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We find the general structure for the two-gluon one-photon vertex in the presence of a constant magnetic
field. We show that, when accounting for the symmetries satisfied by the strong and electromagnetic
interactions under parnity, charge conjugation and gluon interchange, and for gluons and photons on mass-
shell, there exist only three possible tensor structures that span the vertex. These correspond to extemal
products of the polarization vectors for each of the particles in the vertex. We also explicitly compute the
one-loop approximation to this vertex in the intermediate field strength regime, which is the most
approprnate one to describe possible effects of the presence of a magnetic field to enhance photon emission
during preequilibrium in peripheral relativistic heavy-ion collisions. We show that the most favored
direction for the photon to propagate is in the plane transverse to the field, which is consistent with a
positive contribution to v, and may help to understand the larger than expected elliptic flow coefficient
measured in this kind of reaction.
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Outline of this talk

 Direct photon puzzle

- Motivation for photon production processes induced by magnetic fields
- The two-gluon one-photon vertex in the presence of a magnetic field

. Preliminary results for excess photon yield

« Conclusions
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Direct photon puzzle
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Photon elliptic and triangular tlow

State-of-the-art experimental data
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Photon yield at ALICE energies
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Photon v, at A

0-20% Pb-Pbys,, = 2.76 TeV
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vl 9" hydro, Paquet et al.
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v ¥ PHSD, Linnyk et al.
Boxes indicate total uncertainties
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Summary of the photon puzzle

. At RHIC energies (4 /syny = 200 GeV), the photon puzzle is still difficult to describe. PHENIX

confirm a strong low-pr component and non-zero v, that tends to zero at high pr

. At LHC energies (4 /syy = 2.76 — 5.02 TeV), results agree, within the errors, to state-of-the-

art results.

. Note that there is a tension between PHENIX and STAR results at 4 /syy = 200 GeV
(see G. David’s talk)
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To the direct photon puzzle

contributions

- QCD effective kinetic theory works well at ALICE energies [JHEP 03, 053 (2024),

arXiv:2308.09747 |

- Radiative hadronization and hadronic many-pody updates (extra late-time photons,

arger vs)

« Magnetic field related channels!!! (See E. Munoz’s talk)

- And much more...
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Magnetic fields
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Nature Rev. Phys. 3, b5 (2021), arXiv:2102.06623
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Very short list of magnetic field contriputions

- Anomaly-induced photons (QCD X QED conformal anomaly in a B-background) [PRL 109, 202303
(2012)]

- Holographic methods used to describe photon production from a strongly coupled plasma in the
oresence of a magnetic field [PRD 107, 066010 (2023)]

. Photons radiated by 2 — 2 scattering process among quarks and gluons in a weak magnetic field
(eB ~ lO_zmg) in the hydrodynamic stage of a heavy-ion collision [Nucl. Phys. Rev. 41, 1 (2024)]

. Gluon fusion and splitting at pre-equilibrium in the presence of a strong magnetic field (eB ~ 3m7%)
[PRD 96, 014023 (2017)]

. This strong field approximation is not very appropriate, since we have the following hierarchy of
scales: mf2 < |eB] <p%

Santiago Bernal Langarica
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Two-gluon one-photon vertex
(General structure |[PRD 110, 076021 (2024)

- From gauge invariance, the vertex must be transverse when contracted
with the gluons and photons momenta

- The vertex must be symmetric under gluon exchange
- The vertex is invariant under CP

- The basis, known as Ritus Base (see E. Monreal’s talk), will be expressed
as a set of polarization vectors and the photon’s momentum:

.q”
— Lup
. Il = FPq,

* =A>X<ﬂ
. V= F ™y,

e
LU 40
kY lquﬂ Fyeq® + q"

Furry’s theorem does not apply here
due to the breaking of Lorentz invariance
Santiago Bernal Langarica because of the mMmagnetic field



Two-gluon one-photon vertex

(General structure

. Assuming a constant magnetic field in the Z direction, the polarizations can be explicitly written

. In principle, there are 27 possible tensor structures that can be constructed with g, ZZ’”, ZZ’”

and kg

- By considering the gluon exchange symmetry, that number is reduced to 18
. Assuming that the gauge bosons are on-shell, then kg — g*

- IMmposing the conservation of energy-momentum, which implies that the gauge bosons are
collinear

Santiago Bernal Langarica 15



Two-gl

(General structure

. |T we write the transformation pro
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Two-gluon one-photon vertex

One-loop approximation

A

P1

- At the leading order in a, and a,,,,, the vertex is

4 4 4
d'ri d’r, d'r

prva _ 152 4. 74, 14
Fab _ lgqudXddeJ(2E)4(271.)4(2][)4 00000000000Q
% e—ir3-(y—x)e—irz-(x—z)e—irl-(z—y)e—ip1°ze—ip1-ze—ipz-ye—ip3-x P2
B
X {Tr [yaS(rz)yﬂtaS(rl)yytbS(lg)] D(x, y, z, x) 00000000000¢
P1

