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Photons from heavy ion collisions

* The hard partonic processes in the heavy ion collision
produce quarks, gluons and primary photons

* At a later stage, quarks and gluons form a plasma.

* Ajet traveling through the QGP can radiate jet-thermal
photons

* Scatterings of thermal partons can produce thermal
photons

e Later on, partons hadronize. Interactions between charged
hadrons produce hadron gas thermal photons

* Hadrons may decay into decay photons



In this talk

* In this talk: the thermal, real photon rate at NLO in an
infinite, equilibrated medium (and a sneak peek at jets)

e In this conference:

e Off-equilibrium, viscous media: C. Shen, U. Heinz and G.
Vujanovic

* Lattice calculations for dileptons: H. T. Ding

* Large invariant mass dileptons: M. Laine

e This symbol: %: technical, look for details in the paper
if you are interested (or just come ask me)



Motivation

e Improve the phenomenological analyses, if not by

giving reliable theory error bands

* On the theory side, understand perturbation theory and
its convergence better

e For thermodynamical quantities (p, s, ...) either strict
expansion in g, QCD (T) + EQCD (¢T) + MQCD (¢?T)
(Arnold-Zhai, Braaten Nieto, etc) or non-perturbative
solution of EQCD (Kajantie Laine etc)

e For dynamical quantities? Poor convergence in heavy-

quark diffusion coetficient. Need to understand O(g)
Caron-Huot Moore PRL100, JHEP0802 (2008)
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The basics

* Wightman current-current correlator

dI’ B e?
Bk (27)32k0

e Real, hard photon: k%=k=T

* At one loop (aem gY): @

Kinematically forbidden. Need to kick one of the quarks
off-shell

[atve gy o) TS X et

* Leading order is agm 2

e Strength of the kick (virtuality) determines the momentum
region of the calculation



Kinematical regions

* Define a light-cone K = (.0, 0)
P=(p",p ,pL) pT =" +p%)/2 p=p’—p°

e Momentum conservation at the current insertion
gives three regions

K—P P
JE =) eq q_<
q=uds ‘ P
e Hard off-shell K =
K —P

* Soft, smaller phase space but enhancement

e (Collinear, both nearly on shell and enhanced



Kinematical regions

* Inthe (p*.p.) plane (P = quark loop momentum)
P=(p*,p.pL) Hord P = (T,T,T), P* ~T"




The 22 region

* Two loop diagrams (aem ¢2)

K

where the cuts correspond to the so-called 2<>2
processes (with their crossings and interferences):
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* IR divergence (Compton) when ¢ goes to zero



Introducing the soft scale

e The IR divergence is cured by a proper resummation in
the soft sector through the Hard Thermal Loop effective
thEOI' Y Braaten Pisarski NPB337 (1990)
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e The Landau cut of the HTL propagator opens up the
phase space in this (apparently one-loop) diagram
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Introducing the soft scale

e The IR divergence is cured by a proper resummation in
the soft sector through the Hard Thermal Loop effective
thEOI' Y Braaten Pisarski NPB337 (1990)

e The Landau cut of the HTL propagator opens up the

phase space in this (apparently one-loop) diagram
K

* In the end one obtains the result

dr., 5 T kY
! ] | —
d3k 2452 o : - Moo 02H2 (T>_

The dependence on the cutoff cancels out

Kapusta Lichard Siebert PRD44 (1991) Baier Nakkagawa Niegawa Redlich ZPC53 (1992)



The collinear region

VY
i

These diagrams contribute to LO if small (¢) angle radiation/
annihilation Aurenche Gelis Kobes Petitgirard Zaraket 1998-2000

Photon formation times is then of the same order of the soft
scattering rate = interterence: LPM effect

Requires resummation of infinite number of ladder diagrams

AMY (Arnold Moore Yaffe) JHEP 0111, 0112, 0226 (2001-02)



LPM resummation

* Quark statistical functions x DGLAP splitting x

transverse evolution

A _ o [ k)L — (")

(") +(p* +k)?
ﬁ = 27, o lim QRQVX_Lf(ZCJ_)

2(pT(pt +k))? x1-0

T > r, >x
1/g*°T > 1/gT > 1/T



LPM resummation

* Quark statistical functions x DGLAP splitting x

transverse evolution

A _ o [ k)L — (")

(") +(p* +k)?
ﬂ = 27, o lim QRGVX_Lf(ZUJ_)

