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Outline

Importance of coherence in high energy scattering
example: positronium propagation through the medium

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

Evidence for x -dependent color fluctuations in nucleons

Conditional nuclear pdfs




Several feature of NN interactions at the LHC relevant for pA and AA

two seem to be most important:

* Fluctuations of overall strength of NN interaction

3K A factor of four difference of the transverse area scales for soft and hard NN interaction

Other fluctuations - gluon density in nucleon, nuclei, LT shadowing effects --
will mention briefly



Fluctuations of overall strength of high energy NN interaction

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

2ph
At ~ 1/AE ~ —5 5 At LHC for m?nt — m%b ~ 1GeV? leoh ~ 107 fm>> 2RA>> 2rn
Mine — My,

coherence up to m? . ~ 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 quark - antiquark dipole:

4 7'('2 2

] ; O'(d,.flf) — ?@S(szf)dZ 'CEGN(manff) 3$SN($7ngf)

2 - 2 A . -

Qeff N )\/d 7)\ =<+ 10 Baym, Blattel, Frankfurt, MS, 93;
Frankfurt,Miller, MS 93

N N compare: 0(d,x) = cd? in QED or two gluon exchange model of Low - Nussinov (1975)

4



propagation of a very fast positronium (bound state of electron and positron) through a foil

P 1 first qualitative discussion - Nemenov,
pos : o
- > L(foil) 1981, quantitative treatment Frankfurt
" (~ few mea?) and MS 91)
L
Positronium ¢
beam \
———————— -> \»’/\/
foil ’

For the positronium at high energies transverse size is frozen during traversing through the foil - so
interaction is of dipole-dipole type o (d) < d®  where d=1r{ —7}

- 12
Amplitude of i — f transition: |[M;f| = /dST\pr()S\If} exp(—ao(d)pL/2)

16
(< o> pL)?

For large L: survival probability absorption is not exponential !!!

Even larger probability to transform to electron - positron pair

of the same momentum as positronium .
< o> plL




Can we instead trigger on larger than average size configuration in positronium?

{
positronium d* i ?

dZ

cof o

i

atom - —

<d?> for these events is larger thanin V> (d)= [ U’ (r)dz » (d3,7) > {(d7) > (d°)

POS

Consider production of one (two) lepton pairs wi17 small momenta in the center of mass:

Effects:

@ Positive correlation between production of one and two pairs

@ Correlation between energy release along the positronium path and final momenta of e- e+ (next slide)



Average configuration of
Incoming positronium

|

dE/dx

Post selection /Trigger on large d - large energy release along
the path in the media -selects smaller than average
transverse and longitudinal momenta in positronium -
longitudinal momenta of electrons in the positronium
fragmentation are softer (x-1/2 closer to 0)- looks as energy
loss - but actually post selection.

Irigger on high p: electron or electron with x > |/2 (fraction of
momentum of positronium carried by electron post selects
events where excitations along the path were small.

Will discuss later similar effects for proton - nucleus interactions



I d

The non exponential behavior is a manifestation of high energy coherence - slow down of space-time evolution

Various triggers allow to change proportion of small and large configurations in the data sample

Filtering enhances production of electron positron pairs with the same longitudinal
momentum as the initial positronium but with transverse momenta >> than average
momenta in positronium - an analog of inelastic ~"hard" diffraction which | will discuss briefly

Inelastic processes are sensitive to presence of large & small size configurations in projectile -
longer the target (nucleus) —higher the sensitivity.

Questions to the positronium example?



Formal account of large l.on " p A scattering is described by different set of diagrams:

P
v /[\7 > Glauber model

in rescattering diagrams proton propagates

+ in intermediate state - zero at high energy -
cancelation of planar diagrams (Mandelstam

\) / \ / o & Gribov)- no time for a proton to come
v \% \ /_ back between interactions.

High energies = Gribov -Glauber model

D N\ D p_[\@/\r D X= set of frozen intermediate states
/ \ the same as in pN diffraction
\ / \ / + deviations from Glauber are small for Ej,c <
| |0 GeV as inelastic diffraction is still small.

