Numerical approach to
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Dijet in: p-p...

Energy loss

® Jet quenching: high energy partons interact with the QGP losing ener
q g- g gy P & gY

® How does a parton lose energy in a QCD medium?

® Collisions - Important for heavy particles

® Radiation - Extra gluon radiation induced by multiple scatterings with the medium
Dominant for light quarks and gluons (this talk)
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Medium-induced gluon spectrum

Baier, Dokshitzer, Mueller, Peigné, Schiff (96)

® For a soft emitted gluon (v < E) Zaharov (97)
dl QQSCR .
R dt’ dt .q K(t',q;t,p)P(c0, k; t',
Y IBR  2n)Pw? e/ / / p-q K(t',q;t,p)P(c0 q)
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For the spectrum beyond the soft approximation see Dominguez’s talk. Today 11:00
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Medium-induced gluon spectrum

Baier, Dokshitzer, Mueller, Peigné, Schiff (96)

® For a soft emitted gluon (v < E) Zaharov (97)
dl 200, CR
k;t'
Y dod?k (27)%w? (00, kit', q)
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For the spectrum beyond the soft approximation see Dominguez’s talk. Today 11:00
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Medium-induced gluon spectrum

Baier, Dokshitzer, Mueller, Peigné, Schiff (96)

® For a soft emitted gluon (v < E) Zaharov (97)
= "R dt' [ dt - qf BP (o0, k;t', q)
Y dwd?k (27)2w? e/o /o /pq p o
st BDMPS-Z
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Medium-induced gluon spectrum

Baier, Dokshitzer, Mueller, Peigné, Schiff (96)

® For a soft emitted gluon (w K E) Zaharov (97)
dl QOéSCR - /
dt’ dt : t'. q:t k:t
Y odE ~ (2n)2w Re/ / / p-q K(t',q;t,p)P(c0, k; ', q)

BDMPS-Z

P(t" kit q)

| 1 t//
/d2z e~ k=)= oxp {—5 / ds n(s)a(z)}
t/

Medium information

Kt zty) = / 4= PYI (1, g;t, p)
Pq
r(t )=z t’ : 1 ]
:/ Dr exp / ds (Eiﬂ — —n(s)a(r*)
r(t)=y t : 2 i

> Difficult to solve numerically for realistic o(r)
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The building block

Eap() ________ 'a),
"""" >
® The in-medium spectrum is given by (w <K E):
w2 aCRRe/ dt/dt/pqlC . q;t, p)P(o0, ks t', q)
dwd?k (27)%w? pq
BDMPS-Z

® It has been traditionally evaluated in many approximations (GLV, AMY, HO...)

® Several new approaches go beyond the usual approximations

Finite length rates: Caron-Huot and Gale, 1006.2379

Mehtar-Tani, Barata, Soto-Ontoso,

|OE (expansion around the HO): .
O (e pa O) Tywonluk, 1903.00506, 2106.07402

Fully resummed spectrum: CA, Apolinario, Martinez, Dominguez, 2002.01517, 2011.06522

Finite length rates + non-perturbative potential: Schlichting, Soudi, 2111.13731
See Soudi’s talk. Today 13:30

IOE & Resummed opacity expansion (ROE) Isaksen,Takacs and Tywoniuk arXiv:2206.0281
See Isaksen’s talk. Today 11:30
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https://arxiv.org/pdf/2206.02811.pdf
https://arxiv.org/abs/2002.01517
https://arxiv.org/abs/2011.06522
https://arxiv.org/abs/1006.2379
https://arxiv.org/abs/1903.00506
https://arxiv.org/abs/2106.07402
https://arxiv.org/abs/2111.13731

The building block

Eap() _______ 'a)’
"""" >
® The in-medium spectrum is given by (w <K E):
dl QOzSCR
dt’ dt
Y od®h = (or 2W2Re/ / /pqp q K(t',q;t,p)P(c0, k; t', q)
BDMPS-Z

® It has been traditionally evaluated in many approximations (GLV, AMY, HO...)

