21

7\ =220

0) _
Zp =33
! s 1
250 300 350 400
mMuh [Ge\/]
16/10/2024
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o (hhZ) | 6.0 [fh/CeV]

100_

10—1_

1073_

- 10°
oREQ . = 1.301 b
=== Ofbaam = 1.368 fb
Jggjﬁ%M =0.2341b |02 %
----- oliee = 0.232 b g
—,
(@)
_101 qj
~
H I - S N
5
o 100'%
ZW = 14.0
70) — 19
. . |
250 300 350 400
mMpp [GGV]
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Large 1L M\inx

myg = m = 300 GeV,
ma = mg+ = 650 GeV,

BP1, type I

tan f = 12, cos(f — a) = 0.12

ZW = 13.6
Z\0 =13

1

16/10/2024

250 300 350 400

mMuh [Ge\/]

+ 2% smear

SKIT

Karlsruhe Institute of Technology

® The resonance gets ‘smeared’
® Values for Z get worst

- 102

ZzW) =127
70 =129
. . A |
250 300 350 400
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Large 1L Awwa + 5% smear

BP1, type I

mpyg = m = 300 GeV,
ma = mg+ = 650 GeV,

tan f = 12, cos(f — a) = 0.12

SKIT

Karlsruhe Institute of Technology

® The resonance gets even more ‘smeared’
® Values for Z get even worst

100 4
=
()
@)
~
=, 107!
o i bn,
@ o —
~
Q 1072 .....................................
; X < L
W _ = L
/ Zdég) = 10.1 © ., Z(l) —=10.0
Z0 =09 10773 Z0 = 0.9
L s ! . A i : : A
250 300 350 400 250 300 350 400
Mhp [Ge\/] mMpp [GGV]
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1L M\vnz with different sign (no smear)
® |n this point: sign ()\hhH> # sign ()\gh)H)
= changes the dip-peak structure of the peak!

BPsign, type I

m = 350 GeV,
ma = mpg+ = 650 GeV,
tan 3 =20, cos(8 —a) =0.1 ® Large effect from )

myg =

s =1.00, AV, = —0.08
k) =547, A =016

Z\ =102
7\ = 6.6
! : |
250 300 350 400
mMuh [Ge\/]
16/10/2024

10°

(1)

agf%%ot = 1.319 fb

- a}ﬁf;gomm =1.337 fb
olree = 0.261 fb
| ol = 0.232 fb
71) —
70) —
. . |
250 300 350 400

Francisco Arco — BSM (one-loop) Triple Higgs Couplings at Future e+e- Colliders

mMpp [GGV]

Virtual Overflow Session of 3 ECFA Workshop

L 103

L 102

SKIT

Karlsruhe Institute of Technology



1L \v».z with different sign + 2% smear

tan 8 = 20, cos(f —a) =0.1

107

22

BPsign, type I

M = i = 350 GoV., ® The dip-peak structure gets washed out

ma = mpg+ = 650 GeV,

= No apparent sensitivity to the coupling sign

100 4
=3
o)
O
~
=, 107!
=
©
~
N 1072 ..
1) = :
Zyw =50 | © Z =
0) _ 10735
s , . ; ] : " A |
250 300 350 400 250 300 350 400
mMuh [Ge\/] mMpp [GGV]
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1L \nz with different sign + 5% smear ﬂ(“

BPsign, type I
mpyg = m = 350 GeV, .
ma=mue =650 Gev, B The resonance peak gets very difficult to detect :(

tan 8 = 20, cos(f — «a) =0.1

L 103
107
=
G.) —
9 10! 102>
=, @
s =
10~ _
g L 101 2;
> ~
E 1073 N
= 10°‘£
< 107
-5 | L L L L Py : L L n H
10 250 300 350 400 250 300 350 400
mMuh [Ge\/] mMpp [GGV]
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BP  Smearing | Bin (loop) Z((hlé ZWY | Bin (tree) Z fl?; Z©)
R I f . BP1 0% 6.0 22.0 14.0 114 3.3 1.2
esults for Z: BRL | 2% | 60 136 127| 14 13 12
BP1 5% 6.0 10.1  10.0 114 09 09
[ Larger Values Of Z at 1L VS. BP1 10% 4.8 78 1.8 10.8 0.6 006
tl’ee-level BP2 0% 8.4 18.0 12.2 114 14.4 8.8
BP2 2% 8.4 134 12.2 114 9.5 8.0
BP2 10% 8.1 8.5 84 10.9 5.7 5.7
Value Of Z BP3 0%[ 10.1 46 44 10.8 23 2.2
BP3 5% 10.1 42 41 10.8 20 2.0
enhancement helps BP3 10% 10.1 3.6 3.6 10.8 1.7 1.7
[ Cha”englng access to BPsign 0% 6.0 102 6.9 11.4 6.6 3.5
. BPsign 2% 6.0 5.0 4.7 11.4 33 29
resonance H peaks and dlp BPsign 5% 4.9 3.4 34 10.8 23 23
peak/peak-dip structures BPsign  10% 30 25 25| 108 18 L7
. . BPext 0% 6.0 249 17.2 114 17.1 11.0

