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The

® [wo-particle correlations in
pp and pPb at the LHC show
features that in AA are
attributed to final state
interactions describable by
viscous relativistic
hydrodynamics and interpreted
as a signal of equilibration.

e EKT and AdS/CFT: hydro

works even for large
momentum anisotropies.

® What about a non-hydro
initial-state explanation?
(anyway long range rapidity
correlations must come from
the very early times...)
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The ridge:

® [wo-particle correlations in .
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CGC explanations:

® Several explanations have been proposed in the CGC: assume
that the final state carry the imprint of initial-state correlations, and

use that the CGC wave function is rapidity invariant over Y « | /Xs.

® [ ocal anisotropy of target

fields (Kovner-Lublinsky, Dumitru-
McLerran-Skokov).

Ny
® “Glasma graphs” (Dusling-Gelis-

Jalilian-Marian-Lappi-McLerran- @
E

Venugopalan, Kovchegov-Werpteny).

® Spatial variation of partonic
density (Levin-Rezaeian).
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CGC explanations:

® Several explanations have been proposed in the CGC: assume
that the final state carry the imprint of initial-state correlations, and

use that the CGC wave function is rapidity invariant over Y « | /Xs.

® [ ocal anisotropy of target

fields (Kovner-Lublinsky, Dumitru-
McLerran-Skokov).

® “Glasma graphs” (Dusling-Gelis-
Jalilian-Marian-Lappi-McLerran-

Venugopalan, Kovchegov-Werpteny). v

® Work undergoing to explain n-
particle correlations, n>2, and odd

harmonics.
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® Spatial variation of partonic
density (Levin-Rezaeian).



Bose enhancement for gluons:

® The appearance of the ridge in the final state, within the glasma
graph approach, can be traced to the Bose enhancement of gluons
in the (rapidity invariant) wave function:

a'(ky)  a¥(ko) a(ks) a(ky)
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Bose enhancement for gluons:

® The appearance of the ridge in the final state, within the glasma
graph approach, can be traced to the Bose enhancement of gluons
in the (rapidity invariant) wave function:
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Bose enhancement for gluons:

® The appearance of the ridge in the final state, within the glasma
graph approach, can be traced to the Bose enhancement of gluons
in the (rapidity invariant) wave function:

alke)  al(k2) a(ks) a(k)  Igluons in the WF
|
| TR . . .
i o al (k),a)’ (p)] = (27)26440" 62 (k — p)
p VD
’ «~ i =—=[  Lamk
\xl_,,/ \/Y In<Y /2| 2T
\\ //
N(p—k) |rescattering on the target
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Bose enhancement for gluons:

® The appearance of the ridge in the final state, within the glasma
graph approach, can be traced to the Bose enhancement of gluons
in the (rapidity invariant) wave function:
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Bose enhancement for gluons

‘ o Questlon do quarks in the CGC wave functlon experience Paull ‘
gblocklng and, if so, is it short or long range in rapidity? j

al (ki) GT(IkQ) | a(kz)  a(k) |gluons in the VF
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| TR ,
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The elements:

® The two-particle inclusive cross section reads:

do 1 \ .
dptd®pdgtd2q — (2m) (w|Q ST QP [dl, ., (", p)df (6%, 0)dp,s2 (a7, 0) dass (PF,p)] QS Qo)
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The elements:

® The two-particle inclusive cross section reads:

do 1 N N
It Epdar e = e CRPTQT [die, (07 p) dly . (a%,9)dp,s2(a", @) days, (p*,p)] 2S5 QF[0)

operator that diagonalises perturbatively
the Light Cone QCD Hamiltonian
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The elements:

® The two-particle inclusive cross section reads:

do 1

dp+d2pdq+d2q — (2m)8 WSt Qr [dl, ., (0. p)d5 (a7, 0)dp,s.(a",q) das, (T, D))

operator that diagonalises perturbatively
the Light Cone QCD Hamiltonian

eikonal S-matrix
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The elements:

® The two-particle inclusive cross section reads:

do 1 ~
= o (1 Q1 [dh, 0 p) (0 ) )0 0) s ()]

dptd?pdq+d?q  (2m)6

operator that diagonalises perturbatively cikonal S-matrix
the Light Cone QCD Hamiltonian
{d%, (K, k), dl5 (a7, q)} = (271)°6%%06,6,0(kF — ¢7)®) (k — ¢) quark creation operator
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The elements:

® The two-particle inclusive cross section reads:
valence state

do 1 .
dp+d2pdq+d2q — (2m)8 (RpTQT [dhs, (07 p) ‘12,82(q+,q)(q+-q) dos, (7, p)]

operator that diagonalises perturbatively cikonal S-matrix
the Light Cone QCD Hamiltonian
{d%, (KT, k), dS (g7, q)} = (27)°6%%06,6,6(k* — ¢7)8®) (k — ¢) quark creation operator

N.Armesto, 06.04.2017 - Quark correlations in the CGC: 2. Calculation. 7



The elements:

® The two-particle inclusive cross section reads:
valence state

do 1 St OT 141 + T + + + o
= — (ST QT [dg ., (PT,p)dg (g ,q)(q ,q)da.s, (P, p)] QS

dptd?pdg*+d?q  (2m)

operator that diagonalises perturbatively cikonal S-matrix
the Light Cone QCD Hamiltonian
{2, (K* k), di5 (a7, a)} = (21)°0“65,5,6(kF — ¢7)8@ (k — ) quark creation operator

® Dressed valence state of interest here from the LCH (1610.03453):

[0)P = virtual + = / (H‘era d (12]3’ dk*+dB d2q' d2q

(2m)
X [Qs,lsz(k+ P a)grlr (L+ q.q;0) dli(ﬁ:kﬂp’)(ii (ak™,p') dh( Bk, g )(IT‘)( Bk, _’)] |v)
I S 2 B
P k 1*%’ il P k “%; iy
_;))/ ’/ — _;))/ / —»
" aggg " o)
N\ N
k—p. (1=-8k" k—p. (1=-8k"
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[0)P = virtual + = / (H‘era d (12]3’ dk*+dB d2q' d2q

(2m)3
X [gs,l%(ﬁ 7 a(L+ ', q; ) dis (ak*,p) dl; (ak*, ') diT(BR*, q) di3 (BRT -’)] [v)
PI (§ P2 &
1+ b ¢!
N - &2e
~ fggm{/ L, (KT p,q, ) —Tyo/(h)gp‘(k) NP UN N
— N
k—p, (1=-&k* k—p, (1=&k*
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The elements:

® The two-particle inclusive cross section reads:
valence state

do 1 . |
dp+d2pdq+d2q — (2m)8 (RpTQT [dhs, (07 p) (123,32(61*,(1)((1*-(1) dos, (7, p)]

operator that diagonalises perturbatively cikonal S-matrix
the Light Cone QCD Hamiltonian
{d%, (KT, k), dS (g7, q)} = (27)°6%%06,6,6(k* — ¢7)8®) (k — ¢) quark creation operator

® Dressed valence state of interest here from the LCH (1610.03453):

g > tual + /dl‘+da d*p' d?p' dktdp d?q’ d*q
4 — \11 ua (2 ﬂ-)g

: [Qsa%(’l 05 ) Q0 (kY @5 B) dY (ak ™, p) Yy (ak™, ') T (BRY, ) di3 (BRT, “’>] )

® pg~|, so only density-enhanced contributions are taken i.e. NOT

(7 (7
() . \'®) .
F T 2 T

)

KOKQ_QQ_J\
\\_: \\_:
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Correlations in the WF (]):

® The average number of quark pairs in the LC WF is :

dN 1 Dyt (ot oyt + + + 2\ [\ D
dp+d2pdq+d2q (27‘-)6 <4 <U|da,31 (p ap)dﬁ,32 (q ~Q) dﬁ,sz(q ~Q) da,sl (p *p) |U>4 >P

1 B - . —
— i [ REERELEL R () 0 D) e

><{tr(rr%”)tr(rr%dm<k.z:p>¢>2<k,z:q) - tr(%”fr%d)cm(k.z.k,z:pm}
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Correlations in the WF (]):

® The average number of quark pairs in the LCWHF is :

dN 1

— e / Pk Pk PP <pa<k>p0<1%>pb(l>pd(l‘>>p

P

A
><{tr(TaTb)tI‘(Tch)‘I’z(khl:p)%(’f L; )—tl(TaTbTCT")‘IM(’\ L k 1_§P~,Q)}

7
(p+gm), / (p m)
‘ |
(éP+M M’h (Gr* "i)

(%p+a k.L - p_L)

(" + 50" kL —qu +p1)

(0 k) W
+ ki —p1) QUULTHHHHTLE
' (¢ + 2p*, kL —p1 +qu)
(g* QL)
(g7 Q.L) 3ot k) J
(-
’lmmvmmm\[ ]'mmmmr (%q+ k_L ql

