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Production  of  QGP  is  exKected  in  heavy-‐ion  collisions:

Jet  Quenching  exKerimentally  confir[ed:  

Several  obser\ations  @  RHIC  and  LHC

Suppression  of  high-‐pT  hadrons,  stHong  dijet  asy[metHL  with  an  
almost  unchanged  azimuthal  corHelation,  jet  energL  loss  with  a  
mild  dependency  in  pT  and  jet  radius,  ...
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Qualitative agreement with data.
But there is space for improvement!

Important to have a good description of energy loss processes
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Jet  Quenching  models:  description  in  ter[s  of  radiative  energL  loss:

Usual  characteristics:

Neglect  recoil  (elastic  energL  loss);

Work  in  the  limit  of  sost  (x➝0)    and  collinear  (kT  <<  ω)  gluon  emissions  .

Assume  multiple  gluon  emissions  as  a  factorization  of  single  gluon  
emissions.
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Work in progress...

Discussed here!



Medium-induced hard 
gluon radiation

Based on: Phys.Lett.B718,160-168   



Formalism

Medium  propagation  of  highly  energetic  parOons:

ParOons  will  undergo  independent  multiple  sost  sca;ering  with  the  medium.

In  the  high-‐energL  limit,  the  re-‐sca;ering  with  the  medium  conser\es  the  
initial  energL  but  results  in  a  rotation  of  the  color  field  (eikonal  
approximation).
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Medium  longitIdinal  
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field
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Kinematics:  

Initial  momenta  p  =  (p+,  p-‐,  pT)  =  (p+,  0,  0)  

Eikonal  approximation:  kT,  qT  <<  k+,  q+  

Limit  x→1:  q+  <<  k+,  p+  

Assume  sca;erings  in  a  vozen  color  profile  (color  average).  

Only  the  sostest  outgoing  parOicles  can  undergo  Brownian  motion.
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Total  SpectHIm  (M  M†):

Vaccum  contHibution:

Gluon  BremsstHahlung:
Collinear  divergent

CF:  Casimir  factor  (color  “stHengOh”)
αs:  stHong  coupling  constant

11

G0(xi+,xi⊥;x(i+1)+,x(i+1)⊥|q+) =
q+

2πi(x(i+1) − xi)+
exp

{

ip+
2

(x(i+1) − xi)2⊥
(x(i+1) − xi)+

}

≡
∫ r⊥(x(i+1)+)=x(i+1)⊥

r⊥(xi+)=xi⊥

Dr⊥(ξ) exp

{

iq+
2

∫ x(i+1)+

xi+

dξ

(
dr⊥
dξ

)2
} (21)

is the Green’s function of a free particle that propagates in the transverse plane from xi⊥

at (light-cone) time xi+ to x(i+1)⊥ at time x(i+1)+, we get for the T-matrix for a gluon
emitted inside the medium

Tg =
1

2

∫

dy+dx⊥e
−iq⊥·x⊥GA′A′

1
(y+,y⊥ = 0⊥;L+,x⊥|q+)igT a1

A′
1A1

×WA1A(x0+, y+;0⊥)Waa1(y
+, L+;0⊥)ū(q)/ε

∗(k)γ−Mh(q + k),
(22)

where the use of uppercase (lowercase) color indices in the Wilson lines indicate that they
are to be taken in the fundamental (adjoint) as they correspond to the rescattering of a
quark (gluon).

The total T-matrix, Ttot, is the sum of both contributions (equations (15) and (22)).
The spectrum is computed as the inelastic cross-section over the elastic cross-section (see
the elastic process in figure 5). Thus

〈

|Mtot|2
〉

=

〈

|Ttot|2
〉

|Tel|2
=

〈

|M2
q |
〉

+
〈

|M2
g |
〉

+ 2Re
〈

{MgM
†
q }

〉

, (23)

where
Tel = ū(p)Mh(p) ⇒ |Tel|2 =

√
2p+|Mh(p)|2. (24)

As a consistency check we are able to recover the vacuum contribution in the limit of
x → 1 from the quark amplitude,

〈

|M2
q |
〉

=
2g2CF

q⊥
2

x(1− x)

{
1 + (1− x)2

x

}

(25)

⇒ x
dI

dxd2k⊥

∣
∣
∣
∣
x→1

'
CFαs

2π2

1

k⊥
2 =

αs

2π2

1

k⊥
2Pg←q(x → 1) (26)

with k⊥ = −q⊥ and the vacuum splitting function [39,40]

P vac
g←q(z) = CF

[
1 + (1− x)2

x

]

x→1−→ CF . (27)

As for the other two terms in equation (23) (the medium contribution), the Dirac and
color algebra are still to be simplified. They can be simplified using the polarization sum
(with η = (0, 1,0⊥))

