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Jets in Heavy lon Collisions U

There are many assumptions going into these type of computations. Some are:

$ The leading parton is assumed to be eikonal

Recoiless background admits to be treated classically (stochatiscally)

Medium is assumed to be static, homogeneous and infinitely long
Today

A recent extension showed how to treat anisotropic flowing media in the dilute regime
Today

Such effects are sub-eikonal but enhanced by medium scale or are leading order effect

Multiple medium-probe interactions
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Overview

@ The Opacity Expansion and BDMPS-Z formalisms

@ Broadening in a dense anisotropic medium

@ Opacity Expansion approach

@ BDMPS-Z approach

@ Final particle distribution



@ Medium model w T \E

The field generated by the medium reads

Model dependent elastic scattering potential for source i

e Srue— No energy transfer in each scattering: transverse t-channel
gluon exchanges only

gAN(q) = —(2m) g0 Y e aTFeE 12 0,(q) 6 (¢°)

We consider the Gyulassy-Wang model for the potential

We further assume that the interactions satisfy color neutrality in the 2-gluon approximation

1 J(P q) e / , J'(p-q
(t787) = -t (t:t%) = —5 5ab f ‘
SR *1 7
Only non-trivial correlator Probe mtera.cts with the same scatteri.ng center in
amplitude and conjugate amplitude
jotf



€™ IGFAE

/A\\ ......................................

@ The Opacity Expansion: single particle broadening
In the simple case of homogeneous media, the particle distribution can be computed as follows

[1] Compute all diagrams up to 2N field insertions

. ;. — P} 4 C
For example, the diagram with r = N insertions at distinct [, reads @n = 55" <‘ g) J é .> <‘ ég ) .>

M, = ﬁ Z dign 08 roiti, Ginin_1 "—1)’02:,,,( 2) | J (Pin)
e m/ (2m)? R ) qp / gqm - <‘§> %J fé %» <. ﬁﬁj - .>

m=n

<‘§> 3@) o

For each /N, square and average the respective diagrams

The full squared amplitude is then obtained by summing over all N

(IM|?) = (IMo|?) + (IM1]?) + (MaMg) + (MoM3) + (| Ma|*) + (MsM7) + (My M) + (MyMg) + (MoMy) +
e . = NZ

The averaging is performed by taking the limit of continuous distribution in the medium

> fi= / d*x dz p(x, 2) f(x, 2) » [ Pa, e @Em = (21)260)(q, £ q,)
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@ The Opacity Expansion: single particle broadening

In the simple case of homogeneous media, the particle distribution can be computed as follows

Resum the Opacity Series
A detailed derivation shows that the square amplitude for 2NV insertions has the form

N zn+1

d*q,
(MY = H / iz, / T (G 2) |J(E,pm>|2

n=1

where we identify the effective scattering potential

Vig,2) = —~Cplz (\v )|2_5(2)(¢1)/d2l |v(l2)\2)
& E

The resummation in this case is simple:

Z/ dzpd2 i () (—1)N V(r)L]" dN© V(@)L dN©
d2de — N! 2rdE d?xdFE
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@ The BDMPS-Z approach: single particle broadening S T

One can try to perform the resummation already at amplitude level. In this case the steps are

[1] Compute an effective in-medium propagator

G G, G, G,
I S U S O O
This results in an effective propagator G
Ty L L z=0 (XL’ L)
G(xr, L;xy,0) = /Dr exp (zf/dTi“z) P exp (—i/thngv“(r(T),T)) /
1y 0 0 O
(X()a ) —

Compute the relevant Feynman diagrams

dzpind21—)in — % [—
(M) = [ PP Gy, L pin,0)G (B, LB O (Bin) (B
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@ The BDMPS-Z approach: single particle broadening

One can try to perform the resummation already at amplitude level. In this case the steps are

Solve the remaining average of dressed propagators s4u(9) = ~(2m)¢"v*(9)3(q)  v*(e) = X, 1 uila)

Ty _ L L
G(xr, L;xy,0) = /Drexp (gfah‘i”z) P exp (—z’/thng “(r (7‘),7‘))
o 0 A S

0

Two alternatives:

1) Solve first the path integrals and then average

In practice this option, implies performing resummation as in the Opacity Series approach

2) Perform the average before integration (|MJ*) = / d%;;”?ff “(G(ps, L; Pin, 0)G' (P, L; Pin, 0))J (Din) T* (Pin)

In practice, by solving the remaining integrals one performs the resummation of averaged quantities directly

The key step is to use the fact that the color average of potential at different positions

2 2— J— iq-(r—x) ,—iq-(r—x) ,iq, (T—2) —1q,(T—2)
(7 ,?)>=Cg4/dzd2wp(w, z) /dqdq"dqdq" ° ° 6—2 -~ '
(2)8 (@® + g2 + p?(x, 2))(@° + @2 + p*(x,2))

(toroj¥

PI'O.]

