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K. Rajagopal et al., review, 2018

Some motivation
* Learning about QCD in Early Universe (“Big Bang” matter)
* Probing QCD phase diagram (extreme conditions)
* Probing nuclear structure (probing partons)

« Understanding matter formation (and its evolution)

« Add your favorite option here
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Hard probes
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Hard probes

Final render
Ex: 75306

Se 1/1

Im 1/2

Lin: DCM

W: 4095 L: 2089 Acqg tm: Q@:

LABORATORIO DE INSTRUMENTAGAQ
E FISICA EXPERIMENTAL DE PARTICULAS




R. Baier et al, NPB, 1997

B. G. Zakharov, JETP, 1997

R. Baier et al, NPB, 1998

. o M. Gyulassy et al, NPB, 2000

Jet quenchmg formalisms X.-F. Guo, X.-N. Wang, PRL, 2000
U. Wiedemann, NPB, 2000

M. Gyulassy et al, NPB, 2001

P. Arnold, G. Moore, L. Yaffe, JHEP, 2002

C. Salgado, U. Wiedemann, PRD, 2003

LABORATORIO DE INSTRUMENTAGAQ

E FISICA EXPERIMENTAL DE PARTICULAS



Jet quenching formalisms

X a%(Q)
q
P Psi—q

gAMe (q) =) €Tt uk v(q) (27) 8 (g - u)
v \ ‘\ (1,0,0,0)

color sources

LABORATORIO DE INSTRUMENTAGAO

/([

'IA\

E FISICA EXPERIMENTAL DE PARTICULAS




Jet quenching formalisms

/ N

(t42) = C8;;6% > = | dxp@)

color neutrality () .
source averaging
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J. Casalderrey-Solana, C. Salgado, lectures (Acta Phys.Polon.B), 2007

Resummation (BDMPS-2)

P;, P, P; P, D,
g g, q; q,
V. V. V. V.
Ji J; Js Ji

) dQme iﬁ
ZM(p) :/ (27_‘_)26 25 L G(pvaapznaO) J(Eapzn)

2

0,G(p.1) = ~iLGp. 1)+ [ 5(a. ) v, Glp — a.L)
q

emergent Schréodinger equation
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Resummation (BDMPS-2)

W = (G'(k, L + ¢;ko,0) G(k, L + €; ko, 0))

!

p-V
oW (. Y) =L W v) - [ Vawe-aY)
emergent Boltzmann equatior(1l
Cg* E
(p?) :/ p°W(p,Y) ZL/pQV(p) — j PL 1og =
P, Y P 7A IU,




Some questions
* Where is the energy loss?

« What about the other phases of matter in HIC? For which phases
that description works at all?

« Do we really need all these approximations? Do we learn
anything in such an oversimplified setup?
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M. D. Sievert, |. Vitev, PRD, 2018

Gluon emission
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Gluon emission
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J. Casalderrey-Solana, C. Salgado, lectures (Acta Phys.Polon.B), 2007

Gluon emission
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Jet quenching formalisms
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q
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Gluon emission

Np
(P41 +pn) - u
(—1)/ ton 0 (Ppg1 — Pn) :
| ] i

d4 S S+l 1
<[ 0t P (o) 50, — 1y — )T ()
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Ny
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Gluon emission

Np
i / t;?oj[)an (Xna Zn) U<pn+1 - pn)en,n—l e_ixn.(pM—l_pn)e_izn(ﬁn—’_l’z_ﬁnZ) '](151)
n=1 Pn,Tn
Np
- H [2/ tproiP"" (Xns Zn) V(Prt1 — Pn)Onn—1 e—ZXn'(PnJrl_p”)] J (1)
n=1 Pn,Tn

Np

B / H [Z/ ooV (%1, 20) 9”’”_1] J(py)e X1 (Ps—P1)
P1,X1 n=1 Zn

/L. \/0 th;T’Ojva (X17 T) ] J(ﬁl)e_ixr(ps_pl)

