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Outline:

J Motivation
d Color dipole orientation in the MV model.
d Elliptic flow in pp collisions.

J Elliptic flow in pA collisions.
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Can we understand this?

- ATLAS p+Pb
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Different Saturation based mechanisms for elliptic flow

J ’Saturation domains’ inside a dense hadronic target
Kovner, Lublinsky, PRD83,034017 (2011). Q/@
Dumitru and Giannini, Nucl. Phys. A933,212 (2015). ;

Dumitru and Skokov, Phys. Rev. D91, 074006 (2015). Alex’s talk @ @

Dumitru, McLerran, and Skokov, Phys. Lett. B743, 134 (2015).
Lappi, Schenke, Schlichting, and Venugopalan, JHEP 01, 061 (2016).

3 Glasma-like & ‘IP-Glasma’ scenarios
Schenke, Tribedy, and Venugopalan, Phys. Rev. Lett. 108, 252301 (2012).

Schenke, Tribedy, and Venugopalan, Phys. Rev. C86, 034908 (2012). Bjorn’s talk
Dusling and Venugopalan, Phys. Rev. Lett. 108, 262001 (2012). _’
Dusling and Venugopalan, Phys. Rev. D87, 094034 (2013). Raju’s Talk

Dusling, Tribedy, and Venugopalan, Phys. Rev. D93,014034 (2016).

Kovchegov and Wertepny, Nucl. Phys. A925, 254 (2014).

Schenke and Schlichting, Phys. Rev. C94, 044907 (2016).

Schenke, Schlichting, Tribedy, and Venugopalan, Phys. Rev. Lett. 117, 162301 (2016)

J Spatial variation of partonic density:
Levin and Rezaeian, Phys. Rev. D84,034031 (2011).

v ‘Color-dipole orientation’ scenario as a probe of inhomogeneity
Kopeliovich, Pirner, Rezaeian, and Schmidt, Phys. Rev. D77,034011 (2008),
Zhou, Phys. Rev. D94, 114017 (2016).

Hagiwara, Hatta, Xiao, and Yuan (2017), 1701.04254.

e The effect is not 1/ N, suppressed!.

® Can generate sizable azimuthal asymmetries already in
the absence of fluctuations (it is manifest for the single particle spectrum). o



Color-dipole

as an origin of elliptic flow



Color-dipole orientation as an origin of elliptic flow in dilute-dense scatterings

do?(gA — ¢X)

d?r . . . b
dnd?pd?b :qu(xp)/ (27)2 e PTS(b,r,zg) = prQ(xp)S(baPa ZTg)-

correlations btw (p, r) and btw (r,b) ——® correlations btw (p, b)

27 o4
fo d¢ cos(ng) d d,fgfp}qf )

un(p,b) = 27 3, dod(qgA—gX
fO d¢ d7§g2p_d)2qb)




Color-dipole orientation as an origin of elliptic flow in dilute-dense scatterings

p
r
44— See Edmond’s talk
o )0
>
d27‘ —ip-r 1 ~ b
27{-)2 e p S(b) T, l'g) = W .qu(mp)S(b,p, xg).

correlations btw (p, r) and btw (r,b) ——® correlations btw (p, b)

2
b = B " d¢ cos(ne) d";ggfngg ) S(blir) < S(b.Lr)
vn(p7 ): 2m do?(qA—qX) —AM
Jo 49 =g dzpazs e .
e / b \
rdrdf cos(26) Jo(pr) S(b,r, 0 / \
o= ] R GECEON o
[ rdrd€ Jo(pr) S(b,r,06) \ —
-» drdd cos(36) Js(pr) S(b,r, 6 N /
c03(n®) —s cos(nf) va(p,b) — . Jrdrd6 cos(36) J3(pr) S(b,, ). \\\—///
[ rdrd€ Jo(pr) S(b,r,0)

. Spontaneous breaking of rotational symmetry in the transverse plane. J
® s (g, ) — S(b,7) — v,, = 0 (Regardless of the shape of projectile)

® v3 # 0 — non-zero odderon contribution o7



Color-dipole orientation: including finite-size effect of the projectile

do?(gA = ¢X) 1
dnd?pd2B  (27)2

[ & w,4(ayb—B) So,p.2,)

Proton GPD: z,q(z,,b) ~ z,q(z,)f(b), with [ d%b f(b) = 1

proton distribution is isotropic: f(b) = f(|b|)