1
dadp
4(k, L, k.l - :
+ L_L q_L P q) o szzgl §2/0 ([3 + Be"?l"’h)(a 4 @6772—771)

d2 —/ ‘ d2 ! d2 7 _/ 7 —/ * —/ * 7 —/
o(k, 1; p) / da/ @81 so(kop,Pi0) 6% o, (L, Ps ) X/(%) 2 (22 ——5 sy, (K, 0, D5 ) Ds,5, (K0, T3 B) by, (LT3 B) 0,6, (1,0, D5 @)

8182
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Correlations in the WF (]):

® The average number of quark pairs in the LC WF is :

dN 1
- Idt . (o, p)d! ds,5(a*,q) das, (0, ) [0)] )
dp+d2pdq+d2q (27_‘_)6 < <l |(a 81( ) ﬂ S9 (q Q) ﬁ, 2(q ’ Q) G 21 (p ) p) |U>4

1 B - . —
— i [ REERELEL R () 0 D) e

P

3\
><{trvr“f”)tr(fr%d)%(/«.z:pm(k : )—nﬁ%"fr%\’ymu Lk z‘:p,q>}

7
(p+‘p¢) I / p pL

‘ 1
) ,""""""""' . (. k
(£P+,kl) (ép“*,kl) l) + L w (p +§q+ ki, —q, +pl)
- —< 1—P1) QUL UHE TN
(5p*,kL —p1)
(¢t +2p* kL —p1 +qu1)
I H U HH LS
(g* fu)
+. k
@00, ( k) J mixing from
1+
B9
= _~ different
(5‘1 kl QL)
: dads airs
0t R - qr) (koL kL. q) = . ngl §2/0 (B + Bem—2)(a+ aem ) P
d2 _ 12 / d2 ~ ., ’ _ ., . ., » _ »
2(k, L; p) / dQ/ Y sisalkp,050) 8%, o, (Lp, 75 @) X/(27r) (g e (PP ) O 4 T30 Gy (2 05 5) Oy (.75 )
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Correlations in the WF (ll):

® Performing MV projectile averages: (p°(k)p°(p)), = (2m)%12(k) 6% 6@ (k + p)

BL ~ | PL
’ | r W e ” | w
k, k, ky | [ kL kr o | J
k, —p, ki —p1 ki —p1
qr | @
o I J I L 4}_( > T 1
l J I_C.L ]_C.L l J k
N E‘L —q

Correlated O(N?)
Correlated O(N?)

I )
9 (ks —po +as § I JJL —ps 4y
J -

Correlated O(N,)

(¢7') Correlated O(N2) (¢2) Correlated O(N2)
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Correlations in the WF (ll):

® Performing MV projectile averages: (p°(k)p°(p)), = (2m)%12(k) 6% 6@ (k + p)

{e At large Nc: |
{ correlation

{determined by
C|>4A’B: minus sign
findicative of Pauli {
blocking. |

.;' (CbA) Correlated O(N3) (ch) Correlated O(N3)
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Correlatlons in partlcle production:

o [ @r@r o)
x(®a(x,y; 21, 22, % p) D22, T 21, 2, 5 )

x i {[r = S§%(2)Sp(21)7* SH)]r* - S5 (1) Sp(2)T°Sh(2)] }

x tr{ [r? — S¥(2)SF(21)7° ST (w)] [ —Sgd(g)sF(w)Tds;(zg)]}

- (1)4(:13,@/,3_3,17; Zl,ZQ,El,EQ;Z,TD;p,Q)
X trq |

r® — 55 (@)Sp(=1)r" S ([ — S5 (y) Sp(@)7°Sh (22)

x [ = S§(@)Sr ()7 SE@)Ir - S§@)Sr()rISh(E)] | ),
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Correlations in partlcle production:

do a b(=\,C d
o~ [ / 3 @@ W)

X (| D2(x, y; 21, 22, 2; p) B (T, 73 21, Z2, W
< tr {[r = S5 (x) F(z1>7-as}(z>][70—s “(4)Sr(2)T°Sh(22)] }

x e {[r = 8% (@) Sk (z)r S (@) ~ S8H5)Sr(w)r (=) )
_(I)4(Iayajag;zlaEQ\glaEQ;gaw;paQ)
« tr {[T — §9(z)Sp\(21 )05k (2)][r¢ — S

x [r? — S%(z)Sp(z1)kPS]

I a =
pa,(l.) mymﬂ ]‘wm“. pc(y) pa(x) .ﬂmm“'\[ j
z _ _ Y z _ _
Z Z z & vl p°(v)
“ _ \
~ ~ =1 ~ - ~
Gsy 50 (T, 21, Z; @) Pk o0 (Y, 22, Z; ) Gs150 (T, 21, Z; )

