Extended Scalars

Tania Robens

Rudjer Boskovic Institute

on behalf of WG3 Extended Higgs Sector conveners:

M. d'Alfonso, S. Laurila, TR, N. Rompotis, R. Santos, L. Zivkovic

The 19th Workshop of the LHC Higgs Working Group
CERN
28. November '22

Tania Robens Extended Scalars 19th Higgs WG meeting, 28.11.'22



@ conveners: L. Zivkovic (Belgrade), N. Rompotis (Liverpool),
ATLAS; M. d'Alfonso (MIT), S. Laurila (CERN), CMS; T.
Robens (Zagreb), R. Santos (Lisbon), Theory

o Twiki:
https://twiki.cern.ch /twiki/bin /view/LHCPhysics/LHCHWG3EX

e Email (conveners/ all):
lhc-higgs-neutral-extended-scalars-convener_at_cern.ch/
Ihc-higgs-neutral-extended-scalars_at_cern.ch

@ egroup: lhc-higgs-neutral-extended-scalars

Tania Robens Extended Scalars 19th Higgs WG meeting, 28.11.'22



Recent activities

@ reinstated regular meetings, focus on

A) Overlooked signatures

B) Width and interference effects in BSM searches
C) Recasts

D) CPV

E) ...

e 6./7.7.21: https://indico.cern.ch/event/1050919/
e 5.11.21: https://indico.cern.ch/event/1091117/
@ 23.6.22: https://indico.cern.ch/event/1173518/
e 16.11.22: https://indico.cern.ch/event/1217666/
@ around ~ 50 talks over the 5 days
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Joint activities with WG2: CP violation and Higgs Sector

one meeting in July this year; next: 11.1.2023

Joint WG2/WG3 activity
. . . . Todays meeting!
CPV In nggs InteraCtIonS: * Received several kick-off meeting contributions that overlapped
WG2/WG3 (extended Higgs) with WG3 (extended Higgs sector) interests

joint meeting « Many interesting signatures of spontaneous/explicit CPV in
extended Higgs sectors

WG3: Mariarosaria d’Alfonso, Santeri Laurila, Tania Robens, Nikos
Rompotis, Rui Santos, Shufang Su & Lidija Zivkovic
WG2: Nicolas Berger, Mauro Donega, Ken Mimasu & Daniele Barducci

2 w
/ H ﬁ \ Decay angular distributions etc
231 June 2022 -

6

+ From mixing of would-be CP-even/odd eigenstates

[Slides from K. Mimasu, https://indico.cern.ch/event/1173518/]

goal:
study CPV in models with extended Higgs sectors
will result in whitepaper/ report/ ...
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K. Behr, Y. Cai, "Interference modeling for A/H—ttbar,
ATLAS vs CMS”

s-channel resonance decaying to tt

Summary of ATLAS/CMS differences

Different LO UFO implementations

Different approach to remove background component
- ATLAS: (S+1+B) - B

- CMS: 0.5 * [(S++B) - (S-1+B)]

Different components being generated directly

- ATLAS: S+l

- CMms:|

Many thanks to Alexander Grohsjean
and Afiq Anuar for providing the details
about the CMS UFO and hacks!

DEsY.

Page12
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K. Behr, Y. Cai, "Interference modeling fo
ATLAS vs CMS”

A /H—ttbar,

s-channel resonance decaying to tt

Summary of ATLAS/CMS differences

Different LO UFO implementations

Different approach to remove backgroun ~rmnanan .

- ATLAS: (S+1+B) - B
- CMS: 0.5 * [(S+I+B) - (S-1+B)]

Different components being generated «

- ATLAS: S+
- CMS:|

DEsY.