∑

λ

ε∗µ(k,λ)εν(k,λ) = −gµν +
kµην + kνηµ

k · η
(28)

p

Figure 5: Elastic process.
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Hard Gluon Spectrum

Medium  contHibution:

Vacuum  SF:

Path  IntegHal:

Medium Information:
n(ξ):  densitL  of  sca;ering  centers

σ(xT):  related  to  the  sca;ering  potential  
(usually,  static  Debye  screened  potential)
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Full  Vacuum  Spli;ing  
Function

Vacuum  Spli;ing  Function  in  
the  limit  x→0
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Hard Gluon Spectrum

Medium  contHibution  in  the  limit  x→1:

Medium  contHibution  in  the  limit  x→0:
Related to the final quark

Related to the final gluon
How to interpolate between the two limits?
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How  to  write  an  unique  radiation  spectHIm  for  sost  and  hard-‐gluon  emission?

Only  one  tHansverse  coordinate:  qT  ~  kT

EnergL  of  the  “radiated  parOon”:  E+  =  x  (1  -‐  x)  p+
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EnergL  of  the  “radiated  parOon”:  E+  =  x  (1  -‐  x)  p+

Single  inclusive  spectHIm  of  the  “radiated  parOon”  (quark  or  gluon):

Interpolating Spectrum

x  p+  =  k+  ,  x→0
(1  -‐  x)  p+  =  q+  ,  x→1

Loss  of  parOon  identification...
Total  energL  loss  instead  of  sost  or  
hard  gluon  radiation  spectHIm!
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Interpolating Spectrum

Numerical  results  in  multiple  sost  sca;ering  approximation  (medium  spectHIm):

Dimensionless  variables: L+:  Medium  LengOh
qA:  TransporO  coefficient  (related  to  n(ξ))
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Numerical  results  in  multiple  sost  sca;ering  approximation  (medium  spectHIm):

Dimensionless  variables: L+:  Medium  LengOh
qA:  TransporO  coefficient  (related  to  n(ξ))

Suppression  with  
increasing  x

(dies  when  x→1)

Large  angle  emissions  
suppressed

No  collinear    divergency

Decrease  
of  wc+

Reduction  of  the  
spectHIm

If  tfor[  >>  L+,  the  whole  medium  will  
act  as  a  single  sca;ering  center LPM effect in QCD
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Summary (I)

Medium-‐induced  gluon  radiation  in  the  hard  limit:

Comparison  beteeen  the  hard  and  sost  limit.

InterKolation  beteeen  the  teo  limits:  “parOon”  radiation  spectHIm.
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Extension beyond 
eikonal approximation 

Article in preparation...



How  to  improve  the  previous  result?  Free  all  parOicles  so  that  they  can  undergo  
Brownian  motion.
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ωt  =  √q̂L

Satisfied  for:

  q̂  =  1  GeV2f[-‐1  and  L  =  1  f[
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Problem  with  the  approximation  tfor[  <<  L?

DiagHam:

TrIe  for  fixed  L,  but  how  about  the  showering  nearer  the  medium  border?
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TrIe  for  fixed  L,  but  how  about  the  showering  nearer  the  medium  border?

19

tfor[  <<  L tfor[  ~  L MCs  need  this  corHection!
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Interesting  to  stIdy  q➝Vg:

Not  constHaining  to  tfor[  <<  L;

Do  not  have  a  sy[metHL  in  the  final  state:  

Sg←g  (x)  =  Sg←g  (1-‐x)  but  not  the  Sg←q(x);

ExOHapolation  vom  g➝gg  result  is  not  possible.
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MatHix-‐elements:

Tg  is  the  same  as  in  the  hard  limit  case,  but...
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Figure 4: Radiation diagram for gluon emission inside the medium for the limiting case
x → 1. The meaning of the variables and indices is analogous to that in figure 3.

We can repeat the same procedure for the process in which the radiation vertex is inside
the medium (see figure 4). For one scattering,
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The gluon vertex 5, together with the metric from the propagator and the polarization
vector can be simplified using k1+ = k+, and so, the Dirac structure takes the form:

ū(q) /A
′
1/q1

︸ ︷︷ ︸

(b)

/ε∗(k) /p1 /A1/p
︸ ︷︷ ︸

(a)

(17)

where
(a) = γ−p1+ /A1p+γ− = p1+A1p−γ−γ+γ− = 2p1+A1p+γ− , (18)

(b) = 2q1 ·A′
1ū(q)− ū(q)/q1

︸ ︷︷ ︸

%0

/A
′
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In this last simplification, we are keeping only the dominant term of the Dirac equation
since q1+ = q+. But we must not forget that the q⊥ coming from the spinor ū(q) is actually
q1⊥ %= q⊥. This means that in the squared modulus, the transverse momentum that
appears from this T-matrix corresponds to an inner momentum. The same is applied to the
gluon transverse momentum coming from the gluon polarization vector, k⊥ = −q1⊥.

