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SATURATION REGIME/CGC

ko(k)

e High energy ~» high gluon density
~» formation of semi-hard scale, Qg

e Particle production is dominated by
kJ_ ~ Qs (Xs]:’l

L

ds%<<1

we know how to compute here

Aqep

e Weak coupling methods can be applied
as(Qy) < 1

o Still non-perturbative, as fields are strong, A ~ é ~» non-linearity is important

e Actual analytical calculations can be very hard
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WHAT DO WE KNOW ANALYTICALLY ?

Asymmetric collisions, when Qs of projectile # Q; of target, is the easiest case.

,’ QCD
Single inclusive production
e In general
2 2
dN _ f 5[’ sA
Pk k2 ’ k2
% %) is known onl Ily; for large k; = L% %
f el is known only numerically; for large k; > Q d3k %E@f
A. Krasnitz, R. Venugopalan, arXiv:9809433 E. Kuraev, L. Lipatov, V. Fadin, 77

o Ik > O )
2

N 19, Ew ey 1(% ﬂb(i +

Pk a2 k2 o | K2 K2

Functions f™ are calculable!
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SINGLE INCLUSIVE PRODUCTION

dN 1Q

- f(l)
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©e "o K K

e fU is known since *98

[

\QQQC )999‘} Y. V. Kovchegov and A. H. Mueller, arXiv:hep-ph/9802440

A. Dumitru and L. D. McLerran, arXiv:hep-ph/0105268
J.-P. Blaizot, F. Gelis, R. Venugopalan, arXiv:0402256

M Nuclear shock-wave

o f@: no complete result yet

esaat
1. Balitsky, arXiv:hep-ph/0409314
bba% G. A. Chirilli, Y. V. Kovchegov, and D. E. Wertepny, arXiv:1501.03106
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DOUBLE INCLUSIVE PRODUCTION

d®*N

1
Bkd3p o

1
— 03, KV (Qs) + = 05, K (Qun) + -+
(e a;

‘Momentum dependence is omitted to simplify notation

: : « » L _dN_ _ 14 4 LD
e Dilute-dilute “Glasma” graph: el QsstA h
A. Dumitru, F. Gelis, L. McLerran and R. Venugopalan, arXiv:0804.3858

e AV is known since *12 ; invariant under (k, — —k,)

A. Kovner and M. Lublinsky, arXiv:1211.1928
Y. V. Kovchegov and D. E. Wertepny, arXiv:1212.1195

e h®: no complete result yet
L

) ]
2, ]Zbaa'\ L. McLerran and V. S., arXiv:1611.09870;
%QQQ l g; 0% Yiu. Kovchegov and V. S., arXiv:1802.08166
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INSPIRATION FROM SINGLE TRANSVERSE SPIN ASYMMETRY

o Consider single gluon production

do

S ~ M@ = f Fxdye P MM Q)

o Amplitude may have two contributions
M(x) = Mi(x) + M3(x) + ...
o Asymmetry under k — —k would mean that
My (x) M5™(y) + M3(x) My " () = =M1 (y) M5™(x) = M3(y) My"(x)
~ M (x) M3*(X) is imaginary
~ Phase difference between M| and M3 in coordinate space

In coordinate space, but not dissimilar from STSA
S. Brodsky, D. S. Hwang, Y. Kovchegov, I. Schmidt, M. Sievert, arXiv:1304.5237
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NATURAL CANDIDATE

M3 M
e Vanishes for single-inclusive production after performing

average with respect to projectile configurations. ..
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DOUBLE INCLUSIVE GLUON PRODUCTION

| [

D

e Non-zero!
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CLASSICAL YANG-MILLS

pure gauge: a, pure gauge: a

nucleus p, proton P,

e Just after collision, 7 — 0+, initial conditions are known (Fock-Schwinger gauge A, = 0)
A. Kovner, L. McLerran, H. Weigert, arXiv:9506320

e In forward light-cone [D,, F*'] =0

e Solve equations perturbatively in p;; use LSZ
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GLUON PRODUCTION

o Leading order and the first saturation correction

AN (k)
“Phkdy Qi(k) [Q (_)]

dN°(k) _ ¢ [ &l SignkxD . -
&kdy [pr-rr] = WI {2 o P O E =D |5,

2 0iibm + Eijelm
(2 ) 2

pp’pt] =

[(R2eTe™ — 1+ (k - D(ele™ + 676™)) €7 + 2k - (k — DeVs™ 5™ | }
Here 6;;Q; = Q\ + Q,, and ;Q;; = Q,, — Q,, and

Val sour.

