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AnnH: di-Higgs & single-Higgs processes

V's 2 500 GeV V's 2 240-250 GeV

00zH ~ O(1%)
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e current focus: detailed look in Single-
effects; potential improvement in Di-H

Goal: update the projections in ESU 2020

[Physics Briefing Book, arXiv:1910.11775]
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Higgs self-coupling studies @ ILC

e /s~500 GeV: e+e- —> ZHH

e s~1TeV: e+e- —> veVeHH
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full simulation studies @ ILC

« dominant channels covered <E0%
Z decay mode HH decay mode BranchingRatio
7 — ete HH — bbbb 1.1%
Z — putu HH — bbbb 1.1%
7 — vt HH — bbbb 6.7%
Z — bb HH — bbbb 5.0%
7 — qq HH — bbbb 17%
Z — bb HH — bbWW* WW* — 4q 1.7%
7 — cé HH — bbWW* WW* — 4q 1.4%
7 — bb HH — bbWW* WW* — l12q 1.1%
7 — cc HH — bbWW* WW* — [12q 0.92%
Z — 1t HH — bbWW* WW* — 4q 0.76%
7 — 1T~ HH — bbWW* WW* — [12q 0.50%

Table 1: signal channels analysed for ete”™ — ZHH at /s = 500 GeV.

(for e+e- ->vwHH@1TeV: HH->bbbb/bbWW* are covered)



full simulation studies @ ILC
[analysis ~10y ago]

generator: Whizard 1.95, Physsim (realistic
beamsstrahlung, ISR, pile-up)

parton shower & hadronization: Pythia ©

detector model: ILD (as realistic as possible material
budget, blind areas)

simulation & reconstruction: Geant 4, iILCSoft (realistic
algorithms for tracking, particle flow (PandoraPFA), tlavor
tagging (LCF/+), jet-clustering, etc)

event selection: full SM background, realistic cuts, careful
categorization, kinematic fitting, multivariate method



full simulation studies @ ILC

» results (example individual channels) analysis ~10y ago]

ZHH channel s (HH — bbbb) b Te eft.
eeH H 3.9 4 0.03 (2.6) 7x0.6 1.290 59%
ppHH 5.1 4+0.03 (2.8) 9+ 0.5 1.480 55%
vvHH 5.6 £ 0.04 (5.5) 7+ 1.0 1.78¢0 19%
bbH H 85+0.10 (8.0) 22+13  1.750 29%
qqHH 126+£0.1(109)  55+£20 1650 15%

Table 2: Results of the event selection of ZHH with HH — bbbb corresponding to an
integrated luminosity of £ =2 ab™! and a beam polarisation of P(ete™) = (0.3, —0.8).

major bkg.: tt, ZZ, Z/Z/Z, Z/H

e results (combined)

\/} / Ldt Ao/oc JAV/Piesesgly paates:
/HH @ 500 GeV 4 ap-10) 17% 27 %
vwHH @ 1 TeV 4 ap-1(7) 15% 10%

P(e+, e-) = *: equally shared by (-0.8,+0.3) and (+0.8,-0.3); **: (-0.8,+0.2) 8



from di-Higgs cross section to AxHH

c=8S\+I\+B
v % \
(background diagram)

(signal diagram)
(interference)

Signal diagram

Signal diagram

interference: constructive in ZHH, destructive in vwHH
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updated projection AAHHH

« two production channels combined at all v's: WW-fusion channel rapidly
becomes useful just a little above 500 GeV

« |luminosity now also scaled proportionally to v's
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note: this is still based on old ILD DBD analysis 11




o/ o5

Higgs self-coupling: when AxHH # Asm?

 Annn can be enhanced significantly O(1) in BSM wss» [J. Braathen @ ECFA24 |

o complementarity between ZHH & vwHH (& LHC): interference nature

o If Aunr/ Asv = 2, Amnn be measured to ~10% using ZHH @ [LC550 GeV
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https://indico.in2p3.fr/event/32629/contributions/142651/
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Higgs self-coupling: when AxHH # Asm?

