i -
=~ I G FA E UNI®] [5 XUNTA i‘% s mvme,, e
\ p Instituto Galego de Fisica de Altas Enerxias 'i“ DE GHLIC[H st ;LD:E:’;::"L?I;@E?EJTI ar
W Instiwto Galego de Fisica de Allas Enervias EEEENES @2 BN 4920092092092 " @ R i o st Feacer Eveoy -

m European
Commission

Particle production beyond eikonal accuracy in the
dilute-dense CGC framework

Pedro Agostini
Universidade de Santiago de Compostela and IGFAE
pedro.agostini@usc.es
with Néstor Armesto (IGFAE) and Tolga Altinoluk (NCB]J)

09/12/2020

Instituto Galego de Fisica de Altas Enerxias (IGFAE) ( igfae.usc.es )


mailto:Pedro.Agostini@usc.es

The eikonal approximation V

Eikonal approximation Our approach

Boosting the target |

Dense and left moving: Strong classical field Infinity Lorentz factor: y — o We still neglect the transverse
N component of the field
Akx 0
( - - 0
1 X Iz +
L (W,_,x) AL = SEHA™ @) ARC) > ) A )
14 14 0 0
X = 1
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! The projectile is eikonal and dilute

jH(x) = 6#+8(x7)p” (%)

( igfae.usc.es )

Instituto Galego de Fisica de Altas Enerxias (IGFAE)




Non-eikonal pp scattering J

mm) Gluon production in dilute-dilute (pp) collisions:
Double gluon production in the CGC is

symmetric in transverse momentum:
Non-eikonal corrections are sizeable at

mid-rapidit : :
PICILY Non-eikonal corrections break the symmetry:
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095 Odd azimuthal harmonics
Qg 0.90 :
o = p=1GeV 0.0120["
[ pi=2 GeV
0'85': — p,=25GeV | g 0.0115 - — Non- Eikonal
[ =1 0.0110" Eikonal
0.80 bt - e g
1.0 1.5 2.0 2.5 3.0 3.5 4.0 -
n g 00105
, § 0.0100+
S A 2
0.0095+ : ! ; _
., I. Altinoluk, N. Armesto, arXiv:1902.04483] 0 05 10 15 20 25 30
., I. Altinoluk, N. Armesto, arXiv:1907.03668] Ao

Instituto Galego de Fisica de Altas Enerxias (IGFAE) : igfae.usc.es J




Dilute-dense scattering (pA) in the CGC Y,

Single gluon spectrum

LSZ reduction formula

dN .
(2m)3(2k™) PR (1MUY 1 —> M (k) =€) [ d*x eR* O, A%(x)

Looking for the retarted gluon field

Target: dense and left moving Projectile: dilute and right moving
Al (x) = 6P~ A (xT, x) jH(x) = HF i (xm, x)= SHTS (x ) p? (x)

Linear response: A4 = A +a +0(g3) —— af(x) = —if d*y G5 (x,¥) ap jup (%)

B LCGauge: A* =0; 65 =0 mm)  MAK) = e[ d*x e [, al(x)

¥

We are only interested in the transverse part of a*(x)

Instituto Galego de Fisica de Altas Enerxias (IGFAE) : igfae.usc.es J



Gluon propagator through a dense medium

Scalar retarded propagator

Solve the 2+1 dimensional Schrddinger equation

02
[5ab (i O 2k_x+> + gv‘l‘(x+,x)ab] G (xt, x;y,y) = i69°6@ (x — y)S(x* —y*)

The solution is a Brownian motion around the path z(z")

X lk+ xt
G (x*,y%,y) = 0t —y*) | Dz(z*)exp [7 f _dz* 22| U (x* y*i2(")
y y

L Propagator of a gluon moving through a dense medium (extensively used in jet quenching)

x+ ab
U (xt,y*;2(z)) = PYexp {ig j dz* Jl‘(zﬂz(zﬂ)}
y+
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Gluon production matrix J

Single gluon production amplitude

After contribution
M (k) «
Kkt .
2 j el(k—q)-y ruy(L+, O)ab

k? y
q' o Before contribution
—2 _zJ CRidies Q,ff (L*,x;0,y) / (doesn’t appear in jet
q” Jyx N quenching)

1 : . L
+ k_+Ly eldy—i k-x jo dy+ [ayiglilf (L+, X; y+, y)] ruy(y+’ O)Cb

Inside contribution
(completely non

eikonal, L* # 0)

9 MARIK® Instituto Galego de Fisica de Altas Enerxias (IGFAE)
»

( igfae.usc.es )



Generalizing the dipole operator J

1
) do = ﬁ(Tr[‘lly(x+,y+)u;(x+,y+)])
Single gluon spectrum c

T
1

dN dy = = (Tr[Gir &%, 7%, ) Uy (* y D))
C
g < (MEWME T, ‘ ) T
dz (TT'

= — :gk+(x+,x;y+,y)9,i+(x+,7:y+,7)])
Nz —1 T

... and also a fourth one
(p?(®)p”* (), < 5205 (x — y) (MV model)

GBW model

Localized GBW model

1 ; G
NZ—1 (Tr[uyuy )T = exp —T()’ —-y)

1 ; =t
@(Tr[“uy(xﬂy*)ﬂ;(f,y+)]>T = exp {—%(J’ ~-¥)? X L+y }
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Discretizing the longitudinal space Y,

generalized dipole operator : // ZN—1/

1
o P e e - + 5.+ 9T Zq
NCZ _ 1<Tr[gk (x y X,y ;y)gk (x y X3 Y ,_')’) ])T /y/?i/ /\/

