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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

® Dark matter, baryon asymmetry...

® Framework: Two Higgs doublet
model (2HDM)

® 5 Higgs bosons h, H, A, H+ + new
scalar interactions

LHC (now)

Sketch of the current uncertainty in the
(SM) Higgs potential, by Nathaniel Craig
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Large 1-loop corrections in BSM! ﬂ(“

® [ arge couplings of SM-like Higgs to other Higgs bosons still allowed!
[FA, Heinemeyer, Herrero, 21, 22]
(1)

® The 1-loop Higgs self-coupling A5, can receive corrections well above
100% w.r.t. the tree-level prediction [Kanemura, Kiyoura, Okada, Senaha, Yuan, 02]

® Main contributions from large scalar couplings:

® [mportant contributions could happen in other triple Higgs couplings
(THCs)
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Where to look? At ete~ colliders! AT

® Our computation: . :
® |ncludes the main corrections:

+ _
Tree level e"e™ — hhZ O(Agﬂiggs >\4Higgs>7 O()\SHiggs)g
+

* Z
1L corrected Aﬁllh)h and A5 )

® Computation of 1L THCs:
1. Effective potential for A}, and A{"

hhH
2. Diagramatic calculation for Aﬁfh)h e

® Tree-level THCs @ ete~ colliders [Fa, Heinemeyer, Herrero, 21] .
and @(H L-)LHC [FA, Heinemeyer, Radchenko, Mdhlleitner, 22] h

® ] and 2L THCs @(H L-)LHC [Bahl, Braathen, Weiglein, 22] [Heinemeyer, Mihlleitner,
Radchenko, Wieglein, 23]
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Two Higgs Doublet Model (2HDM) ﬂ(“

@ SM + second Higgs doublet

A 2 A 2
VQ(I(;%DM - m%l (‘I)Iq)l) + m§2 (q)g‘%) - [m%Z (‘I)Iqh) + h.C.] + 71 ((I)J{(I)l) =+ 72 ((I)E(I)Q)

s (cb{cpl) (cp;cbz) + A4 ((Iﬂ;@g) (cp;cbl) + [% (@1{@2)2 + h.c.]
5 physical Higgs bosons: h, H: (CP-even) A: (CP-odd) and H*

® 7, symmetry to avoid FCNC (sofly broken by m%2) = Four 2HDM types!
® |nput parameters:
mp (~ 125 GeV), mpyg, ma, mg+, tanB,cos (8 — Q) = cg_a, Miy = M>s5cs

m Alignment limit: for cg—, = 0 the SM interactions for h are recovered
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Triple Higgs Couplings at tree level ﬂ(“

® Notation for THCs: m Ratio to the SM tree-level coupling:
hz' ,” 0.1)
g (0,1) _ Mhih
f_L ________ o — —ivn!)\g;zihj Ry = NQ
‘ SM
» 2
: 0 _ My
hj N with >‘SM = W ~ (.13

(n = # identical bosons)

m Scalar (triple and quartic) couplings enter at the one-loop (1L)

predictions for A, Al
® Can be very large for large Higgs masses! [Fa, Heinemeyer, Herrero, 21, 22]

® Forinstance: \,g+g- = Awna+a- S 15
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One-Loop Effective Potential ﬂ(“

® Add the 1L Coleman-Weinberg (CW) + counterterm (CT) to the potential

Eff.(1 0 1),CW 1),CT
V2HD§\4) — V2(H)DM + V2(H£M + VZ(H%DM

® ‘On-shell’ renormalization scheme:
® L oop corrected masses and mixing angles are equal to the tree-level values
(1) : :
® 1L THCs A}, 3.1, 9iven by:

Eff.(1
A _ 1 0 V2HD(M)
hihjhy nlv 8h,,, ahg 8hk . (n = # identical bosons)

min
@ BSMPT [Basler, Biermann, Miihlleitner, Miiller, Santos, 24]
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Diagramatic Computation for x, ﬂ(“

m All 1L contibutions: WFR + 1Pl + tadpoles + counterterms

A = My & O A mah + Sh oMbk + SwER kA + 0ot A

tadpoles
————————— h

® On-shell renormalization for masses and the )

angles « and j [Kanemura, Okada, Senaha, Yuan, 04] L .

