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Extended scalar sector in GM Model

The SM Doublet

Φ =

(
φ+

φ0

)
⇒ Φ =

(
φ0∗ φ+

φ− φ0

)
One Real Triplet and one Complex Triplet

ξ =

ξ+ξ0
ξ−

 , χ =

χ++

χ+

χ0

 ⇒ X =

 χ0∗ ξ+ χ++

χ− ξ0 χ+

χ−− ξ− χ0


VEVs of the neutral fields

〈φ0〉 = v1√
2
, 〈χ0〉 = 〈ξ0〉 = v2.

v1
2 + 8v2

2 = v2 = 4MW
2

g2 ≈ (246 GeV)2

ρtree = 1

The doublet-triplet mixing angle

tanβ = 2
√
2v2
v1
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The GM Potential

Potential

V (Φ,X ) = µ2
2

2 Tr(Φ†Φ) + µ3
2

2 Tr(X †X ) + λ1
[
Tr(Φ†Φ)

]2
+λ2Tr(Φ†Φ)Tr(X †X ) + λ3Tr(X

†XX †X ) + λ4
[
Tr(X †X )

]2
−λ5Tr(Φ†τ aΦτb)Tr(X †taXtb)−M1Tr(Φ†τ aΦτb)(UXU†)ab
−M2Tr(X

†taXtb)(UXU†)ab

where τ a = σa/2, with σa being the three Pauli matrices.

t1 = 1√
2

0 1 0
1 0 1
0 1 0

 , t2 = 1√
2

0 −i 0
i 0 −i
0 i 0

 , t3 =

1 0 0
0 0 0
0 0 −1

 .

U = 1√
2

−1 0 1
−i 0 −i
0
√

2 0

 .
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The GM Potential

Potential at extrema

V (v1, v2) = µ2
2

2 v1
2 + 3µ3

2

2 v2
2 + λ1v1

4 + 3
2 (2λ2 − λ5) v1

2v2
2

+3 (λ3 + 3λ4) v2
4 − 3

4M1v1
2v2 − 6M2v2

3

The extremization conditions(
µ2

2 + 4λ1v1
2 + 3 (2λ2 − λ5) v2

2 − 3
2M1v2

)
v1 = 0,

3µ3
2v2 + 3 (2λ2 − λ5) v1

2v2 + 12 (λ3 + 3λ4) v2
3− 3

4M1v1
2− 18M2v2

2 = 0.
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The physical fields of GM Model

One quintet H5 =
(
H++

5 ,H+
5 ,H

0
5 ,H

−
5 ,H

−−
5

)T
degenerate mass m5, with m5

2 = M1
4v2

v1
2 + 12M2v2 + 3

2λ5v1
2 + 8λ3v2

2

H++
5 = χ++,H+

5 =
(χ+−ξ+)√

2
,H0

5 =
√

2
3ξ

0 −
√

1
3χ

0R

One triplet H3 =
(
H+

3 ,H
0
3 ,H

−
3

)T
degenerate mass m3, with m3

2 =
(

M1
4v2

+ λ5
2

)
v2.

H+
3 = − sinβ φ+ + cosβ

(χ++ξ+)√
2

,H0
3 = − sinβ φ0I + cosβ χ0I

Two singlets : H0
1 and H0′

1

H0
1 = φ0R ,H0′

1 =
√

1
3ξ

0 +
√

2
3χ

0R
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Mixing of two singlets

Mass eigenstates

h = cosα H0
1 − sinα H0′

1 , H = sinα H0
1 + cosα H0′

1 .

Mass matrix : M2 =

(
M11

2 M12
2

M21
2 M22

2

)
,

with,

M2
11 = 8λ1v1

2, M2
22 =

M1v2
1

4v2
,

M2
12 =M2

21 =
√
3
2 [−M1 + 4 (2λ2 − λ5) v2] v1.

Mixing angle : tan 2α = 2M12
2

M22
2−M11

2

Masses of physical states

mh,H
2 = 1

2

[
M11

2 +M22
2 ∓

√(
M11

2 −M22
2
)2

+ 4
(
M12

2
)2]

Swagata Ghosh (IITKGP, India) BSM 2023 November 6-9, 2023 7 / 20



Couplings and scaling factors of h/H to f /V

h to VV
ighWW = ic2W ghZZ = −i e2

6s2W
(8
√

3sαv2 − 3cαv1),

κhV = − 1
3v (8
√

3sαv2 − 3cαv1).

H to VV
igHWW = ic2W gHZZ = i e2

6s2W
(8
√

3cαv2 + 3sαv1),

κHV = 1
3v (8
√

3cαv2 + 3sαv1)

h to f f
ghf f = −i mf

v
cα
cβ
,

κhf = v
v1
cα.

