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Outline

• Brief overview of Type I two Higgs doublet model (2HDM).

• Importance of the Electroweak (EW) production of multiple (pseudo) scalars.

• 4b + X mediated dominantly via EW processes.

• Reconstructing the masses of all the BSM Higgs bosons.

• 4b + W and W → `ν only via EW processes.

• χ2 variable as a selection cut.
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Overview of 2HDM

• The Standard Model (SM) is the most successful model in explaining the fundamental
particles of the Universe and their interactions.

Particle Content of SM
Timeline of Discovery

• SM has theoretical and observational shortcomings.

• 2HDM is the minimal but phenomenologically rich extension of SM under the same gauge
symmetry.

G. C. Branco, et al., 2011
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• The scalar sector of the 2HDM consists of two SU(2) Higgs doublets Φi , i = 1, 2.

Φi =

(
φ+

i
vi +ρi +iηi√

2

)
, vi = 〈ρi〉 v =

√
v2

1 + v2
2 = 246 GeV.

• Mostly studied: CP conserving 2HDM with softly broken Z2 (to avoid Higgs mediated FCNC)
symmetry.

V2HDM = −m2
11Φ†1 Φ1 − m2

22Φ†2 Φ2 −
[
m2

12Φ†1 Φ2 + h.c.
]

+
1
2
λ1

(
Φ†1 Φ1

)2
+

1
2
λ2

(
Φ†2 Φ2

)2

+λ3

(
Φ†1 Φ1

)(
Φ†2 Φ2

)
+ λ4

(
Φ†1 Φ2

)(
Φ†2 Φ1

)
+
{ 1

2
λ5

(
Φ†1 Φ2

)2
+ h.c.

}

• Type I 2HDM: Φ1 → Φ1, Φ2 → −Φ2, ui
R → −ui

R , d i
R → −d i

R and ei
R → −ei

R .

• After EW symmetry breaking, the scalar sector consists of two CP even Higgses (h and H),
one CP odd scalar (A) and a pair of charged Higgs (H±).

• Parameters: mh = 125 GeV, mH , mA, mH± , m2
12, v , tan β(= v2/v1), sin(β − α)

• Alignment limit: sin(β − α)→ 1 implies that the couplings of h is like SM Higgs boson.
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• After EW symmetry breaking the Yukawa Lagrangian in terms of the mass eigenstates is:

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.

• Other couplings:

(A) hVV : sin(β − α)gSM
hVV , HVV : cos(β − α)gSM

hVV , AVV : 0 where V = Z , W±.

(B) hAZµ : g
2CW

cos(β − α)(p + p′)µ, HAZµ : − g
2CW

sin(β − α)(p + p′)µ

(C) H±hW∓µ : ∓i g
2 cos(β − α)(p + p′)µ, H±HW∓µ : ±i g

2 sin(β − α)(p + p′)µ,
H±AW∓µ : g

2 (p + p′)µ
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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.

600 400 200 0 200 400
mhBSM mH ±  [GeV]

600

400

200

0

200

400
m

A
m

H
±
 [G

eV
]

0.10

0.05

0.00

0.05

0.10

av
er

ag
e 

T
T f

it

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.

P. Sanyal, T. Mondal, JHEP 05 (2022) 040.
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QCD induced multi Higgs final states.

1. Pair of neutral scalars via gluon fusion:

2. bb̄ induced pair of neutral scalars:

3. H± pair creation via gluon fusion: 4. bb̄ induced H± pair creation:
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EW production of multi Higgs final states

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 (2BFS) are not possible via QCD processes.
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Charged 2BFS and 3BFS via EW processes

Parameter space 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 three possible charged 2BFSs
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Cross sections at 13 TeV for the various charged 3BFSs
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Neutral 2BFS and 3BFS

The neutral 2BFSs have contributions from QCD as well as EW processes.

1. The two 2BFs where the EW processes dominate the combined gg and bb̄ QCD process:

2. The two 2BFs where the combined gg and bb̄ QCD processes dominate the EW processes:
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Cross sections at 13 TeV for the various neutral 3BFSs
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Triple Higgs couplings

1. 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

2. λHhh = 1
2vcβ sβ

cβ−α
{

(3M2 − 2m2
h − m2

H )s2α − M2s2β

}
λHhh = 0, for sin(β − α)→ 1

3. 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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4b + X via EW process

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 13 TeV:

BP AAW [fb] AAAW [fb] AAZW [fb] AAA [fb] AAZ [fb] AAWW [fb]
1 165.7 96.9 0.43 199.8 0.88 31.6
2 228.2 45.1 35.3 117.3 91.8 34.8

Background: QCD multi-jet = 8.98× 106 pb and t t̄ + jets = 834pb.

Stefano Moretti, Shoaib Munir, Tanmoy Mondal and Prasenjit, arXiv:2304.07719
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Pseudoscalar mass reconstruction

• b-jets ≥ 4, pT > 20 GeV, |η| < 5.