2 . N

m mjsin the MS bar (small ;» dependence) N L
® Three external legs corrections (WFRS) _ L

evaluated at p2., = m; (OS condition) SN

h------14 K

a All contributionslconsidered: full momentum SUIPARN

dependence A\'Y, (p? = m3,) h

(fermion and gauge boson

a a.nYBSM [Bah/, Braathen, Gabelmann, Welgleln, 23] Contrlbutlons are aISO Inc/udedl)
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THCs: tree vs 1loop

Type Ky s MNam Mm
I [-02,1.2] [0.2,68 [1.6,15 [2.1,1.9
II  [06,1.00 [0.7,5.6] [-15,1.6] [1.7,2.0]
LS  [0.5,1.00 [0.6,5.6] [-1.7,1.7 [2.0,2.1]
FL  [0.7,1.0] [0.8,5.6] [1.6,1.3] [1.9,1.5

SKIT

Karlsruhe Institute of Technology

m Scan of the parameter space
m Applied constraints to the 2HDM

* EWPO ® Properties of the SM-like Higgs
® Tree-level unitarity + potential kioson _
stability Close to the alignment! s .o +

HiggsTools +

® Flavor Observables HDECAY]

® BSM Higgs boson searches
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k. tree level vs 1 loop

romme h
S PR ™ R RV P i

6| I 0.2, 1.2] [0.2,6.8] [-1.6,1.5] [-2.1,1.9]

q; ******* " [0.6,1.0] [07,56] [15 1.6 [1.7,20]

h K LS 0.5, 1.0] [0.6, 5.6] [-1.7,1.7] [-2.0, 2.1]

¢ \ h FL 0.7,1.0] [0.8,5.6] [-1.6,1.3] [-1.9, 1.5]

6=H,A H* (results from the effective potential)

eeeeeeeeeeeeeeeeeeeeeeeeeeeeee

® Very large corrections are possible! Aﬁllh)h >> Agfh?h
® /, couplings to heavy Higgs bosons can be large ( A4y ~ 15)

® Even at the alignment limit ! (In the SM, top-loops are ~ -8%)
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Munm s tree level vs 1 loop

rmeeeeee H
¢ Type
h------ <
¢ I
R h
11
qb H
he-t <
¢ h
¢=H,A H*

m 1L corrections are not as significant as for A,,n

1) 5 O

® Still interesting results: A,/ 2 Ay,
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o

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]

0
N

1.6, 1.5
1.5, 1.6
1.7, 1.7

SKIT

eeeeeeeeeeeeeeeeeeeeeeeeeeeeee

1
A

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

-1.6, 1.3]

1.9, 1.5]

(results from the effective potential)
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What can we learn from ete-— hhZ? ﬂ("

m Effect of the 1L THCs, with all pure-scalar contributions (expected to
be the larger ones)
a In the case of "

m Very different from the SM even in the alignment! Potential access to BSM
physics!

® |s momentum dependence important?

m Effective potential has zero external momentum, but p =mn, >0
1
® |n the case of Aﬁbh)H ;
®= How does the 1L effects affect the H resonant peak?

® Can we see something at the ILC?
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Effects from THCs atete—— hhZ AT

Karlsruhe Institute of Technology

+

€

A) Non-resonant diagram
with Kx — at low Mhh

B) Resonant H diagram
with AhhH S atmuy, >~ 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)

lﬁlg\o) =1,

0
A%H =0

= SM = SM C) =0
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Large 1L k, @ILC500GeV KIT

Karlsruhe Institute of Technology

BPal, all t ! ‘ 5
a_, At Lypes 1014 & =1.00, A = 0.00 oNEQ = 0.9201 fb |
my = m = 400 GeV, 1 k3 =5.75, Al = 0.01 —=- N0, — 0.9204 fh ;_104
ma = mg+ = 800 GeV, =0 o = 0.1568 b | -
tan 5 =3, cos(f —a) =0 O D ot = 0.1568 b L 5
10! =
= =
. . = 100
® Cross section 6 times =~ £ 102 E
larger than the tree- SR 2 -
level pred|ct|0n i 10—3_§ e
= Momentum effects on | 100
10744 R . |
ki (Man) not larger 250 300 350 400
than 1'2% mpup [Ge\/]
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Large 1L A\wvaz @ILC500GeV