® Several new approaches go beyond the usual approximations

F(s,q;s,p) = 2n)*6“(q — p)
ip® 1 , ,
0, K (s,q;t,p) = %%(s, q;t,p) + En(t)[ olk'—p)H(s,q;t,k')
.

o(q) = — V(q) + (Zﬂ)zéz(q)J 70

l

87’

Vig) = 5
(g% +42)
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Energy regimes

Static ngL = 12.2

12— ———
] \ -
Bethe-Heitler regime | \ —~Full ]
10 \ |
Not just a‘single\\ \\ HO + NLO (IOE)
inol I 3 I
hard scattering! 3 s \‘\ —— QIV N B | Single hard
3 I N T . : scattering
= _ OW-w l1mit ! /' regime
= O P
~ [ :
= _
3 4r
2
0k e
103 1072 0.1 1 10 50
W /W,
CA, M. G. Martinez, F. Dominguez, 2011.06522
Carlota Andrés 5


https://arxiv.org/abs/2011.06522

Energy regimes

Bethe-Heitler regime

N‘

Not just a single
hard scattering!

12

Static ngL = 12.2

Full

\ . |
" -— HO + NLO (IOF)
\ |
\\ -— GLVN =1 - Single hard
'\,\‘ -------- Low-w limit Siztgtﬁﬂgg

w /W,

01 1

10

50

|
o, = (GoL*)/2
CA, M. G. Martinez, F. Dominguez, 2011.06522
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Energy regimes

Static ngL = 12.2

12~ Y A
Bethe-Heitler regime v\ —Full ]
10 [ : \ T
Not just a‘single\\ : \\ HO + NLO (IOE)
ino! [ " : |
hard scattering! 3 sl \‘\ —— QIV N == | Single hard
= e ' . I scattering
i i \ ........ - i
= | : \ Low-w limit - regime
= OF | s
~ | : v
e [ ] ]
3 4r : ]
2T : : b
O__ ||:||I L ool L ol L C ol : ! L
0°  do? o0l 1 100 50
:4 A w/wc D = (é\OLZ)/z
Wy = 1/ (24o) CA, M. G. Martinez, F. Dominguez, 2011.06522
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Energy regimes

Static ngl = 12.2

12—~ Y A
Bethe-Heitler regime y o\ —Full ]
10 F : \ T
Not just a‘single\\ : \\ : HO + NLO (10E)
ino! [ " - |
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Energy regimes

Static RO (N/=1) & IOE (HO+NLO)
10° | | | | '
.............. I |
P |
10 T :t p 4 fm
"“¢ : .......... :
"f’ : ....... .l
PR i
"" 8 : ,:
Full = L e ',
S 104k L e l ]
< IEE | '
S | o :
S : : )
PR 105 | | ' A
i i GLV N=1
RO (Ni=1) I |
107 L ] :
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(previous slide) -2 | |
1. 1,*‘——* ........
I ) .
}.............:::::::Z:::x-
L — 3
e 10
w [Ge\/] See Isaksen’s talk. Today 11:30

Isaksen, Takacs and Tywoniuk arXiv:2206.0281
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https://arxiv.org/pdf/2206.02811.pdf

How do we move to
a longitudinal evolving
medium?

See also Souvik’s talk. Tuesday 9:30

For transverse flow see Sadofyev’s talk. Wed 11:30

For transverse inhomogeneities see Barata’s talk. Wed 12:00

Carlota Andrés 7



Beyond the brick

*with multiple scatterings

® The goal is to compute the energy lost by a hard parton along its
trajectory within an evolving media

® One should read the medium properties (for instance, the temperature T) from the

hydro at each point of the path § Trajectories x <1,y <1
“PbPh 2.76 TeV b=2.0 fm

ammmmme lauber

~ 350 e fKLN
. . o
® Then, obtain the medium parameters S
entering the spectrum: =

n(1(0) , u(1(1)) ...