• Three possible combinations of two b-jet pairs out of
four leading b-jets: (1,2; 3,4), (1,3; 2,4) and (1,4; 2,3).

• 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

• 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

arXiv:2304.07719
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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

arXiv:2304.07719

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

• Leading two jets satisfy mjj = mW ± 25 GeV.

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

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

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

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

• 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.
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Heavy Higgs mass reconstruction

H reconstruction based on the AAA topology

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

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

• Prompt pseudoscalar: A1, non-prompt pseudoscalar: A2,3

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

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

• bk bl and bmbn 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 A1 in the η − φ space.

q

q̄ b̄k

bl

bj
b̄i

bn

b̄m

Z

H

A1

A2

A3

BP1

arXiv:2304.07719 17



Hurdles of H mass 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
A H± H

BP σS σB
S√
B

σS σB
S√
B

σS σB
S√
B

1 15.5 11151.7 8σ 2.22 592.3 5σ 1.8 256.4 6.15σ
2 9.26 10369.3 5σ 1.31 460.8 3.34σ 0.8 162.2 3.43σ

BP2 BP2

arXiv:2304.07719
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4b + `+�ET via EW process

Dominant Signal:

AAW : pp → H±A→ [AW ][A]→ 4b + ` + �ET

Subdominant Signal:

AAAW : pp → H±H → [AW ][AA]→ 4b + ` + �ET

AAZW : pp → H±H → [AW ][AZ ]→ 4b + ` + �ET

AAWW : pp → H+H− → [AW ][AW ]→ 4b + ` + �ET

q

q̄ b̄k

bl

bj
b̄i

`
ν

W±
H±

A1

A2

W±

Dominant Background: t t̄ + jets = 458 pb (fully leptonic + semileptonic modes).

χ2 variable: Based on AAW signal topology and the signal hypothesis

χ2 =
(

mbb−mA
σmA

)2
+
(mbblν−mH±

σmH±

)2

Benchmark points mA [GeV] mH± [GeV] mH [GeV] sβ−α m2
12 [GeV2] tanβ

BP1 50 142.811 141.438 0.955275 1202.02 15.9863
BP2 50 184.916 161.629 0.95158 2336.07 10.0867
BP3 50 225.747 208.539 0.957129 4729.08 8.28101

BP4 70 152.41 159.024 0.983444 3123.09 6.05755
BP5 70 190.812 177.972 0.989558 3651.57 8.09766
BP6 70 236.081 219.12 0.960527 6073.61 7.04902
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χ2 Variable

1. b-jet pairing algorithm is used to make the two b-jet pairs out of the four leading b-jets.

2. Assuming that the MET corresponds to only one neutrino from the leptonic decay of the
W -boson in the AAW mode, the z-component of neutrino momentum can be estimated.

−→p Tν = −
∑

i∈obs

−→p Ti , m2
W = (E` + Eν)2 − (

−→p ` +
−→p ν)2

Rewriting this in terms of the x, y, z components of the neutrino momentum, we get a
quadratic equation

Ap2
zν + Bpzν + C = 0

where the coefficients are

A = 4(E2
` − pz2

`
),

B = −4apz` ,

C = 4E2
` (p2

xν + p2
yν )− a2

and a = m2
W − m2

` + 2px`pxν + 2py`pyν .

pzν =
−B±

√
B2−4AC

2A

3. σmA and σmH±
are the expected uncertainties in the measurement of the masses of A and

H±.
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1. σmA is the width of the invariant mass of the b-jet pair with leading b-jet.

2. σmH±
is the width of the invariant mass of the b-jet pair together with the lepton and the

neutrino at the generator level (truth information).

Benchmark points mA [GeV] mH± [GeV] σmA [GeV] σmH±
[GeV]

BP1 50 142.811 13.97 19.92
BP2 50 184.916 12.13 35.81
BP3 50 225.747 12.14 36.15

BP4 70 152.41 17.92 28.19
BP5 70 190.812 18.00 28.00
BP6 70 236.081 17.92 40.23

P. Sanyal and D. Wang
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P. Sanyal and D. Wang
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Signal Background Analysis

Selection cuts to study the discovery prospects of 4b + ` + �ET :

1. pb
T > 20 GeV, p`T > 10 GeV, |ηb,l | < 2.5, �ET > 10 GeV

2. χ2 < 1

3. α =
|m1−m2|

m1+m2
< 0.1

4. ∆η = |η1 − η2| < 1.1, η1 =
ηa+ηb

2 , η2 =
ηc +ηd

2 .
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Conclusions

• EW processes provides the charged 2BFSs and 3BFSs which complements the widely
studied QCD processes.

• The neutral 2BFSs and therefore the neutral 3BFSs via EW processes can dominate the QCD
induced processes.

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

• 4b + ` + �ET is the signature state charecteristc of EW processes with no QCD counterpart.

• Strong signal-background discriminator is necessary to reduce the t t̄ + jets background. χ2

based on dominant signal topology and signal hypothesis serves the purpose.

T H A N K Y OU
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