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Qutline

+ Introduction and overview
=% CLAS “plateaus”
=% Factorization: nuclear and parton dynamics

+ Factorization of nuclear dynamics
#+ Collinear factorization (parton dynamics)

+ Applications
=# large xp correlations

+ Conclusions and outlook
(more plots and details in the backup slides)
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Introduction



# Per-nucleon cross-section ratios

[CLAS, PRL96(06)082501]
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This work = central idea

+ Compute e+A cross-sections combining
= realistic many-body nuclear wave function
= single-nucleon distributions (Fermi motion)
< collinear factorization in QCD (parton dynamics)
<% exact treatment of kinematics (nucleus, nucleon, parton level)

+# Minimalist approach to answer
<= How far can “conventional” physics explain CLAS data?
<% When do new degrees of freedom emerge?

+ Wider applicability, e.g.,
<% nucleon PDF at large x in lepton-nucleus scatterings
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This work = main result

i 1%

1o

+# nDIS cross-section in 1-photon approximation
determined by the hadronic tensor

PA

o5 B LR
W pad) = g [ @2 lpals™ ()" Ol

+ Factorization, 2 steps: nuclear and partonic dynamics

Wi =pa®Wy =pa®H ®ds/n

nucleon distribution \ partonic & R
T | e parton distribution
e X7 AR function (PDF)
tensor

+# Correspondingly, for structure functions

Fia(zp,Q%) = pa @ B F\" (£, Q)
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rFaciorization of
nuclear dynarmics



Model of the nucleus

U

» DIS determined by
W4Y = (P4|O*|Py)

» 1* assumption
nucleus = N nucleons with momenta p,, p,, ... ,pyand . p.=P,

[ nuclear Hilbert space H, = I1. H,;. ]

» 2" assumption
interaction involves only 1 nucleon [O acts on single-nucleon He

0
5 P
o Py | I'. 2 |
W, = R S -
| . o
\/ PN \
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raciorization of IJ,Jf*J'—‘:JJ‘ cdistrioution

d”‘pz

# Use of 2 completeness relations 1= f H 4\pe><})z\ yields

.T d'p1 d'p} A
i / LT )4piﬁ (p1, 1) (p1|O"|p1)

with off-diagonal density matrix

Pq Plpl /H
12

» Momentum conservation implies

p% (p1.p1) = 27)*pa(p1)d™ (p1 — p})

so that, as promised : :
AR : = du, Fermismearing measure

N

g 104 d4 L
W = [ S Bpar2)p1[O™ 1) = pa© W
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Collinear factorization
(parton dynamics)



Impulse approximation
+ Large Q2, impulse approximation, ps2 = (My/A)?

1 v

Note:
pa = Pp/A

+ Invariants:

2
= 2 2 B ao 42 2
Tp = = pf = Mg Ac et =g
204 - G PA Al
s
s =LY 5 X
LN I =9
2p - ¢q
2
22N 4 # remarks:
2k - q =8 non-zero mean nucleon mass

=i off-shell nucleon
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Choice of frame - 1

+ Need to define light-cone “+” and “~” directions.
2 possibilities:
= A-frame: “+” and “~” in the {q,p4} plane
=% N-frame: “+” and “~” in the {q,p} plane

1L 1%

+ N-frame useful to compute nuclear F;5 in terms of nucleon F;
=% x = k+/pt = fraction of nucleon momentum

Alberto Accardi “Cold dense nuclear matter”’, 17 Feb 2007
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Choice of frame - 2

+ We choose the N-frame — momenta read:

'I?12

p' =pTh! + 2—+-n.’“* light-cone definitions:
P =
< 02 7= (1/v2,0.,1/V2)
T T A7
q¢" = —Sawp' " + n .
28awp™ n=(1/v2,0,,—1/v2)
=y
I
py =wp ' + ﬁn’”‘ + 7| at = (ap £ a3)/ V2
where we assume theoretically known:
B =pip" p* = boost parameter
-m% = 'ﬁ% s pAT , pt = Fermi motion
: . 2x B
+ Nuclear Nachtmann variable &4 = =
L4 4/1+ 23m2/Q?
20N

¥ Nucleon Nachtmann variable &y = = £ AW

L4 /1 + dadm?/Q?