a
Still a f_u”_ experimental BPext 2% 6.0 150 13.8 9.5 1.1 10.3
analysis is needed! BPext 5% 4.9 119 11.9] 95 9.3 0.1
BPext 10% 3.9 10.4 10.4 9.3 8.2 &1
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Summary & Conclusions ﬂ(“

® Analysis of the 1L corrected triple Higgs couplings «, and ..z, and their
impact in double Higgs production at ete~ colliders in the 2ZHDM,
specifically efe~— hhZ at ILC

®m 1L corrections to k), can be very large, even in the alignment limit !!!
® Very distinct prediction even for a very SM-like Higgs boson!
= No relevant effects from finite momentum

m 1L corrected ).z can lead to interesting pheno! Access via the H
resonance peak

® Analysis of the final 4b-jet events + smearing + bin size: access to the
resonance peak may be challenging (but an experimental analysis is needed)

m Resolution in the m, distributions will be crucial
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Thanks for your attention! :
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Back up
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XS vs k, in the SM at LHC KIT

Karlsruhe Institute of Technology

T

1 | | I 1
HH production at 14 TeV LHC at (N)LO in QCD
M,=125 GeV, MSTWZ2008 (N)LO pdf (88%cl)

10° |
1
.—.‘|
B
9
=
=] (]
i
=
-
=
[
|.|!‘.'-I
-
Cly
o
[
]
b=
4 m
1=
| | 1 | | | 1
4 =3 2 1 1] 1 2 be| 4
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Di-Higgs production @e*e~ colliders SKIT

Karlsruhe Institute of Technology

® Main production channel is the double Higgs-strahlung ete~— hhZ

64 T Ve oo tow ® \We expect larger cross
Jl— ve=1s00Gev sections for larger values
5] —— /s =3000 GeV
= of k) |
S ]
S
S ]
T3
&
RS
b ]
1]
Y e S ——————
-6 _|4 _IQ (I) é le 6

SM
Kx = Auhh/ Mg,
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XS vs k) in the SM at ete colliders

[Di Vita, Durieux, Grojean, Gu, Liu, Panico, Riembau, Vantalon, 18]

+ —
e'e = Zhh
‘1- T T
[ —— [LC 500 GeV, P(e",e*)=(%0.8,£0.3)
- CLIC 1 4TE'\' unpnlanzed D{IB b
3r CLIC 3 TeV, unpolarized, 0.03 fiv

SKIT

e*e” - vvhh

”_ T—. —-.—'—_I--;|-;_:".-'.-

CLIC 1.4 TeV, unpolanzed, 0.15 fb
= CLIC 3 TeV, unpolanized, 0.59 fb

16/10/2024 Francisco Arco — BSM (one-loop) Triple Higgs Couplings at Future e+e- Colliders

Virtual Overflow Session of 3 ECFA Workshop

Karlsruhe Institute of Technology



kx 71 at HL-LHC and efe~ colliders ﬂ(“

Higgs self-coupling projections

—r [ 11 11| r1 HL-LHC (single coupl. analysis, ATL-PHYS-PUB-2022-053)
= : : extrapolation HL-LHC, A-dependency as of
3 b x-section significance in ATL-PHYS-PUB-2022-053)

ILC 500 GeV ZHH (2014, full coupl. analysis)

ILC 1 TeV vvHH (2014, single coupl. analysis)

ILC 500 GeV ZHH + 1 TeV vvHH combined, 2014

)\ meaS/)\true

-0.5

A

gy,

[Torndal, List, Ntounis, Vernieri, 23] true
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Feynman Rules @tree level AT
@alighment bt

hhh - _ T h —6@'@)\%?
hhH = hhhH : 0,
—i (m2 + 2m3, — 2m?)

