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Thermal photons from gluon fusion with magnetic fields
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Abstract. We compute the production of thermal photons in relativistic heavy-ion colli-
sions by gluon fusion in the presence of an intense magnetic field, and during the early
stages of the reaction. This photon yield is an excess over calculations that do not con-
sider magnetic field effects. We add this excess to recent hydrodynamic calculations
that are close to describing the experimental transverse momentum distribution in RHIC
and LHC. We then show that with reasonable values for the temperature, magnetic field
strength, and strong coupling constant, our results provide a very good description of such
excess. These results support the idea that the origin of at least some of the photon excess
observed in heavy-ion experiments may arise from magnetic field induced processes.

The results from heavy-ion experiments carried out at the BNL Relativistic Heavy-Ion Collider
(RHIC) and at the CERN Large Hadron Collider (LHC), show thata state of matter is formed where
quarks and gluons are not confined to individual nucleons [1,2]. Non-central collisions produce
magnetic fields with an intensity that at the beginning of thereaction is estimated to be as high as
several times the mass of the pion squared [3–6], though their intensity fades out fast with time.
At early times, it is also when the largest temperatures are achieved and when the soft dynamics is
dominated by gluons.

A magnetic field makes it possible to produce photons from processes otherwise not allowed.
Recent calculations [7–10] invoking the presence of these magnetic fields have been implemented to
try to explain the experimentally measured excess [11] of thermal photons over models that describe
well other low momentum observables.

A magnetic field naturally produces an asymmetry in the emission of electromagnetic radiation.
Therefore, magnetic fields can be a source of not only an excess in the photon yield, but also of the
puzzling large strength of the coefficientv2 in the Fourier expansion of the azimuthal distribution. The
latter has been found to be as large as that of pions [12]. Although some recently improved hydro-
dynamic [13, 14] and transport [15] calculations obtain a better agreement with ALICE and PHENIX
measurements of low transverse momentum photons, this agreement is not yet complete [16]. There-
fore, it remains important to quantify the fraction of the yield, and of the asymmetry arising from
magnetic field effects, to better characterize the initial stages of heavy-ion reactions.
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Figure 1. Feynman diagrams for the amplitude for photon production from gluon fusion. The thick lines in the
loop represent the quark propagators in the presence of the magnetic field.

It is then natural to explore a mechanism where collisions ofthese gluons induce the emission
of photons. In this work we outline the computation of the production of thermal photons from the
perturbative fusion of gluons early in the collision. More details are provided in Ref. [17].

The amplitude for the process is depicted by the Feynman diagrams in Fig. 1, which also defines
the kinematical variables. The thick loop lines represent the quark propagator in the presence of the
magnetic field. In the absence of this field, the diagrams cancel each other. It is the presence of the
field which makes it possible that both diagrams contribute with the same relative sign.

The fermion propagator in coordinate space cannot longer bewritten as a simple Fourier transform
of a momentum propagator but instead it is written as [18]

S (x, x′) = Φ(x, x′)
∫

d4p
(2π)4

e−ip·(x−x′)S (p) , (1)

where

Φ(x, x′) = exp

{

iq f

∫ x

x′
dξµ

[

Aµ +
1
2

Fµν(ξ − x′)ν
]}

, (2)

is called thephase factor, andq f is the absolute value of the quark charge. We consider the contribu-
tion of two light flavors, thusqu = 2|e|/3 andqd = |e|/3. The propagator in momentum-space,S (p),
is given by

iS (p) =

∫ ∞

0

ds
cos(q f Bs)

e
is(p2

‖−p2
⊥

tan(q f Bs)

q f Bs −m2
f+iǫ)

×
[

(

cos(q f Bs) + γ1γ2 sin(q f Bs)
)

(m f + 6 p‖) −
6 p⊥

cos(q f Bs)

]

, (3)

wherem f is the quark mass. We have chosen the homogeneous magnetic field to point in the ˆz
direction, namelyB = Bẑ. This configuration can be obtained from an external vector potential
which we choose in the so calledsymmetric gauge Aµ = B

2 (0,−y, x, 0). We have also definedpµ⊥ ≡
(0, p1, p2, 0), pµ‖ ≡ (p0, 0, 0, p3), p2

⊥ ≡ p2
1 + p2

2 andp2
‖ ≡ p2

0 − p2
3.

Since the two Feynman diagrams of Fig. 1 give the same contribution, we concentrate on the
computation of the amplitude depicted in Fig. 1a which becomes

M(a) = −
∫

d4x
∫

d4y

∫

d4z
∫

d4p
(2π)4

∫

d4q
(2π)4

∫

d4k
(2π)4

e−ip·(y−x)e−iq·(z−y)e−ik·(x−z)e−iu·ze−iv·yeir·x

× Tr
[

iq fγµiS (k)igγαtciS (q)igγνtdiS (p)
]

ǫ∗µ(λr)Φ(x, y)Φ(y, z)Φ(z, x)ǫα(λu)ǫν(λv). (4)
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The product of phase factors can be written as

Φ(x, y)Φ(y, z)Φ(z, x) = ei
q f B

2 ǫi j(z−x)i(x−y) j , (5)

where we used the explicit form ofAµ which givesF12 = −F21 = −B, with the rest of the components
of Fµν vanishing, andǫi j being the Levi-Civita symbol.