Tania Robens

S+l shape comparison for H

Final signal+interference shapes:
= ATLAS: “S+I"
- CMS:“s™+'T"
my =500 GeV, tanp = 1.0
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D. Roy, " Signal interpretation in H—WW high mass
analysis”

Signal samples RWTH K ANsAs STATE

UNIVERSITY

B Signals were produced with POWHEG, and the W boson
decay simulated with JHUGen

B For mass < 1 TeV, assumes a width of a SM-like Higgs boson
of higher mass

- Small width in O(100) GeV range, but becomes large
approaching TeV range

- 647 GeV width for 1 TeV signal
- Also includes width effects from Complex Pole Scheme

B Above 1 TeV, a width of half the resonance mass is assumed
— Very large and unphysical widths

— Reweighting the signal distributions to follow scenarios of
smaller widths

:

nnis Roy | Extendd Higgs Sector meoling | 16.11.2022
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D. Roy, " Signal interpretation in H—WW high mass
analysis”

Signal samples RWTH KANsAs STATE

UNIVERSITY

B Signals were produced with POWHEG, and the W boson
decay simulated with JHUGen

B For mass < 1 TeV, assumes a width of a SM-like Higgs boson
of higher mass
- Small width in O(100) GeV range, but becomes large
approaching TeV range RWTH

KANsAs STATE
- 647 GeV width for 1 TeV signal Interference I

- Also includes width effects from Comple n
B Interference for 20%

B Above 1 TeV, a width of half the resonance rel. width signal
— Very large and unphysical widths - Top: 300 GeV
— Reweighting the signal distributions to fc _ .
smaller widths Bottom: 2000 GeV
Signal itoprotation n H—WW high mass analysls B o=t !
Dannis Roy | Exenced s Secor meetna | 1611 2022 O T e e e e )
Generator level signal mass [GeV]
B Contribution from ™
interference much & _ |\ M
larger for larger w "y
widths = el
sl s
. Conatr v sl mass GoV] Ganratr v sl sG]
Signl ntepretation in Wi high mass analysis

Bonnis Roy | Extendod Higgs Sector meetng | 16.112022
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D. Roy, " Signal interpretation in H—WW high mass
analysis”

Signal samples RWTH K ANsAs STATE

UNIVERSITY

B Signals were produced with POWHEG, and the W boson
decay simulated with JHUGen

B For mass < 1 TeV, assumes a width of a SM-like Higgs boson
of higher mass

- Small width in O(100) GeV range, but becomes large

approaching TeV range RWTH
KANsAs STaTE
- 647 GeV width for 1 TeV signal Interference THIVERSITY

- Also includes width effects from Comple

Events

B |nterference for 20%
rel. width signal

- Top: 300 GeV
- Bottom: 2000 GeV

B Above 1 TeV, a width of half the resonance
— Very large and unphysical widths

— Reweighting the signal distributions to fc
smaller widths

ta WW i
Extended Higgs Sector o %0

Generator level signal mass [GeV]

Generator level signal mass [GeV]

B Contribution from ~ » ™ -

[ vy

Compare with previous implementations 77
[inofficial discussion this evening...]
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S. Semlali, " A novel experimental search channel for very light Higgses in
the Type-I 2HDM'/ : ISI\E/llyclactroweak Multi-Higgs production: A

smoking gun f

oo
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FIGURE ~ i and my vs. 0/(gg — Hon — Z"a) (left panel) and (g8 — Ha — Z"a — Z°Z"h) (right panel) at
95% C.Lin 2HDM Type-I

® The subsequent decay of 2, when the decay chain H — aZ* is open, could lead toa — Z*h

with Z being off-shell and h decaying to fermions and/or 7

@ One could look for Z* (— 241)Z* (— 2j)h(—> 2b) with di-muon trigger & standard |n(p)|
®  Watch this space for results!