X Tr [yaS(r3)yytaS(r1)yﬂtbS(rz)] O(x, 2, y, X) }

- Where ®(x, y, z, x) is the product of Schwinger phases and 50000000000 G
(qBs) | p2
o0 is( p? i%—mz 1 :
o €0s(grBs) cos(qus)_
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One-loop approximation
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Vertex coefficients

As a function of the angle, magnetic field and photon's energy
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Gluon fusion and gluon splitting

Magnetic contribution to the photon yield
- Both processes can be studied with the

A B
same vertex that we already computed, P1 q P1 q
and are related to each other by
p2 P2

Crossing symmetry

: : Gluon fusion
- Fach process will contribute to the

ohoton yield

A B
- To compute the vield, we need to know P p2 P1 p2
the gluons distribution
q q

Gluon splitting
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[nvariant photon momentum distribution

» dnmad V't J d°p,  d’p,

|
— 4 (4) _ _ . 2
de = 2007 | G g P [f(wpgf(wpgé (= p1 =P Z Ty |

|
+ fl,)(1+f@,))89 +py =P X 1T, \2]

. f(w) is an isetropic distribution of gluons from the shattered glasmao

H
@) = ——

. where n and A represent a high gluon occupation factor and saturation momentum, respectively
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y=0.B=3m?
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Excess photon compared to P

= INIX

+ PHENIX 530, — Direct pre 105, 014909 (2022)]

2

=« Strong fieldprp g6 044906 2016) B =3 M
- - fusion B=3m>, A,=3.0,n=0.7

- splitting B=3m.*, A,=3.0,n=0.7
— Total B=3m.>* A,=3.0,n=0.7
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y =0 B = 10m?)
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Excess photon compared to P

= INIX

+ PHENIX[20—3O]% — DireCt[PRC 105, 014909 (2022)]
~ + Strong field[PRD 96 044906 (2016)] B=3 mw2
- - fusion B=10m_*, A,=3.0,7=0.7
- splitting B=10m.* A,=3.0,n=0.7
— Total B=10m.* A,=3.0,n=0.7
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y=0.B=3m?

Excess photon compared to P

= INIX

+ PHENIX[20—30]% — DireCt[PRC 105, 014909 (2022)]
A, =1GeV,n=5
A, =2GeV,n=1
A, =3 GeV,n=0.7
*A,=6GeV,n=0.25
> A,=10 GeV,n=0.16

= - Isotropic CGC B=3m

7
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— [sotropic CGC B=3m,
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anisotropy

+ PHENIX[20—30]% - DireCt[PRC 105, 014909 (2022)]
— Kurkela B=10m,*, £ =4, (p;) =6 GeV, A=2.9
~ = Anisotropic CGC B=10m_> =4, A, =6 GeV,n=0.5
-+ Isotropic CGC B=3m. A, =6 GeV, n=0.25




Summary and conclusions

- We found the general structure of the two-gluon one-photon vertex in the presence of o
constant magnetic field and use it to compute, at one-loop level the gluon fusion and gluon
splitting channels for photon productionr

. Preliminary results on photon yield excess better described with magnetic field effects at low
energies

. Currently working on v, and v,

. Stay tuned!
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Thank you !
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Why there are not C and P-odd scalars

[n the tensor structure”

. To write the coefficients a,, i = 1,...,18, we have at our disposal Lorentz scalars also with definite

properties under C and P. Expressing any of the momentum variables as p?, the available scalars are:

++ ++ —+ _ L UT ——  _ uf
: Slmn_(pmpn)' S2mn_(pm.pn)l’ S3mn_p#”l ,ul/p;;' S4mn_p#1F;kyprI;
: : : a)Pl a)l?z
For on-shell bosons, conservation of energy implies that we have py =\ — g" and p; =
’ 0, 0,
q q

and so the Lorentz scalars must be:

02

Q.. )
Sth=00 st =( : ) 7 57, = 0. 77, = 0
q
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Furrys Theorem
Sketch of the proof iIn QED

. Consider all the diagrams with one
fermion loop and an odd numlber of
vertices

. If we insert CC~in the amplitude for one

diagram, between propagators ana
consider the transformation of the vertex

and the propagators under é then we

see that, up to (—1)°, the contribution of
the two diagrams is the same

C. Iltzykson and J.-B. Zuber, Quantum Filed Theory

. Hence, for odd s, the contributions cancel
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Sketch of the computation of the vertex

‘Step-by-step’ Instructions

- Following Feynman’s rules, we write the amplitude in position space. We note that the product of
Schwinger phases factor out of the loop’s momentum integration

. Since the external bosons are neutral, we Fourier transtorm to momentum space and integrate
over configuration space. This will lead to the conservation of 4-momentum

- Then we integrate over the loop momenta. All of this integrals can be converted into Gaussian
integrals

. After lots and lots of Gaussian integrals and algebra we arrive at the desired expression for the
Vertex

. |t remains to integrate over the Schwinger proper times, but this will be numerical work
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