 Annn can be enhanced significantly O(1) in BSM wss» [J. Braathen @ ECFA24 |

o complementarity between ZHH & vwHH (& LHC): interference nature

o If Aunr/ Asv = 2, Amnn be measured to ~10% using ZHH @ [LC550 GeV

— ZHH @ 500 GeV

— vwHH @ 1 TeV
SM

1TeV : BSM @ 500GeV
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Higgs self-coupling projections

! =t HL-LHC (single coupl. analysis, ATL-PHYS-PUB-2022-053)

extrapolation HL-LHC, A-dependency as of

L L

x-section significance in ATL-PHYS-PUB-2022-053)
=== |LC 550 GeV ZHH (2014, full coupl. analysis) &vvHH

f 7\‘true/ 7‘SM

complementarity with LHC
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prospect: AA\nnH a factor of 5 from “perfect”
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* how far can we go?
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https://inspirehep.net/literature/1493742

limiting factor: new jet-clustering algorithm?

ZHH->vvbbbb (BG: ZZH and ZZ7)
scatter plot of two Higgs masses
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+ the mis-clustering of particles degrades significantly the
separation between signal and BG.

+ itis studied that using perfect color-singlet-jet-clustering
can improve dA /A by 40%
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new development on flavor tagging by ML
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https://agenda.infn.it/event/34841/contributions/207748/attachments/111477/159079/ECFA_Paestum.pdf
https://agenda.linearcollider.org/event/10134/contributions/54564/attachments/39666/62637/20240709LCWS.pdf

ongoing full ZHH analysis for next ESU

common ILC & C3

UH
m
n

B

Analysis Flow

[Ibbbb

Universitat Hamburg
| DER BILDUNG

Clustering +
b tagging

Pair isolated
leptons

PreSel | PreSelll

Overlay
Removal

T-Tagging?

—
a

vvbbbb
qqbbbb

Improvements: LNk

\

Modern
ML?

Cut
windows

ParticleNet
/ ParT

Future LA

Kinematic fits

B. Bliewert @ ECFA '24



https://indico.in2p3.fr/event/32629/contributions/142653/attachments/87601/132238/ECFA_HTE3_ZHH_ILD_Bliewert.pdf

(i) AnnH from Single-Higgs

many more operators in the same NLO order  wms» [K. Asteriadis @ Higgs'24 ] -
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How to discriminate with HZZ coupling

ot @ 2 R [McCullough, ’13]
(SY

ik @7
~

< . W 6240 =100 (267 + 0.0145,) %

 00zH < 1% IS a necessity; but not sufficient

* 00 could receive contributions from many other sources
—> 0h ~ O(500)% at 250GeV only; [Gu, et al, arXiv:1711.03978]

6o/o or OI/T
2.0%5-

> “easy” solution: lift
degeneracy by multiple v's

1.0% F

0.00% \ .....

100 200 300 400 i~ 600
; : Q(GeV)
-1.0%¢L :
| [M. Peskin]
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https://arxiv.org/abs/1312.3322
https://arxiv.org/abs/1711.03978

(iv) How to discriminate with HZZ coupling

ot @ 2 R [McCullough, ’13]
(SY

e A

< . i 6240 =100 (267 + 0.0145,) %

2z difficult solution: using differential cross section

e angular meas.; radiative return sss» [G. Durieux @ ECFA mini-WS 23 ]

» effect of A may connect to anomalous HZZ coupling

~/

1 a b b .
L =mi(— +—)HZ'Z +—H7ZM"Z7 + —H7ZM7
2 p A) HT oA WA Hv
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https://arxiv.org/abs/1312.3322
https://indico.cern.ch/event/1271419/contributions/5358213/attachments/2646420/4580908/durieux-ecfa-hte-12may-2023.pdf

How to discriminate with top-Yukawa coupling
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C 240GeV circular collider with unpolarized beams .
C 240GeV + HL-LHC 240GeV (5/ab) + 350GeV (0.2/ab) + 365GeV (1.5/ab)
C 240/350/365GeV M light shade: marginalized over top parameters
C 240/350/365GeV + HL—LHC | | L | solid shade: all top parameters set to zero
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Top-quark uncertainties can impede Higgs precision!

