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Background Why is Higgs boson so important?

Why is Higgs boson so important?

Higgs field is responsible for generating the masses of the elementary particles of
the Standard Model (SM).

This occurs through the spontaneous breaking of the electroweak symmetry.

Since the confirmation of its existence in 2012, studying its properties became
the main objective of the Higgs physics program.

Precisely characterizing the properties of the Higgs boson would help us better
understand the nature of spontaneous breaking of electroweak symmetry.1,
Yukawa’s couplings2, etc.

1
M. Bier et al. JHEP 01, 164, (2014).

2
A. M. Sirunyan et al. Phys. Lett. B 778, 101, (2018).
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Background Extreme conditions of matter

External agents

So far, all the research referred has focused only on the physics of the Higgs
boson in vacuum (proton-proton collisions).

Nevertheless, they can be extended to scenarios where the effects of external
agents could change the global properties of the Higgs boson.3.

It is important to quantify the effect of these external agents in perturbative
calculations to have clarity on the effects caused by “new physics”.

3
G. Gamow. Phys. Rev. 70, 572, (1946).
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Motivation

New scenarios for Higgs physics

Recent studies show the possibility of quark-gluon plasma (QGP) being produced in
nucleon-nucleon collisions4,5

4
AAPPS Bull. 29, 16-21, (2019).

5
JETP Letters 111, 8-17, (2020).
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Motivation

There is also the possibility of the detection of Higgs bosons in other types of
collisions; for example, in relativistic heavy ion collisions6,7

6
Phys. Rev. Lett. 122, 041803, (2019).

7
Phys. Rev. D 101, 033009, (2020).
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Motivation

Magnetic fields in relativistic heavy ion collisions

Very intense in early stages8, eB ∼ m2
π.

Decrease exponentially, τ ∼ fm/c.

Figure: The time evolution of the magnetic field strength eBy at the central point O in
Au-Au collisions with impact parameter b = 4fm in the UrQMD model, in one event (“1ev”)
and and averaged over 100 events (“100ev”). The symbols are plotted every ∆t = 0.2fm/c
for Elab = 60GeV and ∆t = 0.01fm/c for

√
SNN = 200GeV.

8
V. V. Skokov et al. Nucl. Phys. A 24, 708, (2009).
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Higgs production through gluon fusion

Higgs production through gluon fusion

The production of Higgs bosons through gluon fusion is a highly relevant process
because it corresponds to more than 90% of the cross section at 13 TeV9

gg −→ H.

This process has the following probability amplitude associated

〈
p3; +

∣∣(p1, µ, σ, a), (p2, ν, σ
′, b);−

〉
. (1)

At leading order there are two different contributions to the amplitude, i.e. two
Feynman diagrams.

9
M. Tanabashi et al. Phys. Rev. D 98, 03001, (2018).
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Higgs production through gluon fusion

(a) Diagram A. (b) Diagram B.

Figure: Feynman diagrams of Higgs production through gluon fusion at LO.
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Higgs production through gluon fusion

Effective vertex

These two diagrams could be seen as an “effective vertex” Γµν , where all the
information of the Higgs production process through gluon fusion is contained. The
effective vertex represents a direct coupling between the Higgs and the gluons.
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Higgs production through gluon fusion

Cross section

The unpolarized cross section is

σ =
1

2m2
H

2πδ
(
S −m2

H

)∑
color,spin

|M|2,

(2)

with

iM =iΓ
µν

(p1, p2)ε
a
µ(p1, σ)ε

b
ν(p2, σ

′
).

(3)
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Higgs production through gluon fusion in a magnetic field

Higgs boson production through gluon fusion in presence of an external
magnetic field

The two different Feynman diagrams in Fig.2 are

(a) Diagram A. (b) Diagram B.