2(pT(pt +k))? x1-0
e Transverse diffusion and Wilson-loop correlators evolve
the transverse density f along the spacetime light-cone

—2iV* (x1) = [ i ] (mgo — ViL) —I-C(.CIZJ_)] f(x)

2p*(k +p*
. u Wilson Loop ContrD J
£13+ > oz, S a1 J .QG’auge Interactions h
1/¢2T > 1/gT > 1/T TXL
= X+

Zakharov 1996-98 AMY 2001-02



LPM resummation: two inputs

* Asymptotic mass m2 =2¢°Cr ( / (dSP ns(p) / p nF(p)>

2m)3  p (2m)° p

* Light-cone Wilson loop, related to ¢
L

-

T g | eCln
> x
BDMPS-Z, Wiedemann, Casalderrey-Solana Salgado, D’Eramo Liu
Rajagopal, Benzke Brambilla Escobedo Vairo
* Soft contribution becomes Euclidean! Caron-Huot PRD79
(2008), can be “easily” computed in perturbation theory

Possible lattice measurements Laine Rothkopf JHEP1307
(2013) Panero Rummukainen Schifer 1307.5850 talk by Panero







Sources of NLO corrections

e As usual in thermal field theory, the soft scale ¢T
introduces NLO O(g) corrections

* The soft region and the collinear region both receive
O(g) corrections

* There is a new semi-collinear region

e The NLO calculation is still not sensitive to the
magnetic scale ¢°T.



NLO regions




vV

..é{uclideanization of light-cone soft

oh

or v=Xx,/t=co correlators (such as propagators) are the
equal time Euclidean correlators.

G~(t=0,x) = iGE(wn,p)eip'x

* Causality: retarded functions analytic for positive
imaginary parts of all timelike and lightlike variables:
the above result can be extended to the lightcone

G (t=2.,x1) = iGE(wn,m,pz + ity ) (P XL TP

* The sums are dominated by the zero mode for soft

physics=>EQCD!

* Equivalent to sum rules  Caron-Huot PRD79 (2009)



The collinear sector

* Four sources of O(g) corrections

e m?2 at NLO, Caron-Huot PRD79 (2009) 125002

d>q 1 1 T'mp
52:22CT/ — = | =—g°C

* C(z1) at NLO = one-loop rungs Caron-Huot PRD79 (2009)
065039

T -3 7T IT %X

% pt~qT or p*+k~gT. Mistreated soft limit

WP 1 ~/gT,p~ ~ gT . Mistreated semi-collinear limit

%z’ldentify and subtract the limiting behaviors thereof



The NLO soft region

* 4 diagrams with HTL vertices and propagators on the soft line

e Could brute-force them numerically. Or think again about
analyticity, light-cones




The soft region: sum rules

* We have found the fermionic analogue of the Aurenche
Gelis Zaraket JHEP0205 (2002) sum rule

e The leading-order soft contribution (P soft)
K+ P

dl’ dp™ d?p _
(27)° dT;soft X / (om)3 Tr h (Sr(P) — SA(P))]p_:O
where s = (07 55" (P) + (° +7-9)5(P)

1
— 2 0 0
w -+
0 [p+_o<1_p ?pln(po p))]
p 2p p°—p PO=pOtic



Fermionic sum rules




Fermionic sum rules

e A retarded propagator is an analytic function of Q in the
upper half-plane not just in the frequency, but in any
time-like or light-like variable



Fermionic sum rules

5 dl / dp™ d?p |

(27)

ﬁsoft > (27’(’)3

v
_|_

e A retarded propagator is an analytic function of Q in the
upper half-plane not just in the frequency, but in any
time-like or light-like variable



Fermionic sum rules

5 dl / dp™ d?p |

2 -
( 7T) d3k soft >

T
" \ / -

e A retarded propagator is an analytic function of Q in the

(27)°

upper half-plane not just in the frequency, but in any
time-like or light-like variable

e Deform the contour away from the real axis



Fermionic sum rules

Bdr'y ~ / dp+ dsz

(27) A3 soft (27)3 i h_ (Sr(P) = SA(P))L?_ZO
e Along the arcs at large complex p* the integrand has a

very simple behavior

Tr [y (Sr(P) = Sa(P)], _y = pi+ piTZzQ ¢ ((p1)2>




Fermionic sum rules

5 dl / dp™ d?p
x [

(2m)° d3ksof (27)3 Tr [y~ (Sr(P) — Sa(P))] - _,

e Along the arcs at large complex p* the integrand has a
very simple behavior

Tr h_(SR(P) — SA(P)]p—:O : - -0 (( : )