BPlahhH-1, type I
myg = m = 300 GeV,
ma = mpg+ = 650 GeV, =
tan 8 = 12, cos(f — «)

£

. 51075

m [ arge effect from /f&) S
< noint A©) ®

® Forthispoint A,/ < A\ p=
. -3

= the H resonance is 0
more prominent 104
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1023

— 101'§
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£ =095, A9, =0.02 oNEQ. = 0.8786 fh
1 =469, A =021 ——- MO, = 0.9236 b
gliee = 0.1579 fb
----- oy = 01568 b |
————— Opipe = 06828 fb |
————— O = 0.7279 fb |
250 7300 7350 400
mup [GGV}

SKIT

Karlsruhe Institute of Technology

;106
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1L Mz with different sign @iLcs00  NKIT

. 1024 -
BPSlgnj type I Ugf%%ot — O 8903 fb ( ) = 1. 00 /\th)H _0 08 _105
my = m = 350 GeV, 101 === N0, = 0.9026 fb mg) = 547, Ajly = 0.16 |
ma =mpg+ = 650 GeV, = ] otee 1 = 0.1762 fb ;104;
04 .oan. ree __ i
tan 8 = 20, cos(f — a) =0.1 2 107 off = 0.1568 fb L&
S — ohE O — (.8492 fh F10° —
- - 1071 ) T
® |n this point: e O = 0.8616 1 2
. g ] 510 =
sign ( hhH) # sign ()x%h)H> <107 e
s ] L 101
= = changes the dip-peak =, 10
structure of the _ 100
resonance ! w4k '
(1) 250 300 350 400
m [arge effect from «), mpy [GeV]
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Large 1L \u»x + large I'y @ILC500

BPlahhH-3, type I

mpyg = my+ =m = 300 GeV, 100
ma =100 GeV, =
tan 8 = 2.5, 9 o

cos(8 — a) = —0.18 =
§10—2

i i (1) 0 =T
® |n this point, \;/). ~2); s
-3
but I'y = 16 GeV 10
=- very broad resonance! 10_4'

= Not large effects from «{"
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| f0 = 1.06, A9, =0.24
| sV =140, A =044 _—-

= 0.2086 fb
= 0.2136 fb

= (0.1606 fb
= (0.1568 fb

=0.1895 fb |
O = 0.1946 > |

- 104

950

300

mpp [GGV]
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P PS P , Y = 0.95, A%lh}, =0.02 — oNEQ.,. = 0.8786 fb  E10° (I
more realistic bin -7 =iE Zzum K]
. %‘ 101 1 G’;‘ﬁ%M — 01579 b 10° > Karlsruhe Institute of Technology
size: 15 GeV 0 I
0 J
. z N
=  NLO(my) _ 10° =
<1075 Tl = 0.7279 fb =
z
m All the previous features are =, &
o 10 9|
.ff. I S L 10!
more difficult to see now...
L 100
. . 10744 . . .
[ ] Can we q uantrfy th |S7 250 300 350 400
BPlahhH-1  mu [GeV]
5 2 |
[ NLO — 0.8903 fb .(0) _ 1.00 )\(0) = —0.08 ] 106 10 (U) )\( — NLO
102 4 OB oy = 0- hA“)f Y, h?ll)l =Y ( ) = 1.06, ZZh)H =0.24 O pot = 0.2086 b 105
=== o0, =0.9026 fb Ky = 04T Ay =016 1 - 1ot A =140, Ay =044 —=- o0, =02136 fb
= 10 ofre = 0.1762 fb = = oo = 01606 b [ g1 =
g ----- Uéﬁ}fo: )0 1568 fb 0 Cowy e ot = 0.1568 b 3
K — K
TR Ol — 0.8492 b 2 = S op o) — 01895 fb |10 2
= e O = 0.8616 b = = S O = 0.1946 fb =
= =® = pP=m | 1n2 @
g 1014 = g R L T 10 R=
= 4 <= 10724 e g
S ST © @
1
= 102 S £ 10
1073,
, 3 101 L 100
103 : 1074 : : '
250 300 350 400 0 250 300 350 400
BPsign man [GeV] BPlahhH-3  mu [GeV]
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‘Sensitivity’ to the H resonance SKIT

