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Outline

Intro: Color fluctuations in hadrons - new pattern of high energy hadron -
nucleus scattering - going beyond single parton structure of nucleon.

Calculating leading twist shadowing and antishadowing

A new frontier : probing color fluctuations in photon in YA collisions
starting with UPC data from LHC (pre-sequel of EIC & LHeC studies)

Evidence for x -dependent color fluctuations in nucleons -nucleon squeezing




Fluctuations of overall strength of high energy (Y*)hN interaction

High energy projectile stays in a frozen configuration distances lcon =cAt

2
At ~1/AE ~ — At~ 1

Myine — My,

DIS
2rmn

AtLHC for M — 1, ~ 1GeV7 |~ 107 fm>> 2Ra>> 21y
coherence up to m?nt ~ 10°GeV?

Hence system of quarks and gluons passes through the nucleus
interacting essentially with the same strength but changes from one
event to another different strength




Strength of interaction of white small system is proportional to the area occupies by color.

QCD factorization theorem for the interaction of small size color singlet
wave package of quarks and gluons.

For small quark - antiquark dipole

2
B Tr
o(qqT) = gas(Qz)T?rng(x, Q% = \ry)

small but rapidly growing with energy.

In case T= nucleus, LT interactions with 2,3... nucleons are hidden in grx,Q)
For small 3 quark tripole

ro. — (11— (ra+13)/2)* + (ro — (r1 +13)/2)* + (rs — (r1 +12) /2)°



dependence of (O (hN) on size holds in the nonperturbative regime

O’tOt<KN) < O’tot(ﬂ'N>

Global fluctuations of the strength of interaction of a fast nucleon/pion/photon,
can originate from fluctuations of the overall size /shape, number of constituents.

Example: quark -diquark model of nucleon
PN
N

° »
o Irtr VS [rtr
®

We will refer fluctuations of the strength of interaction of nucleon, photon,.. as
color fluctuations of interaction strength - studying them allows to go beyond single
parton 3-D mapping of the nucleon




Constructive way to account for coherence of the high-energy dynamics is Fluctuations
of interaction = cross section fluctuation formalism. Analogy: consider throwing a stick
through a forest - with random orientation relative to the direction of motion. (No
rotation while passing through the forest - large Icon.) Different absorption for different
orientations. spectator nucleons

wounded nucleons

lassical low energy pictur
of inelastic h A collisions
implemented in Glauber
model based Monte Carlos

High energy picture of e . D STt o
inelastic h A collisions | Cote, © 0 | + O e 8 © @o O
consistent with the Gribov Bt " oIl . 'r o8 °
- Glauber model -
interaction of frozen
configurations

Expect effects similar positronium example = correlation between size and

number of wounded nucleons
5



Comment. Though inelastic shadowing effects result in a rather small correction
for the total pA cross section - presence of the fluctuations of the strength of
NN interaction leads to significant fluctuations in inelastic pA, AA collisions

(Baym, LF, MS,.. 92) - recently several attempts to take these effects into account
in MC generators.



Formal account of large I.on ™= different set of diagrams describing p A scattering:

h N h h—" )? R Glauber model
in rescattering diagrams proton
T + propagates in intermediate state -
zero at high energy - cancelation of
\V V2 \ planar diagrams (Mandelstam &
A ‘ A A —V— A Gribov)- no time for projectile to

come back between interactions.

Y V¥ Qr

A

- High energies = Gribov
h (%/\’ -Glauber model
X= set of frozen intermediate
+ states the same as in hN
/ diffraction

deviations from Glauber are small

op+p— p+ X(p+ inel diff)) for Einc < 10 GeV as inelastic

gy diffraction is still small.
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Comment : Good Walker picture. h decomposed into scattering eigenstates

B) = ailo;)
2 2 dogiyy " (t = 0)
Ushad“Zlad 0; At
(/

reproduces Gribov result in the limit Ra>> rn

No matching away from t=0 as no universal basis of scattering eigenstates exists in finite t.
Not important for A > 4 where essential t are very small.
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Leading twist nuclear shadowing phenomena in hard processes
with nuclei

L. Frankfurt?, V. Guzey b M. Strikman ¢

Nuclear shadowing in DIS - is this obvious?

b~ . 8 — Oh2H<OhptCOhn

P
T2 (56,Q2) <Tep(%,Q2)+Ten (x,Q2) in DIS???

Glauber model: interaction of the projectile with
nucleons via potential

The diagrams consider by Glauber in QM treatment of hA scattering are exactly zero at
En >> mp (Mandelstam & Gribov proof of the cancelation of planar (AFS) diagrams).
Physics: no time for pion to go back to pion during a short time between the interactions.
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Natural explanation in the Gribov space-time picture of high energy scattering;

photon/ hadron fluctuates into different configurations, X, long before the
collisions.

These configurations are frozen during the collision.
Sum over these configurations = elastic + inelastic diffraction.



