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Higgs Pair Production - probing the shape of the potential

* SM Higgs pair production at the LHC - dominant process: Gluon fusion

*mediated by top and bottom loops
* SM: destructive interference triangle and box diagrams

[Grazzini eal'19; Baglio eal,’20]
*Cross section: \/g =13TeV: oy = 31051_2?% fb. for extensive list of refs.

see |di Micco eal'19]

at FTapprox: full NNLO QCD in the heavy-top-limit with full LO and NLO mass effects
and full mass dependence in the one-loop double real corrections at NNLO

*Challenge: small cross sections and large QCD backgrounds
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New Physics Effects in Higgs Pair Production

°Cross section: - different trilinear couplings - different Yukawa couplings

- new particles in the loop - resonant enhancement

e Example NMSSM:

resonant enhancement
for mpk = 2*mn
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New Physics Effects in Higgs Pair Production

e Example: extended sector only
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Varying the SM couplings
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Experimental Results - Limits on Trilinear Higgs Self-Coupling

o) NN B e [Rui Zhang, ATLAS, this workshop]
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Today we have

An overview of Higgs Pair production possibilities
including theoretical and experimental constraints
in BSM Higgs sectors.

benchmark points / lines / planes
for experiment

R. Santos, Higgs Pairs Workshop, 1 June 2022




Extensions of the SM

CxSM (RxSM) 2HDM C2HDM N2HDM
Model SM-+Singlet SM-+Doublet SM+Doublet 2HDM+Singlet
Scalars hia,3) (CP even) H, h, A, H* His3 (no CP), HX hja3 (CP-even), A, H*
Motivation DM, Baryogenesis + H* + CP violation + ...

€ There is a 125 GeV Higgs (other scalars can be lighter
and/or heavier).

€ From the 2HDM on, tan p=v2/v1. Also charged Higgs
are present.

€ Models (except singlet extensions) can be CP-violating.

€ They all have p=1 at tree-level.

€ You get a few more scalars (CP-odd or CP-even or with
no definite CP)

€ In case all neutral scalars mix there will be three
mixing angles

€ They can have dark matter candidates (or not)

R. Santos, Higgs Pairs Workshop, 1 June 2022



The potentials
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The model can be CP

magenta = SM . .
J violating or not.

magenta + blue = RxSM (also CxSM)

magenta + black = 2HDM (also C2HDM) \

magenta + black + blue + red => N2HDM  ~_ softly brokenz,: @, - ®;; ) - -,

*m2,, and A, real 2HDM softly brokenZ,: &, » ®; &, > — ®,; O — Dy
- m2,, and A\, complex  C2HDM exact Z,: &, - O; O, - P,; Oy —> — Dy
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Singlet

Doublet

Doublet+Singlet

In principle possible Higgs pair final

Model Higgs Spectrum states from resonant production
RxSM “dark phase’: Hsm, DM DMDM
SM+real singlet " broken phase”: Hsm, S HsmHsm SS
TRSM . .. HsmHsm HiH1 HzH:
SM+2real singlets broken phase-: HsmH1.Hz HiHz HsmH1

CxSM
SM+complex singlet

“dark phase”: Hsm,S,DM

“broken phase”: Hsm,Hi1,Hz

HsmHsm SS DMDM
HsmHsm HiH1 HzaH:

HiH> HsmH1
2HDM -
2 Higgs doublets CP-conserving: Hsm,H,A HsmHsm HH
MSSM . HsmHsm
2 Higgs doublets, SUSY! CP-conserving: HsmH.A no HH (due to constraints)
C2HDM S HsmHsm HiH1 HaH2
CP- :
2 doublets, 3 Higgses mix violating: Hsm,H1.Hz HiH> HsmH:
N2HDM HsmHsm HiH1 HaH:
2 doublets, 1 real singlet Hsu HiHz A HiHz HsmH1
2HDM+S HsmHsm HiH1 HaH:
2 doublets + Hsm,Hi,H2,A1,A2 HsmH: HsmA1 HiH2 AiH1 A1H2
1 complex singlet
NMSSM sUsY! HsmHsm HiH:
2 doublets + Hsm,Hi,Hz2,A1,A2 HsmH1 HsmA1 AiH:

1 complex singlet

(no H2H2,A1H2 HiH2 <« constraints)




Models

Model

R2HDM

C2HDM

NZHDM

NMSSM

Higgs Fields Spectrum

2 SU(2) doublets,

h,H, A, H*
CP-conserving I

2 SU(2) doublets,

CP-violating Hi, He, H3, H*

2 SU(2) doublets, 1 real .
singlet, CP-conserving Hi, Hz, Hs3, A, H

2 SU(2) doublets, 1 Hi H>, Hz A1 A»

complex singlet super- .
field, CP-conserving H

R. Santos, Higgs Pairs Workshop, 1 June 2022
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h,,5 couplings (gauge)

Lightest Higgs coupling modifiers (to gauge bosons)