A /A——L A

>

d X nel di
agm/thj(t) 0(p+p%p+dt(p+ inel dif f))

9



Convenient quantity - P(O') -probability that nucleon interacts with cross section O with the target.

JP(0)do=1, [ oP(0)d 0=0cr,

do > X -
(ppdt - — f(g - OtOt)QP(O)dU = W variance
do(pp—p+p) - 2 Y . -
dt t =0 tot Pumplin &Miettinen

[ (O - Ow)? P(O)d 0= 0,

Baym et al from pD diffraction

2 Baym etal 1993 - analog of QCD counting rules
probability for all constituents to be in a small transverse area

P<U)\a—>0 X 01T

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

Oto (Orot /0 — 1)2
Pow) = 1~ cap( -7t/ %0 =)

Otot T O

Test: calculation of coherent diffraction off nuclei: Tt A= XA, p A= XA through P,(0)

|0



Ogige(mb)

10 |

Gigs  (MD)

10

Test:

Coherent Nuclear Diffraction

He'(p,X)He

A Em(p,X)Em

* Anmp)A

Calculate inelastic diffraction off nuclei - no free parameters

T 7T 1 [ T
100 solid - Oyic total
—~ 50+ o A(m 37)
_Q —~
E -
65 10k
% >|8|‘ ‘__\E
exclusive ch@nnels
; i Q
. 11 I |

10
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1

K1

L1 l‘lIll‘

The inelastic small ¢ coherent diffraction off nuclei provides one of the most
stringent tests of the presence of the fluctuations of the strength of the
interaction in NN interactions. The answer is expressed through P(o) -
probability distribution for interaction with the strength o. (Miller &FS 93)

ohity = J d% (fdo-Ph<o->|<h|F2<o-, ) [h)| — (f do P(a)|(h] F (o, b>|h>|)2) .

Here F(o,b) =1 — e 2T®)/2 T(b) = [ pa(b,

nuclear density.

z)dz, and p (b,

z) is the



Why there is a connection between inelastic diffraction and variance of P(O):

Lolpp Xt J (0 = 0101)*P(0)do
do(pp—p+p) - 2 = Wo
dt t =0 Itot

incoming plane wave

Elastic diffraction is well known e

in e.m. interactions and quantum mechanics:
projectile + Target — projectile + Iarget S

Amazing high energy phenomenon of inelastic diffraction:
brojectile + Target — inelastic state + Target

Target remains practically at rest, but projectile is excited!!!!

diffraction off
black disk

“Fluctuation of strength” explanation was put forward long time ago by Pomeranchuk &
Feinberg, Good and Walker, Pumplin &Miettinen. Connected to color fluctuations in

QCD in Baym, Bluttel, Frankfurt and MS in ~93.

|9




If there were no fluctuations of strength of interaction - there will be no inelastic
diffraction at t=0 (qualitative explanation)

h) = ay[1) +az |2) final) = Xax [1) + a2 [2)) = A|h)

absorber with

> same absorption strength 3

> for “1” and “2” h : :

h only elastic scattering
o mal)y = Aaq |1) + Aoas |2
h) = a1 |1) + a2 |2) R | final) 1) /)
absorber wit =1 |h) + o |1
> different absorption strength
> for “1” and *“2” > f
h h+h’ elastic_scattering

inelastic diffraction

13



Constructive way to account for coherence of the high-energy dynamics is
Fluctuations of interaction cross section formalism.

spectator nucleons

Classical low energy picture of
inelastic h A collisions
implemented in Glauber model
based Monte Carlos

V wounded nucleons

igh energy picture of inelasti

h A collisions consistent with : : : :
the Gribov - Glauber model but / Frozen configuration - same strength of interaction with

more microscopic different nucleons along the path essentially semiclassical picture!!!

Al
ov = [ doPu) - s [ db (0T (6)/A) [L = oT(b)/A]""

simplified expression (optical limit) 14



N 3_

Eo TN Vs = 1.8 TeV

- - °

m -

goasly /s = 200 GeV

s i
0.014 | s, S . T V

: s‘o‘ ’l""», 0”‘ .”‘ S - 9 e

0012} $ L,

0.01| Wy N 0.1
0.008
0.006

0.004( §

0.002}
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n
lllllllll

Extrapolation of Guzey & MS before the LHC data
consistent with LHC data which are still not too accurate
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Qualitative expectation: CF increase fluctuations of a number of observables in pA and AB
collisions.