Karlsruhe Institute of Technology

® Theoretical ‘estimator’ to the sensitivity to the H resonance with the
final 4b-jet events from the resonance (R) and the ‘continuum’ (C):

_ 7 R 7 C
R = \/2 ((s—|—b) log (1 + g) — s) 5= Z ’N'L'Abz B Ni"lbz‘

_ _ _ N\ nC
Nuvz = Nunz x BR (h = bb)” x €} x A b= ZNi,4bZ

are at least 30 away)
® h-tagging efficiency: ¢, = 80%
= Detector acceptance A with detection cuts: Similar analysis to

[FA, Heinemeyer, Herrero,21]

z b [FA, Heinemeyer, Radchenko,

p7 > 20 GeV, p1. > 20 GeV ,n, <2, ARy, > 0.4 Mhlleitner, 22]
Warning! This is not an experimental analysis! No backgrounds, detection simulation, hadronization...
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Results for R :

® [ arge bin size
decreases R by 5-6
units

® Still optimistic
results

a BPlahhH-3 (broad
peak) is challenging

® Small bins have no
events and large
bins give small
sensitivity
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Point
BPlahhH-1
BPlahhH-1
BPlahhH-1
BPlahhH-1

BPlahhH-2
BPlahhH-2
BPlahhH-2
BPlahhH-2

BPlahhH-3
BPlahhH-3
BPlahhH-3
BPlahhH-3
BPsign
BPsign
BPsign
BPsign
BPext
BPext
BPext
BPext

NE

500

500
1000
1000

500
500
1000
1000

500
500
1000
1000

500
500
1000
1000

500
500
1000
1000

Bin size
15
1
15
1

15
1
15
1

15
1
15
1

15
1
15
1

15
1
15
1

# of bins
1

N == NDRENNRE OO O WH Wk W

S
76.3
72.3
64.5
60.9

42.1
40.7
65.8
65.2

9.6
0
6.0
0

18.4
19.0
27.3
27.0

83.7
79.9
53.3
50.6

b
35.6
7.2
19.4
3.9

8.1
1.5
2.4
1.2

7.9
0
2.6
0

27.0
3.5
18.1
2.4

38.9
6.3
19.8
3.3
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8.6
3.6
3.3
2.2

31.3
26.8
40.4
39.8

10.1
0
3.9
0

14.0
7.6
11.6
9.8

27.7
24.8
16.4
15.6

bsm
6.3
1.2
14
0.3

6.6
1.2
1.4
0.6

5.9
0
1.5
0

6.5
0.8
1.3
0.2

3.1
0.6
0.8
0.2

A
0.688
0.688
0.613
0.613

0.69
0.69
0.672
0.672

0.679
0.679
0.675
0.675

0.684
0.684
0.626
0.626

0.678
0.678
0.587
0.587

Ry
10.2
154
10.8
15.6

9.9
14.2
18.0
20.1

2.9

2.9

3.2
6.8
5.4
9.7

10.7
17.1
9.2

14.1
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Summary & Conclusions ﬂ(“

m Analysis of the 1L corrected triple Higgs couplings k), and ..z, and
their impact in double Higgs production at e*e~ colliders in the 2ZHDM,
specifically ete— 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!

m 1L corrected \..x can lead to interesting pheno!
m Access to this effect via the H resonance peak

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

= Resolution in the my;, distributions will be crucial
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Karlsruhe Institute of Technology

Thanks for your attention! :)
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Karlsruhe Institute of Technology