2/12
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S. Semlali, " A novel experimental search channel for very light Higgses in
the Type-1 2HDM" / P. Sanyal, "Electroweak Multi-Higgs production: A
smoking gun for the Type | 2HDM"

NEW SIGNATURE : g¢ — Hey — Z*a — Z*Z*h
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olog-tinsz ) (05)
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troa 000025 2

Heavy Higgs mass reconstruction

90720 30 40 50 60 70 8 90 20 30 40 50 6
mGev) m(Gen

H mass reconstruction is done based on the mode which contain H — AA — 4b decay.
FIGURE — m, and my, vs. o/(gg — Huw — Z*a) (left panel) and /(g8 — How — Z%a — AAA mode serves the purpose.
95% C.L in 2HDM Type-1

@ The subsequent decay of a, when the decay chain H — aZ* is open, cc
with Z being off-shell and It decaying to fermions and /or 5
@ One could look for Z* (— 21)Z* (= 2j)li(— 2b) with di-muon trigger

« In each event all possible combinations of three b-jet pairs
are considered. The combination for which each b-jet pair
© Watch this space forresuls! satisfying the invariant mass condition of my 4 15 GeVand  «
5 the assymmetry cut is selected.

2/12 * Prompt Ay prompt iAoz
Then pr(Ar) > pr(Az,3)

o biby, byb; and bnby satisfy the invariant mass conditions
and assymmetry cut. If bb is from Ay, then
(Pi+P)7 > (Pic+ )7 @nd (0 + P)7 > (Pm + Pa)7-

Tot Sgna
o byby and bmb, make the 4b-jet system. The invariant mass 1o 9ev (0010
of the 4b-jet system reconstructs the mass of H.

masses < 100/200 GeV, o ~ 80 — 140fb

If more than one combination of 4b-jet system is possible.
The correct combination gives the maximum separation of
my ~ 145GeV,my ~ 70 GeV for plot the reconstructed H and Ay in the 1 — & space. 05575555555~ 00 o0
X
"

Number of Events /5 GeV

Undor proparation
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Recent ATLAS Extended Higgs results

* ZH and WH production
with H - hh

10PATLAS —Observed !

Vs =13 TeV, 139 fb" 5
- Expected N
»Whh Expected tio “
Expected 120 « v

By i o e e o v s
300 400 500 600 700 800 900 1000
m, [GeV]

HDBS-2019-31 (October 2022)

ATLAS i

95% CL limit on 6(WH)xB(H->hh->bbbb) [fo]

13TeV, 13910
AZH-5Zhh, 2HDM type-l
my = 260 GeV, tanp=10.0

3
g
£
z
v N
"
: ! o)

Nikolaos Rompotis (Liverpool) )
Lidija Zivkovic (Belgrade) LHC Higgs w

Tania Robens

HDBS-2019-16

¢ WH with H - WW

> W) [fb)

o(pp — VH) x BH

NEW

100¢ -

90} — Observed it
£ Expocted imit

80 ov?,0) Expected + 1o

70f Expoctod + 20

60| — Theory

600 1000 1200 1400

m, [GeV]

800

A-Zh

orkshop — December 2022

Extended Scalars

Z | aATtAs  A-znh 6B m,=700Gev
5 240U Ty
10 (gatgToy Mites  —Eposecimn
Excuind

1391

HDBS-2020-19 (July 2022)

i
cos (fa)

19th Higgs WG meeting, 28.11.'22



CMS

Recent CMS Extended Higgs Results @

+ MSSM: ¢p(h/H/A) = T Santeri Laurila (CERN) III
Mariarosaria D'Alfonso (MIT)

+ Model independent limits for gg¢ Ty

. + MSSM/2HDM: g wfcus " omsen
and bbg (pseudo)scalars in H — T | e e
vv vv & 1) 195% @)
60-3500 GeV mass range = 1 S S o
QMS—PAS—H\G'QO'O £ o Pm——
+ MSSM interpretations from a + ool & VBF E
simultaneous fit of the 125 GeV 325 5000 G v 2w .
plus another resonance B 2 3 e =
arX\v;2208-02717 + Fully lep _Z‘OHIC % e
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CMS