p* pl +md p*)?
* The integral then gives simply

2 dl' d“p,  m2
27)° =L >
(2m)% p1 + mZg




Fermionic sum rules

(27)°

5d dpt d*p, _
o [ PSR e (Se(P) — Sa(P)],

* Along the arcs at large complex p* the integrand has a
very simple behavior

_ i omZ, 1
I (50(P) = Sa(P)] o = ez +O )
* The integral then gives simply

(27)? 2 dl' / d“p,  m2
T X
dSk soft (27T)2 pi + mgo

e The p. integral is UV-log divergent, giving the LO UV-
divergence that cancels the IR divergence at the hard
scale, now analytically
Independently obtained by Besak Bédeker JCAP1203 (2012)




The NLO soft region

e At NLO one can use the KMS relations and the ra basis to

write the diagrams in terms of fully retarded and fully
advanced functions of P. The hard only depend on p.

% The contour deformations are then again possible and the
diagrams can be expanded for large complex p*. On general
grounds we expect

doT dptd?p | ( 1 )0 ( 1 >1
27)°> i X / Col— ) +C7 [ — | +...
OBk | <) T 7)) TG




The soft region

Wf’The (1/p*)° term has to be exactly the subtraction term we have

mentioned before in the collinear region, to cancel the cutoff
dependence. Confirmed by explicit calculation

* Atorder 1/p* we had the LO result. We can expect

m2_ \ m2_ + dm?, B m2_ | 5m§opi ol 2)
pLrmi, Pl tmi tomd \pR +md (R Amd)E Y

The explicit calculation finds just this contribution.

% The contribution from HTL vertices goes like (1/p*)? or smaller
on the arcs.
1

(pt)?

Y




The semi-collinear region

* Seemingly different processes boiling down to wider-angle

radiation
K+ P

s o
jac )

Q soft plasmon, Q soft cut,
timelike spacelike

P semi-collinear

Q soft



The semi-collinear region

* Seemingly different processes boiling down to wider-angle

radiation
K+ P

S j
rre i

Q soft plasmon, Q soft cut,
timelike spacelike

P semi-collinear

Q soft

W:Evaluation: introduce “modified q ” that keep tracks of the
changes in the small light-cone component p- of the quarks

Ves Va4 ] 1 d2
standard” 1 = o [ CAE e« [ dQUETQF @)~

/ e 1 10
“ :;modlfled (Z(Q(i) X /d4Q<F+M(Q)F2(—Q)>q_:5E
& The “modified ¢ ” can also be evaluated in EQCD







Summary

e LOrate

Cro (k)

= A(k) r[log — + Coa(k) + Ccoll(k)I

o

k
A(k) = agn g° CrT? nFE{ ) ZQ?"df
f

2
e NLO correction

dCNLo (k)
doT Tom2 . 2Tmp om Sm2 o G2OAT ]
S| =AW | TR log Y () + R ) + LA )
NLO o0 oo o0 L, @ P
5Csof::—sc(k> 5Ccoll<k)

e Fits available in the paper
JG Hong Kurkela Lu Moore Teaney JHEP0513 (2013)



dCNLO (k)

om?. 2Tmp  dm2, om2, s g2 C AT
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5Csoft—|—sc(k) 5Ccoll(k)




5CNLo(k)
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(LO+NLO) / LO
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A sneak peek at jets/E-loss






McGill-AMY-MARTINI at NLO

* Apply similar technologies to jet evolution and E-loss

 Start from effective Boltzmann-Fokker-Planck approach

+00
dZip) _ /_OO I (P(p—l—k‘)dr(p;{k’k) _P(p)drgzk)>

AMY JHEP0301 (2003) Jeon Moore PRC71 (2005)

¢ 1«2 and 2<=2 processes in the rates. The former a
generalization of the collinear photon emission to
gluons. The latter require HTL resummation. In both
cases everything but the jet is in equilibrium

e LO rates implemented in MARTINI Schenke Gale Jeon
PRCS80 (2009)



NLO @ work

* Again, need to account for NLO corrections in
collinear, semi-collinear and soft regions

e The first two are rather straightforward generalizations
of the photon case

* The latter requires some work. In the soft limit 2<=2
exchanges reduce to an energy-loss/ momentum
diffusion picture