l]IIIIIIIIIIIII]IIII]IIIII

® And feed them to the code and compute the spectrum along the trajectory

The spectrum depends on the full trajectory, there is no “per-point spectrum”

Carlota Andrés 8



Beyond the bri

ck 1l

*with multiple scatterings

® \We can compute the spectrum with time-dependent variables along
a path

4001
3601
3201
= ]
D) ]
2 280 1
~ 2401

2001

160

— Glauber b=2.0fm 6 =0 |

t (fm)

—— PbPb2.76TeVb =2im |

107 10!

w /@,
® But this is computationally demanding. Currently, it seems too costly to do it for
every trajectory on the fly

. =

® Pre-tabulate it? How do we know a priori how the medium parameters will behave
along all possible paths?

Carlota Andrés




How?¢

® Using average values?

® Compute the full solution along a path 3 ;
—

thorough a hydro ﬁ

nhydro(t) — le(t) //l}%ydrg(t) = k2T2(t)

® Compare to the static where the medium . - -
parameters are given by their average=="
along the path:

static 9
I
2 —
_ pL 1 2
= = —k,(T)2L’
@ static 2 2 2< >

static

Using average values does not work well!*

* And this is something we know since 2003

. e static average

—— PbPb2.76 TeV b = 21m

Carlota Andrés 10



Scaling laws?

e The idea is to find an equivalent static scenario ... Tl =9
Find the values of the parameters that best

. o . l ) ) n —— PbPb2.76 TeV b = 2fm
approximate the dynamic spectrum along the path
PP Y P 5TMEP N N static (scaling laws)
Salgado, Wiedemann, 0302184 j
Priyam Adhya, Salgado, Spousta, Tywoniuk, 1911.12193 % 3 Full
. \
® Compute the full solution along a path 3
thorough a hydro =
i~
nhydm(l‘) — le(t) ﬂ}?ydro(t) = szz(t) 3

® Find the values of the parameters
of the static scenario we want to compare to:

oL
L =| dt t
"o static Jo nhy dro( )
212 oL’
oL 5 | -
2 j— O dttnhydro(t) l/[hydro(t) .9 1-0 O /f—
static ) -ES‘ ’,’,,’
, S 0.9 T~ =T -
® |t works better than using average values, S
-9 -1 0 1
but the errors go up to ~10-20% 10 10 10 T
W/ e
Hydro: Luzum and Romatschke, 0901.4588

Carlota Andrés 11


https://arxiv.org/abs/0901.4588
https://arxiv.org/abs/hep-ph/0302184
https://arxiv.org/abs/1911.12193

Scaling laws w.r.t. a power-law case?

® Why the pre-tabulated spectrum needs to be the static one?

® The idea is to find an equivalent scenario given by a power-law

Goal: find matching relations between the spectrum in the real world (along
a path throughout a hydro) and a pre-tabulated power-law spectrum

® For instance:
Compute the spectrum along a path throughout a hydro:

Miyaro®) = K T(0) HinvaroD) = ko T*(2)
Compare to a power-law spectrum for a profile given by:
n u?
1) = 2(1) =
0 (2 + 1p)” #) (t + 1)%®
with a scaling law given by
L, L, Ly Ly
J dt n(t) = [ dt My, q,,(1) J dt t n(t) u*(t) = J dt 1 ny,,(1) ﬂ,fy ()
0 0 0 0

Carlota Andrés 12



Scaling laws w.r.t. a power-law case "

® Select a trajectory in central PbPb 2.76 TeV
collisions

® Compute the full spectrum along this path

nhydro(t) — le(t) :u}%ydro(t) — k2T2(t)

® Compare to a power-law spectr't;m given by
/ 2

nol =5

—— PbPb2.76 TeV b = 2fm
static (a = 0)
a=0.5 t() = 0.1

n Iz
n(l’) = 0 luz(t) — 2a
(t_'_ to)a (t+ to)
a=0.5 L e
with a scaling law given by = 7
— 09 _____________________ s~
L L, L, Ly

