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® Medium-induced photon bremsstrahlung serves as both a key source of direct
photons and a probe for investigating the electromagnetic energy loss of jet.

® The jet will interact strongly with the medium when it passes through the QGP
medium, and the multiple scattering will induce gluon (photon) radiation.
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Introduction
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® The relative motion of the two beams of high-energy charged particles will form a
magnetic field. The strength of this field is estimated to reach strengths of
approximately eB ~ 5m2? ~ 10°G at RHIC and eB ~ 50m?2 ~ 10'°G at LHC.

® The finite electrical conductivity of the QGP significantly delays the decay of
magnetic field.

[K. Tuchin, AHEP 2013, 490495 (2013)] )
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GLV energy loss formalism

In the GW model, the interactions between the quark jet and the target parton can be
modeled by the static color-screened Yukawa potential:

V, = \/(qn)eiqn~xn
= 276(q°)v(qn)e """ T, (j) ® Tay(n),

and
Ao 4o

V(q ) = =
U@ gty
where x,, are the coordinates of parton n, g, the momentum transfer from a target parton
n, i the Debye thermal mass of gluon in the hot medium. T, (j) and T, (n) represent

the color matrices for jet and target partons, respectively.

[M. Gyulassy and X.-N. Wang, NPB 420, 583 (1994)]
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GLV energy loss formalism
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® GLV argued that the medium-induced radiation spectrum and the corresponding
energy loss can be expanded in terms of opacity i1 = L/\.

® They have demonstrated that the opacity expansion may converge rapidly and that
the main contribution is dominated by the first order in opacity.

[M. Gyulassy, P. Levai, and I. Vitev, NPB 594, 371 (2001)]
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Charged scalar propagator in a magnetic field

By choosing a symmetric gauge A, = (0,0, Bx, 0), the propagator can be represented in
the form of summation over the Landau levels

2

2p LA
inp)=2iY —5— (" >_ —,
— pj (2/+1)|qB\ m? + e

with (a- b)) = a%h° — a°b® and (a- b), = a'b' + a°b%.
For massive hard jet in AA collisions, we can simplify and expand the propagator to the
quadratic term of gB as

2 2
R )
o= 22 1= (21 1 1) [qBI/ (57 — )
o [1 ~ (gB?  2(gB)*p? ]
p2 _ m2 (p2 _ m2)2 (p2 _ m2)3
[A. Ayala, A. Sanchez, G. Piccinelli, and S. Sahu, PRD 71, 023004 (2005)]
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Photon radiation and jet electromagnetic energy loss

The scattering amplitudes for the first three orders,
namely self-quenching, single rescattering and double

Mo
Born rescattering are denoted as Mg, M; and Moy, - »

respectively.

IMP? = [Mo+ My + M+ -+ ’ "
= [ Mof? + [M]? + 2Re(M1M;)
+ 2Re(MoMg) + - - - . Mg j‘f' s f
Notice that the term about Re(M1M{) does not % %

contribute to the result due to TrT,(j) = 0.

[H.-Z. Zhang, Z.-B. Kang, B.-W. Zhang, and E. Wang, EPJC 67, 445 (2010)]
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Photon radiation and jet electromagnetic energy loss

The initial and final jet momenta, as well as the momentum and polarization vector of the
emitted photon, can then be written in terms of light-cone components as follows:

Pi

pf

[p+7p_70L]7
| (gL — ki)’ + m?
(1_X)p+7 (1_X)p+ 7qJ__kJ_ y
- k2
+ "Ll k
-Xp Xp+7 J_:|
. -0 2EJ_'kJ_
7Xp7+76J_ )

where x is the momentum fraction of the jet parton that transferred to the photon.
We only consider a kinematic configuration in central rapidity region where the quark
propagates parallel to the magnetic field, then the calculation can be further simplified.
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Photon radiation and jet electromagnetic energy loss

According to Feynman's rule of GW model, the scattering amplitude of self-quenching
diagram can be written directly

Mo = —iJ(p+ k)e'PHoR,,
where we have factored out the part associated with the emitted photon and denoted it
as radiation amplitude Rg, and
Ro = —igee - (2p+ K)ilA(p + K)

€ ki {1 _ (gB)*X*(1 - X)T

k2 + x2m? (k3 4+ x2m?)?
= 2ge(1 — x)e - [H —x%(1— x)2HB} .