Nuclear shadowing in high energy hadron - nucleus scattering (Gribov 68)

Though the diagrams consider by Glauber are
exactly zero at E, >> my , the answer for
double scattering

L o doTN(k
670 — 257N _ 3 f dk? o (418) ‘72]2:2( ).

0(4t) is the deuteron form factor

shadowing cor@

is expressed through the diffractive cross section (elastic + inelastic) at t~0. For
triple,... rescatterings (A>2) the answer is related to the low t diffraction but cannot
be obtained in a model independent way

Theoretical accuracy of the approach - nonnucleonic degrees of freedom - pions,
off-mass-shell effects. Empirically Glauber model for E,=1 GeV, Gribov-Glauber model for
E,< 500 GeV work with accuracy of better than 5% including photon - nucleus
scattering.



Small x DIS in the target rest frame: Large longitudinal distance dominate

Griboyv, loffe, Pomeranchuk 65, loffe 68, Gribov 69

Follows from the analysis of the representation of the forward Compton scattering amplitude
expressed as a Fourier transform of the matrix element of the commutator of two
electromagnetic (weak) current operators:

full
shadowing

Scaling violation for small x =z= A /2mNx, with A; << | at large Q?2
” Kovchegov & MS, Blok & Frankfurt



The Gribov theory of nuclear shadowing relates shadowing in »* A and

diffraction in the elementary process: r*+N — X +N.

four fold
rescattering a

small correction
for x> 10-3

universal (~ same for

model dependent buj
A)

1.2
115 |

model
independent

Before HERA one had to model ep diffraction to calculate [ LTosvwD

shadowing for O-Y* A (FS88-89, Kwiecinski89, Brodsky & Liu 90, 0951 NMC
Nikolaev & Zakharov 91). Several groups (Capella et al) used the oss |
HERA diffractive data as input to obtain a reasonable description of ol

the NMC data. Also the diffractive data were used to describe 07

1073

shadowing in 7 A scattering without free parameters. X

Ca-40 |

Foa/(AFoy)

However, this approach does not allow to calculate gluon pdfs and hence quark pdfs



Connection between nuclear shadowing and diffraction - nuclear rest frame

Qualitatively, the connection is due to a possibility of scattering with small momentum
transfer (t) to the nucleon at small x:  —¢,,,;,, = 2”m3 (1 + M7, ,/Q%)

If v/t < “average momentum of nucleon in the nucleus”
— large shadowing /interference Y s Mk Y R M
IP IP
Deuteron example -amplitudes of Ij I;i
diffractive scattering off proton and off - -
neutron interfere I

AG K CUtti ng ru Ies Double scattering diagram for the "D scattering

OeD — Oimp — Odoubles 9diff — Odouble;

Osingle N — Oimp — 40_d0uble; Otwo N = 20double

# Number of wounded nucleons is very sensitive to shadowing effects
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Summary of studies of the measurement of diffractive pdf’s

Collins factorization theorem: consider hard processes like

VHT - X+T(T), v*+T — jet1 + jeto+ X +T(T")

one can define fracture (Trentadue &Veneziano) parton distributions

y X (M,)

ZBTf:1—£C]p

For fixed xp,t  universal fracture pdf + the evolution is the same
as for normal pdf’s.

General QCD feature - smaller the elementary cross section, larger is the ratio
O4ifff Oel. (>> for small dipoles)

Theorem is violated in dipole model of Y*N diffraction in several ways

I5



HERA: Good consistency between HI and ZEUS three sets of

measurements SEIAPG o : :
&~ Measurements of F,P(4) escribes totality o
the data well several

= Measurements of dijet production crosschecks - Collins
factorization theorem valid for

discussed Q2,x range

| gluon dPDF >> quark dPDF

guon, Fitd -+ 3 The quark and gluon diffractive PDFs at
: Q2 =2.5 GeV2 as a function of

= Diffractive charm production

quark, Fit B se—
0.04 | quark, Fit A seeeeees

0.03 | Q=25 GeV?

LI I
® ZEUS LRG 62 pb™

O ZEUSFPCI
O ZEUSFPCII

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

A ZEUS LPS 33 pb™!
--- Regge fit LPS+LRG

1.05 — —

Current fits to soft hadron - hadron interactions I ap =1.12 4+ 0.01

1_

find - Gp(0)=1.09 - 1.10 L - independent of Q

wmDiffraction at HERA is mostly due to the interaction

of hadron size components of Y* not small dipoles. B ot
Confirms QCD aligned jet logic for x > 104
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Theoretical expectations for shadowing in the LT limit

Combining Gribov theory of shadowing and pQCD factorization theorem for

diffraction in DIS allows to calculate LT shadowing for all parton densities (FS98)
(instead of calculating F, 5 only) Detailed study FS + Guzey Phys.Rep.2012