By — f027r d® cos(nd) d‘(’;,(j;‘:,}qg)
Un(p7 ) — 2m d@ dJQ(qA—)qX) l
/o dnd2pd2 B




Color-dipole orientation: including finite-size effect of the projectile

do?(gA —qX) 1
dnd?pd2B  (27)2

[ & w,4(ayb—B) So,p.2,)

Proton GPD: z,q(z,,b) ~ z,q(z,)f(b), with [ d%b f(b) = 1

proton distribution is isotropic: f(b) = f(|b|)

B f027T d® cos(nd) dz:(;;:}qé() cos(n®) — cos(nd)

Un (p, B) — po g
f02 de ddngl;:);;qé() l

va(p, B) — _fbdbda cos(2a) f(|b — B|) [ rdrd6 cos(26) J2(pr) S(b,,6)
2 [bdbda f(|b— BJ) [rdrd8 Jo(pr) S(b,T, 6)

. S(g, 77) — S(b, 7“) — vy, = 0 (Regardless of the shape of projectile and target)

o ®9



Color-dipole orientation: including finite-size effect of the projectile

do?(gA —qX) 1
dnd?pd2B  (27)2

[ & w,4(ayb—B) So,p.2,)

Proton GPD: z,q(zp,b) ~ z,q(z,)f(b), with fd_2b F(b) =

S(bllr) < S(b-Lr)
proton distribution is isotropic: f(b) = f(|b|) —
fO d® COS(TL@) dz;(cf;:);;q;f) cos(n®) — cos(nh) ! E\E
’Un(p B) f27'r d® do?(qA—qX) l \\\ //
d’f]d2 d2B \\‘#///
va(p, B) = _fbdbda cos(2a) f(|b — B|) [ rdrdé cos(26) J2(pr) Sib, )
2P [bdbda f(|b— BJ) [rdrdd Jo(pr) S(b, 7, 0)

. S(g, 77) — S(b, 7“) — vy, = 0 (Regardless of the shape of projectile and target)

o ®10



Elliptic flow and eccentricity in dilute-dense scatterings

do?(gA = ¢X) 1
dnd?pd2B  (27)2

[ & sa(@,,b— B)S(b.p.z,)

B) — [ bdbde cos(2a) f(|b B|) [ rdrd@ cos(26) J2(pr) S(b,T,0)
2P, B) = - [bdbda f(|b — B)) [rdrdd Jo(pr) S(b,T, 6)

® Eccentricity: is a measure of the projection of the impact parameters of the

participants quarks along the direction of their average impact parameter

(2~ 4) (P cos(20)

(% +y?) CORE

[ bdbda b? cos(2c) f(|b — B|) [rdrdf Jo(pr) S(b,r,0)
[ bdbda b? f(|b — B]) [ rdrdf Jo(pr) S(b,r,0)

52(p’B) —

e5(B=0) =0, e(B — 00) = 1 va(p, B)  ea(p, B)

o]




Color-dipole orientation in the McLerran-Venugopalan model

(p*(x)p’(y)) = 676 (z — y)u(z) ——> In the original MV model:

u(b) = pge—b/AR? u(b) = po, fi(d' +a) =6*(d’' +q)

- )

Ho €
iA) = / d?be™ A p(b) = 4nR2pge AT

(47 ()45 (y)) = 0"(z, )

Y(@,y) = / 22 G(z — 2)G(y — 2)u(z) = / (‘217:)12 éTqP R ﬁ(;]ﬂ;; 2)

1, R : fixed via a fit to the DIS & diffractive
DIS data: Using IP-Sat or bCGC

° e]2



Color-dipole orientation in the McLerran-Venugopalan model

a b ab g(2
(p*(@)p’(y)) = 676 (z — y)u(z) ——r In the original MV model:

u(b) = —b%/4R? M(b) = Ko, ﬁ(q/ + Q) = 52(01/ Iy Q)

- b)

Ho €
a(A) = /d2be_ib'Au(b) = ArR2pge AR

(47 ()45 (y)) = 0"(z, )

'7(33, y) = /d2z G(:I: — z)G(y — z)/_l,(z) — / ((217:)12 ((;Tq)2 eiq’.m+iq.y ﬁ(;llz;q)

1, R : fixed via a fit to the DIS & diffractive
DIS data.