2
—i (mj, + 2m — 2m”)

3

hHH/v=hhHH :

hod/v = hhoo : - ’
HHH/(3v) — hHHH — Hoojv — hHoo: 2 f) cot28.
—i (mj + 4 (m3;, —m?*) cot? 2[3)

HHHH/3=HHoo :

vg b

32 16/10/2024 Francisco Arco — BSM (one-loop) Triple Higgs Couplings at Future e+e- Colliders Virtual Overflow Session of 3 ECFA Workshop



Main corrections to x) ﬂ(“

[Kanemura,Kiyoura,Okada,Senaha, Yuan,02]

(1) 4 _2\ °
1) _ Munh Mg m
/1>\ p— ~ ]_ —|— Z 1 —5
(0) 202012 2
ASM b A 127em3 v my
4
2m
)\(1) ~ )\(0) 1 my (0) _ h ~ 0.
SM SM WZm%UZ ASM ’U2 0.13
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Results for

Type T1

tan 4

—03 —02 —0.1 00 01 02 03

Cha

Type T2

tan 4

—0.02 0.00 (.02 0.04
Cia
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0.0

1.0

0.6

Type T1

—03 =02 —01 00 01 02 03

Cqn

Type T2

—0.04 =002 000 0.02 0.04

Co—n

Type T1

10!

o

LY

K
tan 3

]

10"

—03 —02 —01 00 01 02 03
Ci—n

Type T2

5 10t

',,.l'\ L
th

o

tan 4

]

10°

=004 —0.02 0.00 0.02 0.04

Ch—a
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o

L]
O _ oteee
Ky~ — Ky

0

o
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Results for \i.z

Type T1

10!

01 02 03

tan /7

—0.3 =02 -0 00
Ci—n

Type T2

10! Lo

tan /3

10[\

—0.04
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—0.02

0.00
Ch—a

.02

(o4

10!

tan 3

tan 3

10"

10!

10"

—03 -0.2 =01 00 0l

Ci—a

Type 12

0.2

0.3

—0.04

—0.02

.00

Ci—a

0.02

0.04

hhdl

/\.\.'I,U

tan 3

tan 3

Type T1

101

10"
—03 -02 —01 00 01 02 03
Ci—qa
Tvpe T2
10!
e i e A
10° 1 e

—0.04

Francisco Arco — BSM (one-loop) Triple Higgs Couplings at Future e+e- Colliders

0.00
Ci-a

—0.02 0.02 0.04
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Example for large k) at 1 loop ﬂ("

BPal, all types!
myg = m = 400 GeV,
ma = mg+ = 800 GeV,
tan 5 =3, cos(f —a) =0

--—- Eff. pot.

= Large «\" due to large A\") ,

(0)
and A\, 7 -

® Good agreement between

effective potential and
diagramatic computation

= Momentum dependence more 300400 500 600 700 800 900
important for large momentum p=
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Relative difference w/ and wo/ p ﬂ(“

BPal, all types!
mpyg = m = 400 GeV,
ma = mg+ = 800 GeV,
tan 5 =3, cos(f —a) =0

0.014-3
0.012-3
0.010—3
0.008-3
0.006-3
0.004-3

0.002

0.000 st
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2HDM Yukawa couplings ﬂ(“

Lyukawa D _Zf u,dl v |:§fffh+€}{ffﬂ+£?f,y5fz4}
— 2[5 (£4VexmmaPr — &umaVexm PL) dHY + §omy PRIHT + h.c]

Typel Typell Typelll TypelV

Eu cot 3 cot 3 cot 3 cot 3
Ed cot 3 —tanf —tanp cot 3
& cot 3 —tan f3 cot 3 — tan 3

with f? = SB—« + gfcﬁ—oz 75]{‘{ — CR—a — gfsﬁ—oz 75{? — _igu 7521471 — igd,l
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‘Sensitivity’ to the H resonance ﬂ(“

. - Cowan, Cranmer, Gross, Vitells, 13
® Our theoretical ‘estimator’: [Cow ! /

m Significance Z from a likelihood profile ratio statistical test: H resonance vs
no resonance (i.e. A,z =0, the ‘continuum’)

® Notion of the ‘sensitivity’ to the H resonance and hence to Aw.u

L (:LL) _ H (:LLSz + bz)nz 6_(M81+bi) 7 — \/_210g (@) Z (Zz)2

C
S; = Nz‘,4bZ - N',4bz

(]

b, = Nzgle ;= \/2 <(Sz -+ b@) log (1 + %) — S@'>

n; = S; + bi
Disclaimer! This is NOT an experimental significance!
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