[Durieux, Gu, Vyronidou, Zhang, '18]
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https://arxiv.org/abs/1809.03520

How to discriminate with 4-fermion interaction

might be most pressing

e the effects from (many) eett operators have
just been calculated! [Asteriadis, Dawson,
Giardino, Szafron, arXiv:2406.03257]

Vs = 240 GeV Vs = 365 GeV
Ai/A? Ai/A? Ai/A? Ai/A?
Cy -7.22-1073 0 -1.00-10® 0

Cuwl[3,3] -1.63-10° 4.01-10° 3.36-10° 6.25-1073
C.n[3,3] 0.15-10°% -2.22-10° -2.96-10 -3.20-10
C.$[3,3] 0.32-107° 0 -1.09-10? 0

C$J[3,3]  -1.34-10° -4.10-10° -4.39-10° -4.31-10°
c¥[3,3]  0.51-10° 4.12-10° 4.15-10* 7.58-10

@ Cyul3,3] -0.54-10° 3.49-10° 5.37-10° 3.11.10°3
Ceu[1,1,3,3] 0.01-10° -1.39-10% -3.73-107% -3.23-1072

| C.[1,1,3,3] -0.02-10° 1.73-10% 4.64-10% 4.01-10?
Ci[1,1,3,3] -0.37-10% -1.80-102 -6.09-102 -4.18-10°

C¥1,1,3,3] -0.37-102 1.29-102 4.54-10 3.29-107
Ceel3,3,1,1] 0.30-10° 1.45-10° 4.90-10% 3.36-107

21


https://arxiv.org/abs/2406.03557
https://arxiv.org/abs/2406.03557
https://arxiv.org/abs/2406.03557

How to discriminate with 4-fermion interaction

o [M. Vos @ ECFA "24]
* need projection for eett at HL-LHC & e+e-

103
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All e+e- colliders improve the bounds on the top sector dramatically
High-energy operation is important to provide the strongest global bounds



https://indico.in2p3.fr/event/32629/contributions/142546/attachments/87466/132067/TopCouplingsFutureCollider.pdf

first look at the global fit with NLO eett for AAHHH
[ongoing work by: Yong Du, Jiayin Gu, JT]

o * based on a fitting program for last ESU: 23

. (Higgs + WW + EWPO) + 5 (eett) operators

A

2 * take directly covariance matrix as eett
bounds (from Victor Miralles)

e reproduced (almost) the NLO calculation
about eett in ZH

2
>O’/ extra uncertainty induced by eett on ozH
eett \H

@ oozH ~ 0.3% (1.5%) for 240 (365) GeV
a test fit for 5000 fb-1 (240) + 1500 fb-1 (365)
OAnHH Mildly degraded from 57% to 77%

[warning: this is very preliminary, many things to be done, e.g. include NLO eett in
other observables as well.] 23



similar issue in double-Higgs approach

|[Barklow, Fuijii, Jung,

Peskin, JT, '17]

degeneracies from same-order SMEFT resolved

24


https://arxiv.org/abs/1708.09079
https://arxiv.org/abs/1708.09079

summary

e Challenging task to measure Higgs self-coupling at future
colliders

 Many progresses on theory, di-Higgs & single-Higgs
approaches

 Ongoing di-Higgs analysis to update AnnH projection: huge
room existing by new advanced analysis tools

A new global SMEFT fit is being worked out to address the

opportunity / challenges in probing AnnH using single-Higgs

 welcome to join the adventure!