® Single-scattering limit:

o ®13



Color-dipole orientation in the McLerran-Venugopalan model

a b . ab (2
(p*(@)p’(y)) = 676 (z — y)u(z) ——r In the original MV model:

u(b) = po o—b?/4R? : u(b) = po, ﬁ(q/ +q) = 52(‘1/ +q)
~ — 2p —ib-A _ 2 —~A?%R?

a(A) = / d*be p(b) = 4rR po e €10, R : fixed via a fit to the DIS & diffractive
<A— (m)A— (y)) B 5ab7(m y) DIS data.

a b - ’
d’q d*q" iy ziigy A@ +q)
= d2 _ _ — 1 iq-z+iqy
"(@,9) / =Gl@—2)Cly ~ 2)ulz) (@m)2 (2m)2 ° q9”?q° soft scale ~1/R

® Single-scattering limit:

xr €T

é )
T P - r=x-y b=(x+y)/2
Wy,

2 2 2 ~
Nog(b,r) = g C'F/ d“A d°k fi(A) iA.b[eiA.r/Z 4 e—iAT/2 _ 2e“‘"r]

9 e

(2m)2 (27)2 (k + A/2)2(k — A/2)?

If i(A) = ji(|]A|) — Nag(b,r) o (b.r)*”® — v3.04q = 0

® ®14



Elliptic flow in the single scattering approximation

Single-scattering approximation:

A=q+q k=(d —q)/2

q ¢ q ¢ < r=x—-y b=(x+y)/2
\_ J

2C d?A d%k (A .

iA7r/2 + e—iA-r/2 . 2eik-'r

o ) @2 @n)? (k+A/2)2(k-—A/2)2°  L°
pR> 1 (while A < 1/R < _ gCr B
( /R) §(b.p) ~ ~Nag(b,p) = & 5 u(b) [1 SpRA cos<2cb>]

1 J7_d¢cos(2¢) [ —%4003(2(25)] B b2 T
\? va(p, b) =~ I 46 [ ﬁcos(2¢)] - }16p2R4

% v2=0 at b=0.
% A quark produced via a single scattering has more chances to propagate along a direction
which is perpendicular on its impact parameter rather than parallel to it.

* Multiple scatterings will change the sign of v2. o8



Color-dipole orientation in the MV model

@dding multiple scattering: === S (b 1) = exp{—No,(b,T)} )

2 2 2 o
N — i iA-7r/2 | iAr/2 2 ik-r
29(b,7) 2 / (27)2 (27)2 (k + A/2)%(k — A/2)? © [e © © ]

@ In soft multiple scattering regime, k << 1/r and A < 1/R:

Ngg (b, 'T')

ch ’rJ/ d2A d2%k (k*k7 — A*A7/4) u(A) oAb
(2m)? (2m)? [(k + A/2)? + m?|[(k — A/2)? + m?]

@ Infrared finite at m—> 0:

‘eluon mass’ m is needed in order to restrict the phase-space allowed to very
soft momenta k ~ Agcp

L ®16



Color-dipole orientation in the MV model

@dding multiple scattering: === S (b 1) = exp{—No,(b,T)} )

2 2 2 o
N — i iA-7r/2 | iAr/2 2 ik-r
29(b,7) 2 / (27)2 (27)2 (k + A/2)%(k — A/2)? © [e © © ]

@ In soft multiple scattering regime, k << 1/r and A < 1/R:

Ngg (b, 'T')

ch ’rJ/ d2A d2%k (k*k7 — A*A7/4) u(A) oAb
(2m)? (2m)? [(k + A/2)? + m?|[(k — A/2)? + m?]

@ UV regularization :

2 2 2 2 ~ 2 2
gCFT2/dA d°k  k°a(A) A _ Qs(b)r ln( 1 —|—e>

4 Cr2r (k2 +m22. 4 r2m?

Qg(b) = a;Cpru(b) = Q(%s e—b2/4R2



Color-dipole orientation in the MV model

Adding multiple scattering: sejp S(b, ) = exp{—N,4(b,7)}

Nog(b,7r,0) = No(b,7) + Na(b, ) cos(26)

2 2 . .
No(b,7) = Qs(:)r In (#Jre) )<_ Original MV model
2

9°Cp 2/00 -
g™ [ AAARA)(AD)

x/ dk k
0

k? — A%/4 12 ]
1/2 (B2 2)2
(k2 + A2 /4 + m2) ((k2 + A2/4 4+ m2)? — szz) (k% +m?)