0;
(92 pb(XJ_)

target w lme

0; U (x,)

QZ‘(XL) =

L ]
valence sources rotated by the target

odd
‘ﬂ;—kd(yk) [pp, pT] is suppressed by extra a,p,

L. McLerran and V. S., arXiv:1611.09870
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MAIN INGREDIENT PRESENT IN EQUATIONS

gluon Ay
production (|

gluon target

Adjoint Wilson line:

Uxy) = Pexp (ig f dx* 1|4__| (x*, x l)] <  multiple rescattering
adj.
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LigHT cONE GAUGE A, =0

[ n n [ n b
Do 5 I %
0k o

% %iﬁw :;% - < s by %“:%g e 6@1§ N
EYIEI - A

R, %,,\ & Tﬁ%’% . @sﬁﬁ’% w% )

[l . n b [l . mn b n i b

+ %R%h,, %m by %m b
e TSRO

i %Qﬁh %yﬁm

Diagram D Diagram E Diagram F

e Reproduces result obtained in Fock-Schwinger gauge!
o In Golec-Biernat—Wusthoff model & Large N, & at high momentum:

2,2 2 2.2 2
do, 1 1 (ki +k5+ky ko)™ (kp+ks -k k)| 102 1 kg ok
2 Odzd = 312 fdzdeblTl@_@JS gsggo“’) 6,6 . 16 e 16 =+ 062 A2 e
deky dyy d=ky dy;  [2(2m)°] kK (ky +kp) (k) —kp) @2 A2 kiky
A B

4
LM e 2
* i v [P0 k) - P k)]

bl Yu. Kovchegov and V. S., arXiv:1802.08166
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SYSTEMATICS OF DOUBLE INCLUSIVE

o Leading order and the first saturation correction

dN®*"(k) 2 6ij6m + €j€m a *
D~y el = G 0 [, )

dNOdd(]_() g dzl Slgl’l(l_(xl) -abc (ya b ¢ *
0 iy [P P7] = Im{? T R R RG] R

[(Reie™ — 1-(k - D(ele™ +676™)) € + 2k - (k — Dele™ 5" | }

a) p
Recall that Q o pproi00
Pp
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MULTIPLICITY DEPENDENCE: SCALING ARGUMENT

o Two-particle anisotropy coeflicients can be simply expressed as

120 = [ Doy Do Wi, Wipd 0, |1, 6(d]yv lorpr] - Nch)

with
[ = [ ke, el ] lerp] = 7 kudi, geer o b o]
Q n |PpsPr| = cven Q " Pr>Pi] = o
R hdkl%dﬁzkdy@ e T Pk g dizkdy(k) [Pp’p']

e Assuming that multiplicity is due to fluctuations in p,
e To study multiplicity dependence, rescale p, — ¢ p,

o Under this rescaling:

dN ,dN
@ d_y; v(2h o v, (2E a2 v, (2
o Therefore in first approximation: v,,{2} is independent of multiplicity

Vons1{2} ‘f,—{f
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BEYOND LEADING ORDER

@ Only leading order contributions to (N) and even/odd harmonics in dilute-dense
expansion are known

o Therefore there no robust way to estimate truncation error within approach itself

Some recent progress: Ming Li et al — to be reported elsewhere

o Compare with numerics of dense-dense CYM
o This is can be done in a uniform way, as initial conditions in forward light cone are
the same for both approaches
o Difference: CYM has to be solved numerically in forward light cone 7 > 0;
dilute dense approximation allows to find the solution analytically
o Change @ and Q” to define region of applicability of dilute-dense approximation
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SET UP