First example: study of dispersion of Et distribution in AB collisions as superposition of
emission from binary collisions with variance Weo:

w—wdef:w()—I—Q—a—ﬂ—l—(NpB%—NpA—aZﬂ

nucl. deforé @orn: x~p~ 0.3

s | i
. i
S N i H. Heiselberg, G. Baym, B. Blattel, L. L.
We =V [ SRR EEEEL AL = .
e Frankfurt, " and M. Strikman PRL 1991
- wqe =0.0 _
2 o TSP RP TP
K,
1 50 100 150 200 250

A

Dispersion of Et distribution in central 32S A
collisions at SPS at E/A =200 GeV

|6



Large fluctuations in the number of wounded nucleons at fixed impact parameter

Simple illustration - two component model = quasieikonal approximation:

01,2 — (1 - \/wa) * Otot

o o number of wounded nucleons at
LHC o1 = 70mb, o2 = 130 mb small b differs by a factor of 2 !!!

Scattering at b=4 fm with probability ~ |/2 generates the same number of wounded

nucleons as an average collision at b=0. Smearing of the centrality. More details in the
Alvioli talk.

Fluctuations lead to broadening of the distribution over v - number of participant
nucleons as compared to Glauber model - reported by ATLAS and ALICE.

Large Vv select configurations with larger than average O

|7



New experimental observation relevant for color fluctuation phenomenon: coherent photoproduction
of p-meson in ultraperipheral heavy ion collisions at LHC (ALICE): Y +A—=p + A

Analysis of Guzey, Frankfurt, MS, Zhalov 2015 (1506.07150)

@ Glauber model crossly overestimates

the cross section

| v+Pb—Pb+p

———7
=== VMD-GM-DL9%4 1

® STAR YAu—Aup

@ Gribov - Glauber model with cross
section fluctuations

| —— mVMD-GGM ~+Pb—Pb+p

Y+A—A+p -
® STAR YAu—Aup
A ALICE APb—Pbp -
T R TR TR T R R R

A ALICE APb—Pbp -
| T R R SR N

40

Wop

60 30

, GeV

40 60 30

Ww’ GeV



There exist a number of dynamical mechanisms of the fluctuations of the strength of interaction
of a fast nucleon/pion: fluctuations of the size, number of valence constituents, orientations

may dominate
at large x

Localization of color certainly plays a role - so we refer to the fluctuations generically as color fluctuations.

Studing effects of CFs in pA aims at
(i) Mapping 3-dimensional global quark-gluon structure of the nucleon

(i) Better understanding of the QCD dynamics of pA and AA collisions

19



Natural expectation is that there is a correlation between configuration of hard partons
in the hadron and strength of interaction of the hadron:

TT (p)-meson decay constants: fr,fp are determined by configuration with essentially
no gluon field and of small transverse size

Operational success of quark counting rules = minimal Fock space configurations
dominate at large x. Quarks in these configurations have to be close enough - otherwise

generation of Weizsacker -Williams gluons

Use the hard trigger (dijet) to determine x of the parton in the proton (x;)
IDEA and low p¢ hadron activity to measure overall strength of interaction 0.« of
configuration in the proton with given x FS83

Expectation: large x (x= 0.5) correspond to much smaller

O — drop of # of wounded nucleons & overall hadron
multiplicity for central collisions

20



Data - ATLAS & CMS on correlation of jet production and activity in forward rapidities

Key relevant observations:

o1 o[ 0-10%/60-90% - ]}0-10%/60-90%
¢/ pQCD works fine for inclusive production of jets .
[
¢/ The jet rates for different centrality classes do not : * : + 1 '

match geometric expectations. Discrepancy scales o6 [ v @ s ¥ % ;

with x of the parton of the proton and maximal for o4~ W5 7 ¥ ¥ =l ﬂ& '

P P - A * o “ﬁa 1[ anti-k,, R=0.4 %W .