A TA T IATa%
S ppy = SI(f — a)gqy,

hVVv _ hVVv CP-VIOLATING 2HDM
8caupm = €08 M &ppm

[———— "PSEUDOSCALAR" COMPONENFY (DOUBLET)

|so] =0 = h; is a pure‘Scalar,
3%4% hvV

En2rpm = €95 % 8rapm |sa] =1 = hy is apure pseudoscalar

SINGLET COMPONENT

(a+ Ib)
SM + REAL SINGLET SM + COMPLEX SINGLET
\
WV o hVV
WY cosa. oYY 8cxsy = €08 Ay COS ) 8opy
SRxsM = 1 85
REAL COMPONENT IMAGINARY COMPONENT
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h;,5 couplings (Yukawa)

Type I Ky =Kp =K, = inp

R I
Type FY)  xf=xf=S00 .
Type LS(X) x5 =« - Cs‘l’;‘; (S _zlonsoé

IIT =T =Y = Flipped = 4..
IV = IT' = X = Lepton Specific= 3...

These are coupling modifiers
relative to the SM coupling.
May increase Yukawa
relative to the SM.

Yeorupy = €08 &Y, ypyy £ iys sina, tan f(1/tan )

Yvoupy = €OS 4 Youpy

R. Santos, Higgs Pairs Workshop, 1 June 2022
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Overview of resonant production




Remarks

+ Scan in parameter spaces of all models to check for compatibility with theoretical and experimental
constraints (using Scanners [Coimbra,Sampaio,Santos,” 131,[MM,Sampaio,Santos, Wittbrodt,” 2o1kl;
. . . .. . . . AB'LAS-CONF- OTE-ZOZl-OE)O
Higgs pair exclusion limits included beyond those in HiggsBounds: bbbb [ATLAs,1804.06174], bbyy

ATLAS-CONF-NOTE-2021-035
[ATLAS,1807.04873], bbtr [ATLAS,1808.00336], bbrr [ATLAS,2007.14811], bbWW [ATLAS,1811.04671], bbZZ

[CMS,2006.063911, WWryy [ATLAS,1807.085671, WWWW [ATLAS 1811.11028]

+ Computation of Higgs pair production including non-resonant and resonant production with
HPAIR [Spira] for CRHDM [Griber MM, Spira,” 171, NMISSM. [Dao, MM, Streicher, Walz,” 131, RHDM [MM],
NRHDM [mm]: computes NLO Born-improved HTL cxn

+Plots presented in the following at LO (time saving in large scans) multiplied by 2 (to approximate
NLO value); NLO QCD HTL: K-factor ~1.4-.1.9 [Griber MM, Spira,” 171;
benchmark points will include NLO corrections calculated with HPAIR

R. Santos, Higgs Pairs Workshop, 1 June 2022



Allowed SM-like Higgs in each model

® Hi=Hsy ® Hy=Hsy @ Hy=Hgy
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What is resonant?

Additional Higgs bosons H, - possible resonant enhancement of the di-Higgs cross section.

 If my< my+ m, - clear case of "non-resonant” production.
 If m,> m,+ m,, resonance contribution may be suppressed (small couplings, large masses,
large widths or destructive interference).

From an experimental point of view, the cross section would not be distinguishable from “non-
resonant” production then. So our recipe is:

» HiggsBounds turned of f for di-Higgs.

* Use Sushi to calculate o(H,), for all possible infermediate resonances H, (NNLO QCD).
» Calculate o(H,) x BR(H.— HsuHsu) and compare with experiment.

- Exception - exp. limits assume narrow resonances, keep points if (I"...(H.)/ My, )imi> D%.

Final states: most recent 4b, (2b)(27), (2b)(2y), (2b)(2W), (2b)(ZZ), (2W)(2y) and 4W

Suppress interfering Higgs signals by forcing any other neutral scalar mass to deviate by
more than +2.5 GeV from m,,.

R. Santos, Higgs Pairs Workshop, 1 June 2022 17



What is resonant? The NZ2HDM-I

Impact from resonant searches (N2HDM-I with H; SM-like Higgs). Yellow points passed described constraints.
a(H\) x BR(Hx— HsuHsw) with SusHi and dedicated codes for branching ratios.
Dashed line (4b) and the dot-dashed line (2b271) are the experimental limits obtained from resonant di-Higgs
production. Limits applied both on H, and H;production.

® Hi=Hgy[HPAIR] - - ATLAS-CONF-NOTE-2021-030 bb1T @ H;=Hgy [HPAIR]

----- - ATLAS-CONF-NOTE-2021-030 bETT_
Hi=Hgm [OnnLO(99 = H2)*BR(H2 = HiHq))

— — — ATLAS-CONF-NOTE-2021-035 bbbb Hi=Hsm [OnnLo (99 > H2)*BR(H2 > HiHy)l  _ _ _ ATLAS-CONF-NOTE-2021-035 bbbb
N2HDM-| N2HDM-I
a o
2 2
E E
Ny I
3 Z
I I
T T
o o
= S
S ES o
o) . @) .
& \ Q -
001 RN /.\| R N T S 001 L o T 1,&, R L . i . |
500 1000 1500 2000 2500 3000 500 1000 1500 2000 2500 3000
my, [GeV] my, [GeV]
bbyy dominates bbbb dominates

sensitivity at low mx |sensitivity at high mx

Situation after applying the experimental constraints. Some
of the yellow points above the experimental limits do not
fulfil (Tior(HO/ My imit < 5%.

bbrtt dominates

sensitivity at medium mx
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What is resonant? - the N2HDM

Low impact from non-resonant searches. Most stringent search (2b)(2y) already constraints the (non-
resonant Higgs search constraints start to play a role but only for this model).