Theorem: In the low thickness limit the leading twist nuclear shadowing
is unambiguously expressed through the nucleon diffractive parton

densitief]?(i,Qz,xp,t)
XIP

Hard diffraction Leading twist contribution

1

off parton "' to the nuclear shadowing for

structure function fj (X,QZ)



Theorem:in the low thickness limit (or for x>0.005)

fj/a(x, Q%) /A = fin(x,Q%) = 55 [ b [Z, dzy [ dza [ dxp-

Fin (B.Q%xp,1) oy PA(L:21) Pa(b, 22)Re[(1 =) exp(ixpmy(z1 = 22))]

where ¢, (x,0%), f;v(x,0%) are nucleus(nucleon) pdfs,

1= ReA™ T /Im AT ~ 0174, pa(r) nuclear matter density.

xo(quarks) ~ 0.1, xo(gluons) ~0.03 a cutoff absent when antishadowing is included



Including higher order terms

Color fluctuation approximation: Amplitude to interact with j nucleons ~0O

o xrfin(z, Q%) , A
il,’vfj,,f.,-_-l (;’l?, Q“) — fj' z;) | Q ) 2 Re / d“b <(1 —f g(l in)oly (__b))>j
J .

2/ 2\
= Az fin (2, Q%) = ilffj./..\r(ithz)A, s Re(1 — in)? / d°b T(b) does not
| Ho)) 7 depend on f;
) o S (ZAT ) Ta (b)) (o).
—;lrfj,,f..\r(;v.Q“)‘Z?Re‘:-/(lzbzk_3( 2 { m)Tab))"(o7), ,

<>3 integral over 0 with weight Pj(O) - probability for the probe to be in
configuration which interacts with cross section C;

(0" = /O " doPy(0)0"

: : : 1(21—22)MNT
For intermediate x one needs also to keep finite coherence length factor € (z1—z2)mNz P



Main theoretical unknown - what fraction of hard scattering does not lead to
diffraction. Hidden in 2
<Uj>

95
(73

—  uncertainties in 5
<Oj>

known from DIS diffraction

FGS10 H &L (High & Low)

one parameter is known not sufficiently well and which
can be fixed from 4He, DIS, diffraction,...

High moments are dominated by soft contributions , so approximately

i) _[en]"

(@) o)

fork =2




firal (AfyN)

firnl (AfyN)

fiinl (AfyN)

firal (AfyN)

1.6 T 1.6 T gl .
e ] i IR Q2 dependence of shadowing
12| Q=100Gev®  —=i . 1.2 -
Tt T
0.8 fommmmmmmziZizinins 1 08 Tl
0.7 Biommnes . 07 bo===""" oo’
0.6 e . 0.6 F _,oeeet .
] A B 1 ol Decrease is stronger for gluons due
B S to a faster DGLAP evolution in this
1.5 15 F - o
13 e - : channel -- “arrival” of gluons from
g 1 f ‘ larger x. Still shadowing is not
0.8 . 0.8 o o
- 1 & negligible for Q2=10,000 GeV2.
0.4 A I 04 b, vu v v v i

10° 10* 10° 102 10)'(1 10°  10% 10° 107 1())(‘1
Hapaperopuansss IS ] st AR % “Mixing” of small and large x is a
AL Gorpoe? eeees . 4T FGS10_L ] . .
i2f omwowr --- ] gk : major effect - neglected in CGC

(I ’,-".5‘ g 1
0.8 ".:.'_'r_-.'_'.'—'-::'-f-‘-:-':—" 08 models.
0.7 B . 0.7
o2 [ ubar Pb-208 - 02
0.4 ] il L L 0.4

10°  10* 10° 102 10)'(1 1
1.6 r 1.6

. 1 1 1 1 . B 1 1 1 1 i ‘ . . . . .
i3 wk : %* Shadowing is continuing to increase
1.2 1.2 F . .
" 1 ‘ with decrease of x below 10-3 -
07 07 qualitative difference from the
0.5 0.5 . .
M » assumption of EKS09 (next slide)
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04T ubar, Q=4 GeV? | 0.4 gluon, Q%=4 GeV?
02 M al M . al M . al M . al 02 M . al M al M . al M . al
10°  10* 10% 102 10" 10°  10* 10% 102 10

fi/a/(Af)N)

0.4 | ubar, @°=10 GeV? 4 04 F gluon, Q°=10 GeV? A
02 M al M . al M . al M . al 02 M . al M al M . al M . al
10° 10% 10% 102 107 10°  10* 10% 102 10
X X

Comparison of predictions of the leading twist theory of nuclear shadowing [the area bound
by the two solid curves corresponding to models FGSI0 H (lower boundary) and FGSI0 L
(upper boundary)], the EPS09 fit (dotted curves and the corresponding shaded error bands),
and the HKNOY fit (dot-dashed curves).The NLO fja(x, Q2)/[Afyn (x, Q?)] ratios for the U-
quark and gluon distributions in 298Pb are plotted as functions of x at Q2 = 4 GeV? (upper
panels) and Q2 = |0 GeV? (lower panels).
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Nuclear diagonal generalized parton distributions.