k% + A?/4

2 o0 (o’e)
Ny(b,r) = 9Cr / dA A i(A)Jo(Ab) / dk k
0 0

2 2 2 2 2 2)2 2 21/2
(k +A/4—|—m)((k + A2/4 4+ m2)® — k2A

L2 2 (k% + A%/4+ m?) ]
B 1/2 |
A2 (k2 + A2/4+m?)* - k2A2) /

AZ

o ®18



Adding multiple scattering: === G(} ) = exp{ — No, (b,7)}
Nog(b,r,0) = No(b,7) + Ng(b, ) cos(26)

Color-dipole orientation in the MV model

0.1 T T | B T T T 1 T 1
*m=0 *m=0
= m=02GeV 02 =+ m=02GeV -
0.08F m=03GeV . —m =03 GeV |
— = m=04 GeV |~ — = m=04 GeV
0.1F°
0.06F - -
@ r=05fm
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o4k SN il 0.08}
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b [fm]
1 %Cp 5 [ R? b2\ e
No(b,r = - x Z——r? dA A i(A)Jo(Ab) = Q%7 — |1 — [1+ — | e ar2
(a )m=0 9 4(271')2 0 :u’( ) ( ) Os b2 4R2

=

( no confinement in the limit m — 0 )




Color-dipole orientation as an origin of elliptic flow

Nog(b,7,6) = No(b,r) + Na(b,T) cos(26) S(b,7) = exp{—Nyy(b,7)}
S(b“r)<S(bJ_r) . —T T T T T T

L e S A B B S T 2F r=05fm — 0=0 -
r=05fm 4 - — 0=n/2

098 P=05fm — = r=02fm \
_~ ’—1+—I’ ~

0.1

096 -~ T~ -~ = -

094 4 7/ b \
! ] 07

092 -

09

)}
T

/
S~~~
I
|
|

0.88

1auv
o

I Ll

|

0.86

M M M 1 M 1 M 1 M 1 1
N - 0 02 04 06 08 1 12
~ b [fm]

=
T

4 The scattering is stronger when the dipole orientation is (anti)parallel to its impact
parameter (0 = 0 or 0 = x) than for a dipole perpendicular on b (0 = 7/2).

4 The difference between ‘parallel’ and ‘perpendicular’ scattering increases with the dipole
size r and also with the impact parameter b.

e @20



Color-dipole orientation as an origin of elliptic flow

Nog(b,7,0) = No(b,r) + Na(b,7) cos(26) S(b,7) = exp{—Nyy(b,7)}
S(b“r)<S(bJ_r) . — T T T T T

<« r=05fm — 0=0 .
P ,—A+-r —

I e L B B S T

098 P=05fm — = r=02fm

096F ==« ——_~ - / 0.1

0.941 4 / b \
! ] 07

092 -

09

)}
T

/
~—
IS
I
|

0.88

1auv
o

I Ll

|

0.86

M M M 1 M 1 M 1 M 1 1
N - 0 02 04 06 08 1 12
~ b [fm]

=
T

4 The scattering is stronger when the dipole orientation is (anti)parallel to its impact
parameter (0 = 0 or 0 = x) than for a dipole perpendicular on b (0 = 7/2).

4 The difference between ‘parallel’ and ‘perpendicular’ scattering increases with the dipole
size r and also with the impact parameter b.

- [ rdr e_NO(b”’)Jg(p'r) Jdé e—Ne(b,r) cos(20) cos(26)
U2(p’ b) - f,rdre—./\/'o(b,r) Jo(pr)fdge—./\/'g(b,r)cos(20) N(b‘ ‘r) > N(b J_ r>

[ rdre=No(®7) Jo(pr) 1, (Np(b,T)) < kNQ >0 — Vo > 0
J rdre=No(®:r) Jo(pr) Ip (N (b, 7))’ 7T




Elliptic flow from color-dipole orientation in pp collisions

03 S B e S m e 1 1 T 1 T 1T T*©—71 0.45—'|'|'|'|'|'|'|'|'|'—
s ==+ B=02fm - L #%—-%xp,=1GeV p-p collisions 0.4'_ p-p collisions  *— - *Pp=1GeV ]
025 == B=04fm 08k G—op;=05GeV o ¥ 0—op;=05GeV
i — —— B=0.6fm - 0351 5 -ap,=01GeV ]
B=0.8fm 03F
02F - :
I p-p collisions L0251
= - > i
57 0.15 m =03 GeV 02k
o1 i 0.15F
0.1F
0.05 § 005} . 1
I [ —— -
0 \\‘ ————— 0 . . . . 0 "1’"‘?‘1..1.11-
. ! 0 0.2 04 0.6 0.8 1 0 0102 03 04 05 06 07 08 09 1
0 0.5 1 1.5 2 25 3
p. [GeV] B [fm] B [fm]
T

e The strength of v, increases with B (and b) since dipole orienta-
tion becomes important at large B (and b).
The typical transverse size of the color charge distribution in the
target is 2R ~ 0.6 fm.

