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Higgs Boson in the Standard Model and Beyond

The 2012 discovery of the Higgs boson was a landmark event in
Particle Physics.
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Any deviation from the SM prediction of the Higgs boson decay
channels would be a strong indication of new particles, pointing to
Physics Beyond the Standard Model.
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The Inert Doublet Model (IDM)

The IDM extends the Standard Model by adding a second
scalar doublet. These two doublets are distinguished by an
exact Zp symmetry.

Standard Model Doublet (H;): Inert Doublet (H,):
a H1 — H1. Q H2 — _HZ-
[ Acquires a VEV, breaking ) Does not acquire a VEV.
electroweak symmetry. 1 Contains new stable scalar
L) Gives mass to SM particles. particles.
G+ Ht
Hh = (\%(v—i— o + iGO)> Hy = <\%(H° + iA°)>
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The Tree-Level Higgs Potential

The tree-level potential V(Hy, Hz) in the Inert Doublet Model is
crucial for defining the masses and interactions of the scalar sector.

V(Hi, Ho) = (3| Hi[? + 13 Ha|* + M| Ha|* + Xo|Hal*
1
+ A3 H1 2| Ha|? + Ao Hl Ho? + 5A5[(Hjhrz)2 + h.c]
(1)
2 Mass Terms (13, 113)

) Self-Interaction Terms (A1, \2)
) Mixed Interaction Terms (A3, A4, As)
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The Scalar Masses at Tree Level

Following electroweak symmetry breaking, the scalar sector gives
rise to five physical Higgs bosons [1]:

M2 = A\ (2)
1
MFy = 5 + §>\345V2 (3)
1_
Ma = 5 + 5/\345‘/2 (4)
1
Mips = 13 + 5AsV? (5)

where A3as = A3+ A + A5 and Azas = A3 + \g — Xs.

The lightest inert boson is a prime candidate for dark
matter due to the Z, symmetry preventing it from decaying
into Standard Model fermions.
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The Low-Energy Higgs Theorem

The Higgs low-energy theorem is a powerful tool that
relates the amplitudes of two processes which differ by the
insertion of a Higgs-boson leg with zero external
momentum |2, 3].

Ah—z 0A h ©)

dlnmjv

where m; are the heavy particle masses in the loop.

2 First Assumption: p, — 0

[ From the translational property, it follows that:
[Py, h] = i9,,h = 0.

[ The effect of the constant field h is equivalent to redefining
all mass parameters of the theory: m; — m; (1+ ).
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[ Second Assumption: my < Migep
By integrating out heavy degrees of freedom, we get an Effective
Lagrangian for a generic decay h — XX:

1
/Cgff D = Z ChXX h X,U,I/X#U (7)

in which the coupling is defined as:

_ 0 > _
Chxx = %HXX(p =0) . (8)

and [Mxx is the gauge boson’s vacuum polarization.

The effective coupling, Chxx, is given by the HLET relation:

OMxx 1

Chxx = 57—
0In Migep v

(9)

This is a computational shortcut, as the derivative with respect to the loop mass
(mioop) is equivalent to the derivative with respect to the Higgs field (h) itself.
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Methods and objectives

My work explores one-loop-induced Higgs boson decays.[4].

v v
t w

h-=- ¢ === w
t w

v v

) Application of the Background Field Method [5, 6] for
obtaining gauge-independent results for the photon self-energy
in the HLET.

) Comparison between the SM results, both in the HLET
approximation and the full loop calculation, and the IDM ones.

O Study of the decoupling regime as a function of the A3
coupling and the H* mass.
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HLET Application to h — v

The effective Lagrangian [1] for this process is:

1
Ler O _ZChVWhFMVF’W (10)
The coupling Cjy., is computed via the HLET:
Cry = o111 (6 = 0) (11)
h = — _
Y oh Y heo

where the vacuum polarization function M., (p?) is defined from
the photon self-energy tensor:

T(p7) = (p°g" — PP )My (7). (12)
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Comparison between SM and IDM decay

The IDM Feynman diagrams for h — 7+ include contributions
from the charged Higgs boson (H1), which are absent in the SM

computation.
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HLET One-Loop Corrections for ['(h — )

The one-loop corrections to the Higgs to di-photon decay width
[7] are given by the following terms:

V202, Gem}

1, 1, @
g K )+

F(h—y) = (13)

The expressions for the one-loop contributions read:

2
oM =—L(1-#) =_L(x7
H* 12 m?—/i 24 m?—/i

1
a D=4
1
af)=1
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Mathematica calculation steps

Calculation Procedure: HLET Implementation for h — ~v~:

0 Ah = yy) = Aw+ A + Ayt
W-boson contribution:

1. Amplitude generation using FeynArts for:

) Top quark loop contribution

1 W-boson loop contribution 0 Ay 2w (h)‘

0 H¥ loop contribution (IDM) oh" vy —
— h

2. Algebraic manipulation with FeynCalc: o mw(h) = my (1 + T/)

1 Projection with projPi*¥ (p) 1 D[Pizero$G /. mW -> mW (v + h)/v, h] /.

1 Conversion to Passarino-Veltman h->0

integrals A

1 Tensor reduction via TID Top quark contribution:

3. Dimensional regularization (D = 4 — 2¢): 0 Arx 5 n;v(h)'
h=0

UV divergence expansion: b
fin 2 0 me(h) = me (1 + f)
0 Ag(x) — eAge(X)+A0 (X)+f+©(e ) v
0 By(x) — CBOe(X)‘FBgn(X)‘F%‘FO(EZ) - E[ljiz(e)rosst /. mt =>mt (v+1)/v, b /.
0 Co(x) = €Coe(x) + CiN(x) + O(2
o) <Ce() o' () Charged Higgs contribution (IDM):
4. Finite part evaluation at p2 — 0: s
a0 A o n h
Renormalized finite contributions: HE ah Y ( )'hzg
Q AS"(X) — x(l — log (é)) 0 D[Pizero$Hpm /. mHpm -> f£[h], h] /. h
] Bﬁ"(pQ,x, x) — -0
LN 4
60x2 + & log(Q )+O(p )
00,0,y %% %) —
_y_ _ 1 i
EY™] 2z + O(x) (valid for y « x)
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H* contributions in the decay width

le-5 Charged Higgs contribution in I'(h = yy)

— FullA3=0
——- HLETA3=0

— Full A3=1
—=- HLETA3=1

— Full A3=4
——- HLETA3=4

— FullA3=8
=== HLETA3=8
3 Full A3=10
HLET A3=10

Full A3=12
\ HLET A3=12

Mh=yy) (Gev)

100 200 300 400 500 600
My (GeV)

0 Suppression of the H loop contribution in the high mass limit;

) Enhancement of the contribution for higher values of the A3 coupling.
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H* contributions: relative difference between full

amplitude and HLET approximation

Charged Higgs contribution in I'(h = yy): relative difference between full amplitude and HLET approximation
T
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J The HLET approximation becomes accurate for M1+ > 600GeV.
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Higgs decay width I'(h - yy) vs charged Higgs mass (A3 =1)

r(h-yy) (Gev)

—— IDM Total width

-=-- IDM HLET width

—— SM Total width

=== SMHLET width

—— (SM Total + HLET Hch) width

200
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0 The HLET underestimates the decay widths both for SM and IDM;
' The IDM width converges to the SM prediction for M+ > 500 — 600GeV;

) The mixed approach (green line SM + HLET for H¥) is accurate in the
decoupling limit of M+ — co.
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Higgs decay width '(h = yy) vs charged Higgs mass (A3 = 10)
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HLET Application to h — Zy

U Effective Lagrangian for Zv [2]:

Lz, = —fFP’“’ZO n%,(0), (14)

puv

where I'IOZW(O) is the top-quark contribution to the dimensionless Zv mixing
amplitude at zero momentum transfer.

[ Differentiating the expression with respect to m; leads to the
effective hZy Lagrangian:

Neetve | em GFMQZ ,_—w,zwjﬁ, (15)
(s 8\/577' v

Luzy =

1 Decay width:

F(h— Z7) = faemGFm”< mi) IV )+ K

12873
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H* contributions in the decay width

r(h-zy) (GeV)

Charged Higgs contribution in I(h-Zy)
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1400

) Suppression of the HE loop contribution in the high mass limit;

1600

) Enhancement of the contribution for higher values of the A3 coupling.
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H* contributions: relative difference between full
amplitude and HLET approximation

Charged Higgs contribution in [(h - Zy): relative difference between full amplitude and HLET approximation
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1 The HLET approximation becomes accurate for approximately M+ > 800GeV.
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le—6 Higgs decay width '(h = Zy) vs charged Higgs mass (A3 = 1)
—— IDM Total width
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0 The HLET here overestimates the decay widths both for SM and IDM;

' The IDM width converges to the SM prediction for about M1+ > 600GeV as
well;

2 The mixed approach (green line SM + HLET for HE) remains accurate in the
decoupling limit of M+ — oo.
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Higgs decay width I'(h = Zy) vs charged Higgs mass (A3 = 10)
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Conclusions

1 Comparison between full SM and HLET results
The Low-Energy Theorem fails to accurately describe the W
loop contribution because the assumption my < myy is
invalid, resulting in a ~30% error. As a consequence, it
underestimates the v decay width and overestimates Zy.

U IDM contributions
The IDM introduces contributions from the charged Higgs
boson which, in the decoupling limit (My+ — o0), approach
zero, as expected.