Here we define the following quantities for follow the convention of relevant references,
_ ke HB = M

k? +x2m?’ (k2 + x2m?)3

= 2ge(1 —x)

H
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Photon radiation and jet electromagnetic energy loss

Then radiation spectrum can be written as

A
dlk,|2dx — 4(2m)2 x

Rol?.
The scattering amplitude corresponding to the first single rescattering diagram is

d*q . ; o) - )
Mig = /(27:7)14/J(p +k—q1)e (ptk—a) %IA(p+ k — q1)igee - (2p + k — 2q1)
x iA(p = q)(—1)(2p — q1)°V(q1)e ™

j 2¢; -k d’q .
= k)e!(PHK)xo(_; 2(E — = J-/ 1L —igii-biy
J(p+ ke (=1)ge2(E —w)— (22 €
dqlz

X / ?V(qlm G )A(p+ k — q)A(p — qr)e M nz(z=20) g, T, |

where by | = x1, — xg1 .
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Photon radiation and jet electromagnetic energy loss

Therefore,

d’quy

(27T)2 V(O7 qlJ_)eiiqu_.bU_ ai T31R1,07

Mio=—iJ(p+ k)ei(p%).xo/

we have factored out the radiation part R1 from the scattering amplitude here.

€| - kJ_
kJ2_ + x2m?

(gB)*x? (gB)*x*(1 — x)? 1
(ki+x2m2)2 (kJ2_+x2m2)2

7?rl,O = _2ige(1 - X)

% |1 4 o eiwo(zlfzo)]

)

where we define
k? + x>m?

WO 2w(l—x)"
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Photon radiation and jet electromagnetic energy loss

By doing a similar calculation, we can also obtain the radiation amplitude R ; of second
single scattering diagram,

%) € - (kL —xqi1)
(kJ_ —Xq1J_)2 + x2m?

o {1 - (gB)>x*(1 — x)? }eiwo(zlzo)'

ki —xqi1)? +x2m?]?
Add the two together to obtain the single scattering radiation amplitude R1,
R1i=TRi0+Ri1
= —2ige(1 —x)e, - {[H+ x?HB + x2(1 - x)2HB] [1- eiwo(zl_zo)]
+ (G — X*(1 - x)?CPeioln=)},

Ri1 = —2ige(1 —

where )
ki, —xq11 B (gB)* (ki — xq11)

Cl: (I(L—quL)z—f—szz7 Cl - [(kL—quL)2+X2m2]3.
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Photon radiation and jet electromagnetic energy loss

The expression of Ro o and R are given by
Roo = —ge(1 —x)e - {H + x2HB + x?(1 — X)2HB} [1- e"‘*’O(Zj—ZO)],
’R,272 = _ge(]- — X)EJ_ . [Cz — X2(1 — X)ZCZB] ein(zjizO),

where
ki —xqi1 —xqa1 g (qB)*(ki —xqii —xqp1)

C = C cE-
27 (ki — xqu — xqo1 2+ x2m? 2

Add the two together to obtain the double Born scattering radiation amplitude R,
R2 =TRap + Rop
= —ge(1 —x)er - {[H+x*HE +x*(1 — x)2HE][1 — enlzi—=)]
+[C — x3(1 — x)2CF]efola—2)],

[H.-Z. Zhang, Z.-B. Kang, B.-W. Zhang, and E. Wang, EPJC 67, 445 (2010)]

(ki — xq11 — xq21)? + x2m?]3
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Photon radiation and jet electromagnetic energy loss

The ensemble average over the scattering center location can be expressed as the
combination of the impact parameter average and the longitudinal locations average, as

follows
1

<. . > = AL/dzij_dzodsz(Zo,Zj) .

