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Glauber theory of nuclear shadowing

R.J. Glauber, 2005 Nobel Prize in Physics
for “quantum theory of optical coherence”

* Applies to high-energy scattering at small angles

* Nuclear shadowing is the result of quantum-mechanical interference among
scattering amplitudes for the interaction with 1, 2, ..., A nucleons of the
nuclear target.

* At high energies the amplitudes are predominantly imaginary (recall Ch. 8 of
Gribov’s book) — this interference is destructive — oa <A on



Glauber theory of nuclear shadowing

| explained in my seminar 1 that at high energies, one recovers the
approximation of geometrical optics: particles move essentially along straight
trajectories acquiring only an additional phase:

f(E /Z) L /dzb eid [1 _ e me [T A V(b q ik /d2b eidh [1 — eiX(b)]
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scattering amplitude accumulated phase scattering amplitude in i_mpact
parameter space = profile [ (b)

* This representation is useful not only in non-relativistic quantum mechanics,
but also in field theory:

47

oo = - Imf(F, ) = 2Re /d25<1—e@'><<b>)

Oelastic — /dﬂ‘f(];/?]g)‘Q — /d25|1 - eiX(b)|2



Glauber theory of nuclear shadowing
e Specifically, for a nucleus target: Kk k/
- the nuclear potential changes slowly during the
interaction time — nucleons can be considered

“frozen” in their positions (recall seminar 1, when it A
was formally derived)

Scattering amplitude on “frozen” nucleons, which depends on nucleon coordinates:

R k . k S
falk! k71, T, Ta) = ;W/dee“fb( —eXa) = ;W/dee“be (b, 71,7y, Ta)

Integration over nucleon positions with nuclear wave function:

k) = /Hd3 U (7, 7y Ta) P AR 71, Ty Ta)



Glauber theory of nuclear shadowing

e Specifically, for a nucleus target:

- pair-wise nuclear forces — total phase on —£
nucleus is sum of phases on individual nucleons b I?Sl
A Sz‘
Xa(b, 71,7, Ta) = Y x(b— &)
1=1

e Nuclear scattering amplitude in impact parameter space (profile) in terms
of nucleon amplitudes:
A

A
La(b, 71,7, ..., 7a) =1—[J(1=Ty) => Ty=> T;T;+...
i i,j

1=1

e Averaging over the nuclear wave function squared — Glauber series for
nuclear cross section, where each term corresponds to interaction with 1,

2, .. Anucleons: A
A _ N C2 N 2
Otot = thot T Rz Z(Utot) .
1=1 1,7

Born (impulse) approximation shadowing correction



Glauber theory: pion-deuteron scattering

k
momentum
Impact param. b' q transfer
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* Nuclear profile function:
- - S - S - § - S
La(b, 7p,mn) = T'p(b+ 5) + Iy (b — 5) —T'p(b+ §)Fn(b — 5)

* Scattering amplitude on deuteron:
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deuteron wave function



Glauber theory: pion-deuteron scattering

L 1 -
e Substitute I',,(b) = S /qu*e_“fb f»n (@) and do integrals over r:
7 q q 1 ; q
fa(K'.k) = Gp (=) fp(@) + Gp()fnld) — 5— d*¢ Gp(q )fp( +q )fn(— ~q)

effective Feynman diagrams from seminar 1

* Gp(q) is the deuteron form factor: G p(q) = /d?’FeﬁF @ p(7)[°



Glauber theory: pion-deuteron scattering

e Optical theorem:

1 1 1

/

characterizes p-n overlap in D

* Physics of shadowing: incoming particle scatters on first nucleon, gets
absorbed and, thus, cannot interact with the second nucleon. The effect
depends on the geometric overlap of the two nucleons — hence, the term

“shadowing”.

* Magnitude of the shadowing effect: 6p,,=70 mb (Tevatron), <1/r2>p=0.05 mb-":

70 x 70

0.05 = 140 — 20 = 120 mbarn
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Nuclear shadowing is ~15% effect at Tevatron energies.