® vy, and ¢, show a similar trend with B, they monotonously in-

crease with B: Vo (p7 B) X €9 (p, B)

® o (pr, B) is only weakly sensitive to the dipole scattering, since
., mmostly controlled by the geometry. s



Scaling property of v_2 with the saturation scale:

0377171 71 0 3——T——T T T 1

R Q, =02 GeV

0.25 0.25F S ) , -
- — Q, =08GeV

02 02F 1 - = =Q, =16GeV’ -
S e = Q, =24GeV

> 0.15 > 0.15F a
p-p collisions

0.1 0.1F b=02fm -

0.05}- 0.05F } -
. . I n

) % 05 1 2 25 3

1.5
P/Qys
* v, develops a peak at a transverse momentum which scales with the saturation momentum

in the target.

e @23



Dipole-nucleus scattering: the case of a lumpy target :

To include nucleon fluctuations in nucleus:

A A
5a(B,1) = [ [] @biTa(@e =m0 — ([ (1B - ) 0
i=1

® B to denote the impact parameter of the dipole w.r.t. the center of the nucleus.
° bi 1s the position of the struck nucleon w.r.t. the center of the nucleus.

4+ Assuming scattering between the dipole and a single nucleon is weak Nog(b,r) <1

A
SA(B’T) = (1 - /dszA (|B - b|) Nzg(b,'r')) ~ C_AN;g(B"").

® @24



Dipole-nucleus scattering: the case of a lumpy target :

To include nucleon fluctuations in nucleus:

® B to denote the impact parameter of the dipole w.r.t. the center of the nucleus.
° bi 1s the position of the struck nucleon w.r.t. the center of the nucleus.

4+ Assuming scattering between the dipole and a single nucleon is weak Nog(b,r) <1

A
SA(B’T) = (1 - /dszA (IB - b|) Nzg(b,’r)) ~ e_ANZ{‘g(B"")I

Homogeneous target: 74 (B — b) ~ T 5 (B) ======3p No dipole orientation: v,, ~ (

4

o In central collisions: v, ~ 0 ®25




Dipole-nucleus scattering: the case of a lumpy target

,.ﬂ N3y (B,r) = /d2bNgg(b, r)T4(|B—b|) |

B >> b:

L0 1,
TA(|B - b|) = (1—b@+§bbJaBiaBj+...>TA(|B|),

b-B bit' [ B'B 1 (. BB
Ta(B) — —5— Ta(B) + 5 TA(B) + 5 (0¥ — —5— ) Ta(B)
B 2 | B B B

12

correlations (B, b) and (b, r) » correlations (B, r)

dbbNp

e [t (a2 (i + i)

- § [arsen(zie) - 5Tim).

® ®26
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Dipole-nucleus scattering: the case of a lumpy target

B >>b:
TA(B—b|) — (1 - bi(,% + %bibjaB?;Bj +. ) T4 (|1B)),

~ 748) - LBy (m) + I {B;’fj TA(B) + & (5@' _ B;‘fj) TA(B)}
correlations (B, b) and (b, r) » correlations (B, r)

Original MV model < 1
A _ 22 .2 2
NAB,r) =|7R2Q2,r In (7‘2m2 +e) [TA(B) +R (TX(B) + ET,Q(B))]

T R? 2 2w |
+§ﬁ Qs (TA(B) + B TA(B)) ;
m R? 1
NAB,1) = 25 QRur® (TH(B) - 5 Ta(B)).

