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0 Direct Photon Puzzle

9 Magnetic Fields in Peripheral Heavy-lon Collisions

© General structure for the two-gluon one-photon vertex in the presence
of a constant magnetic field

@ One-loop calculation of gluon fusion/splitting with a magnetic fields
© Results for photon yield and v,

@ Conclusions
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Direct Photon Puzzle

Direct Photon Puzzle: Unexpectedly large yield together with
sizable elliptic flow v» compared to conventional baselines

(prompt + thermal QGP + hadronic gas) tuned to other EM probes
(7® — 77, dileptons).

Question: Can the earliest stage of the collision simultaneously
produce extra photons and a large positive v,, before substan-
tial hydrodynamic flow has developed? What is the role of
magnetic fields that are also at its highest intensity during this
stage?
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PHENIX direct and nonprompt photon yield
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PHENIX photon v,
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PHENIX photon v, 2026
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ALICE photon yield
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ALICE photon v,
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Photon puzzle summary

o At RHIC energies (Au+Au, \/syy = 200 GeV) the photon
puzzle is still difficult to describe, PHENIX's new releases
(2026) confirm a strong low-p7 component and non-zero v,
that tends toward zero at high pr

o At LHC energies (Pb+Pb, /syy = 2.76-5.02 TeV) the yield
picture has improved. ALICE's Run-2 measurements report
direct-photon spectra that are consistent with state-of-the-art
calculations once prompt plus pre-equilibrium contributions are
included; a significant signal is seen for pr > 2 GeV/c, and the
very-low-pT signal at 5.02 TeV is small as those models
predict. (The ALICE updates emphasize yields; precision v, at
low p7 is still limited and not yet showing a RHIC-like tension.)
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Beyond the baseline (prompt + thermal QGP + HG rates)

@ Pre-equilibrium/early-time radiation and different
thermalization scenarios (helps yield at intermediate pr
without killing v2).

@ Jet-medium (conversion/bremsstrahlung) photons that carry
flow from path-length biases and medium response.

o Radiative hadronization and hadronic many-body updates
(extra late-time photons — larger v»).

o Semi-QGP, glasma, and non-equilibrium enhancements, plus
viscous/e-by-e hydrodynamics with updated rates.

o Magpnetic field—related channels (early-time anisotropies).
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Magnetic field generated in peripheral HICs
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Magnetic-field-based mechanisms

@ Quark synchrotron (magneto-bremsstrahlung) in the QGP [K.
Tuchin, Phys. Rev. C 91, 014902 (2015))].

@ Anomaly-induced photons (QCDxQED conformal anomaly in
a B-background. [G. Basar, D. Kharzeev, V. Skokov, Phys.
Rev. Lett. 109, 202303 (2012)].

@ Magneto-sono-luminescence (MSL): coupling of stress-tensor
fluctuations to photons in B-background [G. Basar, D. E.
Kharzeev, E. V. Shuryak, Phys. Rev. C 90, 014905 (2014)].

@ Viscous dynamics and rates and thus dissipative/transport
effects can be modified in a weak external within hydro
B-fields [J.-A. Sun et al., Phys. Rev. C 109, 034917 (2024)].

o Hybrid scenarios (anomaly/MSL /transport +
conventional thermal + jet-medium) can increase the
low—mid-p7 yield and v, without overproducing high-p
photons.
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Magnetic field generated in peripheral HICs
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Magnetic field generated in peripheral HICs
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Two-gluon one-photon vertex in a magnetic field

Why gluons?: During pre-equilibrium n; > n,
Gluon rich pre-equilibrium + very strong B
—> gg — v and g — gy become important channels

e (p1, p2,q) =

A.A., S. Bernal-Langarica, J. Jaber-Urquiza, J.J. Medina-Serna,
Phys. Rev. D 110, 076021 (2024)
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Symmetry constraints

Third rank tensor constrained by symmetry properties

o First, gauge invariance requires that this tensor be transverse
when contracted with the momentum carrying the Lorentz
index corresponding to the vertex index assigned to the given
particle, namely,

pr % (p1,p2.q) = 0
P2 T (p1, p2,q) =
a0 (p1sp2,q) =

@ Second, since the gluons are indistinguishable, the vertex
needs to be symmetric under the exchange of the gluon
indexes and momenta, namely,

e (p1, p2, q) = Th%(p2, P1, G)
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Symmetry constraints

@ Third, in the B-background (C) and parity (P) conjugation
are each broken. The vertex transforms under C and P as
Crimet = (e
preyep—t = (-1’4
However, notice that the above relations imply that the

vertex is invariant under the combined action of the CP
transformation.
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Tensor basis

@ These general properties need to be translated into the
properties of the chosen tensor basis and its coefficients to
span the vertex.

@ The basis can be constructed out of the external product of
suitably chosen polarization vectors.

@ To find the tensor basis, let us first concentrate in the photon
leg.

@ We introduce a tetrad, namely, a set of four linearly
independent vectors that span the four-dimensional Minkowski

space-time and that also account for the presence of the
external field.
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Tensor basis

@ We start by choosing one of this vectors as the photon
momentum and the other three as the general polarization
vectors.