“(pr,7)t°

prOJ

implies for Vp = 0

L No need to deal with double
diagrams explicitly

<7> exp (—i /O ’ drte, v (r(7), 7‘)) P exp (z /O ’ dr tt (7 (T), ?))> — exp {— / dr V (T{(T)‘— F(T)) and single scattering
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@ Broadening in anisotropic media: Opacity Expansion approach

Previously when averaging in [2| we used

> fi- / iz dz p(z, 2) f(x, 2)

" / Az, e~ TF) e = (21)2 6% (g, £ G,)
V=0 B

For anisotropic media this no longer holds

We perform a gradient expansion for the 2 relevant parameters: p and u
p(x,2) = p(2) + Vp(2) - pi(w, 2) = p(2) + Vii(2) - x

So that when averaging instead of a momentum space Dirac delta one obtains

(a0t 0
d’x, 18 e InEa@) = = j (21)? 0 (g £,
(2m) O(gn £p)a (4 )
N N nt1 ia, 2
With this modification, we find that the /V order squared contribution now reads (ImP)™ 1;11 [(—” / I [ G V(WTJ} [J(E, pin)
() N Fnitl d2q ] N N 5 5
(I =11 / dz”/(27r)n2 ( Z m = Zm1)Pm ) (me"'vﬁﬁm)) (=1)"Vi(q1) - Vn(an)J (B, pin) |’
n=1 |0 1 =1 k=m k

N
Pn =Df — D GQm, Din = D1 o
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@ Broadening in anisotropic media: Opacity Expansion approach W -.=-.-=

Proceeding as in | 3| we find that Vie) = V()
g\;;fg =/ di%ir eip-(m—r)(_l)N[V(r)L]N{Alr! +E(NL+ 5 ¥ : (N+1—m)p- (‘;’((:))sz %Vp) N1 )2:;7((:)) Y
HiEL=m) (VS?X = mes Vv\(}(” v ] }ffél
Resumming the opacity series then leads to the compact expression
NS [ iy (O VT O, N Vp=Vu=0

(27)2 N! &rdE d?xdE

| Vo, Vu#0

- 3 [y 1 av©  V(z)L? (V' 1 dN'®
AN :ev(m)L{ 1_Z.V(ﬂv)L (V(w)w2+lvp>.VV(m) ;j;deH (;"; (V((;"))Vu“r;Vp)'V }
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(2) Broadening in anisotropic media: BDMPS-Z approach W

To linear order in gradients from we find Now et mn) =cot [Gdepe, 2 [TITaMN TR T

2m)® (@ + ¢ +p¥(=,2) (@ + T + 12z, 2)

= iq-(r—7)
. b ot 7)) ~ (1 4 r(7) ’I'(T).( 0 2i)) g d’q e
<tpr0J (r 7-)tpro‘] (r7 T)> ( 2 Vpé‘p T V/.L 5“2 C 5(7- T) Py (27.(.)2 (qZ + “2)2

One can still show that the 2-point correlator exponentiates <7’exp (—i /O L d”f‘irojv“("(f%f)) P exp (@ /O L dﬂi’mjv”<?‘°<?>f>)> = exp {— /L dr VY (r(r) —F('r))}

<7>exp (—7; /O Cdrtn wn(e(r ),ﬂ) P exp (z /0 Cart (_(?),?))> =exp{_

Center of mass of dipole Dipole size

Combining all the results one just needs to compute (= [ ° ’?;f)f (G Dy, L Pin, )G (D1, Li Pin 0)) (Pin) T (Pin)

(G(ar, L; 20, 0)G (&1, L; To, 0) —/Dr/Dr exp{’ffo dr [i? —r2]} exp{—/LdT [1+’°(T)—2FF(T) | (vp(;+vu2(5/‘i2)IV(r(T)—r(T))}

0

10



@ Broadening in anisotropic media: BDMPS-Z approach

To solve the path integral it is convenient to go the center of mass coordinates ,
Uu =7Tr-—-rT

0

(G(zr, L; x0,0)G' (T, L; Tp, 0)) :7%7pr exp {z'E/OLdm.w} exp{—/L dr [1+w- (Vp%+Vu2%>] V(U(T))}

Uuo wo

Since the action is linear in w one can solve it exactly
5

L ‘ )
}exp {—/ dr'V (UC(T))} Fu =1 <Vp$ + Vﬂ2m> V(u(r))

E 2
G(xr, L;xo,0)GN(ZL, L: To,0)) = | —— - d
(G(xL, L; 20,0)G"(ZL, L; T, 0)) (27rL) exp {zE(w U) O

At leading gradient accuracy we can solve the eom perturbatively
¢
Mo w00 = g (Ve Vi) {/dcfdgv O /dc/dw(u‘”(s))}

u.=u” +ul’ u (1) = ——

The relevant correlator then reads

L

2T 2 D ewr iu PintPin

(G(ps, L; pin, 0)G' (Py, L Pin, 0) = (Lz) / g dPuy e” P 50 (4,(L)) 6O (pm—pm—Euc(o»exp{— / dTV(uccr))}
0
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(2) Broadening in anisotropic media: BDMPS-Z approach