Figure: Feynman diagrams at leading order process in the presence of an external magnetic
field. The magnetic field is represented by a double line in the fermionic propagators.
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Higgs production through gluon fusion in a magnetic field

The fermionic propagator in the presence of a magnetic field was obtained by
Schwinger (in the configuration space) and is given by10

S
B

F (x, y) = Ω(x, y)

∫
d4p

(2π)4
S
B

F (p)e−ip·(x−y), (4)

where

Ω(x′, x′′) = exp

(
−iq

∫ x′

x′′
Aµ(x)dxµ

)
(5)

it’s known as Schwinger phase, with q the electric charge of the fermion and Aµ the
potential that generates the magnetic field B.

10
A. Erdas. Phys. Rev. D 82, 664, (2009).
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Higgs production through gluon fusion in a magnetic field

If the magnetic field defines the z direction, the invariant part of the propagator is11

S
B

f (p) =

∫ ∞
0

ds

cos(qBs)
exp

[
− is

(
m2
f − p2

‖ − p2
⊥

tan(qBs)

qBs

)]
×
[(
mf + 6p‖

)
e−iqBsΣ3 +

6p⊥
cos(qBs)

]
,

(6)

where p‖ and p⊥ are the parallel and perpendicular components of the momentum to
the magnetic field and

Σ3 = iγ1γ2. (7)

11
A. Erdas. Phys. Rev. D 82, 664, (2009).
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Higgs production through gluon fusion in a magnetic field

Applying Feynman’s rules to diagram A gives

iΓqB
µν

(A)
(x, y, z) = −T R

[
(−igsγµta)S

qB

f (x, y)(−igsγνtb)S
qB

f (y, z)(−igf )S
qB

f (z, x)
]

= −ig2
sgf tr

[
tatb

]
Ωq(x, y)Ωq(y, z)Ωq(z, x)

×
∫

d4a

(2π)4

d4b

(2π)4

d4c

(2π)4
e−ia·(x−y)e−ib·(y−z)e−ic·(z−x)

× Tr
[
γµS

qB

f (a)γνS
qB

f (b)S
qB

f (c)
]
.

(8)

And to diagram B

iΓqB
µν

(B)
(x, y, z) = −ig2

sgf tr
[
tatb

]
Ωq(z, y)Ωq(x, z)Ωq(y, x)

×
∫

d4a

(2π)4

d4b

(2π)4

d4c

(2π)4
e−ia·(x−y)e−ib·(y−z)e−ic·(z−x)

× Tr
[
γνS

qB

f (−a)γµS
qB

f (−c)S
qB

f (−b)
]
.

(9)
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Higgs production through gluon fusion in a magnetic field

Working out a little bit we arrive at

iΓµν
qB (A/B)

(p1, p2) =− ig2
sgf tr

[
tatb

]( 4π

qB

)d−2

×
∫ ∞

0

ds1ds2ds3

cos(qBs1) cos(qBs2) cos(qBs3)
G(A/B)T̃

µν
(A/B),

(10)

with

G(A/B) =
24−3d

sπ
3d
2
−2

(
−iqB cos(s1) cos(s1 + s2)

sin(s)

) d
2
−1(

(qB)2 cot(s3)

cot(s3)− tan(s2)

) d
2
−1

× e
i
qB

cos(s1) cos(s2) sin(s3)
sin(s)

[
tan(s1)

(
tan(s2) cot(s3)p22⊥

+p21⊥

)
+tan(s2)(p1+p2)2⊥

]

× e−ism
2
f e

i
s

(
(s1+s2)s3p

2
1‖

+(s1+s3)s2p
2
2‖

+2s2s3(p1·p2)‖

)

× e∓
2i
qB

cos(s1) cos(s2) sin(s3)
sin(s)

tan(s1) tan(s2)p1F̂ p2 .

(11)
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Higgs production through gluon fusion in a magnetic field

Approximations

The integrals that remain to be solved over the si parameters cannot be calculated
analytically, so it is necessary to carry out certain approximations.

The most frequently used approaches in the literature are

Weak magnetic field.

Strong magnetic field.

These approximations are taken when qB � m2
f y qB � m2

f , respectively12.