+ o4+
y lez 500 ...ZI'\i;_lx'l'

Discretizing the longitudinal space

+

X lk+ X
GG xyty) = 06t -y | pz(z+)exp[7 || ar 226
Yy

+

y
g]?f(x+;x;y+'y) / I

N—-1 . N . N—-1
s . N . —ik™N ikT™N .
- I\IIl—I;ro}o@(x -y ) l_Id Zy 2(X+ . y+) exp 2(x+ . y+) Z)(Zn+1 - Zn)
n n=

1P (x+, yt; Z(Z+))

+ +

N—1 ab
x —
p+ {1_[ exp [ig Ny a‘l_(z{{',zn)]}

n=1
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Discretizing the space Y,

Non-eikonal dipole operator // zij/
! + + + + t /\/
. x- v zZ
E — (TrGir &F, %y, P)Gr (7 % 7™, 3) ])T /yJ?E/ A
ytzizs ...

+ .t
cee ZN—1x

Discretizing the longitudinal space

1
NZ -1 (Tr[gk'l'(x-l-ix; y+;y)gk+(x+;xi y+17)1-]>
c T

X

NZ _ 1 (Tr[uZO (Z(-)F’ Zil-)ull (Zil-’ Z;) o UZN_l(ZI-\l;—l’ ZI-\ll-)uzN_l(ZR/-—l’ ZI-\ll-)-I- o uil (Zil-’ Z;)TUZO (Z(-)F’ Zil-)-I-])T
Cc
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Localization argument J

The MV model is local

The target ensemble is color neutral
For a generic functional F[pr] of the target charge density: o

(FG*,zDF (2%, x D)) = (F(F, z))p(F (2™, x ) 5 y7 <z <x7 ToONE-1

Localized GBW model

Q52 Z++1 - Z:f Qsz
—_ n —_
(71l o8, 00U G ) = 000 5 o = 20 Z ) — ep |- G2, - 2,2)

N2 -1 i

(Tr[Us, (25, 20Uy, (2, 23) ++ Usy_, (21, 28 ) Uzyy_, (2N -1, 20D - Ug, (21, 23) VU, (25, 21)T])
T

NZ—1

= Gy (W @ 20Uz, (28,20 ) AT [ Uy, (o, 20D Uy, (o2 D),
C
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Discretizing the space V%

Performing the integral

Gaussians are doable

Z 1 ™~

(Tr[9k+ (X+, X, y+' y)gl;l-+ (X+, E; y+' y)]>

Nt -1 .

i k*N

T —iktN \
= 1\1;i_r>r<}o®(x+ —y) J 1_1 d*z,d*z, <2(x+ — y+)> exp
n=

2(xt —y™*)

2 N-1
S|

4N

N-1 Q
Z{(zn+1 o Zn)z - (2n+1 - Zn)z}] exp {_
n=0

n=0

(Zn - Zn)z}

The solution

(Tr[Ger Ot 7%, G5 (0, %y, 3)])

NZ -1 .
k+

2
B <2ﬂ(x+ - y+)> P {i

k+
2(xt —yt)

[(x =) - (x—y)?

2

Qs
Joul
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Dipole operators beyond eikonal accuracy

2
f TR CTD(Tr (G (et 2y, )G (L E v P)]) = exp {— % Y-y —ik-(y- ;V)}

NZ -1

It is the same as the eikonal dipole operator! (only for single gluon production, not for double inclusive)

G UT operator

j ek (TG (o, 5y, UL G,y D)),

aA(a?€)Q? : : :
= A(a2€) exp {—iA(a%)k‘LJr PP s 2 )’ (y — )’)B( 2¢)| — ( . ) Q5 (y—i)z} ﬂlarmonlc oscillator:
1+
— -1
- = B0 = cosh™? (15
=9 Non-eikonal parameter: € = QSZ ' (Eikonal approximation < € = 0) tan _%x
A(x) =
_lx
2
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Results
/

Sizeable at mid-rapidty and large p;

Sizeable at RHIC energies

Syn = 200 GeV, Q; = 1GeV and Ly = 6 fm Nn=050Q;,=1GeVand L, =6 fm
o bor _\
098 | |

i 0.9}
0.95 | I
s I § o8l
& 094 s |
09z i 07-'
[ — /Sy =60 GeV
0.90 0.6 L= VSW=200 GeV
b —— VS =5020 GeV
1 2 3 PR T s T s
k [GeV] k [GeV]
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Results
| /

Comparing with data

We convolute our result with a FF:

10t F —— Eikonal

de+A—>T[++X . jl dZDn+( . |k|) ng —— Non-Eikonal
dnde = - 7z g z,0Q = dT]de A 4 STAR nucl-ex/0601033
[NLO NNFF1.0 arXiv:1706.07049] -
5
g 107
M) STAR A+ Au— 7t + X at \Syy = 200 GeV ZE
ly| < 0.5 and centrality 0-20% k 1o-s |
- Our parameters: n = 0.2,Q, = 1 GeV ol

L{ =7 fm

The improvement with respect to the eikonal

Not attempting to fit data (ordinary
NLO corrections are needed)

approximation is a factor 2 at large p, !
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Conclusions

We have computed the dipole operators and single particle production
beyond eikonal accuracy in dilute-dense scattering (pA)

Non-eikonal corrections are sizeable when /syy < 200 GeV, n < 1 and
p, > 2 GeV mp relevant for RHIC and EIC

We are working on computing double inclusive gluon production
beyond eikonal accuracy in dilute-dense scattering and studying its
azimuthal harmonics
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