Shadowing strongly depends on the impact parameter,b, - one can formally introduce nuclear diagonal
generalized parton distributions. In LT theory to calculate them one just needs to remove integral over b.

Important for modeling centrality dependence of hard processes in pA,AA

X

Impact parameter dependence of nuclear shadowing for 4Ca (upper green
surfaces) and 208Pb (lower red surfaces). The graphs show the ratio Rj(x,b,Q?) as a
function of x and the impact parameter |b| at Q2 = 4 GeV2.The top panel
corresponds to u-quarks; the bottom panel corresponds to gluons. For the

evaluation of nuclear shadowing, model FGS10 H was used.
23
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Connection between nuclear shadowing and diffraction - nucleus fast frame

Usually one starts from an impulse approximation for the scattering of a hard probe (Y*, W) off a nucleus.
In the parton language - QCD factorization. Can we trust impulse approximation in the hadronic basis for
the nucleus wave function? At what step nuclear shadowing emerges in the fast frame!?

Consider interference between Y* (“Higgs”) scattering off two A
different nucleons A - ——— o A
' I S
Introduce light cone fraction & for nucleon ‘s N+ N Ay ”
or<1—x N\ Ny
Free nucleon (= 1, = i ”
For nucleus to have significant overlap of |in> and <out| states .
aY A 4q
I)CI
OLN{SOLN{—XNI, O(Né'SOLNg—xwl va,\I‘[V T b

—> Interference is very small for x> 0.| and impossible for x>0.3.

— Large interference for x< 0.0| due to the final states where small light cone fraction is
transferred from one nucleon to another nucleon= possible only in diffraction. It results

in the leading twist shadowing.

One obtains essentially the same expression as we obtained in the nucleus rest frame
+ small relativistic corrections.The nuclear blob { '} is the same in the Glauber
theory and hence for given diffractive input expected accuracy of the calculation of the
nuclear effects is similar - few % 24



Key element of the logic - nucleus is a system of color singlet clusters - nucleons
which are weakly deformed in nuclei - checked by success of the Gribov-Glauber
theory of soft hA interactions - Ot (hA) to few %.

. Geometry of the parton overlap in the transverse plane.

A transverse slice of the wave function of a heavy nucleus for x ~ 5 x 1073 looks like a system
of colorless (white) clusters with some clusters (~ 30% ) built of two rather than of one

nucleon, with a gradual increase of the number of two-nucleon, three-nucleon, etc. clusters
with decreasing x.

In our derivations, the global and local color neutrality are satisfied at every step. Not trivial to
implement in some other approaches.
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Exclusive vector meson production in DIS (onium in photoproduction)

—sensitive test of nuclear shadowing dynamics

The leading twist prediction (neglecting small t dependence of shadowing)

GA(xthaQ ffat_
c dt| | d2bdzei@® e'%% p(b, z)| .
AGN(CCm7 ‘CUQ? / ‘/ - Z)

do—ny—>VN (37 tmin)
dt

O-fyA—>VA(S) —

where x = x1 — Lo = m%//ﬂf2

: High energy quarkonium photoproduction in the leading twist approximation.

GA(xl,azg,ngf,t—O) GA((Q?1+CU2)/2 Qeff,t:())
GN(Qﬁl,SEQ,Qeff,t—O) G ((ﬂfl—l—il?g)/z Qeff,t:())
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For small sizes, d, dipoles - LT leads to much larger screening than eikonal models
since in LT screening is proportional to while in
the eikonal shadowing term is a higher twist - much smaller suppression.

2
Udipole—A/Odipale—N =1—cd

In LT approximation interaction of small dipoles with multiple
nucleons are not suppressed by d? factor (LT DGLAP evolution)

Q%=4 GeV?
Q%=10 GeV2 sssnsss
Q%=100 GeV?  =immim=
Q%=10,000 GeV?  =m=mm==

Why eikonal works reasonably well for soft processes and not for small dipoles ?

for small dipoles: O(inel diffraction)/O(elast.) at t=0 >> |
in soft physics: o(inel diffraction)/0(elast.) at t=0 << |

27



Test: J/P-meson production: Y+A — J/P +A

Small dipoles "+ QCD factorization theorem

- c(YA= J/p+4) TV ga(e, Q%)

| Oimp.approzx. (’YA — ']/w =+ A) _ gnN (377 QZ)

Much larger shadowing than in the eikonal dipole models

Technical remarks:
a) elementary amplitudes are expressed through non-diagonal GPD . However

in J/\Y case light-cone fractions of gluons attached to cc -- x| and x; are
comparable x=1.5x & x; =05 — (xi+x2)/2 =x

(5131 + QjQ)J/w . (5131 + .CUQ)T
2 o 2
So non-diagonality effect is very small for J/\ case.