= P exp

P1,X1

= / Win(x1; 25, 0)J (p1)e "1 (P==P1)
P1,X1
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Gluon emission

N;
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Gluon emission

Ny
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Gluon emission

pin p2 p3 p4
@
q, q, q;
v. V. U.
Ji Jz Js
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Gluon emission

L iy
)
q, 9, q; —> /Drexp 7/d7’1‘2 P exp —z/thgrOJ
X0 0 0
v, v, v,
jl -]Z ]}
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Gluon emission

pm p2 p3 p4
@
q, 9, 4;
v. V. U.
Ji J Js

W = Pexp (—Z' / dzt 5,05 AL (v (7), 7'))

, |

L

E

%/de‘2 P exp —i/thgroj
0

0

v (r(7), 7)

if Eislarge, then E¥y = F -1 =0

\’

iM(p) = / 1 e~ {P=DXp)(x) J(E, 1)
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Gluon emission
W = Pexp (_i / dz" tgroj AZ(I'(T% T))

pm pz p3 p4 J/
@ X E L L
q, q, q; — /Drexp (%/dTI"2> P exp (i/thgrojva(r(T),T)>
X0 0

0

if Eislarge, then E¥y = F -1 =0

2
iM(p) = / 1 e~ {P=DXp)(x) J(E, 1)

we don't need the LPM phases to get §
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PNy
W (p,Y) = — 2 XY wp ) - / V(@)W (p-a,Y)
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Gluon emission
W = Pexp (_i / dz" tgroj AZ(I'(T% T))

P, p, P; Py l
@ X E L L
q, q, q; — /Drexp (%/de‘2> P exp (i/thgrojva(r(T),T)>

0 0

if Eislarge, then E¥y = F -1 =0

2
iM(p) = / 1 e~ {P=DXp)(x) J(E, 1)

we don't need the LPM phases to get §
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Gluon emission

L iy
)
q, 9, q; —> /Drexp 7/d7’1‘2 P exp —z/thgrOJ
X0 0 0
v, v, v,
jl -]Z ]}
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Gluon emission

pm p2 p3 p4
@
ql q2 q3
v V. (%
J J2 J
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()

\
)
]
@
"
o
|
O\h

L
dr 12 P exp —i/thgrojUa(I'(T)yT)

_% z}i—r>noo 0 dzs /d2x0 e~ ™ol J(xo)

k3

X W(XO;OO,Zs) groj W(Xo;ZS,O) ei%Zf
X [e-?xogba (kr,23%0, 25)

small-x limit, i.e. (‘)/E K1
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Gluon emission

L L
1B
g, 49, 45 B /DI‘GXP 7/d7—r2 P exp _Z/thgroJUa(r(T>7T)
X0 0 0
(% v. (%
j Iy J

_ 9 lim dz /deOe‘iXO'lfJ(xo)
0

xF Z§—>00
— K}
J . a . 5Lz
O o X W(x0; 00, 25) t .05 W(X05 25,0) e'2*7

X [e-?xogba (kr,23%0, 25)

small-x limit, i.e. (‘)/E K1
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Gluon emission

pin

@

P,
q, éqz
v, v,
Ji

_ 9 lim dz /deOe‘iXO'lfJ(xo)
0

xE Zf-)OO

k3

X W(xq; 00, 25) ij W(xo; 25, 0) ¢'%e ™
X [e-?xogba (kr,273%0, 25)

small-x limit, i.e. (‘)/E K1
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Gluon emission

pm p2 p3 p4
@
q, q, q;
v. V. U.
Ji J Js

X L L
1B . a a
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X0 0 0
g - -
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kG
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small-x limit, i.e. (‘)/E K1
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Gluon emission

dN
3 E _ m
202m)w dwdEd?k z}1—>OON w2/ dz/ dz/ I (in)]

X <Tr
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Gluon emission

dN
3 E _ m
202m)w dwdEd?k z}1—>OON w2/ dz/ dz/ I (in)]

