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Outline and Reference

• QCD vs Electroweak (EW) production of multi-Higgs states in the context of Type-I 2HDM.

• Fermiophobic BSM Higgses, Higgs-gauge and Higgs-Higgs couplings in Type-I 2HDM.

• 4b + X final state at the LHC, mediated dominantly via EW processes.

• Reconstruction of the non-SM or BSM Higgs bosons.
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QCD induced multi-Higgs production

(1) Pair of neutral scalars via gluon fusion:

(2) bb̄ annihilation to a pair of neutral scalars:

(3) H± pair creation via gluon fusion:

(4) H± pair creation bb̄ annihilation:
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Electroweak multi-Higgs production

(1) Pair of neutral scalars:

q
H/h

Aq̄

Z

(2) H± pair creation:

q H+

H−q̄

Z, γ

(3) Charged two body states:

q H±

φq̄′

W±

The charged two body states are not possible via QCD processes
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QCD vs EW production of multi-Higgs states

Parameter scans:

mH : 150− 750 GeV: mH± : 50− 750 GeV; mA = 50− 750 GeV
sin(β − α) : −1.0− 1.0; m2

12 : 0− m2
A sin β cos β; tan β : 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 bb̄ QCD processes:

(B) Two body states where combined gg and bb̄ 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

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

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

(C) EW processes are ideal to probe the various Higgs-Higgs couplings appearing in 2HDM
potential as well as the Higgs-gauge couplings.
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Overview of Type I 2HDM

• The scalar sector of 2HDM consists of two SU(2) doublets Φi , i = 1, 2.

V2HDM = −m2
11Φ†1 Φ1 −−m2

22Φ†2 Φ2 −
[
m2

12Φ†1 Φ2 + h.c.
]

+ 1
2λ1

(
Φ†1 Φ1

)2
+ 1

2λ2

(
Φ†2 Φ2

)2

+λ3

(
Φ†1 Φ1

)(
Φ†2 Φ2

)
+ λ4

(
Φ†1 Φ2

)(
Φ†2 Φ1

)
+
[

1
2λ5

(
Φ†1 Φ2

)2
+ h.c.

]

• After EWSB the two SU(2) Higgs doublets can be written as:

Φi =

(
φ+

i
vi +ρi +iηi√

2

)
, vi = 〈ρi〉 v =

√
v2

1 + v2
2 = 246 GeV, tan β = v2/v1.

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

• Alignment limit: sin(β − α)→ 1 implies that the couplings of h is like SM Higgs boson.

• H, A and H± can be termed as the non-SM or BSM Higgs bosons.
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• In Type-I 2HDM, all the fermions are coupled to the second Higgs doublet, Φ2.

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

L 2HDM
Yuk, I = −

∑
f =u,d,`

mf

v

(
ξ

f
hf hf + ξ

f
H fHf − iξf

Afγ5Af
)

−
{√

2Vud

v
u
(
ξ

u
AmuPL + ξ

d
Amd PR

)
H+d +

√
2ml

v
ξ

l
AvLH+ lR + h.c.

}

ξu
h ξd

h ξ`h ξu
H ξd

H ξ`H ξu
A ξd

A ξ`A
cα/sβ cα/sβ cα/sβ sα/sβ sα/sβ sα/sβ cot β − cot β − cot β

• ξf
A ∝ 1/ tan β =⇒ fermiophobic A, H± for tan β � 1.
ξf

H = sα/sβ = cβ−α− sβ−α/ tan β =⇒ fermiophobic H for tan β � 1, sin(β−α)→ 1.
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Higgs-gauge couplings

CP conserving 2HDM:

(A) hVV : sin(β − α)hSM
hVV HVV : cos(β − α)hSM

hVV AVV : 0 V = Z ,W±

(B) hAZµ : g
2cθW

cos(β − α)(ph − pA)µ HAZµ : − g
2cθW

sin(β − α)(pH − pA)µ

(C) H∓W±h : ∓ ig
2 cos(β − α)(ph − pH± )µ H∓W±h : ± ig

2 sin(β − α)(pH − pH± )µ
H∓W±A : g

2 (pA − pH± )µ

Higgs-Higgs couplings

CP conserving 2HDM: λhhh, λhhH , λhHH , λHHH , λhAA, λHAA, λhH+H− , λHH+H−

(A) λhAA = 1
4vsβ cβ

{
(4M2 − 2m2

A − 3m2
h)cα+β + (2m2

A − m2
h)cα−3β

}
, M2 = m2

12/sβcβ

λhAA = 1
v (2M2 − 2m2

A − m2
h), for sin(β − α)→ 1

(B) λHhh = 1
2vcβ sβ

cβ−α
{

(3M2 − 2m2
h − m2

H )s2α − M2s2β

}
λHhh = 0, for sin(β − α)→ 1

(C) λHAA = 1
4vsβ cβ

{
(4M2 − 2m2

A − 3m2
H )sα+β − (m2

H − 2m2
A)sα−3β

}
λHAA = 2

vt2β
(m2

H − M2), for sin(β − α)→ 1
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Limits: (1) Theoretical (2) EWPOs (3) B → Xsγ (4) Collider constraints

mhBSM [GeV] mA [GeV] mH± [GeV] tan β c(hBSMV V ) m2
12 [GeV2]

min 30 30 50 0.8 −0.5 0
max 1000 1000 1000 25.0 0.5 106

Table 2.: Input parameter ranges for the parameter scan in the type I 2HDM.
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Figure 1.: Possible mass separations between the charged Higgs boson and the non-
h125 neutral Higgs bosons. The color code indicates the (per-bin averaged)
deviation of the T parameter from the central value of the fit from Ref. [79].

We fix the mass of the h125 boson to its observed value from the ATLAS and CMS
LHC Run-1 combined analysis, mh125 = 125.09 GeV [32], and uniformly sample the
remaining model parameters within the ranges given in Table 2. For convenience, we
choose the coupling c(hBSMV V ) as input parameter in order to cover the two possible
cases h1 ' hSM and h2 ' hSM together in one scan (see Ref. [75] for details). In the
following, we show results for a sample of 106 parameter points that fulfill all of the
above constraints (at the 2σ level, where applicable).

As a first scan result, we investigate the well-known and important impact of the
electroweak precision constraints on the Higgs mass spectrum (see e.g. Ref. [116]). Es-
pecially the constraint on the T parameter forces mH± to be always close to one of
the neutral Higgs masses. This is illustrated in Fig. 1 showing the deviation of the T
parameter from the central value of the fit in Ref. [79] in the (mhBSM−mH± ,mA−mH±)
plane. As mentioned above, only parameter points with a deviation less than 2σ are
shown. It is clearly visible that either mhBSM ∼ mH± or mA ∼ mH± needs to be fulfilled.
In the context of the charged Higgs boson decay into a W boson and a lighter Higgs
boson, as discussed in Sections 2.1 and 2.2, this constraint implies that either hBSM or
A — but not both — can be significantly lighter than the charged Higgs boson. As
a consequence, at least one of the channels H± → hBSMW

± or H± → AW± can be
kinematically accessible in large parts of the parameter space.

Fig. 2 shows the scan results in the plane of the two important coupling parameters
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Limits on 2HDM-I
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Tanmoy Mondal, OU

Henning Bahl, Tim Stefaniak, Jonas Wittbrodt, JHEP 06 (2021), 183

Tanmoy Mondal, Prasenjit. Sanyal, JHEP 05 (2022) 040
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4b + X via EW processes

EW processes contributing to the 4b + X mode:

qq̄′


1. AAW : pp → H±A→ [AW ][A]→ 4b + X
2. AAAW : pp → H±H → [AW ][AA]→ 4b + X
3. AAZW : pp → H±H → [AW ][AZ ]→ 4b + X

qq̄


4. AAA : pp → HA→ [AA][A]→ 4b + X
5. AAZ : pp → HA→ [AZ ][A]→ 4b + X
6. AAWW : pp → H+H− → [AW ][AW ]→ 4b + X

Benchmark Points:

BP mA [GeV] mH± [GeV] mH [GeV] tan β sin(β − α) m2
12 [GeV2] BR(H → AA) BR(H → AZ )

1 70 169.7 144.7 7.47 0.988 2355.0 0.99 0.006
2 50 169.8 150.0 17.11 0.975 1275.0 0.48 0.505

Cross sections at
√

s = 13 TeV:

BP AAW [fb] AAAW [fb] AAZW [fb] AAA [fb] AAZ [fb] AAWW [fb]
1 142.3 79.7 0.35 171.6 0.76 25.2
2 198.0 37.1 29.0 101.3 79.3 27.7

Background: QCD multi-jet = 9× 106 pb and t t̄ + jets = 834pb.