0 0

The eom are further constrained to give FEu=: (Vpg + V/LZW) V(u(r))

u(7) =ur + . (

Contracting with the initial currents we find

1

(IM]%) =

(2mL

Such that for real J this leads to

Vog, Vi )V ) {(T_ZL)Z}

L
—iprur P g . E .
2 / d’ P, d*ug d*uy e PruLetbin 52 (t.(L)) exp {—/ dTV(uC(T))} J (Pm-l- Euc(O)
0

6 (te(L))
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AN

d?xdE

~ exp {—V () L}

,

\

|

L3 o , 0 dN©®  GiL?

Same result as in Opacity Expansion approach

2

0 )
Vp(sp + Vi 52

)V(m)-V

AN

d?xdE

}

ssssssssssssssssssssssssssssssssssssss
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@ Final particle distribution W

- - - - AN iL? 6 5 AN© L2 5 5 dN©
The final distribution has the form sz gE=<-® L}{ [1 ~e5 VY@ (V% t WW) W)] PzdE 2B (V% g 57 ) Vi) dewdE}
dN dN(O) In the literature this is sometimes referred to as single particle broadening distribution (when Fourier transformed)
— P ( ) ‘I ( ) Usually a unit operator, but now it acts with V on initial distribution
d?xdFE d?xdFE

RS pesmnm— Effective factorization no longer holds in general due to operator nature

. P2 dN dN dN (0 2 AN ©
Still / P epdE = &zdE  dmdB| P e dE
: : P : dN©  f(E) _»?
We consider first the case of a source with finite width E— = ~e 2
d*pdE 27w
It is possible to show that even though (p) =0
higher odd moments can be generated, for example
< N 2> ’sz2/L2 vap n E | L3N4 vap n E 2 Higher N terms dominate due to diverging potential at large momenta
PP7="F\ p L 6EX2 p v

13



@ Final particle distribution

. - - . iL3 5 , 0
The final distribution has the form z.: exp{—wwﬂ}{ V@ (Ve Vg

12

If we neglect initial state effects, then we are left with X = oy,

)Y@ e
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AN © }

0 2

471_”2 medium opacity
: i L? ) ") 4L del—27E
P(p) = / P e PTe V@@L |1 _ o () - (Vpﬁ + VM25_,LL2) 1% (a:)] where for GW model YVGW(GB) = p’z" log ZZ =+ 0 (u'z’)
2 2
p° >
In the hard region where p? > xp? it can be written in a closed form
drp®y  16muty® (. p? Arp*x*L [Vp (, p Vil p
P P) ~ - - —_ . =
() o + o log 2 2|+ 3E p log 1A 4 u2 | pb
| 2 1—2v5
In the complementary region where p? <« p* < xu#* one has %VGW(:L-) ~ plz’ (log% + log 4;23; )
_ 2 - 2
47 L p2 - 2X,LL2 log % Vp 1 V,Uz B ig Q;
P(p) — Q2 1 4 Q2 Q2 9 "P|E€ H Usual Gaussian distribution
xputlog sy | OF  xp?log ' P logy M _

14
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@ Final particle distribution

3
For the full GW model we obtain P(p) = / d*z e PTe VW |1 - G—EVV () - (
272 ' -
v —VOW (g XML - RHIC P s
Pp) = [ e @ 1N (e . |
. 6F - S : |
GW Vp X “2m2 V/.LQ 0505_ u=0.33 GeV 2k
X |V r)— — = |1 — Ks(lx - X =l =143
( () P L 2 2( |,U)] j? ) e | . a
¥ & T
] ]
We use the parametric relation
-+ No gradients « No gradients
Vp VT Vi VT [t (e
™~ T ? 2 ™~ T 001505 ""0.10 : T 050 3 ' EEETE REEEr | l ’ 005 010 080
P H p1 [GeV] p1 [GeV]
To rewrite the full distribution in terms of the G a0
angle a and parameter cor = |%F| e e : o
- 2L2 % — ¢r=0.00z, a=r Qe_j 0.050L — ©r=0.0005, a=rt
P(p) :2#/ drxe V" @L {JO(pLCL‘) XH : CTxKO(a:u)Jl(pL:c) S y
0
X (3VGW(:13) — % 2 — :c2,u2K2(:1:,u)]) cos(a)} 005 . ;

p1 [GeV] p1 [GeV] 15
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Conclusions and Outlook w | CFAE

We computed the broadening distribution for non-flowing anisotropic media

We derived it in two jet quenching formalisms: Opacity Expansion and BDMPS-Z

Final distribution generates leading odd moments

Future plans:

Perform the resummation for gluon production

® 11z

Impact on jet substructure observables

Extensions to EIC set up