(2b)(2y) start cutting on the N2HDM-I (with H; = Hsy) parameter space.

® Hisy @ Ho=Hgy ® Hi=Hsm @ Ho=Hgy
N2HDM-| N2HDM-II

0.5

o a

2 2

3 3 %2

L T Z’"{

1 1 0.05 v e

(®)] (@)] SM¢

9 9 o )

S 9 |

S S 0.02 |

£ 3 £ 3

(V] (V] : | : ¥ ! ‘
001 '

1077 107° 1073 10°"  10°
2 OnnLo(99 = H)*BR(H; » HgyHsm) [Pb] 2 OnnLo(99 = H)*BR(H; » HgyHsm) [pb]

Cross section resonantly dominated if
0(99 — HsuHsm) < 0.1 o(H,) x BR(Hx — HsuHsu).
Region shown by the diagonal dashed line in each plot. Shaded region where we apply the non-resonant search limits.
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R2HDM T1: Impact H and HH Constraints

All but single Higgs constraints
\ R2HDM-|
1.20;

1.15|

All, incl. double Higgs constraints

R. Santos, Higgs Pairs Workshop, 1 June 2022 20



NZHDM T1: Impact H and HH Constraints

All, incl. double Higgs constraints

All but single Higgs constraints
\ N2HDM-|
V20—~

1.15]
1.10]
< 1.05;

>

== 1.00}
I [
X 0.95]
0.90
_—085!

0.80

17 <15 <13 =11 -9 -7 -5 -3 -1 1

A3 Hey A3 H
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Ranges for the trilinear couplings

R2HDM C2HDM
Ty | O sy | 4B it | AR
light I 0.893...1.069 | -0.096...1.076 ||| 0.898...1.035 | -0.035...1.227
medium I n.a. 1(1.85\~ 0.889...1.028 | 0.251...1.172
heavy I 0.946...1.054 | 0.481...1.026 Ml.OlQ 0.671...1.229
light II 0.951...1.040 | 0.692...0.999 || 0.956...1 0.096...0.999
medium II n.a. n.a. — \
heavy II — — — —
N2HDM NMSSM T~
U Bo™M Jye i | AREIOM s || up o Sy m | AN Xsm | sl compatible with zero
light I 0.895...1.079 | -1.160...1.004 n.a. n.a.
medium I | 0.874...1.049 | -1.247...1.168 n.a. n.a.
heavy I 0.893...1.030 | 0.770...1.112 n.a. n.a.
light II 0.942...1.038 | -0.608...0.999 || 0.826...1.003 | 0.024...0.747
medium IT | 0.942...1.029 | 0.613...0.994 || 0.916...1.000 | -0.502...0.666
heavy II - - - -

R. Santos, Higgs Pairs Workshop, 1 June 2022
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Highlights from resonant production




Maximum Cross Section Values - Resonant

Modd\ SM-like H1 H2

RZ2HDM T1 444 fb

R2HDM T2 81 fb

C2HDM T1 387 fb 47 fb

C2HDM T2 130 fb no point

N2HDM T1 376 fb 344 fb

N2HDM T2 188 fb 63 fb
NMSSM 183 fb 65 fb

2 (approx K-factor)* SIGMA (HH)_SM®@LO (from HPAIR) = 39 fb

NLO SM value: 38 fb

R. Santos, Higgs Pairs Workshop, 1 June 2022
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N2HDM T1 Hsm=H>

Particle Hi H> Hs A H*
Mass [GeV] 75 125.09 311 646 659
Width [GeV]| 4.67 10-4 3.61103 0.137 57.43 62.72

Oorod [pb] 29.98 42 .39 3.08 0.95

Resonance production : oprod(H3) X BR(H3->Hz2H2) = 3.08 pb x 0.123 = 379 fb

Interesting feature: large ZHi1Hz2, ZH2H: production:

- Oprod(A) X BR(A->ZH3) x BR(H3->HiH2) = 366 fb tests A(HiHzHs3)
- Oprod(A) X BR(A->ZH3) x BR(H3->HzH2) = 54 fb tests A(H3HzH>)

requires mass gaps A-ZHs and Hs-HiH: / H3-HiHz

R. Santos, Higgs Pairs Workshop, 1 June 2022



C2HDM T1 Hsm=H:

Particle Hi Hz Hs H*
Mass [GeV] 125.09 265 267 236
Width [GeV] 4.106 10-3 3.265 10-3 4.880 10-3 0.37

opr'od [pb] 4975 076 084

Resonance production : gprod(H2) X BR(H2->H:iH1) = 760 fb x 0.252 = 192 fb
+ Oprod(H3) X BR(H3->H1H1) = 840 fb x 0.280 = 235 fb