UL lmumm‘ p(y)

-

V
(b;lsg (g’ 227 Z; a)
w

V

Ps15, (T, 21, ; B) Oy 5, (U, 22,05 5)

-

-

¢§1§2(i321’a); IB) ¢;1§2(g)223w;:8)

b@
o
.
\
le
&l
\
\
i)
S
bo‘
O
p
e
<
€l
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Correlations in partlcle production:

T~ o Lo COr@r o)

x| ®a(z, y; 21, 22, 2, p) Pa(Z, §; 21, Za, W; q)

x tr {[r% — S5 (2)¥p(20)r SE (2] — ST(v)Sp(2)rSh ()]} ® No rescattering of
< tr {[r? - Sz*’(r)X(:l)Tbs;(zv)] - st sp(o)ris)z)) N 8luons before

®a(w,y, 7, 7; 21, 22\ 71, 52 7, ; p, q) splitting (we assume

xm-{[T — S9%(2)SE\(21) TSk (2)][7¢ — SIS E (W) 72 ST (22)] / that it gives no quark

v [Tb . Sgg(i?)SF(fl bS};(’lE)”Td . Sii(g)SF( d QTS : CorrelatlonS).
N i ~2 21 0 2
p°(x) .mmmmw{ : }mwmmm. p°(y) p%(x) .mmmmm[ : ﬁ
v s s Y z o
Z : (z N ! <Z m“mm. Pc(y)
“ ~ _ i - — _ - — 0 j
Pereat: 21,55 0) E Parea (822, %) S E LLLLLLLLL mmmm‘ P4 ()
©2; R by L
) | A - ~ ~
() . (5 (@) .wmmm(: | 9ha@ j))
& : 5 © i
- —~ v i “ —~ / N ~ AR ~— /
055,721, @; ) Fsa (5, 72,; B) Prusa (2:51,%5) Porsa (0> 22,03 F)
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Correlatlons in partlcle production:

— _ br=\ .c d
dm d2pd7]2 d2q 271- /:;ymy/zl o zanm 2 p*(z)p”(Z)p (y)p®(9)) P
<‘I’2(’l y; 21, 22, 2, p) Qo (2, Y; 21, Z2, W5 q)
< tr { [ = S4%(2) Sr (217" S — SF () Sr(2)7°Sh(=2)] |

X tr [Tb — S%(2)SF(z1)r°SL(w)][7? - Sgd(g)SF(w)TJS}(@)]}

— Oy(z,y,2,Y; 21, 22, 21, 22, Z,W; P, q)

><t1{[ —Sf;a 1) SE(2)][r¢ — SE(y)Sp(w) T8 Sh(22)]
b

X S,’Zf’(i)Sp( )7 55}(@)][7 _ 5%(5)Sp(2) 198k

® The same Nc counting holds: leading correlation given by ®4 with
a minus sign.
® Expand S in the target colour field «:

. a ]' a
S(x) = exp{igt®a® (2)} 0 (z) = =3 (2, ) (v)

® Perform MV averages for the target:

(p7(K)pr (p)T = (2)2X*(k)5%°6) (K +p)
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Approximations:

® In order to get large Nc analytical estimates that can answer
about the sign of the correlations and their rapidity extent:
>0 —12>1

= |p| ~lg[ ~[p—q| > Qs
=» Translational invariance: S = (27)26(2)(0)

=>» Color neutrality on scales 1/Qs: Q2 = ¢g*p*, Q7 = g*\°
2 (k), (k) =0 for k< Q,, p*(k),\(k)=p* )\ for k> Q,

=?» The target should not distort too much the correlations:

QT < Qs

=» We keep only leading logarithms.
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The results:

® For the correlations in the VWF:
ANT (p, q;m1,12) S m o ut g N2 ) 2577
[ P pdqdn, digs lld R e el
3(p* + ¢°)
+
[ (p —q)*
® [For the correlations in the produced quarks:

do Q2Q2 QQ 3
— _S(97)2 NP s XL Jn2—m . 21 T
[d2pd2qdn1 d772 :| correlated ( 7T) ‘ 494 ’ (771 772) ! A2 p4

507 Qs 9Q2 [2(p* + ¢°)? + p*¢° —-q)°] | 9Q3 i i
X{Wln( %A2)5(2)<q_p>+ q* [ : (pq—)Q)4p q ]m[<pQ;) ]+ 2q* lln (%) o (%)] }

p? ]
q' [771 — 12 +1In —2] 5(2>(q —p)