~ x/2

b) High energy factorization = HT effects are large mostly cancel in the ratio of
nuclear and elementary cross sections at t=0.
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Strong suppression of coherent |/ production observed by ALICE
confirms our prediction of significant gluon shadowing on the Q% ~ 3 GeV2.

Dipole models predict very small shadowing (Spp> 0.9).

Spb

O O O O O O O O O
e e & e & e & e

—
.

1/2
o — [olA—= J/ut A) ] ?_ 9ale.Q)
O-imp.approa:.(fyA — J/¢ + A) gN (ZC, Q2)
. 0P W,p, (GeV)
1 1 v ,' i | LI T T T
N R —— el B /
Z —__ .............................. z et i / i
i . o T “®F  FGS+CTEQ6L
6 f----=-""" = 0.6/ /
5 CMS @ : Contreras 201 7
4 ALICE = 045 from peripheral AA data
3 LTA+CTEQ6L1
, L EPSO09 - - - 0.2l N
HKNO7 ........ B B
1r nDS —-—- Ll Ll PR N
0 aaal " —teaaaaal " el 10_5 10_4 10_3 10_2 10_1
107* 1072 1072 X 1071 X

Large gluon shadowing consistent with the leading twist theory prediction of FGS2012

Models based on fitting the data have large uncertainties as no data constrain ga(x~ 10-3)

Spu(x) is extracted from the data by Guzey, Zhalov & MS 2014-2017
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Dynamical model of antishadowing Guzey etal |6

At a soft scale one can consider small x infinite momentum frame nucleon wave function as a

soft ladder - consistent with HERA observation of xr(diff) =1.12 -soft. In the diffusion ladders
belonging to two nucleons can overlap and merge into one ladder.

N N N
N—FF jig_g -
B B B — »
L | I —}X|+X2
P =1 P=1-D r,

Merging of two ladders coupled to two different nucleons in the 2IP — IP process in the nucleus infinite
momentum frame. This process corresponds both to

® nuclear shadowing: fewer partons at small x by factor 2- P;

® antishadowing: more partons at x~X| + X2

Total light cone momentum carried in the merged configuration is the same as for two
free nucleons, hence the momentum sum rule is automatically concerned

30



Soft process = for a merger leading to shadowing at given x the compensating

antishadowing should occur at nearby rapidities: Ay <I  — By /zp ~ 3

antishadowing

shadowing

| do not have time to discuss details of modeling which includes accurate
definition of x for the nucleus and account for a small fraction of the momentum
carried by coherent photons (0.8% for Pb)
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ga(x;0)/[AT(b)gN(X)]

— High shad.

Low shad. —-—
Pb-208, Qy°=4 GeV”

X
I - |
12 | Bo=3%
b=0 fm /\
’
08
0.6
04
Pb-208, Qy°=4 GeV?
0.2 sl 11l i aal
10" 10° 102 10"
X
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ga(X)/[AgN(X)]

1.2 |

Pb-208, Q,°=4 GeV*




ga(X)/[AgN(X)]

1.8 | Bo=3x%p

Xp-indep. ====--
EPPS16 =— - =

Pb-208, Q,°=4 GeV*

ga(X,R)/[AT(B)gN(X)]

1.8 F Bo=3xp

Xp-indep. ====--
nCTEQ15 - - -

Pb-208, Q,°=4 GeV*

ga(X)/[Agn(X)]

Pb-208, Q,"=4 GeV”
2 MR | 2 2

1072 107
X




Color fluctuations in protons

Convenient quantity - P(O') -probability that hadron/photon interacts with cross
section O with the target. fP(O')d o=1, JO P(O)d O=C0tor,

o(O- Otor)

| di _ _ variance
| do(pp— - 2 - o . - |
: G(ppdt 2tp) t=0 Otot Pumplin &Miettinen |
- 3 — : :
f (O- O-tOt) P(O-) do= 0, Baym et al from pD diffraction
n., —2 Baym et al 1993 - analog of QCD counting rules
P(O-> |lc—0 X o probability for all constituents to be in a small transverse area

+ additional consideration that for a many body system fluctuations near average value should be
Gaussian

(Otot /00 — 1)3

;

Test: calculation of coherent diffraction off nuclei: Tt A= XA, p A= XA through Pi(O)
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— 0.02

| PN(O)
ol /5 — 200 GeV

0.030 1 ,

_pQCDrange for B, ( S — 3OGeV
_4

P(o,s) (mb™!

0.025¢

- 0.020-/
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0
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o (mb)

Extrapolation of Guzey & MS

Pn(O) extracted from pp,pd bef
the LHC dat
diffraction and Pr(0); Baym et al 93 SIS Gse

Variance drops with increase of energy,

overall shift of distribution to larger O
Flat Pn(O) in a wide range of O - can

suggests few effective constituents at this 35 Fast drOP of Pn(0) at small g, with
energy scale like in quark - diquark model.

increase of energypQCD!?