H to f f
gHf f = −i mf

v
sα
cβ
,

κHf = v
v1
sα.
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Relevant couplings for h/H → γγ

−ighH+
3 H−3

= −i(64λ1cα
v2
2 v1
v2 − 8√

3

v2
1 v2
v2 sα(λ3 + 3λ4) − 4√

3
v2M1
v2 (sαv2 −

√
3cαv1)− 16√

3

v3
2
v2 sα(6λ2 + λ5)− cα

v3
1
v2 (λ5 − 4λ2) + 2

√
3M2

v2
1
v2 sα −

8√
3
λ5

v1v2
v2 (sαv1 −

√
3cαv2))

−igHH+
3 H−3

= −i(64λ1sα
v2
2 v1
v2 + 8√

3

v2
1 v2
v2 cα(λ3 + 3λ4) + 4√

3
v2M1
v2 (cαv2 +

√
3sαv1) + 16√

3

v3
2
v2 cα(6λ2 + λ5) + sα

v3
1
v2 (4λ2 − λ5)− 2

√
3M2

v2
1
v2 cα +

8√
3
λ5

v1v2
v2 (cαv1 +

√
3sαv2))

−ighH+
5 H−5

= −ighH++
5 H−−5

=

−i(−8
√

3(λ3 + λ4)sαv2 + (4λ2 + λ5)cαv1 − 2
√

3M2sα)

−igHH+
5 H−5

= −igHH++
5 H−−5

=

−i(8
√

3(λ3 + λ4)cαv2 + (4λ2 + λ5)sαv1 + 2
√

3M2cα)
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Scaling factor for h/H → γγ

Loop function :

SM : F1(τW ) + NcQ
2
f F 1

2
(τf )

GM : κh,HV F1(τW ) + κh,Hf NcQ
2
f F 1

2
(τf ) +

∑
s β

h,H
s Q2

s F0(τs)

with, Qf ⇒ Charge of the fermion f ,
βh,Hs = gh(H)ss/2m2

s , ms ⇒ mass of charged scalar s.

Loop factors

F1(τ) = 2 + 3τ + 3τ(2− τ)f (τ)
F 1

2
(τ) = −2τ [1 + (1− τ)f (τ)]

F0(τ) = τ [1− τ f (τ)]

where, f (τ) =

[
sin−1

(√
1
τ

)]2
for τ ≥ 1

f (τ) = −1
4

[
log
(
1+
√
1−τ

1−
√
1−τ − iπ

)]2
for τ < 1

τi = 4m2
i /m

2
h(H)
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The quartic couplings : λi s

λ1 =
m2

h cos
2 α+m2

H sin2 α

8v2 cos2 β

λ2 =
√
6(m2

h−m
2
H) sin 2α−3

√
2v cosβM1+12m2

3 sinβ cosβ

12v2 cosβ sinβ

λ3 =
m2

5−3m2
3 cos

2 β+
√
2v cosβ cotβM1−3

√
2v sinβM2

v2 sin2 β

λ4 =
2m2

h sin
2 α+2m2

H cos2 α−2m2
5+6m2

3 cos
2 β−3

√
2v cosβ cotβM1+9

√
2v sinβM2

6v2 sin2 β

λ5 = 2
m2

3
v2 −

√
2M1

v sinβ
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Theoretical constraints

Combined theoretical constraints on the quartic couplings

λ1 ∈ (0, π/3) ' (0, 1.05)

λ2 ∈ (−2π/3, 2π/3) ' (−2.09, 2.09)

λ3 ∈ (−π/2, 3π/5) ' (−1.57, 1.88)

λ4 ∈ (−π/5, π/2) ' (−0.63, 1.57)

λ5 ∈ (−8π/3, 8π/3) ' (−8.38, 8.38)
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Theoretical constraints and LHC data
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Figure: Allowed parameter space in the m3 − v2, m3 −m5, M1 −M2, sinα− v2
plane from theoretical constraints (blue points) and LHC data at

√
s = 13 TeV

(violet points) at mH = 200 GeV.
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HIG-21-010-PAS
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pp → tbH±3 in GM Model
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H±3 → VS , V = W±,Z , S = h,H ,H5,H
+
5 ,H

±
5 with mH =

200 GeV, m5 = 400 GeV in GM Model
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H±3 → VS , V = W±,Z , S = h,H ,H5,H
+
5 ,H

±
5 with

mH = m5 = 200 GeV in GM Model
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pp → tbH±3 , H±3 → W±H , H → τ+τ− in GM Model
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Conclusions

There are two types of singly charged scalars (H±3 ,H
±
5 ) in GM model,

but the production cross-section of H±3 is preffered over that of H±5 .

Considering all the possible decays of H±3 to one gauge boson and
scalar, H±3 →W±H is preffered in terms of branching ratio.

GM model can well accomodate the CMS result of the process
pp → tbH± → tbW±H → tbW±τ+τ−.
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