® 27



Elliptic flow as a good probe of the lumpiness of the target

' I ' I ' I I ' I
1_ L R B B 0.01F T,
. - = 14 —— TI
S(blir) < S(bLr) 098¢ b=25Gev" 1 0.009_'\ "
A 0'96/\/\ - T y o
_ ~ - . TA-TA/B
/il \ 094 — r=1Gev' ] 00061 "
// : \\ w092 T : 0.003-— \ .
| ;II r 09F 7 A\ // \\ 1 b I / \ T
\ /N I UN— ]
\ // 088F 7 \ // \\ . 0_ TS~ 7 |
A / 086 // \\ / ‘= RN .,/
. oy b N/ AN 0003 1 L 1 1 1 ]
T \ 0 2 4 6 8 10
0.84 T g@ R — B [fm]
( The color-dipole orientation probes the inhomogeneity of the target in the transverse plane. )
N3 (B,r,0) = Ng*(B,r) + N (B,r) cos(26) Original MV model 025 —
- — - B=75fm -
1 N B=7fm _
N{(B,r) =|7R*Q3r?In ( —— +¢ )| |Ta(B) + R? (T,’{(B) + = T,Q(B)) 02F — — B65fm
r“m B - I \ = .+ B=6fm
7r R2 1 / 0.15F I : p-Pb collisions |
2 Qgs7 ( A(B) + B TA(B)) ; - I | m=02 GeV
3 - R2 0.1 .
N B,1) = < Q3r*(TA(B) -

0.05

’Uz(p, B) =

[rdre” ANG (B:r) J, (pr)Il(

(B,

r)

[ rdr e=ANG (Br) Jo (pr) Iy (

A(B).
ANG
ANG

(B,

r)




pPp V. PA collisions

S(bllr) < S(bLr)

03——T— T T T 025 T T | —
+ =+ B=02fm = B=75fm A A
025} +=+= B=04fm - 02 B=7fm | P —
— —— B=06fm | ' : = = B=65fm N
02 B=0.8fm _ 015'_ N =+ B=6fm y b \
~ o 1 I
5N0.15 - S : I A
0.1
\ /
0.1 \ /
0.05 \ /
0.05 . -
- 0
0 ] —'Irul-l'—h—-
0 05 1 15 2 25 3 e
p; [GeV] 001}
TA
- =T
0.009-'\ T?

e vo — 0 for pr — 0 or large pr. ! T?T,/B
The angular orientation cannot play any role when either the |ooosf B .
momentum pr, or the dipole size r, are too small. y X

0.003F
\
e vy — 0 for b, B — 0. ' /\v '
. . . e . == T

® U3(Pmax) 2 0.1 when bor B ~ the typical size for inhomogeneity in i N/
the target: oo p o T
b~ R 2 02 fm for a proton and B ~ Ry, = 6.5 fm for a large o2 0 B[?m] 50
nucleus.

v The color-dipole orientation (and v_2) probes the inhomogeneity of the target.



Scaling property of v,

0.25 T . T 0.25 | | —
- Q, =02GeV’ — - Q,’=02GeV
02} — Q, =08GeV" - 02 — Q, *=08GeV’
I — = Q, =24GeV’ — — Q, =24GeV’

0.15F - 0.15

0.1

0.05

p-Pb collisions
B=7fm

-l.-"'!—Il—l-| 1 |

3 4 5 6
P [GeV]

0.1

0.05

p-Pb collisions
B=7fm

* Similar to pp collisions, v, develops a peak at a transverse momentum which scales with the
saturation momentum in the target.
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Finite-size effect of projectile proton (GPD):

— 1 r T T T 1
0.18 -

Q,.” =0.8 GeV’, with GPD

2 2
— () “=2.4GeV", with GPD
0.15} * -

Q, =08 GeV’, without GPD |

0.12k — = Q,=24GeV’,without GPD _

(o]
> 0.09} p-Pb collisions -
B=7fm
0.06 -
S~ -
0.03 - : ~
0 I
0 1 2 3 4 5

v The finite-size effect of proton is quite small — at most a change of 20% in the value of
v_2 at its peak. This is due to the fact that the color-dipole orientation is only important for
peripheral collisions.
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0 .2 """""" I T T I T T
off
O  CMS,120<N, <150

Phadron — <Z>pquark | — <7>=0.]
0.15p = = <z>=0.6

p-Pb collisions |
B=7fm

0.05

Py [GeV]
* Assuming that the final particles are correlated with each other only through the flow

correlations with the reaction plane: v2{4} = [—co{4}]*/*

* We have 3 free parameters: R?Q2., m, B

From HERA: R? =2 GeV 2, For the LHC: Q32, = 3 GeV?

‘ This scenario 1s not excluded by the current data. '
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Geometrical picture of pp and pA collisions

ve <0 v vo >0

A

\ /

co > 0 ce >0

co >0

S(bllr) < S(bLr)

(inspired by Snellings, arXiv:1102.3010)

3
— —

/ AN
/ b \
/ \

[ L =T N(b|lr) > N(b Lr) —» N@>O%’U2>O
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Geometrical picture of pp and pA collisions

.
Such geometrical aspects are clearly reminiscent of the classical
discussion of hydrodynamic flow in AA collisions:

v/ AA collisions: the flow is driven by the ‘pressure
gradient’ (the final state interactions) associated with the
spatial asymmetry of the interaction region.

v/ PA (pp) collisions: the flow is rather a consequence of the
angular dependence of the amplitude for dipole scattering.