Iarge Xp 0o & JE ATLAS Preliminary &

! 1} p+Pb, 5.02 TeV, L, = 31 nb”
p_ [GeV] X, = P X cosh(y”) [GeV]

To calculate the expected CF effects accurately it is necessary to take into

account grossly different geometry of minimum bias and hard NN collisions

21



LF, MS, Weiss 03 related hard dynamics in pp and DIS using generalized
parton distribution extracted from analysis of exclusive hard processes

Two scale transverse dynamics of pp interactions at LHC -

Comparison of b -distributions for minimum bias and dijet collisions

' ' 15 T T T T T T

1.5

Jet trigger, y; , =0, pp=100 GeV | Vs=7TeV -
10 GeV ——— |

Minimum bias

l«=—— Minimum bias

Vs=7TeV - I F -

Jet trigger y; , =0

—

2nbx Py(b),P(b) [fm’]
b (median) [fm]

3 1 10 100

Transverse area in which most of hard interactions occur in pp scattering

is a factor of two smaller than that of minimum bias interactions
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M.Alvioli, L.Frankfurt,V.Guzey and M.Strikman,
DISTRIBUTION OVER THE NUMBER OF COLLISIONS “Revealing nucleon and nucleus f||cker|ng

Phys.Rev. C90 (2014) 3,034914 arXiv 1402.2868

Consider multiplicity of hard events Mult,a(HT) = o,o(HT + X)/0opa(in)

as a function of V -- number of collisions

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:

B MultpA(HT) -
N MUZtNN(HT)V N

Accuracy? Significant corrections due to presence of two transverse scale.

RHT(V)

23



increase due to more
central interactions of — . . . . . .

configurations with L4 1 drop due increased role of
O0< Otor ERPIN __ | configurations with 0> Otot
SL | ;:'f_-l;,"—"#‘:t‘l:::":'i'q;‘j_'_‘--‘rl_ I_;r—’"i — | the cylinder in which interaction
% o IR, occur is larger but local density
0.8 | R -
(—.lf f._.[jf_—j-~-1____ | does not go up as fast in Glauber
* 06l B T
2 { Glauber — |
= Jar Glauber, o, /2 --- i i
. Glauber+CF w=0.2 ----- : _
' Glauber+CF w=0.1 --- o
’0 5 10 15 20 25 30 35
V
drop due to more localized Deviation of RHT(V) from |

hard interactions
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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; )

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

'\\G ()
v. @ yo° +5 O

TErin target ..

xO
. Q‘O f
proton <l O—) (—Q
direction <+ .-~ outgoing
| jets

Measure ZEt at large pseudorapidity VS.
X in the projectile proton (moving away)
X in the target proton (moving towards)

_I T 11 I IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII | | | | | L | IIIIIIIIIIIIIIIIIIII | | Iil | |-¥-|.LI-
A - . i
W [ e ST T
N e ] e :
< 0.8 L ] — i |
XK oe- SR . :
I + -
- e - _1
0.4+ |- ..+~ - | #] Data, 4.0 pb
- =t 0L - PYTHIA 6 AUET2B
- ATLAS Preliminary -ebeal |
0.2 ) V5= 276 TeV || - PYTHIA 8 AU2
I <2E yel = (ZE )p2® €50-63 GeV, In"1<0.3) ][ HERWIG++ UE-EE-3
0 ,,,,,,,, IR I T TN PUUT DU PRUTL DU | P R SETEY SETEY CUTEE FEREY CEUNE CETRd STTed Suee
0 0.5 Y 10 0.5 X
targ proj

Dependence on Xproj and Xtarg
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0.2

190-100% -

| 60-90% Alvioli, Cole, LF, Perepelitsa,MS,

| 40-60% - arXiv:1409.738|
| 30-40%

10-20% ==~
0-10% - "
P(v) —

0.15

005 L | i

Probability distributions in V proton-nucleus collisions in all pA collisions and in those

selected by different 2Er, or centrality, ranges. Note that 2Et, reasonably tracks V’s
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Fluctuations for configurations with small 0 maybe different than for average
one so we considered both wq(x~0.5) =0.1 & 0.2