Interesting feature: Test of CP in decays:

- Oprod(H3) X BR(H3->WW) = 316 fb and oprod(H3) x BR(H3->HiH1) = 235 fb CP+ AND
- Oprod(H3) X BR(H3->ZH1) = 76 fb CP-

- Oprod(H2) X BR(H2->WW) = 255 fb and opred(H3) X BR(Hz->HiH1) = 192 fb CP+ AND
- Oprod(H2) X BR(H2->ZH1) = 122 fb CP-

R. Santos, Higgs Pairs Workshop, 1 June 2022 26



CP violation from C violation

hy — ZZ(+)h, = ZZ( +)h, — h,Z Combinations of three decays

Many other combinations

hy—>ZZ < CP(h) =1 hy = hyhy = CP(h3) = CP(hy)
Decay CP eigenstates Model
hy > h,Z CP(hy) = — CP(hy) None C2HDM, other CPV extensions
hoy = MZ  CP(hys) = — 1 2 CP-odd; None C2HDM, NMSSM,3HDM...
hy—>Z72Z CP(hy) =1 3 CP-even; None  C2HDM, cxSM, NMSSM,3HDM...

C2HDM — FONTES, ROMAO, RS, SILVA, PRD92 (2015) 5, 055014

CNMSSM — KING, MUHLLEITNER, NEVZOROV, WALZ; NPB901 (2015) 526-555

R. Santos, Higgs Pairs Workshop, 1 June 2022
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The C and the P in CP violation

l/_/l// C even P even -> CP even l/_/(Cl + 7 b}’s)l/f ¢

1/7}/51// C even P odd -> CP odd C conserving, CP violating interaction

CZ)=PZ)=—1

P(h)=1; PA) = 1; C(h) = 1 C(A) = — 1;
Example: the 2HDM

C(Z,0"Ah) = 1; P(Z,0"Ah) = 1

P(hy) =1; P(hy) = 1; C(hy) = 1C(hy) =1 Any two scalars with
the same C and P
numbers

C(Z,0"hyhy) = — 1; P(Z,0"hihy) = 1

R. Santos, Higgs Pairs Workshop, 1 June 2022
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A short detour from the main theme

1.5 1.5
no EDM
1.0 1 e 1.0 1 Type 11
.. v‘:
051w 0.5
s o
L4 I
[ 0.0 1 com— < 0.0
—0.5 ':" r —0.5
—1.01 —1.0
—13 J —13 T T
—1 —1 1

£ _ L€
o = s

Find two particles of the same mass one decaying
to tops as CP-even

Yeoupy = ap + iysbg

by~ 0; ap=0

A Type II model where
H, is the SM-like Higgs.

With the new EDM result

Type 2, h2=h125

— o + 1.2 L T T T T T T

h, = H;pp — Htt _;
and the other decaying to taus a§ CP-odd s ]
o 03[ v ]
_ +.— R . :
hy=A— 11 E fT |
03 | .
Probing one Yukawa coupling is not enough! ol s ) ]
":"%‘-'v »~ > 5 ]
-0.9 — & "u-.*,-,ti'.;-;.‘_ﬁl;:M .

FONTES, MUHLLEITNER, ROMAO, RS, SILVA, WITTBRODT, JHEP 1802 (2018) 073. S E——
-1.2 -0.9 -0.6 -0.3 0 0.3 0.6 0.9 1.2

sgn(ky) ap
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Measurement of CPV angle in tth

- Yo .
pp = (h — yy)it CPV — _ sz H(k, + iR ys) th

All measurements are consistent with the SM expectations, and the possibility of a pure CP-odd
coupling between the Higgs boson and top quark is severely constrained. A pure CP-odd coupling
is excluded at 3.90, and |a| > 43° is excluded at 95% CL.

3 orensmaseaEsan = e
& = o + Best fit Yo =
215 2o E
=m0 =
osF -
OF = K, = K COS
-0.5F =
1B e = K, = K SIna
- ATLAS Preliminary .
~1.5 {s5-13Tev, 139 b =
= :

_2_| v v v b v b v b v by Ly
s 1 05 0 0.5 1 1.5 2
(0

ATLAS CcOLLABORATION, PRL 125 (2020) 6, 061802
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Measurement of CPV angle in Tth

+__— gCPV _

pp > h— 11

Tth

V¥

——=T(k, + iKys)Th
2

Mixing angle between CP-even and CP-odd T Yukawa couplings measured 4 + 17°, compared to an
expected uncertainty of +23° at the 68% confidence level, while at the 95% confidence level
the observed (expected) uncertainties were +36° (+55)°. Compatible with SM predictions.

CMS Prelzmmary 137 fb (13 TeV)

2 I 125
- % SM — 68%CL 1 |1
| % Best fit -- 95%CL | |1
- — 99.7%CL 4 |20
1~ = 1]
— L
15 "
lg 0 — —] gl
10 |
L 1
B r - r(KT,kT) : 5
i Ki:1,1?i=0Vi7éT:
_ 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1
2—2 -1 0 1 2 0

Kt
CMS COLLABORATION, CMS-PAS-HIG-20-006

Direct Searches at LHC 1 EDMs O
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Other Higgs Pairs final states




A(H)Hsm Production (4b)

Maximum rates in the 4b final state. All cross section values at NLO.