S(bllr) < S(bLr)

N(bl[r) >N(b Lr) ——> Ny >0 — vy >0
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Geometrical picture of pp and pA collisions

The anisotropy due to the color-dipole orientation mechanism is
universal for different processes in dilute-dense scatterings.

There will be the analog of azimuthal anisotropy v_n in DIS

and UPC.
Stay tuned!.
| co > 0 ce >0
co >0

/ \

| L — N(b|lr) > N(b L r) —» N@>O%’U2>O
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Final remarks:

& Typical sources of the inhomogeneity:

1. The target geometry in our scenario (dipole orientation)

It can already be probed by the single inclusive particle
spectrum and the effect is NOT suppressed at large N_c. The
effect is important for peripheral collisions.

2. Fluctuations in the target gluon distribution (glasma scenario)
Can be probed by 2-particle correlations, and are suppressed at
large N_c. The effect is important for central collisions.



Final remarks:

& Typical sources of the inhomogeneity:

1. The target geometry in our scenario (dipole orientation)

It can already be probed by the single inclusive particle
spectrum and the effect is NOT suppressed at large N_c. The
effect is important for peripheral collisions.

2. Fluctuations in the target gluon distribution (glasma scenario)
Can be probed by 2-particle correlations, and are suppressed at
large N_c. The effect is important for central collisions.

Remains to be studied:
#2 fluctuation can also be probed by the color-dipole orientation.



Backup



Nag(b,7,0) = No(b, ) + Na(b, 7) cos(26) S(b,r) = exp{—Nz4(b,7)}

) o e s a e S e e S e T — T T T -1~ 1 1"

i r=05fm | u _ —_— 4 L
098k b=05fm — — r=02fm 02 r=0.5fm 6=0 S(b”r) < S(b r)
- - - i —A

096 _ - ST TSN ol = =
Z

094 - / N

i ] / b \

“o92} i 0.07 / \

0.9 l >4 r

s 6 \ /
0.88 [

%4-— - \ /
0.86 "‘2—7 D — \ /
0- 1 1 [P NP R ~ g _ 7~

0 02 04 06 08 1 12 — —

b [fm]
N(b|[r) > N(b L r)
Ne >0— vy >0
LN

Including finite-size effect for the projectile (GPD):

_ Jbdbe O+B/ARL, (bB/2R2) [ rdre~No®:n) Jo(pr) Ir (N (b, )
[ bdbe=(4*+B*)/4E* [, (pB/2R?) [ rdre=No®:m) Jo(pr) Io (Ng(b, 7))

U2(p) B)
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Elliptic flow and eccentricity in dilute-dense scatterings

yr
\

do?(gA = ¢X) 1
dnd?pd2B  (27)2

[ & sa(@,,b— B)S(b.p.z,)

Proton GPD:  2,q(z,, b) ~ zpq(z,) f(b), with [ d%b f(b) =1

2,
/ ((zivrz))z Sb,p)=1 — / pdp / rdrdf Jo(pr) S(b,r,0) = 27

% Probability conservation: the total probability for the quark to emerge with any momentum must be
equal to one.

[ bdbda b? cos(2a) f(|b— BY)
[ bdbdab? f(|b— B)

< % Purely geometrical quantity, without any information about the scattering of the dipole
€2<B = 0) = O, EQ(B — OO) =

® ® 40
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Npart

Multiplicity

- e s e e S 10?2 e
Glauber-MC 5 .. [Glauber-MC
I 2400‘“- =
-Pb |5\ = 5.02 TeV ; [ Pb-Pb |s\, = 2.76 TeV
{410° L W 10°
4 i e
_ sooF 4k
14100 “” ) 10*
] 2001
5 i ll—___—:!!'. 5
NiEe N E .:q.' . )
I.‘.15 10° 00;5110 15 20 10°
b (fm) b (fm)
T T > 102
- Glauber-MC J :§2oooo
6001 p-Pb |Syy = 5.02 TeV =
' ey 1 3 10°
E1sooo—
- 4
10000} 10
5000 10°
10°
®4]
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b-dependence of Saturation scale & applicability of the CGC

