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Background: Collectivity in small systems

V. Khachatryan et al. (CMS Collaboration) V. Khachatryan et al. (CMS Collaboration)
JHEP, 1009:091, 2010. Phys. Rev. Lett., 116(17):172302, 2016.
N>110, 1.0GeV/c<p<3.0GeV/c - CMS
g - A PbPb {s =2.76 TeV A
= *’[apPb \s=5.02Tev +
; L
= 3 [eppls=13Tev o6
4 S [opp Vs=7Tev 5 o
= < A =
< 5 01f a
—’ 2 "
z .§ A o 20<|An| <4.0
2 | a @ 1.0<p_<2.0GeV/c
< an D T
OM eee®** ]
" L 1 1 1 1 1 1
0 100 200 300
No"line

K. Dusling, W. Li, and B. Schenke
Novel collective phenomena in high-energy proton-proton and proton-nucleus collisions
Int. ]. Mod. Phys., E25(01):1630002, 2016. [arXiv:1509.07939]



Motivation: Four-par

icle cumulants
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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)

A. Dumitru and ]. Jalilian-Marian, Phys. Rev. Lett.,, 89:022301, 2002.
J. D. Bjorken, J. B. Kogut, and D. E. Soper, Phys. Rev., D3:1382, 1971.



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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e
Multi-particle production

- Single quark scattering:

dN 1 2, =2 1 . _
~ —(x+x°)/2Bp = tp-(r—T

- Factorization ansatz for multi-quark scattering:
d*N N d*N d*N
d*pr-+dPpp /) \dPp1 d*pm

- Two quark scattering: <%> ~ / <iTr (W (z)WT(2)] NiTr [W(y)WT(ﬂ)]>

- Four quark scattering:

N ~ r w T(w r x T(z r (g r z T(z
< d2p1d2p2d2p3d2p4> [ W @)] T [W @)W @] T [ W )] T [W W)



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 (Quowz DygDzz)y + Buywy (QuowyDzz Dzz)y,
+Buwzwz <szw 7 > + Bryzy <Qy:7:a:watzz>V
+Bzzzz (QzzazDwaDyg)y, + Byzgz (QzgyzDwawDaz)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:

d* N
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Color domain interpretation
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S,
Integrated elliptic flow
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Differential flow
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Symmetric cumulants
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A random event having vo > (v2) will be more likely to have a vy > (vy4).



n-particle correlations in an Abelian model
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Conclusions

- A very simplified initial-state parton model,
- projectile: independent, nearly collinear, quarks

- spatial correlations within the classical field of the target
imprint themselves on the quarks as they scatter

- captures qualitative features of multi-particle correlations
in light-heavy ion collisions at RHIC and LHC
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Background: Glasma-graphs
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Integrated elliptic flow
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Symmetric cumulants
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Vo, V3

Background: Collectivity
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Motivation: The color domain model

- Gaussian correlation of E-fields will produce particles isotropically

2
S (B0 0) = 0" @20 (b1 —ba)

C

- Consider sub-class of events with a predefined orientation:

2
g a 1 u . 1
ﬁc <Ez (bl)E?(b2)> = (NC2 — 1)5 bQiA(bl — bz) ((57,] + 2./4 [aiaj — 55231)

/Qsl
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