@ We consider the color charge distribution in the dilute projectile as

2,1\2 /
P @pP () = (gQ—“) oP? ()-‘*TL) Sy 8P (x - x)

where the local saturation scale QEP) : (g) is determined by
0" (x) = 27R2 T(x) (Q%)) = (@) exp[ : ]
o = 2R?
This can be considered as a minimal saturation model for the proton.
o Similarly, a spatially homogeneous color charge distribution of the dense target
gH

2
5 ) Q) Sap 7 (x = 1)

(P @y @) = (

@ Common prefactor ( 0. ) = 1.423 can always be absorbed into a redefinition of

the saturation momenta Q%A)
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P

DILUTE-DENSE VS DENSE-DENSE: Qs DEPENDENCE

A ® @ o °
Qs=2.5 GeV 3 g %/ %
1000 £ - .
[ bl .
100 ¢ ky factorization <N> J
Dilute-Dense <N>
Class.Yang-Mills <N>__q o fmc —o—
10 b Class.Yang-Mills <N> _; ¢ fmc —=— |
" Dilute-Dense <(N-<N>)?>
Class.Yang-Mills <(N-<N>)%>_ ¢ e —o—
1L/ Class.Yang-Mills <(N-<N>)>>. _, Ofmic —=— |
. . .
1 g o » i
2 '1 [ . .- .- By = | - - Ca
€ o5
0
0 1 2 3 4 5

Saturation scale: QE [GeV]

@ Orange and purple curves: analytical result for dilute-dense (sz and Qf4) with
proportionality coefficient fixed by dilute-dense numerics

o k, factorization result overlaps with the dilute dense line
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DILUTE-DENSE VS DENSE-DENSE: QSA DEPENDENCE

QSP=1 0GeV kt factorization <N>
100 L Dilute-Dense <N> Lo
Class.Yang-Mills <N>__q o /e —e— — -
Class.Yang-Mills <N>_1 g fmc —=— - -~
Ll .-
L]
i @
§ s
50 |- = ;--; i*iii
L]
SRR '
< v Dilute-Dense <(N-<N>)>> —
-, " Class.Yang-Mills <(N-<N>)z>r=0_0fm,c —o—
of @& = ClaSS.Yang-MiIIs‘<(N—<N>) >erome |
2 T T 5
015 From e e
2 4 P | E] 2 ] 2] n ] "] @
©
=0.5 i
0 ‘ ‘ ‘
0 1 2 3 4 5

Saturation scale: QQ [GeV]

@ Systematic deviation between dilute-dense and dense-dense results might be due to
relative difference in the dependence on () and f® on Q "

aN 1@ o,
K w 1)(k2)+ ( )f(z)( )
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DILUTE-DENSE VS DENSE-DENSE: QE DEPENDENCE OF HARMONICS

0.1

A
Qg=2.5 GeV <2

dilute-dense: large symbols V(2>
V(2> —a—
0.06 - E

0.08 -

0.04

0.02

o

-

ratio

ocwm—=uin

Saturation scale: QE [GeV]
@ Dense-dense results obtained for different times 7 = 0.0,0.2,0.4,0.6,0.8, 1.0 fm/c
@ Even harmonics: dense-dense numerics — negative corrections to the leading order:

&N 1 1
_ (1) 6 7.(2)
Thdp ~ o 1 (QXA)+sz o 17 (Qsa) + -
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DILUTE-DENSE VS DENSE-DENSE: Q‘?\ DEPENDENCE OF HARMONICS

0.1 ‘
QP=1.0 GeV =00fmlc o
0.08 + . 1=02fm/c © )
: dilute-dense: large symbols =04 fmlc  *
1=0.6fm/c  x
0.06 |- 1=0.8fm/c  + |
B2 " % =1.0fmic =
e nd =% 8 8
0.04 % % 8 a 8 o
Falgig & m g =g ' % oEy g
]
0.02 | T g% qgimg g
m oy f o
3 i D
N L oo fmioaf
2 -
ol5
gljlaa & & & @ @ @& @ £ &
~0.5 []
0 I
0 1 2 3 4 5

Saturation scale: QQ [GeV]