Recent CMS Extended Higgs Results

+ NMSSM, TRSM: X = YH — bbyy

+ A new channel to complement
the previous bbbb niG-21-011
PAS
& bbrT results \ OMSPES ==

CMS 138 fb (13 TeV)
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+ TRSM benchmark values available here:
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/
LHCHWGS3EX

Tania Robens Extended Scalars

Santeri Laurila (CERN) III
Mariarosaria D'Alfonso (MIT)

+ 2HDM: H+ = H(tT)W+
+ First LHC limits on H+—HW+*

1 CMS 138 1b” (13 TeV)
a T T T T
'8_ 95% CL upper limits
~ —e- Observed
r: ..... Median expected
* [ 68% expected
1 [195% expected
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LHC Higgs Workshop — December 2022 b
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V. Keus, " P-even, CP-violating Signals in Scalar Mediated Processes”/ D.

Azevedo, " CP-violation in tt¢: asymmetries and interferences”

trod 2HDM it
0000080

P-conserving, CP-violating processes in the 2HDM

We impose these requirements:
@ all processes survive the Higgs alignment limit
@ no quartic scalar couplings are involved (due to coupling and phase space suppressions)
@ the dominant contribution to the CP-violating signal is P-even (c-ever

CP-violating contributions due to scalar-fermion couplings are absent or suppressed)

Simultaneous observation of processes involving:

L hH'H™, hsH'H™ | Zhohs,

2. hohihy, hsH'H™, Zhohs, (for k=2 or 3),

3. hshih,, hH"H™, Zhohs, (for k=2 or 3),
4. hohyhy, hshehe,  Zhohs, (for k£ =2 or 3)

would signal CP violation

Venus Keus (DIAS) P-even CP-violation 23062022 8/17
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V. Keus, " P-even, CP-violating Signals in Scalar Mediated Processes”/ D

Azevedo, " CP-violation in tt¢: asymmetries and interferences”

processes in the 2H

We impose these requirements:
@ all processes survive the Higgs alignment limit
@ no quartic scalar couplings are involved (due to

@ the dominant contribution to the CP-violating signal is P-even (c.ever

CP-violating contributions due to

scalar-fermion couplings are absent or suppressed) Introduction
Analysis

Asymmetries
Interference term

Conchusions
Simultaneous observation of processes involving:

Observables

1. mH"H™, hsH'H™, Zhhs,

2. hohyhi, hsH'H™, Zhohs, (for k=2 or 3),

3. hshihy,, hH'H™, Zhhs, (for k=2 or 3),
4. hohghy, hshehy,  Zhphy, (for k.6 =2 or 3)

would signal CP violation

[
o Shapes change smoothly with angle
& Non-normalized, number of total events will change
DERRARRN]  CPviltion i 148LHC
Tania Robens Extended Scalars

19th Higgs WG meeting, 28.11.'22



Additional topics meeting 16.11.22

o triple Higgs couplings (K. Radchenko Serdula, J.
Braathen)

o vector-like quarks (M. Boukidi, A. Arhib)
e singlet with U(1) gauge group (Z. Peli)
o Axion-like ALPS (F. Arias Aragon)

Tania Robens Extended Scalars 19th Higgs WG meeting, 28.11.'22



Appendix
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Tania Robens

Signal widths RWTH K ANsAS STATE

UNIVERSITY

An event with gen-level mass m,, from a sample with mean

resonance mass M following width G is described by Breit-
Wigner:
m,-G
(M~ my, )*+(m,,-G)*

The weight given per event is:
- this function for “G = new width*
- over the same function with ,G = CPS width*

Weights are normalized so integral over all events remains
the same

Signal interpretation in H—WW high mass analysis
Dennis Roy | Extended Higgs Sector meeting | 16.11.2022
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Tania Robens

Signal widths

Reweighting to
different scenarios
generally works fine,
expect for low mass
resonances

Events

Already produced with

very low width

— Problems with
statistical precision
when reweighting to
follow larger width

Events

Distibuton of 200 GeV sample

KANSAS STATE
UNIVERSITY

Distribution of 400 GoV sample

Generator level signal mass [GeV]

Distbution of 800 GeV sample

Generator level signal mass [GeV]

Distribution of 2000 GeV sample.