Gribov theory of nuclear shadowing

e Glauber: non-rel. QM, successive interactions, elastic intermediate states
e Gribov: QFT, coherent interactions, inelastic intermediate states
* Based on Gribov’s picture of the strong interaction at high energies, seminar 1

e Fast hadrons are superpositions of fluctuations with long lifetime:

[ % > target size

* These fluctuations describe diffractive production, cood, walker, edole
1960; the momentum transfer to nucleon is small. /i




Gribov theory of nuclear shadowing

e At high energies, graph “a” for elastic intermediate state — 0

b b

I Xo

a XK a
a

as a result of cancellation of the planar (AFS) diagram, Amati, Fubini, Stanghelini;
Mandelstam 1963; Frankfurt, Strikman, arXiv:1304.4308; Gribov’s book, chapter 12

 |n physics terms, configurations of the projective do not have time to
recombine in the elastic state (pion) between two successive interactions.

At high energies (BDL), elastic scattering = diffractive scattering —
diffractive intermediate state.

e At high energies, elastic cross section — 0 due to shrinkage of diffractive
cone, recall our discussion of BDL, when Imax~bmax ~ In(s).
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Gribov theory of nuclear shadowing

e Thus, shadowing correction is given by the non-planar ladder diagram, which
does not vanishas s — «

b b

* The corresponding expression, Gribov, Sov. Phys. JETP 29 (1969) 483 (recall also derivation
using effective Feynman diagrams of seminar 1)

dk R 2P| [Kk|+142 ds’
shad gy = (412) / = (s, R.9)
Foo(s) = Mf 222" i 2|p|f s1, k.,

/ | double scattering

x\ﬂ -
deuteron form factor = -
2 }9 I/
7 +4 v ~k-k+g
/Y
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Gribov theory of nuclear shadowing

» Assume that the asymptotic behavior is determined by a Pomeranchuk pole
(Pomeron) and the cuts connected with it:

e Abramovsky-Gribov-Kacheli (AGK) cutting rules, Chapter 15 of Gribov’s book —
shadowing is given by the diffractive cut, which enters with minus sign:

-
-
-

diffractive cut single-multiplicity cut double-multiplicity cut
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Gribov theory of nuclear shadowing

e Total pion-deuteron cross section:

- N d 7TN ié
og =205 —2 [ dip (ai) AL

e Main result: shadowing correction for nucleus is given RGP
by diffractive cross section on nucleon. Rﬁ: T

* While space-time pictures in Glauber and Gribov approaches are very different,
Gribov’s result superficially looks like a generalization of Glauber formula:

- assume elastic intermediate state
- relate coordinate and momentum deuteron wf

7N (1,
R L
Otot ™~ 4O0tot >

dk?

Ik|2=0

N (1, TN\2 N2
2 ey ()l 0| 05) o () (1)
D

w2 | 167 tot ar  \r?
dk =0

* Resulting approach is called Gribov-Glauber theory of nuclear shadowing.
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Deep inelastic scattering

d’o B Ao

em [(1 . y)Fg(:F, (2_)) + y2:13 F1 (;‘17, (22)]

drdQ? Q"
[—

Unpolarized structure functions

\

2 2
¢ =-Q Evolution of our understanding of sf’s:
2~ large

, Bjorken

W?=(p+q) )0
limit

* theoretically predicted to scale, 1.e. depend
only on x by J. Bjorken

TB = 5—— fixed ~ * confirmed by experiments at SLAC
ecxplained in the parton model by R.

Feynman

Terms “deep inelastic” or “hard” denote * parton model is improved by QCD:

Processes with large Q>> 1 GeV? scaling is only approximate, structure
functions depend logarithmically on Q? due

to parton emission




QCD factorization

In the Bjorken limit, o,(Q?) is small (asymptotic freedom) and one can
use the perturbation theory to prove the factorization theorem:

(z, Q%) Z —CZ (/,ﬁ) b (2, 1)

Perturbative coefficient function Non-perturbative parton distribution
functions (PDFs) defined via matrix

X - p X p .— elements of parton operators between
+ \\/ nucleon states with equal momenta

p -- nucleon momentum
- -- longit. momentum fraction

,2 - factorization scale
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Parton distributions

Interpretation 1s simplest in the infinite momentum frame:

P-i-

Fast moving nucleon
with P'=E+p,_ very large

Parton distributions are probabilities™
to find a parton with the light-cone
fraction x of the nucleon P*
momentum.

