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BACKGROUND / MOTIVATION




Background 1: Collectivity in small systems
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Background II: Glasma-graphs

1 d?N Jet Graph 1 d* N
Nrtrig dAg pp \'s =7 TeV, N= 110 A~ Nrrig dAn dA

A 2<ptT”g<3 GeV/c
1<p***<2 GeVic

Glasma Graph

-
-— - = =

Dusling, Tribedy, Venugopalan, Phys.Rev. D93 (2016) no.1, 014034
Dusling, Venugopalan, PRD87 094034, PRD87 054014, PRD87 051502, PRL 108 262001
Dumitru, Dusling, Gelis, Jalilian-Marian, Lappi, Venugopalan, Phys.Lett. B697 (2011) 21-25



Motivation I: Four-par
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Motivation II: The color domain model

- Gaussian correlation of E-fields will produce particles isotropically
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- Consider sub-class of events with a predefined orientation:
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PARTICLE PRODUCTION IN
PROTON-NUCLEUS COLLISIONS




e
The hybrid framework

- Consider eikonal scattering of quark from a dense target

- WIAl(z) = P exp [z'g [ a=razer, x>]
pL~ AQCD p1L ~ Qs

- Differential cross-section for quark scattering on a nucleus

AN 1 [ e, ) ] to ginoa
pEm ~ B, /m_: e )/ <ETI' (W (x)W'(z)] et (@=2)
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e
Multiple-scattering in the CGC

- Dipole correlator is evaluated in the MV model whereby averaging
over the color field of the nucleus
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Multi-particle production

- Single quark scattering:

dN 1 2, -2 1 . _
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- Two quark scattering:
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- Four quark scattering:
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BEYOND THE DIPOLE

n-point correlators in the MV model



e
Multiple-scattering in the CGC

1
- Start with the dipole scattering matrix: (D(z,Z))y, = i (Tr [W(z)WT(z)])

- Expand out the last slice in rapidity:
W(z) = Pexp [ig/derAg(er, :1:)] ~ V(z) |1 +igA; (&, 2)T" + -]

- Take all two-point functions:

(D, 2))yy = (D@ )y +9° (A (0) A (2) 3 T [V@) TT'V (@)
\ ' J \ ~ ' J
5L %Tr V@)V (@)

- And re-exponentiate:

<D(33> 3_7)>W — €Xp (CF L:I::Y:)



- As before expand out all Wilson lines:

W(zx) = Pexp [ig/dz+A;(z+,x)] ~ V(z)[1+igA, (&, z)T* + -]

- Four pOil’lt function: <Dx:T;Dygj>W ~ aaza‘cyg <D:UQEDy§>V + 6xyi:lj <ngjyi‘>v
( (DezDyy) ) _ ( Azzyy  Pryzy ) ( (DezDyy) )
<Qx§y9‘3> W Bﬂﬁy?ﬁ Xpgyz <Q5’71’7?ﬂ7> 1%

- Eight point function: (DwwDazDyyD.z) 1y ~ Qwwrzygzz (DwoDezDygD.z)
+Buwrwz (QrowzDygD2z)y, + Buwywy (QuowgDezD:2z)y
+Buwzwz (QzowzDezDyg)y, + Bryzy (QuzagDuwwDzz)y
+Brzzz (QrzezDwaDyg)y, + Byzgz (QzgyzDwaw Daz)y
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Correlator of eight Wilson lines
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RESULTS




L
Quantities of interest

— —2 2~ 2 GeV?
- Particle spectra: By 4‘GeV 7 A

\ | |
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- Two-particle cumulants:

en {2} = Z’;g o2} = e (2}
2N

A2y = | Ppud? -
K { } / p1G p2 COS [n <¢p1 ¢p2)] d2p1d2py

 Four-particle cumulants:
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Integrated elliptic flow

CMS Prellm/nary
L] L] L] I L] Ll L) L] I L]
014 816 TeV 5.02TeV pPb
‘ VP y, v 03< p, <3 GeVlc |
0.12 —~ | ¢ — on=2
AN m == [On=3
0.10F -
0.10 A T - =4
S | I
= 0.08 g
0.06 - 5 _Wﬂ ]
~~0.05 & -
0.041 MDD =200 ..o _
0.02 - —4- 5GeV - @ e F"".
0.00- —¢- 3GeV —4— 10GeV - |-I-I-I-|'ii.- l-|-+-|-+-|- +
00 05 1.0 15 20 25 3.0 4 + +
Q2 [GeV?] 0 100 200 300 400

T. Lappi, Phys. Lett.,, B744:315-319, 2015.

offline
Ntrk

T. Lappi, B. Schenke, S. Schlichting, and R. Venugopalan. JHEP, 01:061, 2016.



S,
Integrated elliptic flow
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Differential flow
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Symmetric cumulants

SC(m,n) = (viv2) — (v2) (v;) %107 CMS Preliminary
LB LR B BUELELELES B
207107 j éﬁ 5.02 TeV 8.16 TeV pPb
—+ sces) i SC(23) -

- —4— SC(2,4) 4 c e ’

= L 0 mSC(24)

10 _t _
= 5 E‘ 2r o™ .
o O [ lo™m 1
7B U ettt ey h I U p e g 1
A -

~10- [ *ten o cincy ¢ ®
-15 . . . . , , 03<p <3GeV/c -
00 05 1.0 15 20 25 3.0 ok, T N

Q2 [GeV?] 0 100200300400

offline
Ntrk

A random event having vo > (v2) will be more likely to have a vy > (vy4).
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Further thoughts...
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Conclusions

- Developed the machinery to compute correlators of
six and eight fundamental Wilson lines at finite N_

- Modulo many caveats qualitative features of the measured
four-particle correlations are understood by non-linear
classical fields
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Symmetric cumulants
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