Rezaeian and Schmidt, arXiv:1307.0825
llllq T llllq T llllq T llll"q T 117

115 Gev?
9 —— b-CGC 7 .
— — IP-Sat 7 e b-independent
- = = IIM .
3 reBK o saturation models
O s . significantly
- 1 P 1GeV .
) L __ g overestimate Q..
w03 ‘/‘/" "b=0 =" /’/
o =~ b=2Ge\ ol -
0.1F — b=3GeV’'
pA@63 TeV(FCC)
0.04 ep@HERA pp@100 TeV(FCC)
M« ———fHC — >

10° 100 100 100 10° 100 10°
. 1/x
e Proton saturation scale:

HERA : Qs < 1GeV
LHC : Qs <1—-2GeV
FCC: Q, <2—-4GeV

* Nuclear saturation scale: Qg q~ Al/ 3@? ~ 6 Q2

EIC : Qsa < 2.5GeV
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Diffractive Dijet production in the CGC: v* + p(A) — qg + p(A)

t| = A?

0 =Yg @ N(7,b) ® N (r', ') # ¢35 ® IN(r, b

dijet 2 2.7 2 24/

dodll d a2 d?b [ d°b

T 2 2
= (27)26(z1 + 2o — 1)Nea E:e/
(d21dzzd291d2pz) (Br)ola + 2 — Dieaem =) @r2) @2 ) @2 ) (27)?

/

X e_i(b_b,)'("1+"2)e_i('—',)'("1_pz)/zN(r, b) N'(r',b") 2[zf + 23] rz. :2 [elr|K1(e]r])] [€|’,|Kl(€|”|)]
rer

@ Diffractive dijet production is a sensitive probe of the
color-dipole orientation. J
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Diffractive dijet v. inclusive dijet in UPC & DIS

Diffractive (averaging over color at amplitude level): o o [(M),|?
Inclusive (averaging over color at cross-section level): o o« (|M|?),

N(F,b)
Altinoluk, Armesto,

— P Beuf, Rezaeian,
arXiv:1511.07452

Dominguez, Marquet,
Xiao, Yuan,
arXiv:1101.0715

O.Diffractive dijet X ,¢ga Q N(?, B) ®N(;;, 5’;) ?é ¢ga ® [N(I’, b)]2 J
O_Inclusive dijet o wga Q [N(F, B) + SQuadrupoIe(F’ '7;, B’ 5’/)]
O,Inclusive DIS X wga R N(?, B)

@ In contrast to inclusive dijet production, diffractive dijet production only
depends on the dipole amplitude (not WW gluon distribution) at LO.
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Diffractive dijet production as a probe of color-dipole orientation

m

Inspired by “saturation domain” picture of Kovner & Lublinsky (2011)

_952@,-2(1+A
N(r,b) =N(r,b,0, —0p)=1—¢e 4

0,,0p are the angles of vectors 7, b with respect to a reference vector,
respectively. Assuming Q?r’A/4 < 1:

d?r d?b
(2m)2 (27)?

X e +oo dr +oo db
e~ PotP1) =it (PO =PI/ 2 \r(r BYKy(elr|) =~ ; ;r/o ;bJo(bIPO +p1l)

x  Jo (r [Po ; P1| ) N(r, b, 0_ — 0. )Ko(er)

6., 6_ denote the angles of vectors A= Po + p1 and k = %(50 — p1) with
respect to a reference vector, respectively.

@ A nonzero A corresponding to the existence of ¥ — b correlations in
the color dipole amplitude, induces azimuthal correlations between A

and k.
A
>
A =60_—6_
>
k
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Diffractive dijet production as a probe of color-dipole orientation

@ A nonzero A corresponding to the existence of 7 — b correlations in
the color dipole amplitude, induces sizeable azimuthal correlations for
dijet between A and k.
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Main conclusion: Small-x gluon tomography in diffractive dijet in UPC

2 P1, ™
.
A r
Q2
29 T — — = - -
P2, 72 A =P1+P2
b N (%, b) k = (1 — P2)
p P+ A
—— > —— "

4+ Correlations between ]71 . ]72 probe the effective dipole size 7 = 1/Qs(b) *
4+ Correlation between ]27 & probe the color-dipole orientation and correlations between ¢~ [; .

+ t-distribution of the diffractive dijet photo-production probes the inhomogeneity of the target «

Altinoluk, Armesto, Beuf, and Rezaeian, PLB 758 (2016) 373.

Hatta, Xiao and Yuan, PRL 116 (2016) 202301.
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