Using the properties listed in appendix A and
∫

dq−
2π

dq⊥

(2π)2
e−iq−(x(i+1)+−xi+)+iq⊥·(x(i+1)⊥−xi⊥) i

q− − (q2⊥/2q+ − iε)

= Θ(x(i+i)+ − xi+)G0(xi+,xi⊥;x(i+1)+,x(i+1)⊥|q+),
(20)

where
5V αβδ(k1, k2, k3) = gαβ(k1 − k2)

δ + gβδ(k2 − k3)
α + gδα(k3 − k2)

β.
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Total  SpectHIm  (M  M†):

Dirac  stHIctIre:

21

Only  ter[  with  factorization  of  the  
Altarelli-‐Parisi

ExOHa-‐ter[  with  respect  to  
g➝gg  case

When  kT  =  -‐qT,  we  recover  the  results  vom  the  hard  gluon  spectHIm!
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Color  StHIctIre  in  <|Mg|2>:

3  regions:

No  assumption  on  the  tfor[  (presence  of  region  II),  but  large  Nc  limit:
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ExKand  the  Wilson  lines  in  an  infinitesimal  inter�al:

Result:

24

=



Color Structure

QuadrIpole:

ExKand  the  Wilson  lines  in  an  infinitesimal  inter�al:

Result:

24

=



Color Structure

QuadrIpole:

ExKand  the  Wilson  lines  in  an  infinitesimal  inter�al:

Result:

24

=



Color Structure

QuadrIpole:

ExKand  the  Wilson  lines  in  an  infinitesimal  inter�al:

Result:

24

=

q

g
g

q-‐ =

q

g
g

q-‐

g

g
q

q-‐
+



Color Structure
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Color Structure

Color  final  configIrations:

In  the  g➝gg  case,  only  one  configIration  (final  parOicles  are  indistingIishable):
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Analog of medium-antenna



Summary (II)

ExOension  beyond  eikonal  approximation:

Able  to  exOend  previous  work  by  allowing  all  parOicles  undergo  Brownian  
motion  in  the  tHansverse  plane;

Results  in  the  large  Nc  limit,  but  with  no  constHains  on  the  for[ation  time;

Able  to  solve  the  quadrIpole  in  this  limit;

Dirac  and  color  stHIctIre  with  more  infor[ation  since  there  is  no  sy[metHL  
beteeen  the  final  parOons;

Interference  ter[  included  in  calculations;

Found  a  “generalization”  of  a  non-‐eikonal  in-‐medium  antenna.
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Conclusions/Prospects

StIdy  of  Jet  Quenching  is  imporOant  since  it  provides  a  way  of  probing  ma;er  
created  in  heavy-‐ion  collisions.

FurOher  understanding  the  mechanisms  of  interaction  and  propagation  with  the  
medium:

Already  several  efforOs  up  to  now:

Medium-‐induced  hard  gluon  radiation,  Medium-‐induced  gluon  
branching  (small  tfor[),  (Massive)  Medium  antenna,  SCFT...

28



Conclusions/Prospects

StIdy  of  Jet  Quenching  is  imporOant  since  it  provides  a  way  of  probing  ma;er  
created  in  heavy-‐ion  collisions.

FurOher  understanding  the  mechanisms  of  interaction  and  propagation  with  the  
medium:

Already  several  efforOs  up  to  now:

Medium-‐induced  hard  gluon  radiation,  Medium-‐induced  gluon  
branching  (small  tfor[),  (Massive)  Medium  antenna,  SCFT...

And  even  more  coming  soon:

Medium-‐induced  gluon  radiation  beyond  eikonal  limit  (large  Nc),  
calculation  of  double  inclusive  2-‐gluon  emission...

28



Conclusions/Prospects

StIdy  of  Jet  Quenching  is  imporOant  since  it  provides  a  way  of  probing  ma;er  
created  in  heavy-‐ion  collisions.

FurOher  understanding  the  mechanisms  of  interaction  and  propagation  with  the  
medium:

Already  several  efforOs  up  to  now:

Medium-‐induced  hard  gluon  radiation,  Medium-‐induced  gluon  
branching  (small  tfor[),  (Massive)  Medium  antenna,  SCFT...

And  even  more  coming  soon:

Medium-‐induced  gluon  radiation  beyond  eikonal  limit  (large  Nc),  
calculation  of  double  inclusive  2-‐gluon  emission...

28

Thanks!



Backup Slides



Interpolating Spectrum

Multiple  Sost  Sca;ering  Approximation:

Static  medium:

Allow  us  to  find  analyOical  exKressions:
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+O(ln  r2)