12To get a reference, the critical magnetic field for a
electron is 4.4× 1013G ∼ (0.5MeV )2
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Magnetic field effects
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Figure: Behavior of the partial cross section as a function of the mass of the quarks within
the fermionic loop, taking Θ = π, pi⊥ = 0.5mf and qB = 0.2m2

f
.
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Magnetic field effects

Magnetic field effects

To quantify more precisely the effect of both the magnetic field and the transverse
moment of gluons, it is convenient to define

∆σ ≡
σ
qB

LO, partial − σLO, vacuum

σLO, vacuum
. (12)
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Magnetic field effects
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Figure: Behavior of the response of the effective section as a function of the magnetic field
for the top and bottom quarks, taking different values of the transverse moment and Θ = π.
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Magnetic field effects
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Magnetic field effects
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Extra

What’s next?

Calculate the total cross section in the presence of magnetic field.

Take an approximation that allows studying an arbitrary interval for the
magnitudes of the transverse components of the moment.

For light quarks you must work with a strong field approximation.

A more complete analysis should include the effects of temperature.

Electroweak corrections.
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Extra

Beyond Standard Model?

Measurements of the properties of the Higgs boson open a new window for
understanding fundamental interactions and for exploring possible extensions to
the laws of physics that we know.

If small deviations can be found between the theoretical predictions and the
experimental data, these could be a sign of new physics, physics beyond the
Standard Model (BSM).

A precision physics program, both theoretical and experimental, of the
properties of the Higgs boson would be of great relevance as it could provide
evidence, directly or indirectly, of BSM physics.

LHC has entered a stage where precision measurements of Higgs properties play
a central role.
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Extra

Higgs production through gluon fusion

The contribution to this process due to pure QCD interactions is around 95%
while QCD-electroweak (QCD-EW) interactions contribute approximately 5%13.

“Leading-order” (LO) 14

“Next-to-leading-order” (NLO) ∼ 80− 100%15

“Next-to-next-to-leading-order” (NNLO or N2LO) ∼ 10− 20%16

“Next-to-next-to-next-to-leading order” (N3LO) ∼ 4− 6%17

13
M. Tanabashi et al. Phys. Rev. D 98, 03001, (2018).

14
H. M. Georgi et al. Phys. Rev. Lett. 40, 692, (1978).

15
M. Spira et al. Phys. Lett. B 453, 17, (1995).

16
C. Anastasious. Nucl. Phys. B 646, 220, (2002).

17
C. Anastasious et al. JHEP 05, 058, (2016).
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Extra

Relativistic heavy ion collisions

In relativistic heavy ion collisions, it is possible to create an extreme high
temperature and density environment that evolves over time18

t=0 fm/c: In this initial stage the hadronic jets, direct photons, pairs of
dileptons, heavy quarks, and vector bosons are produced.

t∼0.2 fm/c: A state called “glasma” is created, it’s made up of non-equilibrium
partonic matter at high density19.

t∼1 fm/c: The partons that make up the “glasma” begin to interact strongly
(QCD) with each other and a thermal equilibrium is reached.

The result of this thermalization is a phase of QCD at high temperature known
as “quark-gluon plasma” (QGP).

18
E. Iancu. arXiv:1205.0579 [hep-ph].

19
T. Lappi et al. Nucl. Phys. A 772, 200, (2006).
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Extra

Quark-gluon plasma

The characteristic time for the expansion and cooling of the QGP is of the order
of 10 fm/c20.

The mean lifetime of the Higgs boson is τ ∼ 47 fm/c21.

Taking this in consideration, we could imagine the following physical situations:

A Higgs boson produced in the initial stage of the collision (before the formation
of the QGP) is affected by the plasma and modifies some of its properties such as
the lifetime, the kinematic distribution, the decay rate, etc.

A Higgs boson is produced within the QGP, so that the main effect of the
thermalized medium will be observed in the production rate.

20
R. Shen et al. Phys. Rev. C 86, 049903(E), (2012)

21
M. Tanabashi et al. Phys. Rev. D 98, 03001, (2018).

Jorge Jaber-Urquiza (FC-UNAM) June 17, 2021



Extra

What else?

The Higgs field is described by a neutral scalar field, so the results of this research
can be generalized and applied to various physical processes where a scalar field plays
a central role.

Inflation22.