Stefano Moretti, Shoaib Munir, Tanmoy Mondal and Prasenjit Sanyal, Phys.Rev.Lett(2023)
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Pseudoscalar mass reconstruction

(1) b-jets ≥ 4, pT > 20 GeV, |η| < 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

∆R = |(∆R1 − 0.8)| + |(∆R2 − 0.8)|

is selected, where

∆R1 =
√

(ηa − ηb)2 + (φa − φb)2

∆R2 =
√

(ηc − ηd )2 + (φc − φd )2

(4) After b-jet pairing, we impose assymmetry cut

α =
|m1 − m2|
m1 + m2

< 0.2

m1 and m2 are the invariant masses of two b-jet pairs.

BP1

BP2

Sanyal, et al., Phys.Rev.Lett(2023)
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Charged Higgs mass reconstruction

H± reconstruction based on the AAW topology

q

q̄′ b̄k

bl

bj
b̄i

q

q′

W±
H±

A1

A2

W±

BP1

Sanyal, et al., Phys.Rev.Lett(2023)

(1) b-jets ≥ 4 and jets ≥ 2 such that j j ∈ X
(qq̄′ → A1H± → A1A2W → 4b + j j).

(2) Leading two jets satisfy mjj = mW ± 25 GeV.

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

(4) Prompt pseudoscalar: A1, non-prompt pseudoscalar: A2.
Then pT (A1) > pT (A2).

(5) If bi bj is from A1 and bk bl is from A2. Then
(pi + pj )T > (pk + pl )T .

(6) bk bl and the jet pair make the four jet system. The invariant
mass of bk bl jj reconstructs the mass of H±.

(7) If more than one combination of four jet system is possible.
The correct combination gives the maximum separation of
the reconstructed H± and A1 in the η − φ space.

16



Heavy Higgs mass reconstruction

H reconstruction based on the AAA topology

(1) b-jets ≥ 6 (qq̄ → A1H → A1A2A3 → 6b)

(2) The combination of three b-jet pairs with invariant mass
within 45 GeV window around mA and satisfying the
assymmetry cut is selected.

(3) Prompt pseudoscalar: A1, non-prompt pseudoscalar: A2,3

Then pT (A1) > pT (A2,3)

(4) If bi bj is from A1, then (pi + pj )T > (pk + pl )T and
(pi + pj )T > (pm + pn)T .

(5) bk bl and bmbn make the 4b-jet system. The invariant mass
of the 4b-jet system reconstructs the mass of H.

(6) If more than one combination of 4b-jet system is possible.
The correct combination gives the maximum separation of
the reconstructed H and A1 in the η − φ space.

q

q̄ b̄k

bl

bj
b̄i

bn

b̄m

Z

H

A1

A2

A3

BP1

Sanyal, et al., Phys.Rev.Lett(2023) 17



Hurdles of H reconstruction:

(1) 6b-jet events are very rare. Events with 5b jets are considered and the 6th 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

A H± H

BP σS [fb] σB [fb] S√
B

σS [fb] σB [fb] S√
B

σS [fb] σB [fb] S√
B

1 15.4 8864 8.9σ 2.22 482 5.5σ 2.55 309 7.9σ
2 10.4 10175 5.7σ 1.33 491 3.3σ 1.06 256 3.6σ

BP2 BP2

Sanyal, et al., Phys.Rev.Lett(2023)
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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.

• 4b + 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.
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Backup: b-(miss)tagging efficiencies

CMS Collaboration, arXiv:1712.07158 20