Q?is the resolution of the
“microscope”

Information about the transverse position
of the parton is integrated out.

*This is true only at leading order in o (Q?)

16



Leading twist nuclear shadowing model

- Combination of Gribov-Glauber nuclear shadowing model with QCD

factorization theorems for inclusive and diffractive DIS — shadowing for
iIndividual partons |, Frankfurt, Strikman (1999); Frankfurt, Guzey, Strikman, Phys. Rept. 512 (2012) 255

d T b VY\I"\ L ¢ Ty — T
T > vE qt E Yq q4 19
qt : Yq E <
< gy X X g
g g ' —
~~__ Hard
N N N/ A . Pomerons
1 ! A
A A N

1 —1i 2 0.1
Xfiia(x, Q¢) = Axfiyn(x, QF) — 8TA(A — 1)9%(1 +’:2) Bair / dxp B (B, Q5. xp)

00 00 . .
) / def dz; f 02505 (b, 21) pa(b, 22) @ ~22EmN =5 (1=inosyr (.0) [27 d2'oa (5.2
—00 Z1

Seminar 1: all nucleons at same impact parameter, eikonal phase 17



Leading twist nuclear shadowing model

- Main input: diffractive parton distributions fP®)
measured in diffractive deep inelastic scattering on
proton at Hadron Electron Ring Accelerator, H1, zEus

X (My)
D4 2 D4 2
Fy ™ (x, Q% xp,t)—ﬁZ/—C( )J}()@,Q,xp,t)
i=0,3.8 ’ ’
t=@ —-p)’
: : PRTIT " - p-p) Mg+Q°
- Diffractive parton distribution fi°® = conditional = Nwivar
probability to find parton with momentum fraction (3 02 .
provided the proton doesn'’t break P o=p) & M
r ol A e i
[ i i s [ oerd
x SRR oA VHROE VN ST SOOI
- 5 - ot ;.’}1 ;,;—!/! &
e P e T e
7.1’;1{?1 7"11} 7‘1“1‘%:}{‘?11;1“::}?’1&“; %7
P P IEEE N - IR IR A
» One of main HERA results: diffraction in DIS ST 1 Y N S A
u L . 0 B 1.f—umﬂ Ll | Ll H.mlll Ll | L HHHA””“} Ll | Ll Hlm{m.l L 17 Ll L] Ll
can be described by pQCD, leading twist — LR TEETLET TF
hence the name “leading twist shadowing” S Rea e = S
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Leading twist nuclear shadowing model

- Allows to calculate small-x sea quark and gluon distributions in nuclei at
certain scale Qo — can be used as input for DGLAP evolution to higher Q?

- Main feature: large gluon shadowing (suppression) because the hard
Pomeron is mostly made of gluons (recall the discussion of gluon ladders).

gA(X)/AgN(X)

Leading twist (LTA) vs. global
QCD fit EPS09

- Pb-208, 0°=4 GeV’

gA(X)/AgN(X)

Results of DGLAP evolution: from Q2=4 GeV?

to Q2=10 and 10,000 GeV?2

1.4 T T ™ ™
1.2 F Pb-208 ,\\ -
1_ ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
0.8 i
0.6 i
0%=4 Gev?
0.4 0%=10 Gev? .
0%=10,000 GeVv?
0.2 2 2 M | 2 2 M | 2 2 M | 2 M | 2
107> 104 1073 1072 1071
X

LT model offers alternative to small-x extrapolation of global QCD fits.
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Gluon nuclear shadowing

* Gluon nuclear shadowing: ga(x,u?) < A gn(x,u?) for small x < 0.005.

e Important for QCD phenomenology of hard processes with nuclei: cold
nuclear matter effects (RHIC, LHC), gluon saturation (RHIC, LHC, EIC)

* ga(x,u?) is determined from global QCD fits using data on fixed-target DIS,
hard processes in dA (RHIC) and pA (LHC) — ga(x,u?) with large uncertainties

ga(z,Q?)