J dt n(f) =[ dt 4, (1) J dt t n(t) u*(t) =J dt t 1y, 4,0(1) /,tfydm(t) 10-2 101 100 10!
0 0 0 0 — w’L
W/wc C(_)C:T

Hydro: Luzum and Romatschke, 0901.4588

Carlota Andrés 13
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Scaling laws w.r.t. a power-law case

® PbPb 2.76 TeV 0-5%

® PbPb 2.76 TeV 30-40%

— PbPb 2.76 TeV b = 2.0fm 0 = 225

— PbPb 2.76 TeV b = 8.5fm 0 = 45

4N --- static (a =0) _' I --- static (a =0)

a =051t =0.1 Full AN\ =05t =0.1 Full |

2 10- ............................................................ ”’-._,——""
= Jottat
09 e e
102 10° 100 10!
W /W,

Hydro: Luzum and Romatschke, 0901.4588
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Rare cases

PbPb 2.76 TeV 0-5%
260- K.~ POPb2TOTOVH=2fm 6 =225
j ;\ --- static (oz = O)
240_ \ a=0>5t=0.1 Full
= “ |
2 1 ;
= 200- |
~ N T |
180- |
| ot
1601 1.1
: @ f————
| 40- IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII = 1.0 __"_"_"_":_-
2 4 6 8 10 12 14 S N
{ (fm) 0902 101 107 10!
Errors below the 5% w/We 2L
_H
Hydro: Luzum and Romatschke, 0901.4588 De = R
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https://arxiv.org/abs/0901.4588

Towards
phenomenology

Carlota Andrés



Hadron suppression ... —™

0.5

— R =50
0.44 . — R=100 | 04-
Quenching weights (P(AE))
g().?)- 0.37
® Probability distribution of the 3., N
hard parton of losing medium-induced =
energy AE o o
(assuming gluons emitted independently) 0.0\ — 0.0:¢
*Plotting just their continuous term R=100, noL =5, w.=4GeV
1.0 - 1 1 ] 1 1 1 1 ] 1 1 1 1 ] 1 1 1 1
| Static ~—— tull
0.8 o GV

Quenching factor (Qy)

de™*(py)/dp 2%
Or(pr) = o~ JdAEP(AE)(—Z)
do"“(pr)/dpy pr+AE

o 50 100 150 200

pr (GeV)
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Energy distribution

drmed 200, C'p ’ ! q
d dt Y . — — — l - .t k:. l
ok~ (21)%w Re/O Sn(s)/o /pql v <z2 qz)(’( q)K(s, q;t, p)P (00, k; s,1)
BDMPS-Z (vacuum subtracted) k <

® Up to now: we have removed this kinematic constraint:

med

med o0
i J ™
o dowd’k?

o)—— =
dw
So we get rid of the broadening

d[med 2 SC oo S . ~
W _ £%sVR Re/ ds n(s)/ dt/ ip 2qa(q —DK(s,l;t,p)
dw W 0 0 pql q

® [ntegrate in transverse momentum with the constraint:

dlmed sz dlmed
— 4)
o dod’k?

2

n—— =
dw

Carlota Andrés 18



Energy distribution

drmed 200, C'p ’ ! q
d dt Y . — — — l - .t k:. l
ok~ (21)%w Re/O Sn(s)/o /pql v <z2 qz)(’( q)K(s, q;t, p)P (00, k; s,1)
BDMPS-Z (vacuum subtracted) k <

® Up to now: we have removed this kinematic constraint:

med

ar e dl
J K>

Ydw ), © dod?k?