Model Mixed Higgs State | mg [GeV] | Rate [fb] | K-factor

R2HDM-I AH, (= Hsy) 82 46 2.02
Hi Hy(= Hgy) 68 35 1.97

C2HDM-I HsH (= Hgwm) 128 19 2.02
HlHQ(E HSM) 122 14 2.01

HiHs(= Hswm) 99 11 1.96

N2HDM-I | H.H,(= Hsu) 146 105 2.01
AH, (= Hgy) 75 830 2.06

HiHy(= Hgy) 54 2110 2.09

AHy(= Hgy) 101 277 2.04

N2HDM-II HiHs(= Hsnm) 103 18 1.86
NMSSM A Hy (= Hsy) 113 201 1.92
H>H; (= Hgy) 167 43 1.91
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A(Hi)Hsm Production (2b2W)

Maximum rates in the 2b2W final state. All cross section values at NLO

| Model | Mixed Higgs State | mg [GeV] | Rate [fb] | K-factor |
N2HDM-I HyH, (= Hswm) 179 498 1.98
HyHa(= Hsy) 117 590 2.04
NMSSM HyH (= Hswm) 205 47 1.92
A BP for N2HDM-T in various final states
mmu, [GeV] | mp, [GeV] | mpu, [GeV] | ma [GeV] | my+ [GeV] | tan g
113 125.09 304 581 081 1.804
a7 Qo as vs [GeV] | mi, [GeV?]
0.173 1.276 -0.651 414 999
051;32(5 Heng) PP 9 [GeV] | T% [GeV] | Tt [GeV] %t [GeV] ot [GeV]
2.453 1.691x 107> | 4.103x 1073 0.477 30.41 32.10
(bb)(r7) [fb] | (r7)(bb) [fb] | (bb)(y) [fb] | (y¥)(bb) [fb] | (bb)(WW) [tb] | (WW)(bb) [fb]
67 66 2 23 210 990
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A(H)Hsm Production (2b2t)

Maximum rates in the 2b2t final state. All cross section values at NLO.

Model Mixed Higgs State | mg [GeV] | Rate [fb] | K-factor
R2HDM-I AH, (= Hgy) 346 11 1.94
N2HDM-1 | HoH, (= Hsy) 444 88 1.86
AH; (= Hsy) 363 15\ 1.90
N2HDM-IT | HoH, (= Hsy) 511 34 1.79
NMSSM A1Hy (= Hsy) 53 82 1.88
HoHy (= Hey) 371 19 1.91
m, [GeV] | mm, [GeV] | mu, [GeV] | ma [GeV] mpy+ [GeV] tan 8
125.09 443.65 633.69 445.65 584.34 1.570
o Qg o vs [GeV] | Re(m?y) [GeV?]
1.027 -0.046 -0.832 9361 52724
Oy (=t H, D] | TH [GeV] I [GeV] I [GeV] It [GeV] o [GeV]
164 4.155 x 1073 1.303 16.05 7.603 14.32
(0b)(r7) [fb] | (77)(bb) [fb] | (bb)(y7) [fb] | (y¥)(bb) [fb] | (6b)(WW) [fb] | (WW)(bb) [fb]
0.01 0.01 0.001 0 4 0.02
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Multi Higgs Final States (one SM Higgs)

Cascade decays with a SM-like Higgs in the final states

Model Mixed Higgs State me, |GeV] | me, [GeV] | Rate [fb] | K-factor
N2HDM-1 | HoH3(= Hsm) — HqHq(bb) — (bb)(bb)(bb) 98 41 15 1.95
HoHy (= Hsy) — Hy Hy(bb) — (bb)(bb)(bd) 282 - 40 1.96
HoHy (= Hgy) — AA(bb) — (bb)(bb)(bb) 157 73 33 2.05
HH,(= Hgn) — (bb)HyH; — (bb)(bb)(bb) 54 - 111 2.09
H3Hy(= Hgsn) — HyHy(bb) — (bb)(bb)(bb) 212 83 8 1.93
N2HDM-II | HoH,(= Hgsy) — Hy H,(bb) — (bb)(bb) (D) 271 - 3 1.87
NMSSM | HyHy(= Hswm) — HiHy(bb) — (bb)(bb)(bb) 319 - 11 1.90
HyHy (= Hsy) — AqAq(bb) — (bb)(bb)(bd) 253 116 26 1.92

The largest cross section we have obtained with 4 SM-like Higgs bosons is for the

N2Z2HDM-I
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Multi Higgs Final States (no SM Higgs)

No SM-like Higgs in the final states

| Model | SM-like Higgs | Signature | me [GeV] | Rate [fb] | K-factor

N2HDM-I Hj H1Hy — (bb)(bb) 41 14538 2.18
Hj HyHy — (4b); (47) 41 4545 ;700 | 2.24