P P+Q=P



The soft limit

* Soft limit of the Fokker-Planck equation

dP(p) [T L dT(p,q") ( . dP(p) = (q")?d*P(p)
I / Ll (‘ﬁ i d(pf)?z)

dl(p,q™)
S22 p /d2 2 »

* Energy loss term dE/dt unknown to NLO

e Longitudinal momentum diffusion ¢z unknown to NLO

e Transverse momentum diffusion q, known to LO and
NLO

* Fluctuation-dissipation ¢y = 2TdE/dt



Longitudinal momentum diffusion

* Field-theoretical lightcone definition

41, = —2 da™Tr (U(—o0,z™)F+ (2)U(z™,0)FT~(0)U(0, —0))

— 0

F+=E7, longitudinal Lorentz force correlator

dgtd?q,

(27)3 (q+)2GJ>r+(q+>CIL»O)

* Atleading order g /



Longitudinal momentum diffusion

* Field-theoretical lightcone definition

2

i =L dztTr (U(—o0,z ) Ft (z1)U (2, 0)F+~ (0)U (0, —0) )

— 0

F+=E7, longitudinal Lorentz force correlator
dg*d®q.
(27)?
* Not dominated by zero-mode, but by arcs. LO + NLO

; O(/dZ(u T(m3, + om2) :T/ d’q. L
" (2m)2 ¢2 +m2 + dm2 2m)2 | +mZ " (¢ +m2)?

LO analytical result also in Peigné Peshier PRD77 (2008)

* Atleading order g /

(q_l_)QG—T——l— (q+7 ql, O)

* Implementation of these results in MARTINI is
underway (Gervais ]G Moore Schenke Teaney)



Conclusions

dCNLo (k)

5Csoft—i—sc(k) 500011(]6')

e The NLO contribution arises from three kinematical regions
that are mutually sensitive to each other

e The result is given by two large and opposite contributions
that largely cancel giving a relatively small NLO correction. Is
the cancellation accidental?

* In the phenomenologically interesting window up to the
NLO correction is 10%-20% for as=0.3



Conclusions

* On the lightcone, apparently complicated dynamical
quantities factor into simpler light-cone condensates or
operators, which are basically of two kinds

* Energy-dependent: thermal masses
* Energy-independent: correlators of the 3D theory

e The NLO-dynamical-calculation train has departed. Next
stops:

* Jets
* Low invariant mass dileptons

* Transport coefficients






NLO transport coefficients

e The only transport coefficient known so far at NLO is the
heavy quark momentum diffusion coefficient, which is defined
through the noise-noise correlator in a Langevin formalism.
In field theory it can be written as

K =

g2 +00
3 / dtTr (U (t, —oo)JfE,,;(t)U(@ 0)E;(0)U(0, —00))



NLO transport coefficients

e The only transport coefficient known so far at NLO is the
heavy quark momentum diffusion coefficient, which is defined
through the noise-noise correlator in a Langevin formalism.
In field theory it can be written as

K =

2 OO
3?\7 / dtTI’<U(t, _OO)TEi (t)U(ta O)Ez (O)U(Oa _OO)>
e The NLO computation factors in the coefficient C, which
turns out to be sizeable

Cyg*T? N, 2T Neln2 N,
=S (e e

Caron-Huot Moore PRL100, JHEP0802 (2008)



NLO transport coefficients

g
0.01 0.05 0.1 0.2 0.3 0.4
0.6 | | . | é |
Next-to-leading order (eq. (2.5)) ——
0.5 Leading order (eq. (2.4)) --—--- |
Truncated leading order (eq. (2.5) with C=0) ---------

Caron-Huot Moore PRL100, JHEP0802 (2008)



Full LO results

* Numerically solving the implicit equation for the collinear region
yields the full LO results for the thermal photon production rate

Photon production rate

Electromagnetic energy loss rate
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Photon energy k/T ag = 0.2, 3 flavors Photon energy k/T

Arnold Moore Yaffe JHEP0112 (2001)



Euclideanization of light-cone soft

physics
e For t/x,=0: equal time Euclidean correlators.
Grr(t=0,%x) = iGE(wn,p)eip'x

p

Caron-Huot PRD?79 (2009)
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physics
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e Retarded functions are analytical in the upper plane in any
timelike or lightlike variable => Gr analytical in p?