We use the fact that when the magnetic field is very intense, ascompared to the other energy
(squared) scales involved, the quark dynamics is dominatedby the lowest Landau level (LLL). For
the case of quarks that have not yet thermalized, this means that the magnetic field is taken to satisfy
eB≫ m2

f . For the LLL, the propagator in Eq. (3) can explicitly be written as

iS (p) = 2ie
− p2
⊥

q f B
( 6 p‖ + m f )

p2
‖ − m2

f

O±‖ . (6)

The operatorO±‖ =
[

1± iγ1γ2sign(eB)
]

/2 projects onto the longitudinal space. The positive (negative)
sign corresponds to the case when the producteB is positive (negative) and is to be used when the loop
is made out of positively (negatively) charged quarks. Therefore the matrix element can be factorized
into a product of transverse and longitudinal pieces, namely

M(a) = (2π)4δ4(r − v − u)M(a)
⊥ M

(a)
‖ (7)

M(a)
⊥ =

(

4π
q f B

)2 ∫

d2p⊥
(2π)2

∫

d2q⊥
(2π)2

∫

d2k⊥
(2π)2

e
− k2
⊥

q f B e
− q2
⊥

q f B e
− p2
⊥

q f B
∏

i, j=1,2

e
i 2

q f B ǫi j(q−k+u)i(q−p−v) j

=

(

q f B

12π

)

e
− (u+v)2⊥

3q f B , (8)

M(a)
‖ = −8

(

q fg
2δcd

2

) ∫

d2p‖
(2π)2

∫

d2q‖
(2π)2

∫

d2k‖
(2π)2

(2π)4δ2
[

(q − k + u)‖
]

δ2
[

(q − p − v)‖
]

×
Tr

[

γµ 6k‖O‖γα 6q‖O‖γν 6 p‖O‖
]

k2
‖q

2
‖ p

2
‖

ǫα(λu)ǫν(λv)ǫ∗µ(λr). (9)

Since at the early stages of the collision gluons are far moreabundant than quarks, we compute
Eq. (9) under the assumption that quarks do not yet thermalize. Accordingly, we setm f = 0 since in
the absence of thermal corrections, the light-quark vacuummasses are negligible. The trace in Eq. (9)
contains the product of up to twelve gamma matrices. The resulting expression is long and involved.
It is however easy to show that upon squaring and summing overpolarizations, only a small piece
survives so that the trace can be expressed as

Tr
[

γµ 6k‖O±‖ γα 6q‖O±‖ γν 6 p‖O±‖
]

→k‖ν(p‖µq‖α − p‖αq‖µ) + k‖µ(p‖νq‖α + p‖αq‖ν) + k‖α(p‖νq‖µ − p‖µq‖ν), (10)

where the arrow indicates this to be the only contributing portion. Two of the integrations in Eq. (9)
become straightforward using the delta-function restrictions. We choose those two as the integrals
overk‖ andq‖.

In order to make tractable the calculation of the longitudinal piece of the photon emission rate,
Eq. (9), use is made of some simplifying assumptions, as is described in Ref. [17].

The final expression for the matrix element [Eqs. (7), (8) and(9)] squared, after adding the contri-
bution from the Feynman diagram in Fig. 1b, summed over polarizations, becomes

∑

pol, f

|M|2 =
(

6256
2187

) 











VT
m2
g













δ4(r − v − u)
∑

f

(

q fg
2
)2 (

q f B
)2

e
−2

r2⊥
3q f B , (11)
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Figure 2. Experimental excess photon yield with respect to the hydro calculation of Ref. [13] compared to our
calculation for the centrality class 0− 20%. The upper set corresponds to PHENIX data (multiplied by100) and
the lower set to ALICE data.

Figure 3. Experimental excess photon yield with respect to the hydro calculation of Ref. [13] compared to our
calculation for the centrality class 20−40%. The upper set corresponds to PHENIX data (multiplied by100) and
the lower set to ALICE data.

whereVT represents the space-time volume of the reaction coming from squaring (2π)4δ(r − v − u)
and we have included the sum over the two light flavorsf = u, d. The odd-looking factor
6256/2187∼ 2.86 is obtained from the longitudinal piece of the matrix element squared after collect-
ing the coefficients of the contraction of the polynomial in the components of u‖ andv‖. Notice that
after the approximations made to compute Eq. (9), the dependence onr⊥ of Eq. (11) comes exclusively
from the transverse piece of the matrix element, Eq. (8).

