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Outline and Reference

e QCD vs Electroweak (EW) production of multi-Higgs states in the context of Type-1 2HDM.
e Fermiophobic BSM Higgses, Higgs-gauge and Higgs-Higgs couplings in Type-l 2HDM.
e 4bp + X final state at the LHC, mediated dominantly via EW processes.

e Reconstruction of the non-SM or BSM Higgs bosons.
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Electroweak Multi-Higgs Production: A Smoking Gun for the
Type-I Two-Higgs-Doublet Model
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QCD induced multi-Higgs production

(1) Pair of neutral scalars via gluon fusion:
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Electroweak multi-Higgs production

(1) Pair of neutral scalars:

. /H/h,
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(2) H* pair creation:
H*
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(3) Charged two body states:
Hi
q ;
w*
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The charged two body states are not possible via QCD processes



QCD vs EW production of multi-Higgs states

o(qq—hH*) [fb]
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Parameter scans:

my : 150 — 750 GeV: my+ : 50 — 750 GeV; my = 50 — 750 GeV

sin(B—a): —1.0-1.0; m?%:0—misinfBcosB; tanfB:2— 25
‘ Cross sections at 13 TeV for charged two body states
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Cross sections at 13 TeV for charged three body states
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Cross sections at 13 TeV for neutral two body states

Neutral two body states have contributions from QCD as well as EW processes.

(A) Two body states where EW processes dominate the combined gg and bb QCD processes:
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(B) Two body states where combined gg and bb QCD processes dominate the EW processes:
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Cross sections at 13 TeV for neutral three body states
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Major Findings

EW production of neutral multi-Higgs states can dominate over the QCD induced production
in Type-l 2HDM. Reason: Fermiophobic nature of the BSM Higgs bosons.

EW productions are more complete as they can provide charged two body states.

EW processes are ideal to probe the various Higgs-Higgs couplings appearing in 2HDM
potential as well as the Higgs-gauge couplings.



Overview of Type | 2HDM

o The scalar sector of 2HDM consists of two SU(2) doublets ®;, i = 1, 2.
: r " 2 2
Vorpm = — 5, &] &y — —mB, 0] by — [m122d>1' by + h.c.} +3 (¢j¢1) +1x (¢;¢2)

T2s (¢f¢1) (¢;¢2) ESW (¢f¢2) (¢;¢1) T [%)\5 (¢I¢2)2 + h.c.]
o After EWSB the two SU(2) Higgs doublets can be written as:

i
q,,,:( V,'+f,-i+im )’ vi=(pi) Vv=/V2B+Vvi=246GeV, tan B = vo/vy.
V2

e Scalar spectrum: Two CP even Higgses (h and H), a pseudoscalar (A) and a pair of charged
Higgs (HF).

e Alignment limit: sin(8 — o) — 1 implies that the couplings of his like SM Higgs boson.

e H, Aand H* can be termed as the non-SM or BSM Higgs bosons.



e In Type-l 2HDM, all the fermions are coupled to the second Higgs doublet, ®5.

o After the EWSB the Yukawa Lagrangian in terms of the mass eigenstates:

Y == S0 (e + el — ihrsAr)
f=u,d, 2 v
2Vyg— 2m; | _
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o ¢h o 1/tan B = fermiophobic A, HE fortan 8 > 1.
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Higgs-gauge couplings

CP conserving 2HDM:

(A) hVV :sin(B — a)hil,  HVV :cos(8 — a)hshh, AW :0 V=2Zz wt

(B) hAZ, : gzl cos(B — a)(ph — Pa)u  HAZ. : — 52— sin(8 — a)(pn — Pa)u
w w

(C) HFW*h: T cos(B — a)(pn — Pyt ) HTW=h: £ sin(8 — a)(py — Py )u
HTW*A: §(pa — Pyt )

Higgs-Higgs couplings ‘

CP conserving 2HDM: Apan,  Anity AbHHs AHHHs AnAAs AHAAs Apptp— s Ayt H—

(A) Anaa = W{MM2 —2m2 — 3m2)Cayip + (2m3 — m,%)ca,w}, M? = m?,/sscs

Anaa = L(2MP — 2n — m2), for sin(8 — o) — 1
(B) Anmh = 2vcﬁsﬁ Cp— OL{(SM - 2[772 mH)52u - M SZB}
Antn = 0, for sin(8 —a) — 1
(©) Man = awsiay {(4/\//2 — 2m — 3)Saysp — (MF — 2mi)safsﬁ}