3.5

o
T

(Ciot)
(\®)
N

Hard
N
(\

(6)/P

Hard

N

P

S
n

-
-

Sensitivity to w. is small, so we use wq =0.1 for following comparisons
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nl.4

S ATLAS

1.08 ==~

tl

IIII

:-l-o--t-(-b-

0.4

+3.6 <y*<+4.4
+2.8 <y* < +3.6
+2.1<y*<+2.8
+1.2<y*<+2.1

+0.8|< y*<+1.2

2013 p+Pb data, 27.8 nb™ :
anti-k,, R=0.4, |[s,, = 5.02 TeV1

iy 0-10% / 60-90%

4

40

100

p_ X cosh(<y*>) [GeV]

i

~1000

Xp_

0.6

We focus on large x, where effect is largest and hence corrections for transverse geometry are small (though
we do include them)

2.5
~ 2
8
©
) ——
o
= 1.5
T >
a®
~—
—
@ 1
N’
4o
=
T >
R 05
0

ATLAS: GLAUBER + CF —e—
- - 0=0.60,,---
.
;_ _l . Glauber
1= _{
0 10 20 30 40 60 70
2E+ [GeV]

Rhard for x = Eje/E, = 0.6 for centrality bins
extracted from the ATLAS data using V’s of
the CF model. Errors are combined
statistical and systematic errors.The solid
line is the Glauber model expectation.



Rhard for different centralities is calculated as a function
of one x-dependent parameter A= 0(x)/< 0>

90-100%
B[N lHC C 60-90%
b N A 40-60% - - --
30-40% -
2.5 oo R e
20-30%
L e NG S R 10-20% -
sk T 0-10% - -
| :
05 ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
ol ; ; ;
0.4 0.5 0.6 0.7 0.8 0.9
A=<0(xX)>/0
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RHIC
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0.6 0.8 1 12 14 15
A=<0(X)>/0O



We can estimate 0(x=0.6)/0w[fixed target]=1/4

. . . 0'(81) 0'(32)
from probability conservation relation: / P(o, s1)do = / P(o, s9)do
0 0

- x>0.5 configurations have small transverse size (~ rn 12)

“a

.

[Small size configurations suppressed in bound nucleons (F83) explanation of the EMC effect

_

First rough estimates for smaller x:

0(x=0.2)/<0>=0.8 gluon contribution sets in (smaller size than quarks for same x?)
0(x=0.1)/<g>=1.0
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(Otot)

Hard
N

(0)/P

Hard
PN

For 0 > <0> dependence on centrality is reversed

| Glauber, 6 =30,,/2 — [
ST Glauber, 6 = 20y, --- -1 Ratio of the probabilities Pn of having Vv
Glauber+CF, <0> = 30,,/2 ---- | .
4t Glauber+CF, <0> = 20, - | | I wounded nucleons for scattering of the
8l i | proton in configurations with different
)l _ values of 0(x) and PN for O = O with CF
g f_, b - (Wo=0.1) and without CF (marked as
————— e T St G I a u b e r)
%0 5 10 I3 20 25
V
I

- 4 +03<y*<+0.8 *+ -
— Y -03<y*<+0.3 -4 —

- ¥ -0.8<y*<-0.3 —A- ]
— ¢ -1.2<y*<-0.8 —sla —
- ."'. |-2|.1||<y*<-1.|2 R | ]

40 100 1000
p_ x cosh(<y*>) [GeV]

. : g A :
Transition to dominance of larger than F “'-n""!:i"* = 0 I
: -1 - 'i_ = -4 -

average size - x < [0""? : i!"ih g :
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Outlook

% Observing effects of Large Hadronic Configurations - dijets at small x;
sk Study of the suppression / enhancement effects as a function of both x, and xa

nuclear anti/shadowing for small xa

4l k=05 @ - 4l k=20
12} PeI‘IPheI‘GI - 1.2

most central

———
—
——
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T b e . T
e
_ S
= = =