% Free-nucleon limit A - 1 = TMC a la Ellis-Furmanski-Petronzio

[NPB 212(83)29]
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Collinear factorization

+ Expand parton k around its light-cone component:

k= apTR” + Ok — ;r,erﬁ) with == kJr/ 'P'Jr higher-twist

+ Then [Collins, Soper, Sterman, '80s]: / corrections
g% & dx B R . :
W (v, Q1) = 3 [ S HI(E. QD) wpv(e, QP + O(1/Q%)

Laned

partonic tensor  bound nucleon PDF

where #*" is the hadronic tensor for a parton target :

U

1

TN LD R : computable in pQCD
gaat ey | order by order in o
S
and ~—— onshell! (kK2~0foru,d,s)

T = Q%/2k - q = (Caw)/a
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Nuclear structure function

+ Nuclear hadronic tensor at Leading Twist, any order in o:

Wh (x5, Q%) = pa @ MY © ép/n
d;{,‘ “_, 1Y D
=3 f dua | S A2 QP ol QP
: _

& Define “free massless nucleon” Fi(o) (set m2=0 in our kinematics)

¥+ Put everything together:
nuclear F, in terms of nucleon Fi(o) and single nucleon Fermi motion

&t bl FO (640, Q%
Fl.f‘l [:I-'.H*. Qz:' e /dﬂq{ ‘-} AW, Qz [(1 _I_([g:_}(l:_én) A 1] . El}:uj Q )}9(1 L 5.4"-'“1}

R /d‘uAI 3(1 ‘|_6w)2 . 1] 1IU (o QE
1 ey Sl i E A ey 26 AW

Foa(2B, Q (1 — Eqw)

Note: F” evaluated at &,=¢&, @
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Applications



Approximations

= : v toeo)
+# Assume on-shell nucleons withm =m
e Fi(o) = massless free nucleon structure functions

<% from QCD global fits not already including TMC, e.g., CTEQ5
[for off-shell corrections, Melnitchouk et al. PRD '94]

+# Use non-relativistic nucleon distributions
< realistic many body computations with NN and NNN potentials
< fitted to low-E nuclear properties

pa(p) ~ (2m)% 2¢/m2 + 2 6(m? — m?) p¥ (D)
+ Note:
<% “parameter free” computation (no tunable parameters)
< Only freedom is the choice of nuclear distribution p,

<+ baseline computation for comparison to data

Alberto Accardi “Cold dense nuclear matter”’, 17 Feb 2007 17
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| Nucleon distributions

100
10-1
10-¢
10-2
10+
10-#
10-*
10-*
10-=

« VMC: Variational Monte Carlo
[Pieper et al. PRC 46(92)17412]
== NN + NNN potentials
(AV18 + UIX)
<%+ NN + NNN correlations

p [tm?)

¢ 1 2 3 4 5 @8 7

& '[""] ¥ CS: Ciofi degli Atti and Simula
o [PRC 53(96)1689]
?E N < parametrization of several comps.
S lom o at [<4 fm-1
e & ¥ =¥+ assumes universal NN correlation
10-7

=% no NNN correlations

10-%
L ftmet) # JISP16: [Shirokov et al. PLB 644(07)33]
<& non local NN potential

=%« NN + NNN correlations

10¢
10#
101
10-2
10-2
q 107
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Note:
Potentials fitted to low-E nuke properties
= uncertainties in large [ tails

& 1 2 3 4 & 8 7
l [fem1]
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P/ Py

Alberto Accardi

Nucleon distributions = A/B ratios
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160 .

o thick: VMC
€ thin: CS

3SHe

+ VMC (thick lines)
< 2-plateau structure

# CS fit (thin lines)
<+ no NNN correlation
(by construction)
<%+ weaker NN correlation
<% weaker A-dependence

“direct”



| — Large-xg correlations



Experimental settings

+ [ will analyze the following experimental kinematics:

CLAS Q2=2 GeV2 E, ,=4.5 GeV

Hall-C 0=18° E ,=5.8 GeV
(E02-019)  [Q2|,5_,=2.5 GeV2]

0=50°
[Q2| . 5_1=7.4 GeV2]

see " CLAS12 Q2=5 GeV2 E, ,=9 GeV
backup <
slides | EIG 02=100 GeV? E,,=1000 GeV
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Cross section ratios = 1

¥ per-nucleon cross section:

do
dQ?dzxp

e e
% oL {EQ2F1A(IB) ki (1 i e ?IBB’

CLAS [PRL 96(06)082501]
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X

IB

VMC
<%= 15t “plateau” explained by

NN + indirect NNN correlations

in the nuclear wave function

< does not describe 2M “plateau”

= new degrees of freedom

(no real plateau because of

[-smearing with ¢; ~ 1 fm?1)

CS

<%= does not describe the plateaus
because of absence of NNN
correlations in wave function
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Cross section ratios = 2

CLAS Hall C 6=18° Hall C 6=50°

T TR R S T 4 CEI R U FUT R o A T L TR IR A T A T L

3 F ‘He/%He Q2=2Geve % 3 F 4He/%He = 3F

2 | . dp £l 12 R T e e 5 2 b

- 3 / s -

N e e N T e GRS Sy e T e eSS ey e e
S TS Y R RSN i e TS SR N R GIAR O A AR VSRR AT C gl e
o) E b E 120 /3 3 b E g
S N3 e T3k e
seb At Nt gt o S ey -

1E BT | | e AT | |

6 (575 T R B T L | [ B TR | | =

- - 8Cu/3He : - 8Cu/3He :

4 F 4 2 4 e

2 | 2 R M SRR SR - N SRS R <

C rE ik A P | B i R e

e T o A SRR A T o s PR A
Xp Xp
# As Q2 increases:
< onset of NN correlations narrows, moves to lower x;,
<&+ slope of “plateaus” increases
<&+ difference VMC / CS becomes larger
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Onset of NN correlations

# from CLAS experimental data:
<= onset of NN correlations atxz; = 1.2 - 1.4

¥ Computed average (|!|) and (&, with 1 band

< Onset of NN correlations at CLAS
> local max. of (§,) <> jumpin (|I|)

< Define onset x;"N (at any Q32)

as position of local max. = x;"N=1.3

< Extract IV = (|1]|) 0z™)=2.0%1 fm™!

(Note large error bars, due to 16 band)
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Onset of NN correlations

# from CLAS experimental data:
<= onset of NN correlations atxz; = 1.2 - 1.4

¥ Computed average (|!|) and (&, with 1 band

Hall C 50°

C(1[) [fm-1]

o I ST G o N o s L : ¢ (
_IIIIIIIIIIIIII TiqT

1 prna e baaa by by by
0=205% 1~ 1-bes@v 2.5 "=Fuadih 4

o GRS, =1
(NN =2.0 fm! ("N =1.9 fm! ("N =2.0 fm!

# Note: onset at constant [, corresponding to onset of hard tails in w.{.
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Onset of new degrees of freedom

# from CLAS experimental data:
<%= onset of new (non-nucleonic) degrees of freedom at x; = 2.1 — 2.3

¥ Computed average (|!|) and (&, with 1 band

< Assume 2™ plateau due to DIS on new d.o.f.

<= at CLAS energy, take x;"¥=2.2 and

determine ["" = (|1]|) (xz™¢")

<% Assume ["¢¥ independent of Q2

< extract xz"® at CLAS12, EIC
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Onset of new degrees of freedom

# from CLAS experimental data:
<%= onset of new (non-nucleonic) degrees of freedom at x; = 2.1 — 2.3

¥ Computed average (|!|) and (&, with 1 band

1:'"'I""I""I""I'E"I""I""I"": 1:"''I""I""I'E"I""""I""I"": 1:""I"''I"E'I""I""I""I'-
0.8 |- = . : = 08 F N\ N
S \\\\\\\¥ : 306 —
To4F & : ; et :
0.2 | LThwCclAS T O HallC 18>  02F ©  Hall C 50%4
0 HHHHHHHHHHHE 0
_of o =

E6f 6F

i o

32; 2

0 & S,
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Onsets = summary

single nucleon new d.o.f.