AHAA = vtsﬁ (m?, — M?), for sin(B —a) — 1



Limits: (1) Theoretical (2) EWPOs (3) B — Xsv (4) Collider constraints
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4b + X via EW processes

EW processes contributing to the 4b + X mode:

Benchmark Points:

.|

1. AAW : pp — HEA — [AW][A] — 4b + X
2. AAAW : pp — HEH — [AW][AA] — 4b+ X
3. AAZW : pp — HTH — [AW][AZ] — 4b+ X

4. AAA: pp — HA — [AA][A] — 4b+ X
5. AAZ : pp — HA — [AZ][A] — 4b+ X
6. AAWW : pp — HTH™ — [AW][AW] — 4b + X

BP my [GeV] my .+ [GeV] myy [GeV] tan 8 sin(8 — o) m122 [GeV2] BR(H — AA) BR(H — AZ)
1 70 169.7 1447 7.47 0.988 2355.0 0.99 0.006
2 50 169.8 150.0 17.11 0.975 1275.0 0.48 0505
Cross sections at /s = 13 TeV:
BP | AAW[ib] | AAAW[b] | AAZWIib] | AAA[b] | AAZ[b] | AAWW [fb]
1 1423 79.7 0.35 171.6 0.76 25.2
2 198.0 37.1 29.0 101.3 79.3 277

Background: QCD multi-jet = 9 x 10° pb and #f + jets = 834pb.

Stefano Moretti, Shoaib Munir, Tanmoy Mondal and Prasenijit Sanyal, Phys.Rev.Lett(2023)



Pseudoscalar mass reconstruction

(1) b-jets > 4,pr >20GeV, |n| < 2.5

(2) Three possible combinations of two b-jet pairs out of
four leading b-jets: (a,b; c,d), (a,c; b,d) and (a,d; b,c).

(3) The combination which minimizes
AR = |(ARy — 0.8)| + |[(AR:, — 0.8)]

is selected, where

ARy = \/(na —16)% + (¢a — ¢p)?
ARy = /(10 — 19)? + (90 — 00)?

(4) After b-jet pairing, we impose assymmetry cut
_ |m = m|
my + my

<0.2

[e3%

my and m» are the invariant masses of two b-jet pairs.

Normalized Events / 15 GeV
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Charged Higgs mass reconstruction

Normalized Events / 25 GeV
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H* reconstruction based on the AAW topology
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b-jets > 4 and jets > 2 suchthatjj € X
(9" — AtHE = AjAW — b+ j).

Leading two jets satisfy m; = my £ 25 GeV.

The combination of two b-jet pairs with invariant mass
within 45 GeV window around my and satisfying the
assymmetry cut is selected.

Prompt pseudoscalar: A, non-prompt pseudoscalar: A,.
Then pr(A1) > pr(Az).

If b;bj is from Ay and by b is from A,. Then
(bi + )T > (Px + P)T-

by by and the jet pair make the four jet system. The invariant
mass of bybyjj reconstructs the mass of H*E.

If more than one combination of four jet system is possible.
The correct combination gives the maximum separation of
the reconstructed H* and A, in the  — ¢ space.



Heavy Higgs mass reconstruction

H reconstruction based on the AAA topology

(1) brjets > 6 (q§ — A1H — A;AsAs — 6b)

(2) The combination of three b-jet pairs with invariant mass

within 45 GeV window around my and satisfying the
assymmetry cut is selected.

Prompt pseudoscalar: A, non-prompt pseudoscalar: Az 3
Then pr(A1) > pr(Az.s)

If b;b; is from Ay, then (p; + pj)7 > (Px + p1)T and
(pi + )T > (Pm + Pn)T-

by by and by, b, make the 4b-jet system. The invariant mass
of the 4b-jet system reconstructs the mass of H.

If more than one combination of 4b-jet system is possible.
The correct combination gives the maximum separation of
the reconstructed H and A¢ in the n — ¢ space.
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Hurdles of H reconstruction:

(1) 6b-jet events are very rare. Events with 5b jets are considered and the 6" b-jet is assumed to

be one of the light jets.