@ Overall a good agreement
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CONCLUSIONS

e Dilute-dense expansion: Current analytical results allow us to evaluate only
leading order contribution to (N), even and odd harmonics.

o In absence of analytical results for higher orders, to assess corrections we
compared dilute-dense to dense-dense numerics for a minimal model of p-A
collisions

e Results shows, that dilute-dense results start to deviate from full dense-dense
calculations when Q§P ) > (0.6 —0.8) x QEA). (Naively, one would expect breaking
down of leading order dilute-dense result at smaller values of Q§”>. )
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CumuLANTS & PHENOMENOLOGICAL CONCLUSION [

A ber of gl Ne -1 Ko
o Average number of gluons K| = 08 Sy © I
T \ A

e Higher order cumulants

=(n-2)

=0 8

(V=1 SN2 (@]

0
k2 = 50 InGio(t) -

o Properties (A% = SP™°") @)

S—LZ QSI/DLWL

— ki is a function of S, ,ug .
. — =/ prefecr
— Consider configurations a) and b):

kila)] = ki[D)]
ko [D)] o 2 S;J)_roton (Hproton)zn

P
K, [b)] oc o Slj_rolon (ﬂgroton)z" S¢“& Sjyal‘w
High multiplicity tail = [ A et

= configurations with
overlapping nucleons
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CTIONALS

o BE is property of projectile
e Need for effective theory of gluons in projectile

e Constraint effective action for projectile gluon distribution

gulA*(g)P ]
(g°trlA* (9)I*)

keeping only interesting stuff

A*(g) = 8/¢%op(), (At (@) = L2 — s, e

_ 1
o Verln@] _ - f Dp,  W(pp) 6(77(@_
P —

all possible fluct.

o Exact expression for effective potential (modulo S corrections)

1 d? 1 d*q 1
Valing) = 502-08. [ St -1 =g} = 5047 - s, [ SL St nio

A. Dumitru & V. S., arXiv:1704.05917
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LIOUVILLE POTENTIAL & HIGH MULTIPLICITY TAIL

e Back to generating function

_ o &g, D,
Gro() = <eXp [t fA 2n” (—g)z—q2p (g)] >p

o In terms of effective potential

1 fin g gD
GrLo(n) = f Dnexp|-Verln(@)] + (N2 = 1S, f q2 t == n(g)
2 A Qo ¢ =

reweighting! derivatives in ¢ probe Liouville potential

e For large S, : saddle point approximation

1= 2) A < g <k
gy =\ ) o BAS4E

. 1, otherwise
to yield

_lae &q _ Lo i dq #pD
lnGLo(t) = E(Nc - 1)SLf(27)21HT]S(g) = —E(NC — 1)SJ_£ (zﬂ)zln 1 —tq—

e We recovered previously derived result. Origin of In = Liouville’s In!
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LIOUVILLE POTENTIAL AND SMALL X EVOLUTION

| g A. Dumitru & V. S.,
0.5 “. . aY =0 / | arXiv:1704.05917
5 ] aYy =1 ;
‘\ ‘\ . ’l
L 04y \ ¢
SR p
=~ s, \ ; -
=03p \ g .
S s P
0.2 N P
[« N ‘e ) "
oo .
L \
0.1 N R
e !
e, A
0.0 ‘ "‘H-"‘ ‘ ‘
0.6 0.3 1.0 12 T4
K &2
e Form does not change Ve¢[n(q)] ~ %(ch - DS, f q1
o8, — 5o =5

(2”)2 2 ln2 77(2)

partially responsible for phenomenological parameter o
o C.A. P[p] « exp [—%

] with p = In 02/ Q2

L. McLerran & P. Tribedy, arXiv:1508.03292
'VSKOKOV @NCSU.EDU
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MULTIPLE RESCATTERING

fragmentation

gluon target

Fundamental Wilson line: ) )
V(x.) = Pexp (ig f dxtA™(xt, X l)) . multiple rescattering
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A POSSIBLE RESOLUTION

Odd contribution is buried somewhere in multiple
rescattering i.e. in high order J V=1 1

d*N
&Pkd3p

= —Qsp Y (Qa) + Qs,, " (Qsa) + -
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