Compact astrophysical objects (color superfluidity23).

Production of different (pseudo)scalar particles in relativistic heavy ion collisions
such as mesons (π, B, D), etc.

22
T. Matos et al. Classical Quantum Gravity 17, 1707, (2000)

23
M. Alford et al. Phys. Lett. B 422, 247, (1998).
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Extra

Feynman rules

Propagator

Vertices

(a) Yukawa. (b) Gluon-quark.

Figure: Interaction vertices.
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Extra

How does it looks the vertex?

Taking into account the tensor structures that are available in this process24

Vacuum: pµ1 , pµ2 , gµν & εµναβ .

Magnetic field: Fµν , F ∗µν & FµαF
αν .

In the magnetic field case there are more than 60 different rank-two tensors available
for the vertex. The most general form includes them all!

Good news, the effective vertex must be such that it fulfills certain properties and it
simplifies a little bit its tensor structure.

24
I. Batalin and A. Shabad. Zh. Eksp. Teor. Fiz. 60, 894, (1971).
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Extra

Slavnov-Taylor identities

pµ1 Γµν(p1, p2) = 0, (13)

pν2Γµν(p1, p2) = 0. (14)

Boson symmetry

Γµν(p1, p2) = Γνµ(p2, p1). (15)

Taking into account this proprieties and the gluons on-shell, the tensor structure that
the effective vertex must take is

Γµν
qB

(p1, p2) =A

[
gµν − pν1p

µ
2

p1 · p2

]
+B

pµ1p
ν
2

p1 · p2
+C

F̂µp1F̂
νp2

p1 · p2

+D

[
gµν⊥ −

pν1⊥p
µ
2⊥

(p1 · p2)⊥

]
+ 9 more terms.

(16)
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Extra

Tensor structure in a magnetic field

Γ
µν

qB
(p1, p2) =A

[
g
µν −

pν1p
µ
2

p1 · p2

]
+ B

pµ1 p
ν
2

p1 · p2
+ C

F̂µp1F̂
νp2

p1 · p2
+D

[
g
µν
⊥ −

pν1⊥
pµ2⊥

(p1 · p2)⊥

]

+ E

[
pµ1 p

ν
1 + pµ2 p

ν
2

p1 · p2
−
pµ1 p

ν
1⊥

+ pν2p
µ
2⊥

(p1 · p2)⊥

]
+G

[
g
µν

+
(p1 · p2)gµν⊥ − pν1p

µ
2⊥
− pµ2 p

ν
1⊥

(p1 · p2)⊥

]

+H
(
p2F̂ p1

)[
g
µν p2F̂ p1

(p1 · p2)2
−

(p1 · p2)F̂µν + pµ2 F̂
νp1 − pν1 F̂

µp2

(p1 · p2)2

]

+ I

[(
p2F̂ p1

)2 pµ1 p
ν
1 + pµ2 p

ν
2

(p1 · p2)3
−
(
p2F̂ p1

) pµ1 F̂ νp1 − pν2 F̂µp2
(p1 · p2)2

]

+ J

[
F̂
µν p2F̂ p1

p1 · p2
−
F̂µp2F̂

νp1

p1 · p2

]
+K

(
p2F̂ p1

) pµ1 F̂ νp2 − pν2 F̂µp1
p1 · p2

+ L

[
F̂µp1F̂

νp1 + F̂µp2F̂
νp2

p1 · p2
−
(
p2F̂ p1

) pν1 F̂µp1 − pµ2 F̂ νp2
(p1 · p2)2

]

+M
(
p2F̂ p1

)[
g
µν
⊥

p2F̂ p1

(p1 · p2)2
− (p1 · p2)⊥

F̂µν + pµ2⊥
F̂ νp1 − pν1⊥ F̂

µp2

(p1 · p2)2

]

+N
(
p2F̂ p1

)[pν1⊥ F̂µp1 − pµ2⊥ F̂ νp2
(p1 · p2)2

+ (p1 · p2)⊥
pµ2 F̂

νp2 − pν1 F̂
µp1

(p1 · p2)3

]
.
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Extra

Taking the Fourier transform of the effective vertex it’s possible to identify easily
Dirac deltas in the parallel coordinates but not in the perpendicular ones due to the
phase that the diagram has acquired. Carrying out integration in the configuration
space

iΓµν
qB (A)