Ry(z,Q%) =
Ag T QQ .
p( ) H. Pauukunen, NPA 926 (2014) 24 ¢ pA@LHC data can he|p I|tt|e, Armesto et
1.3 ‘2 T 2‘ T T T A T al, arXiv:1512.01528; Eskola et al, JHEP 1310 (2013)
19 - Q=10 GeV / 213, Eskola et al, EPJC 77 (2017) 163 (EPPS16 nPDFs)
N/\ I L] L] L] ot
%1.1— 18 F LTA — , ,
5 [ EPPS16 — - = Pb-208, Q, =4 GeV
S 1.0 HIIIIIIIIIIIH ‘xé 1er |
C\]H ]:]:]:]:I ___________ L -: m 1_4 = _
SO AEIRT
208 F X 1
o, o0 i <
aet o o 0.8
| 0.6
0.6 - no dat®,
nons)(ff alﬂts 0.4
0.2 -
0.5 .
I shadowing 0 ol ol Lol
0.4 S s RS " 10™ 10° 10 10™
10 10 10 10 X
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Gluon nuclear shadowing

e In the future, gluon nuclear shadowing will be constrained at Electron-lon

Collider in the US, Accardi et al, EPJ A52 (2016) no.9, 268; LHEC@CERN, LHEC Study Group, J. Phys.
G39 (2012) 075001

rTT I T T T m1TTT II T T T LI I T T T L I
108 Measurements with A = 56 (Fe): K’
- e eA/puA DIS (E-139, E-665, EMC, NMC)
= vA DIS (CCFR, CDHSW, CHORUS, NuTeV) K
o DY (E772, E866) 2
102 = Z I
C . K (7
o ,\/7\\ 2
> o® X
8 . A g’%
= 10| ® N p
Al < ™o
e/ *u?
" e
- [ FPY [ ] .0
. | [ 2 ]
] perturbative " .
- non-perturbative
0.1

e Option right now: Charmonium photoproduction in Pb-Pb UPCs@LHC
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Ultraperipheral collisions (UPCs)

* lons can interact at large impact parameters b >> Ra+Rg — ultraperipheral
collisions (UPCs) — strong interaction suppressed — interaction via quasi-
real photons, Fermi (1924), von Weizsécker; Williams (1934)

B B
Q%j/ - UPCs correspond to empty detector with only two lepton/pion
] o tracks
- Nuclear coherence by veto on neutron production by Zero
Degree Calorimeters and selection of small pt

A

~2
» Coherent photoproduction of vector mesons in UPCs:

doaasangy(y)

dy — 7/A(y)0-'yA—>AJ/¢(y) +N7/A<_y)0-'yA—>AJ/¢<—y)
! N .
= In|W*/(2 M
Photon flux from QED: Photoproduction y = Wn[W"/(Zyzmy My)]
- high intensity ~ Z2 cross section = J/p rapidity

- high photon energy ~ yL

UPCs@LHC = yp and yA interactions at unprecedentedly large

energies, Baltz et al., The Physics of Ultraperipheral Collisions at the LHC, Phys. Rept. 480 (2008) 1
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Coherent charmonium photoproduction

* In leading logarithmic approximation of perturbative QCD and non-relativistic
approximation for charmonium wave function (J/i, ¥ (2S5)): ~

-

dop_, W.t =20 2 -
~T J/QPT;( ) C( 2) [ G (CU, 2)] M. Ryskin (1993)
M?