(2) The reconstruction starts to fail if H — AZ dominates over H — AA decay.

Reconstructed Higgs bosons at 3000 fb’1
+
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Conclusions

In a fermiophobic BSM framework like Type-I 2HDM, the EW induced multi-Higgs production
dominates over the QCD induced processes.

EW processes provides the charged two body states which complement the QCD processes.

4p + X final state obtained through EW processes is useful to reconstruct the masses of all
the BSM Higgses.

Reconstruction of the BSM Higgses serves as probes for the non-SM Higgs-Higgs and
Higgs-gauge couplings.



Conclusions

e In a fermiophobic BSM framework like Type-1 2HDM, the EW induced multi-Higgs production
dominates over the QCD induced processes.

e EW processes provides the charged two body states which complement the QCD processes.

e 4bp + X final state obtained through EW processes is useful to reconstruct the masses of all
the BSM Higgses.

e Reconstruction of the BSM Higgses serves as probes for the non-SM Higgs-Higgs and
Higgs-gauge couplings.

IgH AN
NOU!



Backup: b-(miss)tagging efficiencies

SF * b jet efficiency
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Table 6: Polynomial functions used to fit the efficiency of the three working points of the DeepCSV algorithm for the three jet flavours as a
function of the jet py for jets with 20 < py < 1000GeV
Flavour Working point _pr (GeV) _Function
b DeepCSV L 20-160 0434 + 0.02069pr — 0.0004429p +5.137 10 *pr’ — 3406 % 10 "pr? + 1285 10 Vpr°
—2.559 3 10~ pr® +2.084 3 10~ “'p
160-300  0.714 + 0.002617pr — 1,656 % 10~ *pr® + 4767 % 10~ *pr® — 6431 x 10~ pr* 43287 10 Hpr®
300-1000 0872 — 6,885 % 10 5py + 434 % 10-*py
DeepCSY M 20-50 0194+ 0.0211pp — 0.000348py2 + 2761 % 1063 — 1044 3 10 8ppd +1.499 % 10 1py5
50-250  0.557 + 0.003417py — 3.26 % 10 5pp® + 1506 x 10 7py? — 3,63 % 10 Vppt +3.522 5 10 P pp®
250-1000  0.768 — 0.00055py + 2.876 m”m?
DeepCSVT  20-50 ~0.033 +0.0225ps — 0.00035p; 2586 x m*"p‘ —9.096 % 10 pp! +1.212 5 10"y
50-160 0169 + 0.013py — 0.00019pp? + 1.373 x 10-5pr? — 4923 % 10-py + 6.87 5 10~ 2y
160-1000_0.62 — 0.00083py + 43078 x 107y
< DeepCSV L 20-300 0398 — L000T82pr + 253 % 10" pr — 6.796 < 10 "pr + 8.66 < 10 Zpr" — 442 = 10 7py
300-1000 035+ 0.000374p1 — 181 10 7pr?
DecpCSY M 20-200  0.136 — 0.000639pr + 6,188 x 10~ "pr® — 226 x 10 pr? + 361 x 10 Vpr' +209 x 10~ pr®
200-1000 0103+ 0,000 4pr — 115 x 10 7pr*
DeepCSVT 2065 0.0234 — 8417 x 10 *pr+ 124 10 *pr> — 5.5 x 10 °pr® + 996 x 10 P pr® — 632 10~ %ps*
165-1000 00218 + 246 10 5pr — 2021 x 10 *pr?
Udsg  DeepCSV L 20-150 0245 — 0.0054p7 + 6.92 % 10 “pr” —3.89 < 10 7pr° + 1021 X 10 “pr? — 1007 X 10 Zpr”
150-1000  0.0558 + 0.000428p7 — 1.0 % 107 pr
DeepCSY M 20-225  0.019 — 0.00031py +3.39 % 10 Opr® — 147 % 10 5pr? 4292 x 107 M prt — 212 5 10 Hpr®
225-1000  0.00328 +5.7 % 10-5py +47 x 10-py?
DeepCSV T 20-150  0.00284 — 8.63 % 10 "py + 138 5 10 p> — 9.69 % 10 "pp? +3.19 x 107 pp? —3.97 % 10 M py®
150-1000  0.00063 +4.51 % 10 *pp +2.83 % 10 7pp?

CMS Collaboration, arXiv:1712.07158
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