L
800 700 ‘500 %0
Generator level signal mass [GeV]

Signal interpretation in H—WW high mass analysis
Dennis Roy | Extended Higgs Sector meeting | 16.11.2022

Extended Scalars

2400

L
o0 2000 2200

Generator level signal mass [GeV]
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Extra singlet, di-boson final states

[N. Kauer, A. Lind, P. Maierhoefer, W. Song, JHEP 07 (2019) 108

o f
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P. Sanyal, " Electroweak Multi-Higgs production
Type | 2HDM"

: A smoking gun for the

4b + X via EW process

EW processes contributing to the 4b + X mode:

[ 1. AAWE  pp — HEA — [AWE][A] — 4b + X,
q 2. AAAW= : pp — HEH — [AWE][AA] — 4b + X

_ 3. AAA: pp — HA — [AA][A] — 4b+ X,
4. AAWrW= : pp— HYH™ — [AWF][AW~] — 4b+ X
Benchmark Points:

BP | ma[GeV] | my+ [GeV] | my[GeV] | tanB | sin(B8 —a) | mj, [GeV7]
1 50 169.8 150.0 17.11 0.975 1275.0
2 70 169.7 144.7 7.47 0.988 2355.0
3 110 234.7 250.1 26.0 0.969 2324.7

Cross sections [fb] at 13 TeV:

BP | AAWT | AAAWT AAA AAWT W~
1 228.21 33.829 87.93 34.77
2 165.70 68.61 141.45 31.60
3 35.21 3.16 5.0 6.85

Under preparation
Collaborators: Stefano Moretti, Shoaib Munir and Tanmoy Mondal
Tania Robens
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P. Sanyal, " Electroweak Multi-Higgs production: A smoking gun for the

Type | 2HDM"

Backup

Number of Events / 5 GeV

Tania Robens

350 — .
300F E
F Vs=13TeV (3000f™") 3
250 mmmm Total Signal =
: =i,
200 AAW 3
F AAWW ]
150 =
1005 =
E = ey M
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Extended Scalars
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M. Boukidi, " Probing Light Charged Higgs Bosons in the 2HDM-II with

Vector-Like Quarks”

2HDM-I11+ (T'B)

BR(T — H*)? x BR(H" — th)* opp X BR(T = H'b)* x BR(H" — tb)* [[b]
0.0 0.2 0.4 0.6 0.8 1072 107! 10" 10! 10%
6 6 MadGraph5 aMCGNLO-3 4.0‘
14 TeV
5 5
é
=i 4
3 3 ¢
o .
2 2 LA
Y
1 1 Aas
750 1000 1250 1500 1750 2000 750 1000 1250 1500 1750 2000
my [GeV] my [GeV|