Evidence for x -dependent color fluctuations in nucleons -nucleon squeezing

Jet production in pA collisions - possible evidence for x -dependent color fluctuations

Summary of some of the relevant experimental observations of CMS & ATLAS

¢ Inclusive jet production is consistent with pQCD expectations

0.02

Data-NLO

-0.02

o
T T

|
i [‘] o CT10 1 e CT10+EPS09 _
-~ CT10 Unc. — CT10+EPS09 Unc.
Exp. Unc Exp. Unc
| I I T Y A O | I L1 1 1 I L1 1 1 I L1 1 1 I IIIIIII I L1 1 1 I L1 1 1 I L1 1 1 I L1 1 1 I L1 1 1
1 0 1 2 -2 1 0 1 2 3
M M
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ATLAS and CMS studied dijet production in pA at the LHC. Both observed very small nuclear
effects for inclusive dijet production which rules out energy loss interpretation. However nuclear
effects are strong function of vV which was estimated using negative rapidities. Forward jet
production in central collisions is strongly suppressed - suppression is mainly function of xp. and
not p. of the jet. Consistent with expectation that configurations in protons with large x -belong to
configurations which are smaller and interact with 0 < Ot

>4 o[0-10%/60-90%

c

01 o 30-40%/60-90%

0.23— &

1F p+Pb, 5.02 TeV, L, = 31 nb™
10 . ]

- 0-10%/60-90% i

o

- ATLAS Preliminary

1[ anti-k,, R=0.4 iE&%ﬂ . T
|*| 4

0.6F

0_4:_ —o—-0.8<y*<-0.3 —:

—+—-12<y*<-08 {}

| 1I'30-40%/60-90%

+ :
*+4 ¢ 3
Sint
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Xp~ 0.5

Rcp, is a function of x of
the quark. No pt
dependence for fixed

Xp— Ejet/Eproton



In order to compare with the data we need to use a model for the distribution in Et™ as a function of V.
We use the analysis of ATLAS . Note that Et™® was measured at large negative rapidities which minimizes
the effects of energy conservation (production of jets with large x; ) suggested as an explanation of
centrality dependence

ATLAS-CONF-2015-019 analysis of pp data confirms this expectation ‘

N
2% \”j T
A\ < Sk aei-. ]
‘\eo\'\ QQ‘O‘QQ B I :
O O o - Lt .
.. \(\Q Q ‘0\0 + Q‘ — o —
ZErintarget ~.. .. +_ © f LT i
proton <~.*© > ‘€ Q [ _
direction ‘ [ outgoing - -

4" jets B -?- 1 7

o 0.4+ -i— - [#] Data, 4.0 pb ]

Measure ZEr at large pseudorapidity vs. B o RS P10 PYTHIA 6 AUET2B ]

X in the projectile proton (moving away) 0.0k AT’-JSS F;rc;gr?rln?/ry "I - PYTHIA 8 AU2 h

. : - PP, \S=c. e 1L --- 1

X in the target proton (moving towards) (SE Y - (o ™ €503 Gov, <03 1| | HI|ERW|IG+|+ UIlE-EEl-S o
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Dependence on Xproj and Xtarg
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M.Alvioli, L.Frankfurt,V.Guzey and M.Strikm
DISTRIBUTION OVER THE NUMBER OF "Revealing nucleon and nucleus flickering

%gllél-GI?EISNS FOR PROCESSES WITH A HARDh coliisions at the LHC," arXiv:1402.286:

Consider multiplicity of hard events Mult,a(HT) = opa(HT + X)/opa(in)
as a function of Ncoll

If the radius of strong interaction is small and hard interactions have the same
distribution over impact parameters as soft interactions multiplicity of hard events:

Mult, A (HT)

=1
MultpN (HT)NCO”

RHT(NCOZZ)

Accuracy!
Two effects: Two scale dynamics of pp interaction at the LHC, large
radius of NN interaction
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increase due to
more central ~—_|

i teractions of e 1 drop due increased role
configurations with § ' of configurations with
O0< Otot & 0> Ot the cylinder in
% which interaction occur
O . is larger but local density
+ e ,
I Gladh ... ~“—does not go up as fast in
S auber — |
:% Glauber, 6,,,/2 --- : Glauber
N Glauber+CF ©=0.2 ---- |
0 Glauber+CF ®=0.1 ---- '
OO I5 1IO 1I5 2IO 2IS_ I 3I0 35
N

coll
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interactions



Fluctuations for configurations with small & maybe different than for
average one so we considered both w.(x~0.5) =0.1 & 0.2

3.5
®=0.1—
|
3re ®=02---
b§25 _____ — c=050,
=l -] 6=0.60y, [ ]
Tz 2r I = 6 =07 0o [
~ L7
@ 1.5 :
=
S, 1
T Z
=¥
0.5
0

Sensitivity to w. is small, so we use wq =0.1 for following comparisons
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A(X)= O(x)/<0>

