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1. Introduction

SM triple Higgs coupling: comparison of all colliders:

Higgs@FC WG September 2019

di-Higgs single-Higgs
HL-LHC HL-LHC HL-LHC
... 50% 50/

LR T G A -, % RN

R . R ., ., B

i % ., - T e
2y S i =, X R =, AR

FCC
FCC-eefeh/hh (= — [
AR DN WAT24% .
SLSRARRNRR, N FGE el
24%
under HH threshold FCKC—ee,m
FCC-e6 ———————T—— B
:\\\\\\\ “\\\\\x\\\‘ RS GRAN FCC-eg,,,
_________________________________________ 499,
ILC —— - . - 10% 36%
N e \ ‘.‘\ X g \\-. R H‘Ct-u:: .”‘Cwu
e e e 27% 38
under HH threshold LG,
_ CEPC
Lt 4g9,

CLIC

HE LHC

4 [10-20]%

HE—LHC

. FCC- oaloidl . FCC A
25%;

LE-FGC
15%
FCC-eh,

N A e

2000
To%+11%
CLIC

TR0

36%

E LE-FCC

' CLEC

B

49%

' CLIC, o
it 49 %5

—jCLIC

30 40 50 N -
68% CL bounds on K, [%]

20

0 10

All future colliders combined with HL-LHC

= focus on “SM triple Higgs coupling”, k) 1= Ahhh/AfSﬂ':/;L’tree

BSM case 1: k) # 1
BSM case 2: THC that involves BSM Higgses: A\, 5,
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Di-Higgs production at the LHC:
g ---h ¢

® Q 0
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Anhh

ooy ~ 38 fb at NLO Diagrams that exist in the SM:

They have a negative interference

Diagrams that are sensitive
to triple Higgs couplings

= strong interference of “box” and “SM-like Higgs"
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HH production at 14 TeV LHC at {N)LQ in QCD 1
My=125 GeV, MSTW2008 (N)LO pdf (68%cl) :

MadGraphS_aMCRNLO
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Resonant di-Higgs production requires BSM physics
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Resonant di-Higgs production requires BSM physics
Two Higgs Doublet Model (2HDM):
Fields:

o7 63

b = , P =
' %(’01 + p1+in1) ° %(’02 + p2 +in2)

Potential:
A Ao
Vo= miy|®q2 4+ md 0o — miy(@ldy 4 he) + E(q’;q’l)z + §(¢£¢2>2

A
FA3(D] 1) (PLdo) + Mg (D] Do) (DLdq) + 35[(@;%)2 + h.c]

Physical states: h, H, (CP-even), A (CP-odd), H* (charged)

“Physical” input parameters:
CR—a » tanﬁ ) v, Mh? MH ) MA ’ ‘]\4[{i ) m%Q

Alignment limit: cg_,, — 0 (for M} ~ 125 GeV)

I\/Iany triple nggs COUD”I’]gSZ )‘hhhi )‘hhﬂi )‘hHHr >\hH+H_’ )‘HAAr
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Assumption: h ~ hqiog

Z> symmetry to avoid FCNC:

CD1—>CD1,CD2—>—CD2

Extension of the Z>, symmetry to fermions determines four types:

u-type d-type Ileptons

type I Ps Py Py
type II Ps P4 P4 — SUSY type
type III (lepton-specific) o P P4
type IV (flipped) P Ddq OP)

Sum rule (with A SM-like): sin(8 —«a) ~ 1, cos(f —«a) =0

Unitarity/perturbativity and EWPO : = My ~ My ~ M+
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Higher-order correction to the THCs in the 2HDM:

[taken from J. Braathen]

Box vs. s-channel Higgs:

g - ————h 00 ~h
. )\hhh/’
b f >t @
¢ S .
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Inclusion of one-loop corrections to THCs:

TR e T -~ @~ -
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x O(Y1Ghnaa) x O(Y; Ihnos)