4 The signal ttbb + X could reach values up to 100 fb for medium tan 3 and for myp < 1000 GeV.

NOVEMBER 16, 2022 LHC HWG For BSM Higgs (WG3) subgroup meeting M.BOUKIDI

1

6
Tania Robens Extended Scalars 19th Higgs WG meeting, 28.11.'22



M. Boukidi, " Probing Light Charged Higgs Bosons in the 2HDM-II with
Vector-Like Quarks”

BENCHMARK POINTS

2HDM-IT+7 2HDM-I+TB
Parameters " i | )
m 125 125 125 125
mu 20874  451.66 59330 58240
ma 18693 565.47 58215  574.28
Mt 14395 464.90 596.13  647.32
tan 142 0.95 443 5.09
mr 94233 1013.28 90207 1595.80
mp - - 91355  1602.35
sin(6) 0.0272  0.0520 00141 -0.0037
sin(0)? - - -0.0009  -0.0003
sin(0%5 - - 00737 -0.0345
sin(07) - - 01735 -0.0966
yr -4.92 3.66 - -
BR(H™ — XY)in %
BR(HT — h) 021 9834 9801  96.12
BR(H* - 7v) 83.97 0.88 1.79 3.03
BR(I - XY)in%
BR(T — W7b) 3686 29.33 13.59 521
BR(T — Zt) 1662 1339 1.09 0.32
BR(T — ht) 2067 1619 1.38 035
BR(T — Ht) 474 13.44 - -
BR(T — At) 372 7.19 - -
BR(T — Hb) 17.39 2045 8394 9412
Tin GeV
(1) 055 315 5343 23885
o [fb]
oy X BR(T — HT0)> x BR(HT — v)” 0.0 144 0.02 0.00
0y X BR(T — H*b)* x BR(H* — th)* 1.23 0.00 51.18 1.08
NOVEMBER 16, 2022 LHC HWG For BSM Higgs (WG3) subgroup meeting M.BOUKIDI 17
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D. Azevedo, " CP-violation in tt¢: asymmetries and interferences’

Introduction
Analysis
Asymmetries
Interference term
Conclusions

tt¢ and CP-observables

We can parameterize the general tt¢ interaction as

L = keytt (cosa + ivssina) td = yit (k + ivsi) to

o CP-even: cosav =1,kt = K

o CP-odd : sina=1,kt =&
Several proposed observables in the literature Bemreuther et al. (1994), Gunion et al. (1996), Ellis et al
(2014),...,, we choose:

o Angular varibles: a; = sin 9;?“" * sin 9?, ay =sin 9;?“" * sin 9‘?-77(seq. boost)
g
o Gunion-He: by = (Be x ke) - (Be x ke)/(1BellBel),  ba = (pf - p2)/(IFel|Bel)

— Discriminate between signal/irreducible background Amor dos Santos et al. (2015)
— Sensitive to different scalar mass values my € [10,500] GeV DA et al. (2021)
— Observables are CP-even — not sensitive to relative sign of the phase

Duarte Azevedo CP-violation in tE@OLHC

Tania Robens Extended Scalars 19th Higgs WG meeting, 28.11.'22



M. Mulleitner, " Di-Higgs-Production and Baryogenesis in the C2HDM"

Interesting Benchmark Point w.r.t test of CP violation

C2HDM Type I [Abouabid,Arhrib,Azevedo ElFalaki Ferreira, MM, Santos,'21]
input myp, [GeV] | my, [GeV] | mye [GeV]  ay ay az | tan3 | Re(m?,) [GeV?]
125.09 265 236 1.419 | 0.004 | -0.731 | 5.474 9929
parameter:
oNi ] | K-factor | T3 [GeV] | T [GeV] Tt [GeV] | Tt [GaV]
results 387 2.06 4106 x 107 | 3.625 x 107 4.880 x 1077 0.127
Nt [am | Wiy Jyer | omn© [pb] [ opn© pb] ol O [pb]
0.995 1.005 49.75 0.76 4
o(Hy) x BR(Hy — HiHy) = 191fbh, o(Hz) x BR(Hy = WW) = 254 fb,
o(Hs) x BR(Hy — Z7) = 109fb, o(Hy) xBR(Hy = ZH,) = 122fb,
o(H3) x BR(Hs — HHy) = 235fb, o(H3) x BR(Hg —WW) = 315fb,
o(Hs) x BR(Hs — Z7) = 136 fh, o(Hs)xBR(Hs — ZH;) = 761b.

Simultaneous measurements of 'CP-even decays' (HiH:1,VV) and 'CP-odd decays' (VH1)
=> CP violation
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