We extended our 2015 analysis of ATLAS data and extracted Rcp(x)

Alvioli, Frankfurt, Perepelitsa, MS
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Ll <G, (x)>/ <G, >=0.80 — | Ll <6;,(x)>/ <0, >=0.73 — |
l
& 08f I_T_I— & 08f
o O

o -—*— ™~ _Iz’:lz’zli
0.6 1 06} 1
o4t x=0.107 o4t x=0.137
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o4 x=0.253 o4t x=0.307 1
025 10 20 30 40 50 60 70 80 025 1020 30 40 50 60 70 80

measured BBC charge measured BBC charge
ok <0;,(x)>/ <0, >=0.51 — | Ll <0;,(x)>/<0;,>=0.49 — |
1 1
e 08f & 08f
o )

o R I
0.6 I 0.6 l I
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DAu PHENIX data at y=0 and large transverse momenta of the jets, Rcp,
A(x)= 0(x)/<0> .Very different kinematics from the one studied at the LHC
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Implicit egn. for relation of A(xp, si1 ) and A(xp, s2)

A(xph/Sl)Utot(\/Sl) )\(mp;\/SQ)O'tot(\/SQ) 0
/ dO‘PN(O';\/Sl) — / dUPN(0'§\/32) Eq( )
0 0
1
=2 > LHES 02 TeV === A(Xp, S) grows with s since
N | {'& RHIC 200 GeV —— ] cross section at higher
=y } N & . o . . .
<07} Pt virtualities of the projectile
Z - .
\92 06 } } . T _ grows faster with s
s } {
&Q-l
< 04}
035 0.2 0.4 0.6 0.8 !

Xp

Highly nontrivial consistency check of interpretation of data at different
energies and in different kinematics

Eq.(*) suggests A(x,=0.5, low energy) ~1/4. Such a strong suppression
results in the EMC effect of reasonable magnitude due to suppression of
small size configurations in bound nucleons (Frankfurt & MS83)
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Color fluctuations

Photon is a multiscale state:

Probability, Py(0) for a photon to interact with nucleon with cross

section 0, gets contribution from point - like configurations and
soft configurations (VM like)

P,(0) x1/o foroc < o(nN) Py(o) o< Pr(0) foro > o(mN)

-1

10

P (o), mb~!

0 5 10 15 20 25 30 35 40 45
O, mb
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Exclusive processes of vector meson production off nuclei at LHC in
ultraperipheral collisions allow to test theoretical expectations for small and

large 0. Py(O) for small O from photon wave function and dipole DGLAP

formula. Need model for large enough O . Build a realistic model f and
check in

p-meson production: Y+A —p+A

Expectations:

& vector dominance model for scattering off proton

¢

og(pN) < o(nN)
since overlapping integral between y and p is suppressed as compared
to P — P case

observed at HERA but ignored before our analysis: o(pN)/o(7N) =~ 0.85

Analysis of Guzey, Frankfurt, MS, Zhalov 2015 (1506.07150)
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Glauber double scattering Gribov inelastic shadowing

** Gribov type inelastic shadowing is enhanced in discussed process - fluctuations

grow with decrease of projectile - nucleon cross section.We estimate Wy-p~ 0.5
and model Py-p(0) - distribution of configurations in transition over O

Next we use Py-p(O0) to calculate coherent p production. Several effects
contribute to suppression a) large fluctuations, b) enhancement of inelastic
shadowing is larger for smaller Ot for the same W, c) effect for coherent cross

section is square of that for Oio:.
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@ Glauber model grossly
overestimates the cross section (at @ Gribov - Glauber model with crogs

LHC factor ~2) section fluctuations

[ 7+Pb—Pb+p === VMD-GM-DL9%4 1

| —— mVMD-GGM ~+Pb—Pb+p

==

Y+A—A+p

Or ® STAR YAu—Aup
V+A—A+p I A ALICE vPb—Pbp
e STAR 7Au—>Aup i L L L I I I ] L L I ] I I ! ] I I I

£ ALICE Ro-Ry 0 60 0

40 60 80 Ww’ GeV
Ww’ GeV
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Outline of calculation of inelastic YA scattering -
distribution over number of wounded nucleons V

@®  Modeling P, (o)

For o > O'(7TN)7PW(0') — Pv—m(g) T Pv—m(g) T PV_>¢(U)

For o < 10mb(cross section for a |/ dlpole) use pQCD for wW(QQ)

7'('

2 . . .
(d m) ?&5( fo)d .TGN( 7Qeff) [ ____Pglpole’

+ smooth interpolation in between -

q—0—350MeV

[E—
<
\9)

]

PY (G)H[mb

@ = 5 3 _

W =100 GeV

Smooth matching for mq~ 300 MeV

0 10 20 30 40 50 6(
O [mb]
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O Calculation of distribution over the number of
wounded nucleons
(a) Color fluctuation model