H,y AA — (bb)(bd) 75 6117 2.11

Hy HoHo — (bb)(bb) 146 73 2.01

H, AA — (bb)(bd) 80 2875 2.13

Ho AHy — (bb)(bb) ma : 87 921 2.09

mpg, : 91

H, HiHy — (bb)(bb) 47 8968 2.17

N2HDM-II H, H1Hy — (bb)(bb) 44 1146 2.18
C2HDM-I Hy HoHo — (bb)(bb) 128 475 2.07
Hy H1Hy — (bb)(bb) 66 814 2.16

Hj H1Hy — (bb)(bb) 84 31 2.09

NMSSM H, Ay Ay — (bb)(bd) 166 359 1.95
H, A1AL = () (vy) 179 34 1.96

Hy H1Hy — (bb)(bb) 48 3359 2.18

H, A1 A1 — (bb)(bd) 54 1100 2.18

H, A1A1 — (tt_) (ta 350 20 1.82

Other benchmark points in the paper. More benchmarks and details of each BP can be
provided upon request.
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Views from previous works




Real Singlet Extension versus experimental di-Higgs searches
Dawson, Lewis, Robens, Stefaniak, Sullivan, Review in Physics (2020) 100045

Maximal pp — hy — hyh; rate (13 TeV)

=== 3ll constraints s EW scale constraints only

= , '| ATLAS comb. (1906.02025)
= 1 ki === obs. (95% CL)
— = = exp. (95% CL)
5 +lo
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~ 1071}
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X
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e} 10—3
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[update from Review in Physics (2020) 100045]

hh searches: relevant constraint for mn,2<450 GeV
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2 Real Scalar Extension

Robens, Stefaniak, Wittbrodt, Eur. Phys. J. €80 (2020) no.2, 151
also Barducci, Mimasu, No, Vernieri, Zurita, JHEP 2002 (2020) 00

BP2: h3 — h125h2

500

10!

450 -

400 -

10° 8
up to 0.6 pb at 13 TeV LHC %350' :;
o <
s 2
dominant decays: 300 i
o _ 250 1 107 §
bbbb (up to 60%), bbWW (up to 25%)
2001
V = 130T + A\p(®T0)” + p25% + AgS* + p2 X2 + Ax X* 150 i1 boundedness | [}
+ Aos® ®S? + Nox®T®X2 + Agx 52 X2, 0 Len T
500
BP5: h3 — h]_ h]_ 450
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TRSM Benchmark Planes - Snowmass White Paper S Y R R .
Tania Robens!:* HafGevl
R. Santos, Higgs Pairs Workshop, 1 June 2022 40



Complex Scalar Extension

Adhikari, Lane, Lewis, Sullivan, 2022 Snowmass

2 A b d 5
V(®,S,) = %cb*@ + (@)t 4 IS+ S+ T elels,)
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Type IT 2HDM: H->hh

Kling, No, Su, JHEPQO9 (2016) 093

1000 — — 10° 51000 1 - 10°
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= 900 mi,=mj s, ¢, tanf=1.5 10t 900 mp,=m s; C;, tanB=7 \
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2ZHDM Higgs Pairs at ee Collider + Francisco talk tomorrow 17.15

Large triple Higgs couplings in the 2HDM: implications at colliders
F. Arco, S. Heinemeyer and M. Herrero, based on arXiv:2005.10576

h:h.Z channel .
g Proposed benchmark point: 2HDM type |
100 Input: Output:
H resonance A resonance —
= my, 125 GeV K, 1= ’lhhh/’lhth ~ 1
=107 my = my = my: = 600 GeV P 0.5
N = —Vu.
< tan # = 10 hhH
=102 A =Apas =6
1 hhZ cos(f—a)=0.2 hHH — “hAA
© 107 = hHZ m2 = m? cos? a/tan f ~ 36000 GeV? Augry- =12
2 —— HHZ
® o — AAZ K, ~ 1 (due to cancelations), far from alignment limit,
— SM large A5 Anaa and Aypepg-
10—5 ! ! ! 1 | . . . .
=00 1000 1500 5000 5500 3000 theoretical and experimental constraints taken into account
vV [GeV] double Higgs-strahlung: ete™ — ZH;H;, ZAA [H;; = h, H|
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::~ 102
1 hhvo
'S 10-2 hHvp
tw/ HHvp
° 104 AAvp
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10_'5 T T T T T
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CP-Violating 2HDM (C2HDM)

Grober, Mihlleitner, Spira, Nucl.Phys.B.925 (217) 1

A A H
V = mZ|®2 +m3]|® 2.@*@ he)+ 22 (@19,)2 + 22 (0] d,)? 1 p1
11[P1]" + Moy | Do 12+ C)+2(11)+2(22) ; .