Caron-Huot PRD?79 (2009)



Euclideanization of light-cone soft

physics
e For t/x,=0: equal time Euclidean correlators.
Grr(t = 0, X) — iGE(wnap)eip.x

* Consider the more general case t/x*| <1
1

Gf,m,n(t,X) _ /dededQPJ_e?:(pzxz—l-pJ_'XJ_—pOxO) (5 ‘|—nB(pO)> (GR(P) . GA(P))

» Change variables to p* =p* — p°(t/z*)

~z 1(p*x” X 1 ~z z
Grr(t,x) = /dpodp d’p P r AP LX) (5 +nB(PO)> (Gr(p®,pL, 0 + (t/2*)p") — Ga)

e Retarded functions are analytical in the upper plane in any
timelike or lightlike variable => Gr analytical in p?

Grr(t,x) = TZ/dpzd2pL€i(pzxz+pLOXL)GE(WmpLapz‘Hwnt/mz)

Caron-Huot PRD?79 (2009)



Euclideanization of light-cone soft

physics
e For t/x,=0: equal time Euclidean correlators.
Grr(t = 0, X) — iGE(wnap)eip.x

* Consider the more general case t/x*| <1

s 22 0,.0 ]_
Grp(t,x) = /dpodpzd%wz(p TAPLXL =P (5 +nB(pO)> (Gr(P) — Ga(P))

» Change variables to p* =p* — p°(t/z*)

~z 1(p*x” X 1 ~z z
Grr(t,x) = /dpodp d’p P r AP LX) (5 +nB(PO)> (Gr(p®,pL, 0 + (t/2*)p") — Ga)

e Retarded functions are analytical in the upper plane in any
timelike or lightlike variable => Gr analytical in p?

Grr(t,x) =T / dp*d?p !PT IPLXL) G (W, p, D iwnt ) 27)
* Soft physics dominated by n=0 (and t-independent)
=>HQCD! Caron-Huot PRD79 (2009)



Euclideanization of light-cone soft

physics
e For t/x,=0: equal time Euclidean correlators.
Grr(t = 0, X) — iGE(wnap)eip.x

* Consider the more general case t/x*| <1

s 22 0,.0 ]_
Grp(t,x) = /dpodpzd%wz(p TAPLXL =P (5 +nB(pO)> (Gr(P) — Ga(P))

» Change variables to p* =p* — p°(t/z*)

~z 1(p*x” X 1 ~z z
Grr(t,x) = /dpodp d’p P r AP LX) (5 +nB(PO)> (Gr(p®,pL, 0 + (t/2*)p") — Ga)

e Retarded functions are analytical in the upper plane in any
timelike or lightlike variable => Gr analytical in p?

Gy (ta X)soft — T/dgp eip-x GE (wn = 0, p)
e Soft physics dominated by n=0 (and t-independent)
=>EQCD! Caron-Huot PRD79 (2009)



The semi-collinear region

* Subtraction term from the collinear region
doT coll subtr. - A(R) L)+ (T 4+ k)*] ne(k+pT)[L —ne(ph)]
d°k CE /dp [ (p*)*(p* + k) ] nr (k)

semi—coll
y 1 /d2pJ_ 4(p+)2(p+—|—k)2/ d2CJJ_ 5
2C.T? | (21)2 k2pt

* Proper evaluation: replace

A

g2qCR = gzlcR/(dz;])LgCﬁC(qL) X /d4Q<Fj:F+M(Q)>q:O

with
G(0FE)

08 o [ dQUPLF(@)y s

because 0E~¢T is no longer negligible

%"—"The latter object too can be evaluated in Euclidean spacetime



The semi-collinear region

K+ P

P semi-collinear

O soft

P+Q
* Limits and divergences

T p1 = 00 (0E — o0) subtract the hard limit
l p, — 0 subtract the collinear limit (p1 > q1)
/pL—0ApT = 0IR log, combines with UV soft log (NLO log)

* Aside from the IR-log, the general behaviour of the P
integration can only be obtained numerically.



The ra formalism

* Alternative to the “12” im ¢
formulation of the real-time “1" fields
formalism. Define t N / i Ret
¢r — (¢1 + §b2)/2 \LIO \ & -io

_ g -ip
Pa =1 ¢2 “2" fields

e The propagators become

1
_ Grr Gra o (GR — GA) - * ,n(pO) GR
G‘(Gar G)( (z00°) )

G4 0

e Graphical notation

Irr

Ca : <
arl I
d
a\; g_j

r d 13