1 9v
(b) Generalized Color fluctuation model (includes LT shadowing for small O)

Interaction of small dipoles iIs screened much stronger than in the eikonal model

|
A oadk S loereT(D)]" ool (b A-v
Pﬂa)(y)xam}f /db[ f];l() [1_ fJ;l()] -51-5_\

Ueff/ff calculated in the LT nuclear shadowing .|
theory for small O ;

using O;,, = Oy - Oy / (167B) —

0 10 20 30 40 50 60 70 380 9
Oin [mb]

consistent with shadowing for |/ coherent production
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Ultraperipheral minimum bias YA at the LHC (Wyn < 0.5 TeV)
Huge fluctuations of the number of wounded nucleons, v, in
interaction with both small and large dipoles

0.45

109 ¢

0.4 i -1 : T T T T T T T f i
10" ¢ 7

035} 102 F 4 1

i 107 '

4L

10

5 0257 B Alvioli, Guzey, Zhalov, LF, MS
& oot 100 ] -
] P R o Lett. B767 (2017) 450-457
015 Color Fluctuations — | ys.Lett. ( ) =
0.1r Generalized CF — -
005} — Glauber
=—

0 2 4 6 § 10 12 14 16
V

distribution over the number of wounded
nucleons in YA scattering, W ~ 70 GeV

CF broaden very significantly distribution over V.
“pA ATLAS/CMS like analysis™ using energy flow at large rapidities

would test both presence of configurations with large ¢ ~40 mb,
and weakly interacting configurations.
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0.09

1
10
0.08 F
0.07F
107
0.06
> 0.05 P
” 0.04 10 : : : : ] .
~ U 10 20 30 40 50
0.03 Generalized CF =—
0.02 | Color Fluctuations —
0.01 Glauber — -

0

0 5 10 30 35 40 45 50

y=XEr/(XEpr(hN))

The probability distributions over the transverse energy in the Generalized
Color Fluctuations (GCF) model assuming distribution over y
is the same for pA and YA collisions for same V.

€¢_ 9

Using CASTOR for centrality via measurement of “y” advantageous :
larger rapidity interval - smaller kinematical/ energy conservation correlations. For
using 2ET for centrality determination one needs Ay > 4
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YA—jets + X
1) Direct photon & xa> 0.01,v=1?

Color change propagation through matter.

Color exchanges ! "™ nucleus excitations, ZDC &
CASTOR

2) Direct photon & xa< 0.005 - nuclear shadowing increase of V

3) Resolved photon - increase of V with
decrease Ony and xa W dependence

Centrality dependence of the forward spectrum in YA—h + X
— connection to modeling cosmic rays cascades in the atmosphere
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Tuning strength of interaction of configurations in photon using forward (along y
information) . Novel way to study dynamics of Y &Y* interactions with nuclei

“2D strengthonometer” - EIC & LHeC - Q? dependence - decrease of role of “fat”
configurations, multinucleon interactions due to LT nuclear shadowing

~

Comment: Forward yA & yp physics at the LHC mostly within acceptance
of central ATLAS, CMS detectors
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Summary

+ Color fluctuations are a regular feature of of DIS at small x, high energy
nucleon, photon collisions... Effects in very central AA collisions are present.

* LT DGLAP framework for calculation of nuclear pdfs; etc passed the J/psi
coherent production test.

4 Gross violation of the Glauber approximation for photoproduction of vector
mesons due to CFs. CF are much stronger in photons than in nucleons. and
can be regulated using different triggers (charm, jets,...). EIC will allow to
study CF in photons at different Q,W - novel tests of interplay of soft and
hard physics in Y* interactions. UPC = forerunner at the LHC.

4 Jet production at RHIC and LHC produced first glimpse of the global quark -
gluon structure of nucleons as a function of x. Nucleon becomes much smaller at
large x. Interact weaker than in average, but grows faster with energy. Need to
separate gluons and quarks in hard processes at x ~0.1. Critical test pA at RHIC.
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Where DGLAP approximation breaks & non-linear(black disk?) regime (BDR) of strong absorption for

configurations for small size configurations sets in? To determine proximity to BDR - calculate impact factor
['(b) for “qq-dibole”- p (Pb) scattering

For nucleus in pQCD regime for the case of dipole of size d, impact factor for the scattering off

2 2
nucﬂfus 'S§ e)nQCD = F A2 as(Qirp)a'ga(a’, Q2. b) F(99) _ 9 Earlier onset of BDR
for interaction of gluo

Probability of inelastic interaction is Pi,= |- (b)|?2 = Pin=3/4 for
10)=172

F2(qq)

1 | FGS10_H —— dt =0.2 fm
FGS10_L «eeeeens 10
0.8 I noshad. = === X=

I'(b)

Gluon densities in
nuclei and proton at
b=0 are rather similar.
Difference at <b>

IS
=398R« ~ 104

should be close to
BDR.

I'(b)

57