So we get rid of the broadening

d[med 2 SC oo S . ~
W _ £%sVR Re/ ds n(s)/ dt/ ip 2qa(q —DK(s,l;t,p)
dw W 0 0 pql q

® [ntegrate in transverse momentum with the constraint:

—

@ dk? R=a.L
o dod’k?

n—— =
dw

dlmed sz dlmed \

Carlota Andrés 18



0.5-

0.0

w /W,
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Scaling laws? Full

® Compute the full solution along a path 081
| Full
thorough a hydro

Miyaro(D) = Ky T(2) U aro® = K T(0) 3
o>
® Compare to a power-law spectrum given by é oAy
19 ) '’ s
n(r) = pe(t) = > |
(1 + )" (1 + 1)™* 0.2-

® Using the following scaling laws

L L 0% 102 10t 10010
0 0 L0 e e R T
B 2 - 2 SRS s
J dt t n(t) u=(t) =[ At 1 My 00 By (D) < 7 s
0 0 0.61 el .
[lerﬂ (1) (1) Jdettz (O) 12, D) W00
M P = Mhydaro\l) H —~
0 0 yaro hydro w/wc quL
D, ="—
Hydro: Luzum and Romatschke, 0901.4588 2
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Ra e Case PbPb 2.76 TeV 0-5%

| | — PbPb 2.76 TeV b= 2.0fm 6 = 225
00 Lol a =05 tr=H]
240- 3
' ~—
' IS
' =
/\22 i
> Oj %
S 3
200"
=~
180+
160- _
| I B
' + (.81 -
T e S08] -
2 4 6 8 10 12 14 T |
t(fm) 10-2 10— {0 T T T
Errors below the 10% W/, 2
_ u-L
Hydro: Luzum and Romatschke, 0901.4588 D=~
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Summary

r=0y=00=0

PbPb 2.76 TeV 30-40%

r=0.1y=0.160=225

xr=03y=0360=45

2.4 2.4 2.4
"""" a = 0.5 to = 0.1
3 1.6 - 1.6 ) 1.61
=
< 1.2 1.2 1.2]
% Y
3 0.8] (.8 0.81
0.4 L 0.4 0.4
0.0 - - - 0.0 - - - 0 - - -
1073 1072 101 10° 10t 1073 1072 1071 10° 101 1073 1072 1071 10Y 101
- xr=05y=0.560=45 54 x=0.5y=0.560=225 - :1:,:303/:,30—1\9:225
2.0 2.0
3 1.6] - 1.6] -
=
1.2 1.2
=
3 0.8] (.8
0.41 0.4
0.0 - - - 0.0 - - -
1073 1072 101 10° 100 1073 1072 1071 10°
w/@c W/(Dc
Hydro: Luzum and Romatschke, 0901.4588
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Conclusions

® Many new developments in the computation of the medium-induced radiation
spectrum (in the brick)

® These numerical approaches allow to compute the spectrum along a path in
realistic media (given by a hydro)

® But it is computationally demanding

® So we want to use pre-compute the spectra for a set of given profiles
approximating realistic conditions (scaling laws)

® Using power-law profiles reduces the errors substantially

® We can think of other approaches

For instance, MC approach to mimic the Caron-Huot rates
Park et al. HP2016 proceedings 1612.06754

Whatever the approach/approximation used, we can quantify the errors!

Carlota Andrés 22
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Thanks
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The HO as an example

Harmonic, g or Gaussian approximation

® Small r approximation of the dipole cross section

n(s)o(r) ~ %g(s) r’+ O(r*Inr?)

l

For a static medium: the kernel can be computed analytically

Note: ¢ = 4iV"(0)

Stolen from Peter Arnold slides

. ar (% dl at the INT jet’s worksho
® The energy spectrum for the brick (no cut-off o—== L ko——) J P

( )
aii®  2a.Cy | (1 - gL?
a = n | COoS — 1 —_—
E ___ya) < L d(l) T 40)

Po - \ /

] > Baier, Dokshitzer, Mueller, Peigné, Schiff (96)

Zakharov (97)
Wiedemann, Salgado (2003)
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The HO as an example

® HO spectrum in an evolving media

drto _ 20,Cy

dw T

In [c(0)]

f))

d’c(?) 5 10)
i @l @o(t) = (1 =i [ 7= Arnold, 0808.2767

Carlota Andrés 25
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The HO as an example