J 2
= W/;b, pP =My /4 =24 GeV? C(p®) = M3, Teem g (1?) / (480em pn®)

p

 Corrections for quark and gluon kr, non-forward kinematics (use of GPDs),
real part of amplitude — corrections to C(u?) and P2, Ryskin, Roberts, Martin, Levin, Z. Phys.
(1997); Frankfurt, Koepf, Strikman (1997)

e Our phenomenological approach: p? and C(p?) from W-dependence of cross
section on proton measured at HERA:

- W2 = 3 GeV? for JI, Guzey, Zhalov JHEP 1310 (2013) 207

- U2 = 4 GeV? for P(2S), Guzey, Zhalov, arXiv:1405.7529
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Coherent charmonium photoproduction

e Application to nuclear targets:

doyps 3jppWap t = 0) [ Ga(m,p4?) 1°
o W, — ’{2 YpP— p D> Y D 4 (t.
’YA—>J/¢A( ’Yp) A/N dt AGN(ZU,,M2) A( mln)
Small correction kan = 0.90-95 From HERA and LHCb Nucleus/proton From nuclear
gluon ratio Rg form factor
» Well-defined impulse approximation (I1A):  atmin) =/_Oo dt|Fa(t)”

do J (W ,t — O)
O’Iyél—ﬂ/ibA(W’Yp) = /wpdt = ® 4 (tmin)

* Nuclear suppression factor S — direct access to Rg

1/2 o )
o
S(W,p) = Km,}/wb = KA/N AGA(CE’N g = rka /N1y
O Pb—sJ /1) Pb N (T, p?) \
Model-independently from data on From global QCD fits of nPDFs or model
UPC@LHC (ALICE, CMS) and HERA of leading twist nuclear shadowing

Guzey, Kryshen, Strikman, Zhalov, PLB 726 (2013) 290 24



Comparison to Sp, from ALICE and CMS UPC data

- J/Y photoproduction in Pb-Pb UPCs at LHC, Abelev et al. [ALICE], PLB718 (2013) 1273;
Abbas et al. [ALICE], EPJ C 73 (2013) 2617; CMS Collab., arXiv:1605.06966 — Suppression factor S

1.1 ————r————r———————
V4
1 B —— T ] 1 ’ ¢:.
Q 0,9 F-—" " " Pl .
S P L jed LTA: Guzey, Zhalov JHEP 1310 (2013) 207
vy 0.8 T . EPSO09: Eskola, Paukkunen, Salgado, JHEP
0. , _=~=1 . 0904 (2009) 065
0.6 p = ====- o - HKNO7: Hirai, Kumano, Nagai, PRC 76 (2007)
0.5 i 065207
' CMS @ nDS: de Florian, Sassot, PRD 69 (2004) 074028
0.4 ALICE ®m -
0.3 LTA+CTEQ6LA1 -
EPS09 - - -
0.2 HKNQ7 ====--
0.1 F nDS — - = ]
0 raal 1 a3 aaaal 1 L 2 1aa
107 1073 1072 1071
X

e Good agreement with ALICE data on coherent J/iy photoproduction in Pb-Pb
UPCs@2.76 TeV — first direct evidence of large gluon NS, Rq(x=0.001) = 0.6.

e Similarly good description using central value of EPS09+CTEQGL, large uncertainty.

* Color dipole models generally fail to reproduce suppression, Goncalves, Machado PRC84

(2011) 011902; Lappi, Mantysaari, PRC 87 {2013) 032201 s



Summary

 Using the space-time picture of strong interaction, Gribov developed theory
of nuclear shadowing for soft hadron-nucleus scattering, where shadowing on
nucleus is expressed in terms of diffraction.

* It uses methods of quantum field theory and supersedes Glauber theory —
Gribov-Glauber theory of nuclear shadowing.

» Using QCD factorizations theorems for DIS, Gribov theory can be
generalized to calculate shadowing in nuclear parton distributions at small x.

« Hard diffraction (hard Pomeron) is dominated by gluons — the model
naturally predicts large nuclear gluon shadowing — important prediction for
Electron-lon Collider.

* Nicely confirmed by J/iy photoproduction in Pb-Pb UPCs at the LHC.
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