(p1, p2, p3) =− ig2
sgf tr

[
tatb

]
(2π)8

(
4π

qB

)2

δ(2) (p1 + p2 − p3)⊥

×
∫

d4a

(2π)4

d4b

(2π)4

d4c

(2π)4
δ(2) (p1 + a− c)‖ δ

(2) (p2 + b− a)‖

× δ(2) (p3 − c+ b)‖ e
i 2
qB

(p1+a−c)µF̂µν(p2+b−a)ν

× Tr
[
γµS

qB

f (a)γνS
qB

f (b)S
qB

f (c)
]
.

(17)
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Extra

In order to carry out the integration on the internal momenta, the expressions are
generalized to an arbitrary dimension d. Since the presence of the magnetic field
separates the parallel and perpendicular components, we will have 2 parallel
dimensions and d− 2 perpendicular dimensions

iΓµν
qB (A)

(p1, p2) =− ig2
sgf tr

[
tatb

]
(2π)4

(
4π

qB

)d−2

×
∫ ∞

0

ds1ds2ds3

cos(qBs1) cos(qBs2) cos(qBs3)

×
∫

dda

(2π)d
ddb

(2π)d
ddc

(2π)d
e
i 2
qB

(p1+a−c)F̂ (p2+b−a)

× e−is1
(
m2−a2‖−a

2
⊥

tan(qBs1)
qBs1

)
e
−is2

(
m2−b2‖−b

2
⊥

tan(qBs2)
qBs2

)

× e−is3
(
m2−c2‖−c

2
⊥

tan(qBs3)
qBs3

)
δ(2) (p1 + a− c)‖

× δ(2) (p2 + b− a)‖ T
µν
(A)

(
a‖, a⊥, b‖, b⊥, c‖, c⊥

)
.

(18)
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Extra

Hierarchy of scales

Flavor Electric charge [e] qBmax [GeV2]

Up (u) 2/3 ∼ 10−6

Down (d) -1/3 ∼ 4.4× 10−6

Strange (s) -1/3 ∼ 2× 10−3

Charm (c) 2/3 ∼ 0.3
Bottom (b) -1/3 ∼ 3.5

Top (t) 2/3 ∼ 6× 103

Figure: Maximum magnetic field from which the weak field approximation loses validity, it’s
taken qBmax = 0.2m2

f
.

For a point of comparison, the maximum field that is created in relativistic heavy ion
collisions is

eBmax ' 10m2
π ∼ 2× 104 MeV2 = 2× 10−2 GeV2.
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Extra

It is possible to create an homogeneous magnetic field in the z direction with a
symmetric gauge

Aµ =

(
0,−B

2
x2,

B

2
x1, 0

)
. (19)

In such a way that the Schwinger phase is

Ωq(x, y) = ei
qB
2
xµF̂

µνyν = ei
qB
2 (x1y2−x2y1). (20)

Applying (20) to diagrams A and B, the corresponding total phases are

Ωq(x, y)Ωq(y, z)Ωq(z, x) = ei
qB
2
F̂µν(xµyν+yµzν+zµxν) = e−i

qB
2
ξ, (21)

Ωq(y, x)Ωq(z, y)Ωq(x, z) = e−i
qB
2
F̂µν(xµyν+yµzν+zµxν) = ei

qB
2
ξ, (22)

where

ξ ≡ −x2y
1 + x1y

2 − y2z
1 + y1z

2 − z2x
1 + z1x

2. (23)
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(b) Bottom quark.

Figure: Behavior of the response of the effective section as a function of the magnetic field
for the top and bottom quarks, taking different combinations for the values of the transverse
moment p1⊥ + p2⊥ = mf and Θ = π.
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Figure: Behavior of the response of the cross section as a function of pi⊥ for the top and
bottom quarks, taking different values for the magnetic field, pj⊥ = mf − pi⊥ and Θ = π.
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