® HO spectrum in an evolving media

drto _ 20,Cy

In [c(0)]

f))

dw T

Arnold, 0808.2767

Evaluated at the position of the parent parton at time t
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The HO as an example

® HO spectrum in an evolving media

d1H0 _ 2a,Cp n ‘C(O)‘

f))

dw T

Arnold, 0808.2767

Evaluated at the position of the parent parton at time t

Need to solve this differential equation for each trajectory
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The HO as an example

® HO spectrum in an evolving media

drto _ 20,Cy

f))

In [c(0)]

dw T

Arnold, 0808.2767

Evaluated at the position of the parent parton at time t

Need to solve this differential equation for each trajectory

® This is a conceptual issue: we cannot know a priori how g(#) will behave along the
path
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The HO as an example

® HO spectrum in an evolving media

drto _ 20,Cy

f))

In [c(0)]

dw T

Arnold, 0808.2767

Evaluated at the position of the parent parton at time t

Need to solve this differential equation for each trajectory

® This is a conceptual issue: we cannot know a priori how g(#) will behave along the
path

® In the IOE framework one also needs to solve this differential equation
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The HO as an example

® HO spectrum in an evolving media

drto _ 20,Cy

In [c(0)]

f))

dw T

Arnold, 0808.2767

Evaluated at the position of the parent parton at time t

Need to solve this differential equation for each trajectory

® This is a conceptual issue: we cannot know a priori how g(#) will behave along the
path

® In the IOE framework one also needs to solve this differential equation

® What do people do?

Carlota Andrés 25
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--
0--"
-
-’--
-‘-_
--‘-
_a'

® Full one (soft) gluon emission in-medium calculation

med A
W om)2s Re/ ds n( / dt /pql ip - ( . ) ol —q)K(s,q;t,p)P(L ,k;s,l)
BDMPS-Z

(Vacuum subtracted)

® Broadening

0 P(1,k;s,l) = —%H(T)/ ok —K)P(r,k';s,1)

® Emission Kernel

' 1 / = /
0K (s.q:t.p) = T PR (s, g ,p>+§n(t>/,a<k )R (s, i, )

Screening mass

8z u(t
o(g) = - Vig) + (Zﬂ)252(Q)J iy  vig =— 2
! (g2 + u2())
CA, L. Apolinario, F. Dominguez, 2002.01517
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--
0--"
-
-’--
-‘-_
--‘-
_a'

. . >
® Full one (soft) gluon emission in-medium calculation o y
N ~ e
dl 200, C'p i : l q = !
= d dt | = = = [l —q)C -t L .k:s.l
“dwdk  (27)2w RGE ) ), /pqz v (l2 q2) Tk gt P ks
BDMPS-Z

(Vacuum subtracted)
® Broadening

0:P(T1,k;s,l) = —%@// o(k — k’)IP(T, k'; s, 1)

Medium information

® Emission Kernel

- ip? ~ L,
0K (s,q;t,p) = %’C(qu;t’p) * 5@/

o(q) =—-Vig)+ (2ﬂ)252(q)J Vi) Vig) =
l

CA, L. Apolinario, F. Dominguez, 2002.01517
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Why don’t we use the
rates¢

0.02 - ' ' '
Flill1 — Brick T = 200 MeV Asymptotic rates
N dI’
AMY - , I
0.015 [ w0, | e : / e dadt
- o= .
< e
S 0
~ oorr~ ]
L‘ -
= Finite length (full)
0.005 1 rates
w = 3GeV 0 Ko | | | | (a) l
E =16GeV 0 1 2 3 4 5
—> t [fm] They depend on

the time
Caron-Huot and Gale, 1006.2379
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https://arxiv.org/abs/1006.2379

Using rates

® The spectrum is the integral of the rates over the trajectory

— = dt o ——

dl r dr
dw 0 dwdt

® The rates are only sensitive to a region of the medium of the size of
the formation time

® If the formation time is small, computing the rates for a brick is a good approximation
(i.e. we can assume a constant temperature during the emission)

® So, one can pre-compute the static rates for all medium temperatures and at
each point of the path just read the rate corresponding to the temperature at that
point