+A3(0]®1) (2] P2) + Aa(®]22) (P121) +@(q>1¢2)2 +h.c]. complex

3 neutral CP-mixing

T T T T

Hi SM-like

10 |

onwo(pp — H1H; + X) [pb]

T T T T

resonant Hs

Higgs bosons

resonant H:

-0.15 -0.1

-0.05

0 0.05 0.1 0.15

0%

377.6 GeV > Mg, > 277.0 GeV and 1398.2 GeV > My, > 377.6 GeV
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NMSSM Benchmarks for Maximum Resonant Hsm+Singlet Production
Ellwanger, Basler, Mihlleitner, Rompotis for the LHCHXSWG NMSSM Subgroup

'5‘ 103 || I LI I | L L I LI I LI I | L L I | I LI I | L L
= , £ LHC HXSG NMSSM subgroup, 2020 m(H_ ) = 100-110 GeV:
% 10 Maximum allowed o x BR —— Hg,,— bb, I-Img'm - 1T
X 10 pp—> HAysey= Hey + HAA Gogiee Hg,,— T, H___ —bb
b singlet
1 — —Hy,—>bbH  —bb
., singlet
10_1 - - m(Asmglel) =102-103 GeV:
10—2 singlot_) 1Y
10°°
10
107° :
10—6 | | l l 1 | | I l 1 |1 | l | 1 1 | l l 1 1 | I 1 1 | l l 1 1 | l l 1 | | l 1 1 |

400 500 600 700 800 900 1000 1100 1200
mHA ) [GeV]

SM
Scan w/ NMSSMCALC and NMSSMTools: exp. constraints Higgs, SUSY, B mesons, Dark Matter
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NMSSM and CxSM Comparison in Resonant Hsm+Singlet Production
Costa, Mihlleitner, Sampaio, RS, JHEP 06 (2016) 034

broken CxSM vs NMSSM: m, < mp,,s broken CxSM vs NMSSM: my, < mp, 4

104 T T T T T 104 T T T T T T T T
- _ CxSM: hg — hi2s + h1 °
=, S . NMSSM: hg — higs + hy ® |
) 10° r ’ =) 10° ¢ " 'NMSSM- (3%_)}"12°+Almd
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mae(GeV)

Scan in CxSM and NMSSM parameter space w/ experimental and theoretical constraints

Maximum NMSSM rates can be enhanced by up to two orders of magnitude compared to CxSM
-> model distinction
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And now for some completely different




Comparison with EFT

Effective Lagrangian with three terms: c3, the trilinear coupling modification; ct, the top-Yukawa
coupling modification; ct+, the effective two-Higgs-two-fermion coupling coefficient,

[/ h h? 1 /3M?
Aﬁnon—lin D —muytt | ct— +cu—7x | —C3= h h3
v 202 6 v

The matching relations of our specific models to the EFT Lagrangian is

Higgs-top Yukawa coupling : gf M, B) — ¢
. ) ) gHSMHSMHSM(p.)
trilinear Higgs coupling e ; : —  C3
Hgp /Y
two-Higgs-two-top quark coupling : llsz‘ ( m_T’“) gf kHsmHsm (g, gfl (ag, B) — cu
Hi
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Comparison with EFT

Consider the R2ZHDM-IT with the following set of parameters

mp, [GeV] | mu, [GeV] | ma [GeV] | my+ [GeV] a tan B | m3, [GeV?] ) B B B
125.09 1131 1082 1067 20.924 | 0.820 | 552749 :;’ SMEFTBP1: c3 = 0.782, ¢; = 0.951, ¢y = —0.122,

And the extra choices that impact on ct+

mp, [GeV] | T, [GeV] cut gl 1Gev] | gl S fb] | oS0 (] | ratio
1131 78.80 -0.1222 -504.52 30.5 26.1 86%
1200 89.74 -0.1031 -479.29 27.7 24.8 90%
1500 470.2 -4.8531072 -352.42 21.8 21.4 98%

For masses of the order of 1 TeV the ratio is 86% although for 1.5 TeV we get 98%. Note that if we
turn-off the Hz resonance by setting ci+= O, we get

oRloTS —18.6 fb and ol = 18.6 fb
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Comparison with EFT

Consider now the N2HDM-TI with the following set of parameters

mu, [GeV] | mpu, [GeV] | mpu, [GeV] | my [GeV] my+ [GeV] tan
125.09 269 582 390 380 4.190 —_—
aq 1% a3 vs [GeV] | Re(m?,) [GeV?] ”
1.432 -0.109 0.535 1250 28112

g =0179 and g/ =2.337 x 1072

SMEFTBP2: ¢35 = 0.877, ¢; = 1.012, ¢ = 4.127 x 1072

Now we vary the Hz mass but keep Hs fixed (c++ has now two terms)

MH, L', Cftlz Ctt g?fl 2t Ul‘ilvéé%SM [fb] Ugi{tdé%T [fb] ratio
269 | 0.075 | 4.410 x 1072 | 4.127 x 1072 -72.42 183.70 20.56 11%
300 | 0.083 | 3.170 x 1072 | 2.877 x 1072 -64.80 162.80 21.28 13%
400 | 0.177 | 9.544 x 1073 | 6.721 x 1073 -34.68 43.33 22.60 52%
420 | 0.229 | 6.895 x 1073 | 4.063 x 1073 -27.62 31.70 22.76 72%
440 | 0.284 | 4.600 x 1073 1.767 x 1073 -20.22 26.26 22.90 87%
450 | 0.315 | 3.564 x 1073 | 7.323 x 1074 -16.39 24.84 22.96 92%
500 | 2.567 | —7.132 x 10~* | —3.545 x 1073 4.05 23.56 23.22 99%