S

B -9 -p—-9% q¢fIn (P 6_2;])2 + (m —m2)p - q] }
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The results:

® For the correlations in the VWF:

AN (p, q:m1,m2) S = )2 pt o N2 | 257
e n —
d?pd?qdny dns (27)? TR T T

2

2
p
q* [m — 19 +1In @] 5 (q—p)

Y

] correlated
3(p° + q°)

o [ (»—q)*

® [For the correlations in the produced quarks:

do _ Q2 Q2 Q2 7T3
— G272 NOSZESZET 2= (1), — 1,)2 1 T
[d2pd2qd7]1d7]2] correlated ( ﬂ-) ‘ 494 ’ (771 7}2) ! A2 p4

50 Qs 52 00 120" +¢°)* + 1’|, [(P—a)?] | 9Q3 q° P’
U (i) 70+ S (PR 2] 4 S i () o ()

=» Negative correlations: Pauli blocking.

=» Short range in rapidity (peaked for An~2).

= O(a?2N,.) suppressed with respect to gluon ridge.

=¥ Delta function survives rescattering: contribution from only
antiquarks interacting with the target, to be smeared by Rprojectile.

=¥ For production, a non-perturbative regulator appears: poles k+l|
for two internal momenta k, | appearing in the colour charges of P T.
N.Armesto, 06.04.2017 - Quark correlations in the CGC: 3. Estimates. 13
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Conclusions:

® We have performed a CGC calculation, in the light cone wave
functions approach, for quark-quark correlations, under the Glasma
graph approximations used to describe the gluon ridge.

® Quarks experience Pauli blocking.
® Quark correlations are short-range in rapidity.
e Quark correlations are parametrically suppressed by ots*N..

® They could be seen, in principle, in D-D correlations but the mass
effects should be taken into account.

® They could contribute to odd harmonics.

® They could be extended to the forward region: hybrid formalism.
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Outlook:

® Baryon-baryon correlations show features that seem suggestive
of Pauli blocking; a similar effect seen [PRL57(1986)3140] in e*e” but
there modifications of hadronisation reproduced the data.

ALICE pp Vs =7 TeV

1612.08975

~ Po(@i,mi,¢2,m2)
C((pl’n]’(pz’nz) B Pl((plan])PZ((pzanz)

C(A, An)
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Outlook:

® Baryon-baryon correlations show features that seem suggestive
of Pauli blocking; a similar effect seen [PRL57(1986)3140] in e*e” but
there modifications of hadronisation reproduced the data.

3 of 'ALiéé 'p;;r" 7TV glam E SUE ® ALICE pp {5=7TeV -
b pASR : E E 1612.08975
- © AAHAA ol ' ]
= <13 i 1.1 = ((P N, 02 ) Pl?((Pl Ni,P2,M )
s E b T2, T2
0’9 m Pl ((Pl n] )P’) ((p2 ) n2)
B 0.9
0.8F
& 1.1E S 1.1
o 2
o 158 Q 2
S 09 - R T S P I P
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Outlook:

® Baryon-baryon correlations show features that seem suggestive
of Pauli blocking; a similar effect seen [PRL57(1986)3140] in e*e” but
there modifications of hadronisation reproduced the data.

||||||||||||||||||||||||||||||

TR e N ALIGE oo 13 =7 Tev
PR . - . PR z 1612.08975

o AA
An| < 1.3

o AA+AA -
ANl < 1.3

C(Q1.M1.92,M2) =

P (@1.,M1,92,M2)
Pi(Q1,M1)P2(92.M2)

A 1 Ag (?ad) ’ e 102 o - PbPD centaly(~)
05 sNN=5.O2ITeV | | ICMS_
® Quark correlations could 8 ((. i e
. . = T 0. _
contribute to charge correlations " & o
(proposed as signals of Chiral | s | L °
Magnetic Effect). Soor gkt -
i f R
I1(I)2 | ofﬂilneI 1(|)3
NG!
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Outlook:

® Baryon-baryon correlations show features that seem suggestive
of Pauli blocking; a similar effect seen [PRL57(1986)3140] in e*e” but
there modifications of hadronisation reproduced the data.

||||||||||||||||||||||||||||||

S o0 AUCEPD E=7TeV gliim A ALICE pp (5 =7 TeV -
O - . pp+pp NONAIRIORCE E o 13 e PP E
AT _p : - o z 1612.08975
E ° M+H o . 1 .2 °© AK =
= lanl<13 .- 1.1 ANl < 1.3 ( ) P]?((Pl . s, T]2)
G1,M1,92,M2
¢ Pi(@1.m1)Pa(92,M2)
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