==
B 2
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0.8 K | .
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_ .’v‘O O
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0.6 borraiBBB8s 0.6
TS 00 020 %0 2% e % . B 0020020 2050 % %%
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RRIRAKRKS B 02020202020 202022 K
& ARG
KEXX e e SISIRRRIRRRAIIRLAS
— R SRS
AT LKL
4 2 2 04 F REIBRIKIKLS ot X :,0,0:0000:,:""
0_ ~ -_ e\/ m .,«v"oooooooooo XX
QRS 020, CRARXRARXR

‘ !2 \} RS o :"0 00 :’0 20 :’0 ’0’,»:’ -
— 10 Ge :.:\\_\.\ N \_\: QR S
02r 1 0.2

QXX
Q 90,05
0000

100

[EA XN o)/8AK)[gA(Xx=0.2N_;;)/ga(x=0.2)]

EMC effect for xa = 0.5
EMC effect “peripheral collisions” ~ 0.5 inclusive EMC effect

EMC effect “central collisions”~ 1.5 inclusive EMC effect:
probes fluctuations of high density nuclear matter in the 10 fm tubes




Several effects (in addition to CF and nuclear pdf effects) which should be
included in more detailed modeling of pA with jets:

® Fluctuations of small x gluon strength in nucleons: variance W,(x=10-%) ~ 0.15

@ Strong dependence of the multiplicity on the impact parameter of the pp collision
(Evidence from pp - supplementary slides)

@® Influence of CF on impact parameters of the NN interactions in pA.

@®  Fluctuations of the gluon fields in nuclei - Swiss cheese

Experiment:
Report data in the bins of x; and xa

Study violation of the x; scaling as a function of jet p¢

quarks vs gluons for fixed x,; u-quarks vs d-quarks (VV’s)

©e ©@®

LHC vs RHIC for same x;
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Slides for discussion & supplementary slides
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> E7PP distribution: modeling by ATLAS

Transverse energy distributions in p+p collisions are typically well described by gamma
distributions

1 1 k—1
gamma(x; k, ) = XY, (g) e~ ~/0

gamma distribution has convolution property:
k(Npart) = ko + ki (Npart — 2) )
0 (Npart) = 60 + 61 log (Npare — 1)

1 1 Nk—1
(f) 6—:1:/9

N-fold conv. of gamma(x,k,0)= gamma(z,k,0) = [(Nk)O \o

Note: for k = |, gamma distribution is exponential, k < | is “super-exponential”
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Glauber and Glauber-Gribov analysis

ATLAS Preliminary
p+Pb, L = 1ub”
\'Syy = 5-02 TeV

Glauber ll

Glauber-Gribov, Q = 0.55
— — . Glauber-Gribov, Q = 1.01

ATLAS Simulation Preliminary
p+Pb |s,, =5.02 TeV

—e— standard Glauber

—e— Glauber-Gribov Q=0.55 —=
—e— Glauber-Gribov Q=1.01

1/N,,, dN/dSEZ° [GeV]
3 3

—
ol
(6]

—
ol
»

Glauber

fit / data

‘With Glauber-Gribov
Npart distribution, the SE (GoV]
best fits become more WN-like

2
1
0
2
1
0
2
1
0

o

—e.g. for Q= 0.55, k1 = 0.9 (0.64 ko), 61=0.07 " ©

=Glauber-Gribov smooths out the knee in the Npart distribution
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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 (CMS)

n|||||||||||||||||||||||||||il"l'"riiiiiiiiiiiiiiiiiii'i
(b) T (€) °
v :
= .
Z 0= =
& o P N o
© w 4
O
a =
_ - 5 4 -
-0.02+ o CT10 —+ e CT10+EPS09 —
- ---- CT10 Unc. T — CT10+EPS09 Unc.
Exp. Unc. T Exp. Unc.
oo v v bvvv v vy v by v v b v vy by v s by v v bvov v v bvv v v Py
-2 -1 0) 1 2 -2 -1 0 1 2 3

dijet T]dijet
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If two (three) nucleons are at a small relative impact parameter (b < 0.6 fm), the gluon shadowing strongly
reduces the overall transverse. gluon density. However the thickness of the realistic nuclei is pretty low. So
average number of overlapping nucleons is rather small ( 2.5 for b ~0) and hence fluctuations of the gluon

transverse density are large

v Heavy nuclei are not large
yellow < 1

1 green <2 enough to suppress fluctuations -

2 <cyan <3 — .
3 <blue <4 A=200 nucleus for gluons with x

[g 4<magenta<5 > |0-2is like a thin slice of Swiss

5< red
cheese.
Far from the A =~ limit.