In this case we start a ratio of 11%,

w/ores
ON2HDM —

23.05 fb  and oy = 23.01 fb

but when we set both masses to about 500 GeV we get a ratio of 99%.
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Single Higgs vs. Di-Higgs




The last slide

N2HDM-T and NMSSM - 3 SM-like Higgs bosons (H1). NLO rates above 10 fb. Di-Higgs states larger/
comparable with direct production.
Reason: non-SM-like Higgs is singlet-like (suppressed couplings to SM-like particles) and/or is more
down- than up-type like (suppressed direct production).

mm, [GeV] | mu, [GeV] | mp, [GeV] | my [GeV] mp+ [GeV] tan 5
125.09 281.54 441.25 386.98 421.81 1.990
o 1% as vs [GeV] | Re(m?,) [GeV?]
1.153 0.159 0.989 9639 29769

oW, x BR(Hy — HiHp) x BR(H; — bb)® = 509 - 0.37 - 0.60° fb = 40 b

o"NLO (H,) x BR(Hs — HiHy) x BR(H; — bb)2 = 161 - 0.37- 0.60% b = 21 fb

oNNLO (H,) x BR(Hy — WW) = 161-0.44 fb = 71 fb

H2 BR fo bb tiny.
Non-SM- like H2 has better chances of being discovered in di-Higgs than in single Higgs
channels (W bosons still have to decay).
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Conclusions

P Numerous BSM Higgs sector extensions with large variety of (resonant) Higgs pair final states

P Large scan in various BSM models taking intfo account theoretical and experimental constraints

2 Non-resonant SM Higgs pair cxns in BSM models can be significantly larger than in SM

P Single Higgs production impacts Yukawa coupling and thereby trilinear Higgs coupling

P Large enhancement through resonant production -> also ZHiHj and triple or quartic Higgs
production possible; test of CP violation through Higgs decays possible

& Will continue to provide benchmark points - INPUT WELCOME!
&-—w

T
S;azf:ffor benchmark points .
- ITTerent inati
combinations of final state Higgs pairs (HsmH
SMFIsm, HsmHy, HyH.
HkH;, )

- Indifferent decay signatures
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Thank youl
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Real Singlet Extension
Lewis, Sullivan, PRD96 (2017) 035037; Review in Physics (2020) 100045

+ Simplest SM extension: additional real singlet field;
no Z> symmetry

2
B atd - 2 ata)2 + Mt
L ot + Z(ate)? + Lote
Ty i M

a9 b2 b3 b4
+ 5 Se + 15 + S* + S° + 5

V(®,S) =

+ Higgs and singlet mix:

hq | cos f sind h
ho —sinf cosé 5,

+ Simple production rate:

a(pp — hs) = sin? Oosn (pp — he).

+ Maximizing resonant di-Higgs production:

h2—h1h1

perturbative unitarity, correct VEV,
sinB=0.1 consistent w/ current Higgs constraints

G(pp—)hz) X BR(h2—>h1h1) (pb)

No Z, Symmetry

1 T T T T T | T T T T

sin 6=0.1]

1 | 1 L | L
600 800
m, (GeV)

No Z, Symmetry

e
400

1 1 1 I 1 1
600 800 1000
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1 1 | 1
10 400
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C2HDM: Single versus Double Higgs Production

[Basler,Dawson,Englert ,Miihlleitner, Phys.Rev.D101 (2020) 1]

e Di-Higgs Peaks and Top Valleys (C2HDM)

g9 — H; — tt and g9 — H; — hh (h SM-like Higgs boson, H; # h)

30 T I 003 T T T
691 GeV+intf. —— 691 GeV+intf. ——
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> 20 691 GeV ------- % 691 GeV -------
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@ :: :..:-'.. g 0 1
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x Destructive signal-background interference may be correlated with constructive signal-signal interference

h .
e ,
T h- > N h L -

o }
b,

Lt

Tl

1000

For interference effects, see also [Dawson,Lewis '15; Djouadi eal '19; Lewis/Carena eal/Bagnaschi eal in 1910.00012]

[Basler,Dawson,Englert, MM, 1909.09987]
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2HDM+Complex Singlet - hi25,H,A h,a
Baum, Shah, JHEP12 (2018) 044

2HDM Hnsm 2 Hsv Hsv Or Z Hgy
suppressed due to alignment

;LLLLH%\

(scalar top (fm mion topology)

Interesting cascade decays due to presence of
additional Higgs bosons:
Eg: Hysm = hs Hgyy0r Hyop =2 a5 2

g visible (S)FE] [

(Higgs topology)

o S. Baum & NRS, 2018

B hpstvisible | g0 hizs+visible |
in gener‘al here ] hys+MET i mm his+MET
hizs+visible 0.8 08 Ztvisible | 5004 0 Z+visible
E— Z+MET @S Z+MET Future reach of the
Z+visible: . i )
H-shpsh ' , different Higgs
A>Zh & S imj Cascade search
mono-Higgs S modes at the LHC
mono-Z: with L = 3000 fb! of
A->hiz5a
Ho>7a data.
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