The invariant photon yield is obtained by integrating over the corresponding phase space weighed
with the thermal distribution, namely

r0dN
d3r

=
1

2(2π)3

∫

d3u
2u0(2π)3

∫

d3v

2v0(2π)3

∑

pol, f

|M|2 n(u0)n(v0), (12)

wheren(E) = 1/[exp
√

E2 + m2
g/T − 1] is the Bose-Einstein distribution andT is the temperature.

The number of photons per unit momentum transverse to the beam axis, integrated over the full
azimuthal angle, and around mid-rapidity, is explicitly given by

dN
drt
= C
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)4

e−2
y20r2t

eB +

(

2
3

)4

e−
y20r2t

eB















I















rt

T
;

√

2
3
g















, (13)
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where we have evaluated the distribution aty = y0 = 0.5, given that the rapidity interval∆y ∼ 1 is
centered around mid-rapidity. We have also defined

C = g
4Te4B2

8(2π)7

(

6256
2187

) 











VT
m2
g













, (14)

and

I(z; λ) ≡
∫ z

0

dxx2n
(√

(z + x)2 − (2x)2
)

n(x)
(√

x2 + λ2
) (√

(z + x)2 − (2x)2 + λ2
) . (15)

We have also used that in QCD with two flavors,m2
g = (2/3)g2T 2. The yield given by Eq. (13) can be

properly calledthermal because its computation assumes that the gluons are thermally distributed in
phase space.

In order to be able to compare to ether data or models that do not consider photon emission induced
by magnetic fields, we compute the yield normalized to the number of events. This is given by

1
2πNrt

dN
drt
=

[

(

1
3

)4
e−2

y20r2t
eB +

(

2
3

)4
e−

y20r2t
eB

]

I(rt/T )
2π

√
3πeB/2

[

(

2
3

)9/2
+

(

1
3

)9/2
]

∫ ∞
0

drtI(rt/T )
, (16)

where the factor
√

3πeB/2 in the denominator comes from the integration over rapidity. Notice that,
despite having approximatedr⊥ ≃ 0 for the calculation of the longitudinal matrix element, the normal-
izationN is computed extending the integration range overrt up to+∞. This is a valid approximation,
given that the main behavior of the rate is dictated by the exponential fall off in this variable coming
from the transverse part of the matrix element squared. The normalized distribution is independent
of the space-time region of the reaction. The impact parameter dependence is due to the dependence
on the field intensity. The photon transverse yield given by Eq. (16) is anexcess yield that should
be added to calculations that do not consider magnetic field effects for photon emission. In order to
compare with experimental data we first proceed to use appropriate values for the temperature, the
couplingg, and the magnetic field strength. We takeg = 1 (the results turn out to be only marginally
sensitive to the value ofg). The variation of the field intensity with time and impact parameter for
RHIC and LHC energies is taken from Ref. [19]. We chose one of the largest values ofeB which for
RHIC,

√
sNN = 200 GeV, correspond to 0.5× 104 < eB/(MeV)2 < 105 and for LHC,

√
sNN = 2.76

TeV, eB/(MeV)2 ≃ 104, with small variations coming from a slight dependence on the impact param-
eter. To relate the centrality class of the collision with the impact parameter we follow the geometrical
model of Ref. [20]. Figures 2 and 3 show our results compared to the experimental excess photon
yield with respect to one recent hydrodynamical calculation [13]. The latter has been shown to ap-
proach the description of the experimental data within the lowest part of the uncertainties. Figure 2
(Fig. 3) shows a comparison with the centrality class case 0− 20% (20− 40%). In each graph the
upper set corresponds to PHENIX (multiplied by 100) and the lower to ALICE data. Notice that even
with the ballpark choices of the parameters involved, our calculation provides a very good description
of the excess photons. For the case of ALICE 20− 40% our calculation overshoots the data. This can
be due to the fact that the hydrodynamic calculation [13] which we use as the reference to compute
the excess also overshoots the data, for this centrality class at lowpt.

In conclusion we have computed the matrix element squared for photon production from th gluon
fusion process in the presence of a magnetic field in the context of heavy-ion collisions. Assuming
that at very early times, the gluon population is thermal, wehave used this matrix element to compute
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the thermal photon spectrum. For this purpose we have used a simple scenario using conservative
values for the temperature and strength of the magnetic field. We have compared this photon rate with
experimental data subtracting an state of the art calculation of the photon yield. The excess photon
yield coming from the magnetic field effect shows a good agreement with the above. A more detailed
analysis including up to date estimates of the the evolutionof the magnetic field [21], with a less
stringent set of assumptions and a quantification of the magnetic field induces asymmetry, is being
carried out and will be reported elsewhere.
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