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extreme conditions
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LOCAL GOAL

Use photons as probes for saturation

in highly energetic p+A collisions

WHY PHOTONS?

No strong interaction = Clean probes. @g

WHY P+A?

Use known probes to probe the "unknown"



DEEP INELASTIC SCATTERING

@ Probe (e, y, v) used to test internal structure of nucleons

» Q2 as a measure of the minimum probing area

2
@ I = ¢ ~ Pz , the parton's

2P-q /s

longitudinal momentum fraction

@ Asymptotic freedom was discovered

But also...



PARTON DISTRIBUTION FUNCTIONS
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SATURATION




Distribution reaches O(1/ag)

& gluon fusion
& Growth stops @2
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PHOTON PRODUCTION

LO CONTRIBUTION

€ a9 —-ay O(cxe)

NLO CONTRIBUTIONS

© g -aqy
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LO CONTRIBUTION
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NLO: PHOTON + GLUON BREMSSTRAHLUNG

g
x* !
- Z
Aa

At 1 ~ 10_2, fg(CU,QQ) > fq($7Q2)

"> Suppressed by  f, (v, Q%)

JHEP 1701 (2017) 115



NLO: ANNIHILATION

/g g

II

Enhanced by f,(z,Q?)

Kinematically constrained

*> Dominated by k% ~ Q% ,

Nucl.Phys. A958 (2017) 1-24
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NLO: PHOTON BREMSSTRAHLUNG

¥ ¢

—>> Enhanced by folz, Q%)

€. Dominated by low momenta
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COLOR GLASS CONDENSATE

Glue

Soft Partons f= | Hard Partons
Macroscopic Field Static Color Sources
A(z) I (@) = g8(x) 0" p(x.)

™ 1

Ay(a) = ~g" 8z ) gy oyl

z fo(z, Q%) N Q_?S’
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COLOR GLASS CONDENSATE

Glue

Soft Partons f= | Hard Partons
Macroscopic Field Static Color Sources
A(z) I (@) = g8(x) 0" p(x.)

N /

<0MD=/DNWWMOM

W z; p| : gauge invariant probability distribution



COLOR GLASS CONDENSATE

Glue

Soft Partons * — A Hard Partons
Macroscopic Field Static Color Sources
Alz) JH(z) = gd(z7) 6" p(xL)
SPECIAL CASE

McLerran-Venugopalan Model

(p"(x1)p"(y1)) = g*6*u6P (x1 —y1)









Our turf:




Our turf: p+A

N \
N,

"Unknown"




Saturated
Jh(x) =g6(x™) 6" pp(xy) Jh(x) =go(z™) " pa(xy)

Nucl.Phys. A743 (2004) 57-91
Nucl.Phys. A743 (2004) 13-56



Our turf:

Saturated

(x) = gd(x™) 6" pp(x.) Ji(z) =go(x™) 6" pa(xL)

D, F) = Jv + 0y

Nucl.Phys. A743 (2004) 57-91
Nucl.Phys. A743 (2004) 13-56



Our turf: p+A

Saturated
Jh(x) =gd(x™) 0" pa(x)

B VoI 2 ey =

(O |pp, pal) = / Dpp Dpa Wlxp; pp]W |z a; pa]O |pp, pa
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Our turf: p+A

. " |
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Our turf: p+A

. " |
A*(q) = Al (q) + e / (27132 / A2z | el(@L—FkiL)oy

V(z) ="Pyexp [iQ/dZ+AZ(Z+,33L) -1
2

Gauge Artifact
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Our turf: p+A

i k |
A*(q) = Al (q) + J /(232/&@61(%’“19%

ko) 1+ @V ) - 1| 21

Superposition

A XQ000000) = Pp X000 + ApX2000004000000

proton CGC mixed field

Nucl.Phys. A743 (2004) 57-91
Nucl.Phys. A743 (2004) 13-56



COLOR GLASS CONDENSATE

v How do quarks behave
¢ ﬁ( through the CGC?
7 |
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COLOR GLASS CONDENSATE

How do quarks behave

4
¢ through the CGC?
¢ 7 | g

(\,fo { (k 7 \ Multiple Scatterings
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V(kv)

Q(q)

Q(p)