U HLET high-mass validity in the IDM
The HLET approximation (SM Total + HLET H¥) is shown
to be reliable at high values of Myx.
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Appendix:
Theoretical Constraints on the Higgs Potential

1 Vacuum Stability
The scalar potential must be bounded from below.

0 A >0 A>0
O X34+ A+ +V A1 A >0

U Perturbative Unitarity
Scattering probabilities of scalar particles must not violate
unitarity.

4 Inert Vacuum Condition
The model requires that the Standard Model-like vacuum
((H1) # 0, (Hz) = 0) is the global minimum of the potential.
A m, =3+ 35XV >0



Appendix:
Full Mathematica results for h — v

EZ
. L
Amplitude level prefactor = >
TV
2
HLET conversion factor = —
m
h
2a
Decay width prefactor = :m - Gg - mi
T
SM Amplitude contributions:
E?M%' 2 MZ 2 MZ MZ MZ
Atop TR YY [2(""/1 —4 T)C0(0707 my, Mg, M, T) - 4]
1272 My Sy
21

Agauge = [—6Miy (i — 2M3) Co(0, 0, i, My, My, Miy) + my + 6My, |

1672 My Sy

SM HLET Amplitude contributions:

P 262

top = ——

°p 9m2y
TE?

-Agauge =

8m2y



IDM Amplitude contributions:

E3M?3
Arop = —ET— [o(m? — aM%)Cy(0,0, m2, M2, M2, M2) — 4
top 12772MW5W[( h T)Co( > M7, M7, MT) ]
E?A3v
L3 2
Ayt =~ [2M}1 Co(0, 0, miy, M7 M7, M7 ) +1]
1
Agauge = [mh (4 S%, — E1A)Co(0, 0, m3, MRy, My, 1M3)

167252 v

—3E7(m — 2My) Co(0, 0, my, My, My, Miy) + 3607 + 2mi Siy |

HLET IDM Amplitude contributions:

4 262
top = 9m2v
EZX
A4 = L3V
et =
487"2MH:(:
7E?
-Agauge =




Appendix:
Full Mathematica results for h — Zy

16Myy w2 Sy

Amplitude level prefactor = ——F———
E}(—m?2 + M2)

2
Top amplitude level prefactor = 3 X 5

Gauge amplitude level prefactor = 2

4 . 2vE;
H=— amplitude level prefactor = ——
w
vELm%
HLET conversion factor = ———
AMySw
V202 Gpm} VAN
Decay width prefactor = Y& 2FTh 1- £
12873 m?



SM Amplitude contributions:

E}M2(4C3, — 4S%, — 1) [ 2(M%By(m2, M3, M) — M%Bo(M%, M2, M2) + m? — M2)

Atop =
4872 CyMyy S, m2 — M2,
+(=mp2 + 4M72 + Mz2)Co(0, my2, Mz2, M2, M72, M72)]
£
Agauge = m [2My2Co (0, mp2, Mz2, M2, M2, Myy2)

x (mp(7Chy + Sy — 2) + 2(— Cy(5My + 4M3) + Miy Sy + M3))
(G}, + 10M3y) — Sp(m}, + 2M5))

(my — Mz)(mp, + Mz)
x (M(Bo(mp, My, My) — Bo(M, My, Miy)) + (my — Mz)(mpy + Mz)) |

SM HLET Amplitude contributions:

2 2 -2
_ BGG, - 55
3672CySyyv
E2(43CY, + S})
4872 CyySyyv

»Atop =

-Agauge =



IDM Amplitude contributions:

E}M2(4C3, — 453, — 1) {2(/\/12230(,7;%, M3, M2) — M3Bo(M%, M2, M) + m? — M2)

A =
top 4872 CyyMyy S, “ M
+(—m? + 4M% + MZ)Co (0, ma, M, M5, M%, MZT)}
EX3v(C
A :_% MZBm,MZ MRy ) — MEBy(M2, My M2
HE 1672 Cy Syy(m?, — M) [ o(miy, My, M) 7Bo(Mz, Myt Myt )
2 2 2
+(mhy — ME) M} Co(0, mp, M, My, Mys , Mys) + 1)]
E3
A P S 2M2C0,m2,M2,M2,M27M2
gavee 32772CWMWS§V[ wCo(0, mh, Mz, My, My, Myy)

x (mp(7Chy + Sy — 2) + 2(— Cy(5My + 4M3) + My Sy + M3))
(c 2Am? + 10M2%)) — S (m? + 2M3,))
(mp — Mz)(mpy + Mz)
x (ME(Bo(mf, My, M3y) — Bo(ME, M2y, M) + (my — Mz)(my, + Mz)) |

HLET IDM Amplitude contributions:

E{ (3G — 550)

Agop = —
top 3672 CpySyyv

a E223v(Cy — S)
HE T T 96m2 Cy Sy MR

e
" B (43G, + Sy)
gauge — T _— 5 .~

4872CySyyv
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