25
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sensitivity factor

Higgs self-coupling: impact of ECM
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Challenges: 60zn << 1%?

* A: yes! Just give me 1 million recoil Higgs events —>0.1%

- B: likely! Assume only 1/4 of the 1M events useful —> 0.2%

* C: let’s look at some systematics first

Events

300 |-

200 |

100 ”,‘ > a2

T l T T T T [ T T 1 T ] T 1 T 1 I T T
—=— Data

— Signal+Background _
Signal

------- Background -

e'+e - putu + X @ 250 GeV ]

- I L L L

0

120 130 140 150
Recoil Mass (GeV/c?)
[Yan et al, arXiv:1604.07524]

2 a crucial requirement for measuring oz+ using recoil mass technique:
independent of how Higgs decay —> who not just test it!

28



Challenges: 6ozn << 1%?

e /—>pu: OEfficiency ~ 1%

[Yan et al, arXiv:1604.07524]

H — XX bb cC gg T | WW* | ZZ* Yy vZ
BR (SM) 57.8% | 2.7% | 8.6% | 6.4% |21.6% | 2.7% | 0.23% | 0.16%
BDT > -0.25 88.90% (89.04% |88.63% [89.12% 88.96% |89.11% |88.91% |88.28%
M;ec € [110,155] GeV[88.25%88.35%|87.98%|88.43%|88.33%|88.52%88.21%87.64% | >
Decay mode €2°065  €2-0.60 8/ R mv\
H — invis. <0.1 % 23.5% 23.5 %
H—qq/gg 226%  <0.1% 22.6 %
H— WW* 22.1 % 0.1 % 22.2 %
C H— 77" 20.6 % 1.1 % 21.7 %
e /—>QQ: 6Eff|C|ency ~ 15% Hoe 253%  02% | 255%
H — yy 257%  <0.1% 25.7 %
_ H—Zy 18.6 % 0.3% 18.9 %
[ Thomson, arXiv:1509.02853 | Ho WW' - qqqq 208%  <0.1% 0.8 %
[ Tomita 2015; Miyamoto, arXiv:1311.2248] 11 ww- e 2314 <ode | 2314
H— WW* = vy 265%  01% \ 265%
HoWW* vty 211%  05% \ 21.6%
Ho WW* Stvey 163%  23%  \ 187%

N

& trash 99% of those 1M events unless one can improve the bias




aps [GD, Gu, Vryonidou, Zhang '18]
TOp and trlllnear [see also Jung, Lee, Perellé, Tian, Vos '20]

light shades: 12 Higgs op. floated + 6 top op. floated
dark shades: 12 Higgs op. floated + 6 top op. — 0

10" =

- Bl CC 240GeV circular collider with unpolarized beams .
- |l CC 240GeV + HL-LHC 240GeV (5/ab) + 350GeV (0.2/ab) + 365GeV (1.5/ab)]
- |l CC 240/350/365GeV ' M light shade: marginalized over top parameters

. E_. CC 240/350/365GeV + HL-LHC | R | solid shade: alj top paramgters set to zero

pp — tth needed! }

precision

&z €z Cm Cy Cz, Cgq Oy Oy, Oy, Oy, 6y, Az k102

Uncertainties on the top have a big effect on the Higgs
- Higgsstr. run: insufficient

Higgsstr. run @ top@HL-LHC: large top contaminations in ¢y gg,7+,22
Higgsstr. run @ eTe~ — tt: large y, contaminations in various coefficients

Higgsstr. run @ ete™ — tt @ top@HL-LHC: top contam. in T only
Gauthier Durieux — ECFA mini-workshop — Higgs self-coupling — 15 May 2024 10




[Back-of-the-envelope calculations!!]