AR

ALL CONTRIBUTIONS

v(ky) v(ky) v(ky)
Q(q) Q(q) Q(q)

Ap Ar AR
Q(p) Q(p) Q(p)

AA AA

V(kw)
Q(q) Q(q) Q(q)

Ap Ap 7(]{:7) AR
Q(p) Q(p) Q(p)

AA ’V(k’Y) AA AA
’Y(kv) 'Y(kv)

Q(q) Q(q) Q(q)

AR AR AR
Q(p) Q(p) Q(p)
Ay A Ay AL Ay ’Y(kv)



AMPLITUDE

. . 2k
M = —qreg®e. (k) / d*k) d°kq L / d2a3Ld2yLe”“'“’lelyL(Pl—kL—ku)’Opl(cz‘u)
11

X ﬂ(q) { T;’(ku_) Uba(CEJ_) t°

+Th (k1 k1) Uz, ) t*UT(y ) }v(p)



{\color[rgb]{0.733689,0.032809,0.059337}

AMPLITUDE

. . 2k
M = —qreg®e. (k) / d*k) d°kq L / d%Ld?yLel’ﬂ%em-(m—m_ku)Ppl(c;i)
11

x<a(q) { Ty (k1) U™ (1) ¢

+Th (k1 k1) Uz, ) t*UT(y ) }v(p)




{\color[rgb]{0.733689,0.032809,0.059337}

AMPLITUDE
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11
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CROSS-SECTION

do” Qe Qg 47 /kou d’ko pp(k11)
— (P, —ky —k P
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COLOR AVERAGING

Two-point Correlator

= o — e _— = _
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COLOR AVERAGING

.

Three-point Correlator
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COLOR AVERAGING

| Four-point Correlator
.
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COLOR AVERAGING

An involved process of gaussian
averaging the sources

Nucl.Phys. A697 (2002) 879-901
Nucl.Phys. A695 (2001) 395-429



COLOR AVERAGING

4.0 A

3.5 1

3.0 A

An involved process of gaussian
averaging the sources

1 2
By(x,) = = (Ang) 11—z, AgecpKi(z1Agep)]

Nucl.Phys. A697 (2002) 879-901
Nucl.Phys. A695 (2001) 395-429



COLOR AVERAGING

Dynamics dictated

Large N limit by forward dipole

/ ~amplitude
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LEADING TWIST APPROXIMATION

k | Factorization

do ae0gq; /°° dgt dpt / d2q, d?p,
0

— 2 2
Py idy, ~ COTNNZ 1) Sy pr ) @n)p @n2 2T

k k
x (2m)26 (P — ki) — ko)) gppliliL) SOAIC(QEL) O(ki1,k21)

ArXiv:1609.04300



LEADING TWIST APPROXIMATION

k | Factorization
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LEADING TWIST APPROXIMATION

k | Factorization
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d2k. dy, (2m)AN.(N2-1) J,

* dqt dpt

qt pT

dZQJ_ d2pJ_ 2
/ 22 (22 2™

k k
X (27T)25(2)(PJ_ — k:u_ — kQJ_) Qﬁp( 1J_) SOA( QJ_) @(leakQJ_)

Q(q) Q(q)
(k) %@Q (ky)
(LT1) Q(p) (LT2) Q(p)
Q(q) Q(q)
v(ky) j}é 7(ky)
(LT5) Q(p) (LT6) Q(p)

(LT3)

ki1 ko

Q(p) (LT4) Q(p)

jbé 7(ky) A(ky)
LT7

Q(p) (LT8) Q(p)

ArXiv:1609.04300



LEADING TWIST APPROXIMATION

k | Factorization

do” Q057 / > dg* dp* / d*q, d’p,
0
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€ Collinear Factorization
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RESULTS (PRELIMINARY)
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RESULTS (PRELIMINARY)
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Saturation modifies the emission process °\
thanks to multi-particle scatterings

&> CGC formalism yields correct limits to the pQCD results

Complete analytical result at NLO, (9(046045)



OUTLOOK

", Rapidity evolution (BK) for the cross-section will
give photon multiplicity predictions for the next
run of the ALICE experiment.

i Photon-hadron correlations are sensitive to
saturation.

&= > More exciting studies:
(¢ NNLO?
Higher particle correlations?
Saturation and Anomalies?