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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XS vs k, in the SM at ete— colliders ﬂ("

e*e” - Zhh e'e” - vvhh
‘1-||| 4""|' ML LI LA N A
I —— ILC 500 GeV, P(e",e")=(¥0.8,£0.3), {13 fb ] [ - ||_ T—. __,-__.--_,,-;_:--_-.. :
LC 1 TeV, P(e”,&")=(-0.8,0.2), 0.17 : L[ CLIC 1.4 TeV, unpolarized, 0.15 fb :
I CLIC 1.4 TeV, unpolarized, 0.09 f ] K —-—- CLIC 3 TeV, unpolarized, 0.59 fb ]
3j CLIC 3 TeV, unpolarized, 0.03 fiz i 3_‘ \ : : d
:‘#ﬁ‘\\
B b\
2PN
B [ UM
I L S USSR
________ Sy I
1
':“_"""3'_31“-""-':&2':'lrnl ----- — -
';I'J' By . .
-....I.... ....I....- DIIII|IIIIIIII|IIII|IIII|||||-
{12 -1 0 1 2 -10 -05 00 0.5 10 15 20
5.'1‘.',1l 5"{.&
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kx 71 at HL-LHC and efe~ colliders ﬂ(“

Higgs self-co

HL-

extr
X-S€
ILC

ILC
ILC

R

[Torndal, List, Ntounis, Vernieri, 23]
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Main corrections to x) ﬂ(“

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

(1) 4 _2\°®
(1) — Ahhh My m
KJ)\ p— ~ ]_ —|— 1 — —5
(0) E: 270722 2
ASM b A 1274m3 v my
4 2
2m
AW 2O (g T O — ZTh .
SM SM Wzm}%’UZ ASM ’U2 0.13
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Results for k, AT

Karlsruhe Institute of Technology

Type T1 Type T1 I'vpe T1
1.0 o ; i . - 5
5 2
0.8 ‘ o 4
L 10 10
10 . 4 y
33
2 Moo= S 2 h
= = = Zx 3
0.4
2
0.2 1 . 1
100 10° 10
0.0 0 0
—03 —0.2 —01 00 01 02 03 —03 =02 —01 0.0 01 0.2 03 —0.3 —-02 —0.1 00 01 02 0.3
Ci-a Ci—n Ci-a
. - e T4 Tvpe T2
I'ype T2 Type T2 Ivpe T
10 6 5
10! 4 3 10t
10t 09 0 1
* 8
8 _ 35
g=! " % a2 = T
2 < s B -
0.7 2z <
2 5 2
10° 10" 10
0.6 | 1
0.5 0 0
—0.04 —002 000 002 001 —0.04 —002 000 002 00 —0.04 —002 000 002 0.04
[of; 2 Ch—n Ch—a
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Results for M1,z T

Karlsruhe Institute of Technology

Type T1 Type T1 Tvpe T1
1.5 . 1.5 A
0.4
& 1.0 1.0
10! 14 , 10! 10!
0.3 0.5
aY B f & pal gy @
E, E .0 /’5 E
. i —0.5 0.5
1 ' H 10 - 100
-04
—1.5 —1.5
—03 -02 -0 00 01 02 03 03 =02 -0 00 01 02 03 —03 =02 —0.1 00 01 02 03
Ci—n Ci—a Ci-a
Type T2 Type 12 Tvpe T2
1.5 1.5
0.4
10! L0 10! 1.0 10!

05 0.5 02 5
= gz ™ Gy M =
= 0 2= 2 00 55 = 0.0 |
g - = 3 : L

A Doy, Tt 55

0 05 A 027

100 10" 10° 1 : ’
1.0 L0
—0.4
1.5 —La
=004 =002 (.00 0.02 (.04 =004 =002 0.00 0.02 .04 004 —0.02 0.00 0.02 0.04
Ci—a Chi—a Cl—a
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Example for large k) at 1 loop ﬂ("

BPal, all types!

mpg = m = 400 GeV, O - EfL. pot.
ma = myg+ = 800 GeV,

tan 5 =3, cos(f —a) =0

= Large «\" due to large A\") ,

(0)
and A\, 7 -

® Good agreement between

effective potential and
diagramatic computation

® Momentum dependence more p = mpp [GeV]
important for large momentum

32 13/06/2024 Francisco Arco — Impact of One-Loop Triple Higgs Couplings on di-Higgs Production at ete~ Colliders SUSY 2024 — IFT, Madrid



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,d,l v |:§fffh+€}{ffﬂ+£jf4f75fz4}
— Y2 (i (EgVormmaPr — EumyVormPr) dHT + &omy PRIH + 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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