Differential hZ information and discuzlsic;(rjs with ZF;abio Maltoni

ZZh loop Ky vertex: Fo(p7) (€1 - €2) + Fo(p7) (p1 - €2)(p2 - €1)
with Fp/F, ~ 1072 so only < 10~* differential effect

— SM
——|inear KA

0.52 -

normalised distributions
()
L
)

?
2
O
=
0.48 - g
Ut/r/ dcos 6z Tloop d COS 92\ {Zthee HO00p) dcos Bz Otree 8 COS 07
0.46 - 5
—0.3 -
0'44- T T T T T T T T T T T T T T T T T T
~1.00 -0.75 —-0.50 —0.25 0.00 0.25 0.50 0.75 1.00 ~1.00 -0.75 —0.50 —0.25 0.00 0.25 0.50 0.75 1.00
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0.70 1
— SM 0.04
-~ |linear KA
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2 £
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2 0.55 - o,
= ' 1 dO't e VS 1 daloop © 1
2 ) ~0,044— : : .
’8‘ 0.50 - Otree d cos Tloop d cos 9# Q Utree+aloop) dsin ¢u Otree dsin ¢u
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0.45 1 0.08
~1.00 —-0.75 —0.50 —0.25 0.00 025 050 0.75 1.00 ~1.00 -0.75 —-0.50 —-0.25 0.00 0.25 0.50 0.75 1.00
sin Qu* sin Qu*

iexploitable with an optimal discriminant?
Gauthier Durieux — ECFA mini-workshop — Higgs self-coupling — 15 May 2024 12



(i) single-Higgs: lift degeneracies

2 can energy scan around 240-250 help? or using
radiative return from 365/380 GeV?

ete~—-hZyat Vs =380 GeV

0.0250 A 545 GeV 0.00200
0.0225 A : 0.00175 -
/ ,
0.0200 - VQ 0.00150 -
0.0175 ‘ 0.00125
0.0150 0.00100
0.0125 A 0.00075
0.0100 - 228 GeV 0.00050 -
—— Otree/10 pb — Giw=e/10 pb
0.0075 — Oloop/Otree 0.00025 -
—— ool V Oiree X Pb
o_ o, x b oo oes
0.0050 - l00p/V Gtree X P 0.00000 +— : : , . . , . .
' ' ' - ' ' - ' ' 220 240 260 280 300 320 340 360 380
220 230 240 250 260 270 280 290 300
mzn [GeV]
VS [GeV]

[Durieux, et al, preliminary]



(i) beyond SMEFT: large &Annn; light scalars

(examples)

e profound effect on di-Higgs processes
o complementarity between ZHH & wHH (& LHC): different interference
o if AubH/ Asm = 2, Amnn be discovered (~13%) using ZHH at 500 GeV e+e-

o/ Og

o I B B B L B o [ S N SO IS
— ZHH @ 500 GeV 2 V— A— —— ¢'+e —ZHH @ 500 GeV.-- -
< NS SR SO S,
— wWHH @ 1 TeV - — ¢*+e >vwWHH @ 1 TeV
SM <L
- <10
i 1TeV | BSM @ 500GeV .
1 : _: : : :
I Ll s m— —
0 N T TR P ::::::::::::::I:::ZZ:::::::'::::::I::::Z:::::::::::::I::::Z::::::::::::::I:::ZZ:::::::::::::I::::Z:iﬁ::::::::::::::Z:::::::::::::I::
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(i) beyond SMEFT: large dAnnn; light scalars

[Huang, Long, Wang, '16]

Real Scalar Singlet Model

o
=k
o
o

O
o
har {
o
°

more plausible &
Interesting

O
o
S
—

not here

hZZ coupling: |ghzz/g§zMz - 1]

—
<
H

0.5 1.0 1.5 2.0 2.5
hhh coupling: Az/Az sm
orange: first-order phase transition
blue: strongly first-order phase transition (v/T > 1.3)

red: very strongly first-order phase transition (GW @ eLISA)
[recent models with even larger hierarchy &nnn / dnvy: Durieux, McCullough, Salvioni, '22]
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