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QCD at high energy: saturation
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Probing saturation: di-hadron correlations

polar angle (rapidity correlations)

azimuthal angle (back to back)



long-range rapidity correlations: the ridge

{a) CMS MinBias, pT>0.1 GeVic (b} CMS MinBias, 1.0GeWc<pT<3.OGerc
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AA at RHIC

Initial state vs final state ?
if final state, early or late times?



di-hadron correlations in pA

Recent STAR measurement (arXiv:1008.3989v1):
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saturation effects

de-correlate
the hadrons

shadowing+energy loss: Z. Kang, I. Vitev, H. Xing, PRD85 (2012) 054024



DIS = > PpA

Crossing symmetry



From DIS to DY: crossing symmetry (LO)

VA —-qgX < qA—-q7'X
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di-hadron (azimuthal) angular correlations in DIS

DIS total cross section (F,, F,): dipoles « TrV VT >

di-jet production in DIS: quadrupoles ~ TV VIV V' >

LO: ~'T—-qgX
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di-hadron production in DIS
v*(k)p — a(p)d(q) X

' d?l .
.A:“(k7 qu) — % / (271-;_2 dQCEJ_d2yJ_ ez(m+q¢—m—u).w
e’ilJ_'UUJ_ ﬂ(Q) I‘M(ki’ kJ_a q ,pP ,qL — lJ_) U(p)
V(e )VTi(y)—1]
with

| s

Y@= T+mn k=T m)y”

pl(qL—11)* +m?=2¢7kT] +q (gL —k1L—11)? +m?]

F. Gelis and ]. Jalilian-Marian, PRD67 (2003) 074019
Zheng + Aschenauer + Lee + Xiao, PRD89 (2014)7, 074037



Quadrupole evolution: JIMWLK
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Geometric scaling also present in Energy dependence of
quadrupoles saturation scale

Dumitru-Jalilian-Marian-Lappi-Schenke-Venugopalan:PLB706 (2011) 219



quadrupole: limits
< Q(r,F,5, ) >= Ni < TrV(r) VIF V(S) Vi(s) >
line config.: r=35§ r=s
square config.: r—-s=7r—s=r—7r=---=2
“naive” Gaussian: Q = S?
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Di-hadron azimuthal correlations
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Azimuthal correlations in DIS
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DY in pA 5 s oy
qT — qv* X

M*(p; k,q) =i /dzxtei(Qt+kt_pt)'xt u(q) T*(k;q,p)u(p) [V(xe) — 1]
) d?1 : :
i v / t d2xtd2yt62lt'$t el(Qt+kt_pt_lt)’yt ﬂ(q) I‘M(_k; q, _p) u(p)

2 (27)2
[V (2) V(y) — 1] V()
\
extra: unitary matrix same as DIS
Cross section
do ZCng d2lt 2 1
dz d?k; dlog M2 d2b, 3« / (27)4 d”ree T(xg,be,t)
(o ik
2 (k2 + (1 — 2)M2)[(k — 21)? + (1 — 2) M?]

2 . : :
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Gelis,Jalilian-Marian
PRD66 (2002) 094014



Photon-hadron correlation in p(d)A

a(p) T — q(l)y(k) X
S
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pPQCD limits

near side: collinear divergence § — 0




photon-hadron azimuthal correlations

doP(d) T—=h(q) v(k) X doP(d) T—h(q) v(k) X
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d2b; dk? dg? dy. dy, 6" d2b; dk? dg? dy., dy, df
M+AR, PRD (2012)
20 T | T T T _I:3 T H ! I == R) I T I T I T I 1 I 1
r photon: k, =5 GeV. m, _’ hadron: ., M, =3 | photon: k =5 GeV, 1, =3
15 0.2 TeV FAY q, =1 GeV i
I Y .- q=2GeV hadron: q =3 GeV, 1, =3 —— (2TeV
2 .| [ —— am3cw 16 t e . 44Tev
= L _ I —— 88TeV
. ¥
5 ;’l.’ Y \\ I’ i
W o 125 / |
P ol CD , ‘
0 1 1 1 1 1 1 1 1 1 M <] | |
| hadron: g, =5 GeV, n,= 3 ——’ '
photon: k., n, =3 a " ‘
S| _ - i
0.2 TeV — — k=3GeV 8 I
- c— - k=2GeV \
k=1GeV ! i
\
0 1 1 1 1 1




Centrality dependence
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Photon-hadron correlations

new processes to probe the dynamics
of high energy QCD

suppression of prompt photon
spectrum in forward rapidity in p(d)A

disappearance of the away side peak in

photon-hadron azimuthal correlations
in p(d)A

need to measure these at RHIC/LHC




3-parton production in DIS

+ radiation from anti-quark

Ayala, Hentschinski , Jalilian-Marian, Tejeda-Yeomans; PLB761 (2016) 229



crossing symmetry

3-jet production in DIS

" ) ¢ — qgy™
Y = 179 —{ G Ggy ™
g —qqy™

2-jet + photon/DY production in pA collisions
*
(collinear factorization in proton?) pA — hl h2 ’7( ) X

MPI (in proton)



SUMMARY

Azimuthal angular correlations offer a unique probe of CGC
Di-hadrons, hadron-photon/dilepton, 3-hadrons,...
Forward-forward correlations probe small x

Vary nuclei, transverse momentum, rapidity,...



Azimuthal correlations in DIS

di-jet production in DIS: quadrupoles ~ TrVVIV VT >

LO: T — ggX 1M+ Y. Kovchegoy, PRD (2004)

gluons widely separated in rapidity

A B C
v :‘ : v* : : v¥ :—E F




) o o Review:
spinor helicity methods L. Dixon, hep-ph/9601359

massless quarks: helicity eigenstates

us(h) = 5 (1) ulk) w® = a®i1Fw
vr(k) = o (£ (k) B = oL (1Fs)
helicity operator h = > D Z:ﬁ Us(p) = +Ux(p)
—X-pVi(p) = =£Vi(p)
C VET T R
—eiqﬁk _
vy = - = o [VH 2 W= = |
V= e L VET
with =itk — ks £ 1k, Lt E+k,




spinor helicity methods

notation:

iE >= |EF >=Uys(ky) = Vi (k) <iF| =< kF| =TUs(k) = V(ks)

basic spinor products:
kP k) — KTk

)1V Vg

i) = <iTiT >=Usp(k)U-(kj) = —y/lsigle™9 G, = BR ZEK
\/Isislki kS
with 5
sij = (ki+k;)” =2k -k Ly <ii> = [i]=0
= — <ij > [ij] <ij] = lig>=0
_ k2
any off-shell momentum k* = k" + Y= nt where k* is on-shell E2 —

any on-shell momentum ]gﬁ — |p+ > < p+| + |p_ > p_|

work with a given helicity state
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