Correction to A, — included not included

= always closed subset, dominant for large THCs
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BSM THCs at the HL-LHC

g --~-h ¢ _-h g _-h
hi _ .~ H -7
O 1 o o> e Qo >
g ---h ¢ ~hoog A "~ h
Ahhh hhH
ooy ~ 38 fb at NLO Diagrams that exist in the SM: Diagrams that are sensitive

They have a negative interference to triple Higgs couplings

= possible strong resonance with BSM Higgs

Important: experimental limtis are obtained for

— non-resonant production
— purely resonant production
= no limits available for mixed scenarios :-(

= existing exclusion bounds questionable!

Example model in this talk: 2HDM
Similar results exist also for RxSM (Higgs singlet extension)
[S.H., A. Verduras PRELIMINARY]
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2. Resonant di-Higgs production: theory vs. experiment:

SM. tree

= analyses so far focus on “SM THC": k) := A\ppn/Apnp =1
BSM case 1: k), #1
BSM case 2: THC that involves BSM Higgses: Appp, - - -
Example of my; distortions: [S.H., M. Miihlleitner, K. Radchenko, G. Weiglein '24]
) ___'O-thf(o-tot == i976 fb) I
100- ) ——p § (Am A'E{:H(O-tot = 22.43 fb)'
- ! —_ (1 (O'tot = 1631 fb)
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U r
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S 1072
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—~
3
107
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Experimental analysis vs. reality:
[S.H., M. Miihlleitner, K. Radchenko, G. Weiglein '24]

smeared @ binned

L] T T : 0
_al’ull(o't.ot = 19.94 fb) 10
_Jl‘f—‘ﬁ(ot()t =211 fb)

K0P = 3,61, AP = —0.21

10°% . . .
[ —O'fu”(O'mt = 1994 fb)
_Urtrs(at()t = 2.11 fb)

kP = 3.61, A0 = —0.21

[
S
=

dO’/dmhh [fb/GCV]

104 , , , T , , , , ,
200 400 600 800 1000 1200 200 400 600 800 1000 1200
mpp [GCV] mMpp [GCV]

= experimental analysis = full calculation
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Experimental analysis vs. reality:
[S.H., M. Miihlleitner, K. Radchenko, G. Weiglein '24]

100 - | | _Io-full(o-tolt. - 9434.fb) e

‘l_L _O-res(o-tut =50.55 fb)
: :I_L kY =5.01, A, =0.23
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—
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- Resonant production : 54%
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= excluded by ATLAS resonant searches < reality: exclusion?
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Experimental analysis vs. reality:
[S.H., M. Miihlleitner, K. Radchenko, G. Weiglein '24]

—100.29 fb) .

10“ 2 _Jflﬂl(at()t
J_L _Ur(rs(atot =83.82 fb)
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- Resonant production : 84%
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= excluded by ATLAS resonant searches < reality: exclusion?
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3. My first neural network analysis

Di-Higgs production at the HL-LHC: [rF. Arco, S.H., M. Miinlleitner, K. Radchenko '22]

2HDM type I: my p: = 545 GeV,my = 515 GeV,tg = 10,c5_o = 0.2,m?, = m%c2/ts

100 - A = -0.3975 (oix = 22.43 )| |
E Mner = 0.3975 (01 = 27.26 fb) |
107
P
5 |
2 45
§
5 ~h
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10-4 T T T T T
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= dip-peak / peak-dip from resonant H-exchange = access to 5}[ X MNhH ¢
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Di-Higgs production at the HL-LHC:

Benchmark point: 2HDM type I,

[F. Arco, S.H., M. Miihlleitner, K. Radchenko '22]

ma g+ = 545 GeV,my = 515 GeV,ts = 10,c5_, = 0.2, m?, = m%.c2/ts
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15% smearing
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= smearing of 15% applied (optimistic?) = access to &', x Ay, 57
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Di-Higgs production at the HL-LHC: [F. Arco, S.H., M. Miinlleitner, K. Radchenko '22]
Benchmark point: 2HDM type I,

ma g+ = 545 GeV,my = 515 GeV,ts = 10,c5_, = 0.2, m?, = m%.c2/ts

Bin size: 50 GeV

15% smearing 100
100 | | | _)\hh:H = -0.3I975'; — Mg = -0.3975
: _)\hhH = 0.3975 _)\hhH = 0.3975
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= binning of 50 GeV applied (realistic?) = access to &4, x N7
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Parameter plane to train the NN:

[M. Frank, S.H., M. Miihlleitner, K.

—0.10

Radchenko, PRELIMINARY]
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Each point yields an my,; distribution = fed to the NN

_)\hhH > 0]

Lol — Ny < 0. NN set-up:

— 16 input values
(smeared and binned)

g 0 —] — 4 hidden layers with
~ 128 nodes
% — output layer to
s vield & X Appp
363\10 = i — training with 3/4 of my,,
S distribution (randomly
- chosen)
107 E — “measure” the
] )

remaining 1/4 (or ...

200 400 600 800 1000
muh [GCV]
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Train with the correct my; distributions: = perfect result
[M. Frank, S.H., M. Miihlleitner, K. Radchenko, PRELIMINARY]

0.15r

0.10¢

0.05r

0.00r

—0.051

A X % (NN prediction)

—0.10¢

—0.10 —0.05 000 005 010 015 020
Aha % &y (theory)

= but not realistic ...
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“Realistic result’” has statistical uncertainties (bb bb final state):
(and corr. exp. efficiencies) [v. Frank, S.H., M. Miinlleitner, K. Radchenko, PRELIMINARY ]
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= for each point in the plane test an my distribution statistically smeared
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“Realistic” determination of &4, x A\ppg:

[M. Frank, S.H., M. Miihlleitner, K. Radchenko, PRELIMINARY]
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(X} H H 1R H H t .
Realistic” determination of {; X Appp:
[M. Frank, S.H., M. Miihlleitner, K. Radchenko, PRELIMINARY]

“good” point “bad” point
Total (SR) efficiency: 17.3 (1) %, mg = 450 GeV Total (SR) efficiency: 17.3 (1) %, myg = 450 GeV
1 i
T I
Il I
101 i + J. 101 _ J.
_ T
10" ¢ “ - I - - 10V
a
1071} . . ) 7 101 - ) ) . E
200 400 600 800 1000 200 400 600 800 1000
Mphph Mpbih

= ‘“‘good” point much more likely than “bad’” points
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“Realistic” determination of Ay, g X &
[M. Frank, S.H., M. Miihlleitner, K. Radchenko, PRELIMINARY]
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Hypothetical improvement in the efficiencies by x2:
[M. Frank, S.H., M. Miihlleitner, K. Radchenko, PRELIMINARY]
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4. Conclusions

e Tripe Higgs couplings are in the focus of current and future colliders
= focus so far on “SM triple Higgs coupling”, k) := Ahhh/A%m
BSM case 1: k), #1
BSM case 2: THC that involves BSM Higgses: A\ppp, - - -

= Both can have a strong impact on o(gg — hh) and my,,

e BSM model: 2HDM: spectrum: h, H, A, HT with \,nn, Auni, - - .
= large one-loop corrections to x, of 100% ... 1000%

e EXxperimental searches for resonant di-Higgs production:

= exp. analyses leave out interferences with non-res. diagrams
= strong impact on my; = results not reliable

o Access to &4 x A\ppy at the HL-LHC:

interference of res. H with non-res. diagrams = peak-dip structure
= diluted by smearing (15%) and binning (50 GeV)

e Solution: deep NN trained on realistic set of my’s
= biggest challenge: statistical uncertainty in myy,
= taken into account, incl. exp. efficiencies for hh — bbbb
= NN analysis shows remarkable sensitivity
= extraction of &, x A,z possible
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