Define L as the target size. Longitudinally, the distribution of the initial location of jet
and the location of scattering center is defined by
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Photon radiation and jet electromagnetic energy loss

Making the following rewriting,

N 5 d?oq B NUel/dz 1 d%0q

= | d = —
Al Narg, = A, T oad?qL’
we can find
NUel —_ £ fd ,_7
A X

where 71 is called the opacity, which represents the mean number of rescatterings.

5 " oL p*d*qy
Tr (|Maf? + 2Re(MaMg)) = drdr|J(p) >y (@ + 127
1

X /dzodzp(zo,z)“Rﬂ2 + 2Re(R2RG)] -
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Photon radiation and jet electromagnetic energy loss

The first order in opacity photon emission rate can be computed from formula

d3p d3k
(2m)32E (27)32w’

PNy dP N = diTrq/vtlF + 2Re(MaM))
T

with d7 = 8 is the dimension of the target color representation for a pure gluon plasma.

Then the photon radiation spectrum now is

dzNﬂ(yl) 1 1L 2 - 2 2 *
dlk, [Pdx = 4(277)2;X d°q.|v(0,q.)] dzodzp(zo,z)[|7€1| +2Re(R2RO)].

Define several dimensionless quantities

auP k2 m? 9B

) y = ) w = 9 V=—7.
/’LZ MZ :U’2 2

u
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Photon radiation and jet electromagnetic energy loss

0
dzN,(Y) _ Aae (1— x)2 [ y B 2><2(1 B X)2 vy }
dxdy [ X (y + x2w)? (v + x2w)*
dZN(W) 4ae / / { y ) y — Xx/yucos 6
dxdy 1+u y-%—xzw)2 (y+x2w)(y+x2u—2x,/yuc059+x2vu/)
y+x u — 2x/yucos 0 > 2 v2y
+x°(3+4(1 — x)°)————
(y + x2u — 2x./yu cos 0 + x2w)? ( ( ) )(y+x2w)4
42 2(1 )2 v2(y — x/yti cos 6) N 2(1 )2 v2(y + x?u — 2x/yli cos 6)
x“(1 — x —2x°(1 — x
(y + x2w)(y + x2u — 2x\/yu cos 6 + x2w)3 (y + x2u — 2x,/yu cos 6 + x2w)*
2
72x2(1+(1 7x)2) ve(y — x4/yt cos 6)
(y + x2w)3(y + x2u — 2x/yt cos 0 + x2w)
2
y y — x/yucos @ P P vy
— l(wp, L)]2 -2 +x°34+2(1 —x))—————
LPM effect (w0, 1) (y + x2w)2 (y + x2w)(y + x2u — 2x\/yticos 0 + x2w) ( ( ) )(y+x2w)4
N 2x2(1 _ x)z v2(y — x/yti cos 6)
(y + x2w)(y + x2u — 2x\/yu cos 0 + x2w)3
2
72x2(1+(17x)2) ve(y — xy/yu cos 0) ]}
(y + x2w)3(y + x2u — 2x /yt cos 0 + x2w)

[Yue Zhang and Han-Zhong Zhang, arXiv:2510.17597]
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Numerical analysis
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® The higher the jet energy, the greater the number of emitted photons.
® A slight suppression of the overall photon radiation over a broad range of jet energies.
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Numerical analysis
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® The jet fractional energy loss due to electromagnetic radiation increases with the jet
initial energy rises.
® The reduction in photon yield consequently leads to a moderate decrease in the

electromagnetic energy loss of the jet.
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Numerical analysis
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® The total energy loss for three different jet initial energies is plotted as the function
of the background magnetic field strength.

® The corrections introduced by magnetic field modified the LPM effect associated

with multiple scattering and enhanced the destructive interference.
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Summary

® We derived the photon bremsstrahlung in GLV formalism and weak field expansion
approximation, for a quark jet propagating a QGP along a direction parallel to a
background magnetic field.

® Our numerical results indicate that the presence of a magnetic field leads to a slight
overall suppression of medium-induced photon production and corresponding
electromagnetic radiative energy loss of jet.

® One can produce two QGP media that differ primarily in the strength of the internal
magnetic field, thereby enabling a direct investigation of its influence on photon
production and jet quenching.
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Thank you for your attention!
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