This is how MARTINI implements the AMY (infinite length) rates
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Asymptotic rates

® The asymptotic rates are the rates for a medium of infinite length:

Asymptotic rates
dI’

Iim

/ -0 dwdt

, dl’
lim ——
t—oo dadt
0.02
Fu=111 i Static T =200 MeV
0.015 ¢
w =3GeV QS )
E =16GeV S 01
A
—» %
05
1 0 | | | |
V(g) 0 1 2 3 4

q2(q2 + mj)
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Asymptotic rates

: L : 8 u*
® Asymptotic rates for a Yukawa parton-medium interaction V(q) = ( 2]”{ )
q-+u
2 Asymptptic rates
Wppy = Lo (soft limit of AMY
’ result)
(,U/LUBH—14 50 w/chH—184 B (3 w/wBH:119
51 gl =20 : TingL =20 / Tl =20 '
Z - _ ' Static |
- A4F Static 4  1.5r Static 1 0.6 .
o i 1
= |
% 3'_ i
2 1.0t 1 04r .
[ I
S 20 g
3|
i 0.5r 1 0.2F T
1%- ) -
— Full -
%IIII O%II L %IIII
0 02 04 06 08 1.0 0 02 04 06 0.8 1.0 0 02 04 06 08 1.0
t'=1t/L t'=1t/L t'=1t/L

Carlota Andrés

CA, M. G. Martinez, F. Dominguez, 2011.06522
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https://arxiv.org/abs/2011.06522

Use of asymptotic rates

/

ny
(t + to)“

® Obtain the full spectrum along the path for n(¢) =

® At each point of the trajectory read the value of n(t) and compute the

. . _dr
static asymptotic rate lim —— for that value

. dI .
lim @ —— = 4a,Cy 91[ ip - G,(p)
t—o00 dwdt P

)
noJ %a(q —p) = ﬂGw(p) + @[ o(q —p)G,(q)
qq 20 2 a

Fasy to evaluate! o |
(Soft limit of AMY equation)

® Integrate the asymptotic (static) rates along the trajectory to obtain the spectrum
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Use of asymptotic rates

Dynamic spectrum: spectrum along the path . a=1,
n |
for n@@) = - .
(t + ty)® 4- static spectrum
N e dynamic spectrum
3 --------- asymptotic rates

Asymptotic rates: 3
spectrum obtained from integrating =~
the asymptotic (static) rates é '
gs
3

Static spectrum:
static spectrum where the
values of the parameters are set by the scaling laws

O
S 15 ......
. CS ----------------
. ASymptOth rates do not work well, : e
iall lar eroi :
especlally at large energles W 102 101 - -
o -
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Use of full rates

® For each point of the trajectory read the value of n(t) and find the equivalent
full static rate

W/CUBH = 18.4
2,0 YN L
ngL =20
® But the full rates depend on the time |
At each point of the trajectory we need 3 | '
to know which time to look at ELO_-
S |
® How fast the rates reach the asymptote depends on 05 ]
how dense the medium is | — Full-

080 02 04 06 08 L0
. . . /
The static rate must be evaluated at an effective time t'=t/L

nyt(t) = J dt’' n(t")
0

/

Scaling laws at the level of the rates (at each point of the path)
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Beyond the soft
approximation



Beyond the soft approximation

® The emitted gluon carries a fraction of energy z of the energy of the parent quark

= R dt dt 0
“ded?k (27T)22 (1—2) 2E2 ’ Plpzklkz (£,130, Po)

X (k1 — zp1) - (ky — 2p2) ’C(3) t' ko — zpo;t, k1 — zp1; P2 — P1)
X Pg(OO, k7 t 9 k2)

Blaizot, Dominguez, lancu, Mehtar-Tani arXiv:1209.4585
Apolinario, Armesto, Milhano, Salgado arXiv:1407.0599
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Beyond the soft approximation