Leading twist shadowing observed at LHC does suppress

. . some of fluctuations but new types of fluctuations
Fluctuations of transverse density of gluons

in Pb on event by event basis (Alvioli and MS

09) for x outside the shadowing region
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Universal relationship of soft and hard multiplicity  (Azarkin, Dremin , MS, |4)

I Superhigh multiplicities require
z’|lc  oChJet(p >5GeVic) . 1| special rare configurations in
S [ e Ch. Jet (pT>30 GeV/c) — |
2360 o dnp : nucleons
= | =
_ L ? max value from geometry
4 ' mg
_ ; : R = P3(0)oin(pp) = —L0:n(pp)
- 127
2_— : J= N
. ¢ —T—— |reproduced by P;(b)
O L | | T | |
0 1 2 3 4 5
N,/ <N,>

Universality of scaling of for hard processes scales with multiplicity: simple trigger -
dijets(CMS) & direct |/ , D and B-mesons (Alice)
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- Correspondence between impact

: parameter and Nch. Nch is defined here as
a number of charged particles with |n| <
2.4 and pt> 0.5 GeV/c. Since events with
: Nch > 35 are effectively central, the

- correspondence is not valid there.

.o
~
~
.-
-~
~
.-.
-
~ -

| | | | | | | | | | -I.-.-I """"" T mmmem== -l_
0 20 40 60 80 100
NP, > 0.5 GeV/c, i<2.4)

® b(Ne/<Nep> ~ 2) ~ 0.7 fm
® b(Ne/<Ne> ~ 3) ~ 0.5 fm

® For Nc/<N> = 4 gluon fluctuations are important: jet multiplicity otherwise too high
& probability of Ncn/<Nch> > 4 events is much smaller than given by Pz(b).
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2.5

[,
&) \®)

average s =< (2" _; Is;)/v >

2 2
Is.| = Ib; - bl, where i-th nucleon is interacting D(v) =<s7(v)>/<s(v)>" -1

<
~

Glauber ------ . Glauber —
""""""""" 0.35 H
Glauber+CF - Glauber+CF -------
S 0.3 f3
no2sH i
P PY1 "Ll F. IIIII ’ m
£ o E
5 T et o 02p_
[ ; £ 0.15 .
j 2 .
| 4 :
A 0.l
0.05
0
0

10 20 30 40 50 60

Ncoll

Average impact parameter, s, for pN interactions as a function of number of wounded
nucleons and its dispersion.Average s traces average O.
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Reminder -in the limit of small inelastic diffraction and neglecting radius
of NN interaction as compared to internucleon distance, Gribov -
Glauber model leads to

A n—l—l ]
_hA AL -
o /db 1—(1—x2)" Ej _n'n'/dbx

where 2 =o'\ T(b)/A dbT(b) = A

Series can be rewritten as sum of positive terms corresponding to

cross sections O, of exactly one, two ... inelastic interactions
Bertocchi, Treleani, 1976

A
Al MRy A—n
:nz::lan, Op = (A—n)!n!/dbw (1 —x)
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A A +N A Al

(N} = ;nan/;an: UlﬁlA/de ; (A_n)!('n_l)!xn(1_g;>A—n

n
hN AN | o |
_ /de AT(b) = hlg ~ Simple geometric interpretation
1Il lIl

Can use P(0) to implement Gribov- Glauber dynamics of inelastic
pA interactions. Baym et al 91-93

oA / doin P(0i) / db [1— (1 —2)"]

Al 7 on —n

Probability of exactly n interactions is 7, = an/ahA
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