X <Tr

W(Xin; 00, Z) ts W(Xin; 2y 0) [va,xm gba (kf7 Zf5 Xin, Z)]

proj

a > ba = f
X (W(Xin§ o0, Z) tproj W(Xin§ z,0) [Voz,xmg (k, Zf3Xin, Z)} )
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Gluon emission

/.

dN Q e z
2 G _ 2 R
2m) ok~ Ncw2Re/o dz/o t /xo,y 6ol [(vx V=)

X <ch (k,L;y,z)GT% (k, L; X, Z) ><QC“ (v, 7%, 2) W) (x03 2, 2)>]

broadening of the gluon

L X=X=X
emission kernel
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Gluon emission

/.

dN Q e z
2 G _ 2 R
2m) ok~ Ncw2Re/o dz/o t /xo,y 6ol [(vx V=)

X <ch (k,L;y,z)GT% (k, L; X, Z) ><QC“ (v, 7%, 2) W) (x03 2, 2)>]

broadening of the gluon

L X=X=X
emission kernel
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Gluon emission

/.

dN Q e z
2 G _ 2 R
2m) ok~ Ncw2Re/o dz/o t /xo,y 6ol [(vx V=)

X <ch (k,L;y,z)GT% (k, L; X, Z) ><QC“ (¥, Z; %, 2) W% (03 2, Z)>]

broadening of the gluon

L X=X=X
emission kernel
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Gluon emission

(27)*w

AN
¥ dwd?k NwRe/ dz/ dZ/XO,y sl [v Ve

<gbc (k,L;y,Z )QTab (k, L;X,Z) ><Qca’ (y,Z;x, 2) Wj:xaa(xo;z,z)>]

broadening of the gluon emission kernel

02
_x : — 5@ (x — _
(5’,; S + 1V (x, t)) K(x,t;y,s) =6 (x —y)i(t — s)

LABORATORIO DE INSTRUMENTAGAO

X=X=X

E FISICA EXPERIMENTAL DE PARTICULAS

36



Gluon emission

dN Q e z
2 G _ 2 R
2m) ok~ Ncw2Re/o dz/o t /xo,y 6ol [(vx V=)

X <ch (k,L;y,z)GT% (k, L; X, Z) ><QC“ (¥, Z; %, 2) W% (03 2, Z)>]

X=X=X

broadening of the gluon emission kernel

02
S SR : — 6@ (x — _
(5’,; o + zV(x,t)) K(x,t;y,s) =6 (x —y)i(t — s)

W (e, Y) = -2 W, Y) - [ VaW e -ay)
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Gluon emission

Y x pla

(27)*wE

1

2
log ,LLQCUZ E— V — _$2
dN dl d Ny
——— = (27)? E
dwdbek ~ Y P
1—i [§
W
_l L 21w kQ(tLan Q)Z Q 1 |
e tw—G(L—Z2z) tan QZz k2 tan QL
:8&CFR6 Q) d — . ——<1—6 27w >
’ 0 G(L — z)tan 2z — 21w k2
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Gluon emission

dI
Y dwdZk

(2m)?

102

dI
Y dwdZk

(2m)?

w = 0.04w,
w = 0.06w,
w = 0.08w,

10° 10" 102
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Energy loss

(27) W NchRe i dz i .y (Vx - Vx)
<ch (k,L;y,2) GT (k >< (v, 7%, 2) W% (x0: 2, Z)>]
dI  2a,C L z 2005C
W _ FRe/ dZ/ dzVy -V Kmealy, 2; X, z)‘ _ ZTF log | cos Q2L
dw CUQ 0 0 y=z=0 T

l

I
AE:/ ;l dw ~ GL?

W
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Summary
« We have derived the radiative energy loss (in its simplest form)

« Any further jet quenching calculation can be reached from this
point in a similar manner

« Having the full spectrum in hand, one can study not only the
energy loss but the whole jet shape modification

 Infact, this is the entry point to the state-of-the-art branch of
many-body QCD applied to heavy-ion collisions, and, in general,
energy loss in nuclear matter
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Small systems

Nuclear modification factor

Notable tension in observations:

* Small systems seem to flow
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