® The emitted gluon carries a fraction of energy z of the energy of the parent quark

dl g(_q / / / prcemr ey
= t t ; 0 |

x (k1 — zpl) (ky — zps) KO (& kz — pz,t ki — zp1; P2 — p1)
x P, (0o, k: ', ko)

Blaizot, Dominguez, lancu, Mehtar-Tani arXiv:1209.4585
Apolinario, Armesto, Milhano, Salgado arXiv: 1407 9
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Beyond the soft approximation

® The emitted gluon carries a fraction of energy z of the energy of the parent quark

“dzd?k (27r)2z(1 — ) 2E2 e [t [ a Vi ' ’pl’ 0’1’0)‘

X (k1 — 2p1) - (k2 — ZP2 '/ 27 k1 _Zpl.’ pz —
X Pg(OO, k, t,, kQ) g s » ‘

Blaizot, Dominguez, lancu, Mehtar-Tani arXiv:1209.45'
Apolinario, Armesto, Milhano, Salgado arXiv:1407.059 - f
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Beyond the soft approximation

® The emitted gluon carries a fraction of energy z of the energy of the parent quark

dal as Py (2) / / / oy
Tk @ - e ), A o |

AP (t, pi; 0,po) |
2, t kl — ZPV1;P2 — P1)‘_
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Beyond the soft approximation

Blaizot, Dominguez, lancu, Mehtar-Tani arXiv:1209.4585
Apolinario, Armesto, Milhano, Salgado arXiv:1407.0599

® The emitted gluon carries a fraction of energy z of
the energy of the parent quark

dl s Pyeq(2) /oo / /t, /
= R dt dt t.p:0
"Gk~ G- B Sy UL Y e, OPEOPY
x (k1 — 2p1) - (k2 — 2p2) KO (¢, ka — 2pa;t, k1 — 2p1; p2 — p1)
X Pg(OO, k7 t/7 k2)

® The emission kernel is

K® (ts, qostr, ;1) = / e~z 2—urqitvl)
(AR DXV

u(ta)=us . . to to
< | Duexp{”(12 2)E [ a5 [ dﬁn(ﬁ)as(U(f),v;z)}

u(t])=u t1 t1

1 1 1
o3(u,v;2) = ia(u) + —0((1 — 2)u +v) — o2

2
Carlota Andrés 36 BNL 2020
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Beyond the soft approximation

Blaizot, Dominguez, lancu, Mehtar-Tani arXiv:1209.4585
Apolinario, Armesto, Milhano, Salgado arXiv:1407.0599

® The emitted gluon carries a fraction of energy z of
the energy of the parent quark

= R dt dt t 0
ZdZko (27_‘_) 1 _ Z 2E2 S p1pakeiks ( » P15 7p0)

x (k1 — zp1) - (ky — 2p2) IC(3) t' ky — zpa;t, ki — 2p1; P2 — P1)
X 7DQ(OO) k7 t 9 k?)

® The emission kernel is
2

K£® (t2, @2;t1,q1; 1) = (27T)45(2) (1)5(2)(612 — ql)e_i%(lq_zzw(trtl)

2

1 [t 22 (t,—s ~ c
N 5/ dsn(s) e z=a-=m 27 / G3(g2 — ', 1 = U; 2)K (5, ¢'s 11, @13 1)
t q’l’

ol )= [ e oy, v2)

- (27§ (@) + 67((1 - )1 - Qo(t) - ;07 (g + Do)

C
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Energy spectrum without kinematic constraint

® Integrating in k over the full transverse plane (R - o)

d] P
_ vq(2) Re/ dsn(s / dt/ (—2 — —)
dZ (1 T z) QIQZl l q2

(l — 2,2 7q27 7q1)

® The emission kernel is

’E/(Sa qz; t) ql) — /16(3) (8’ q:; t) qi, l) — / B_i(u2‘q2_u1'q1)
l

uiu2

u(s)=us iz(l—2)E [° . . 1 [? .
<[ o Duexp{ I [Cagar - d§n<g>03<u<§>,o,z>}
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