@ We choose the Ritus basis

q"
I[; = ﬁ“’gqg
e = Frqg
q2 AuB P
kg = I—2F“ Fs-q + q"

q

where

Fr8 = FH8/|B|, F*® the EM strength tensor and F**9 its dual
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Tensor basis

e The polarization vectors /5, I;" and kb satisfy

quly = qulgt = qukl =0

and therefore are transverse to the photon momentum g*.

@ They form an orthogonal basis and satisfy

qtq” /g/q'j /;M/;V kgkg
2 2 2 2
q lg Iq kg

g =

o For on-shell photons g° = 0, and thus the vector k* becomes
ki — g,

showing that there are only two polarization vectors for real
photons: /4 and /g".
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Tensor basis

The vertex is expressed as the external product of the polarization vectors
corresponding to each of the vector particles

photon o — g%, Ig, %, kg

i *
gluon pi; @ = iy fhas fola khya

v v *V v
gluonv, b = pap, Inpby Inybs Koyb

o Therefore, in general the i-th basis element I':/(p1, p2, q)
corresponds to one of the products of three polarization
vectors, where each factor is taken from one of the sets of
polarization vectors for each particle. Working with the set of
normalized polarization vectors, schematically we have

e poia) € { [T Bl Ko @ B T Rio| @[5 B3, K5}
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Tensor basis

@ A further simplification can be made by noticing that for
on-shell gauge bosons, conservation of energy-momentum

Wg = Wp T Wp
g = p1tp2
requires that the gauge bosons are collinear and therefore

noo_
i = (wp/wg)q"
(O
Py = (wp/wgq)g"
where we chose to express the gluon momenta in terms of the
photon momentum.

o Consequence: all Lorentz structures, odd with respect to either
or both C and P, are not available to express the on-shell
effective vertex.
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Tensor basis

o Putting all this together we can finally write

e _ v fa N ey o
rab (p17 P2, q)on—shell = a Iﬁlalpzb/q + a lpiualpzblq
a;“" PN n o
w kv % v o
+ \/5 (Iplalpzb + /P18 P2b> ICI

which shows that only three independent tensor
structures, together with their corresponding coefficients,
are needed to span the on-shell effective two-gluon
one-photon vertex.
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Gluon fusion and splitting

A B

P2 p2

Gluon fusion

p1 p1

q q

Gluon splitting
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One-loop gluon fusion/splitting vertex

After a lengthy but straightforward calculation we get

ra q
M = g(2 . % Tr(tatp)0*(p1 + p2 — q)

° ds;ds>ds;3 1 e~ ism;
A 2 2 2
0 C1C5C3 ti1tot3 —t1 — th — 13 S

2
——(sls3wp1+s253w +slszw2)%
X “q
i qi 1 2 2 2
!
" w2 lagBI (f1f2t3—t1—f2—t3)(t1t3wpl+t2t3w”2+t1t2w‘7)
X e 4
19
,uua uro
X Z(T + 78 )
=

where s = s; + sp + s3 and the traces over Dirac space corresponding
to diagrams A and B
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Matrix element squared
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Invariant photon momentum distribution

, dN™s VAT / d3p / d3p>
Td3qg  2(2m)3 ) (27)32w,, S (27)32wp,
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Test two possible initial distributions

First consider n(w) as a isotropic distribution of gluons coming from
the shattered glasma.

_ n
n(w) = =

where 1 and Ag represent a high gluon occupation factor and
saturation momentum, respectively.

Next, consider an anisotropic distribution accounting for the differ-
ent initial expansion rates in the beam and transverse directions

—2(&2p2+p3)/3(p7)?
nw) = —m'— Alpr)e -

A
e/hs —1 V€20 + P2
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Isotropic BE-like initial gluon distribution |eB| = 3m?
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Anisotropic gluon distribution |eB| = 3m?
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Isotropic BE-like initial gluon distribution |eB| = (1 —3)mz:
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Anisotropic gluon distribution |eB| = (1 — 3)m?
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Conclusions

@ The photon puzzle has not disappeared; instead, increasingly
sophisticated calculations suggest that the observed photons probably
encode several stages of the collision, with pre-equilibrium and
electromagnetic-field-driven mechanisms playing a potentially
important role.

@ Intense magnetic field effects during the very early stages of a
Relativistic Heavy-lon Collision.

@ High gluon occupation number during early stages together with the
magnetic field opens up gluon fusion/splitting channel for photon
production.

@ Photon yield excess and v» magnitude and shape well described with
magnetic field effects for semi-central Au + Au collisions.
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Tensor basis

@ To write the coefficients a;, i = 1,...,18, we have to our
disposal Lorentz scalars also with definite properties under C
and P. Expressing any of the momentum vectors pl’, p5, g* as
P, m=1,2,3, the available Lorentz scalars are

SlJr;n = (Pm - pn)

SéHn_m = (pm - Pn)L

53_;n = P’,%'EWPZ
amn = PhFaph

@ where the notation SJ-Cﬁn, emphasizes the properties under the
C and P transformations, respectively, of the corresponding
Lorentz scalar of the kind j =1,...,4.
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