1 >

1
1:IIIIIIIII|IIIIIIIII|IEIIIIIIIIIIII|IIII

’;0:6 \ W\g

4,0 I

(1) [fm-1]

o [4N] L [e2] oo jan)
[TTTT[TITT[TTIT[TTTT

Xp

CLAS

Hall C 18°

Hall C 50°

1.0

1.9 fm’!

\1.3

Alberto Accardi “Cold dense nuclear matter”’, 17 Feb 2007

28



2" plateau - other explanations (?)

¥ If 2" plateau not due to DIS on new d.o.f., onset may not run with Q2

+ Example:
<%= quasi-elastic scattering on a “hidden color” deuteron state
[Brodsky, Ji, Lepage, PRL51(83)83]

» prob.(D) «< A(A-1) = 0pAQE/A < A
@ XDz2,<lD>>O:> Xg = 2

<« “plateau” in ¢ ratios = bump at xg > 2
<%+ height increases with A
<%= disappears as Q2 increases

« Compare to Q.E. scattering on a nucleon:
> prob.(D) «< A
s xn=1,{dp=0= xg=1
» Fermi motion at [y = 0 increases with A
=% dip at xg = 1, depth decreases with A
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Conclusions

# nDIS formalism combines
< QCD collinear factorization
< nuclear many-body wave-functions
= single-nucleon Fermi motion
< exact kinematics at nuclear, nucleon, parton level
%* no free parameters
<+ only freedom is the choice of p,

% large-xB correlations: if VMC is correct,
<+ 1% plateau = single nucleon d.o.f. — large momentum due to
NN+NNN correlations in nuclear wave function

+ 2" plateau = non-nucleonic d.o.f. (“SRC”) at ["** = 3.8 fm!

# Predictions for SRC - testable with Hall C data:
< Q2-dependent onset (xz;"" = 1.8, 1.3 at 6=18°, 50°)

= DIS
< fixed onset, disappears with Q2
— quasi-elastic scattering on “deuteron” — hidden color (??)
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Outlook

% Improvements of the formalism
< off-shell nucleons
«+ EMC effect, impact at large x;

< quasi-elastic scattering, pionic cloud, ...

% General purpose formalism:

< multi-nucleon interactions <> non-diagonal matrix el.

< higher-twist corrections

< definition of “nuclear PDF” } A-frame
< applications to p+A and A+A collisions
< measurement of large-x PDF

* How to validate a given p, large-momentum tail?
< study of do/dx; in absolute value
< exclusive measurements

Alberto Accardi “Cold dense nuclear matter”’, 17 Feb 2007

31



The end



Backup slides



Why large x,?
e Bjorken ; per-nucleon

%1; invariant: Bjorken invariant:
e = s Sy

P g e =) o < A
R R o

# In a nucleus, x,>1 if

<% nucleon has momentum larger than average
< ]lepton scatters on non-nucleonic degrees of freedom

+ Large x; events select large-momenta in nuclear wave function

<= short distance NN repulsion
<% Short Range Correlations (SRC)
<+ high-density fluctuations:

1) color deconfinement

2) chiral symmetry restoration

Alberto Accardi “Cold dense nuclear matter”’, 17 Feb 2007 34



raciorization of nuclear cdisirioution =

vt V1 7 d4
Wi = [ a0 o110 1) = pa o Wy

» Gauge invariance at nuclear level then implies

q‘u_ II:X‘JU = D = q L Ii:ﬂy o U

so we can define nuclear and nucleon structure functions as follows

a.-.j_ ~17
~LLL/ . ~ L ! S :
W (ep 0% = eI Al 09 % ifiFEA(IBaQQ)
LV LY IS }”
W (zn, Q%) = =g Fi(on, Q%) + };I{Fﬂfﬁf Q%)

» Finally, nucleon off-shellness is made explict by writing
e dm? d°py .
dha = 5 B Pope (P)\pn:\/m

Alberto Accardi “Cold dense nuclear matter”’, 17 Feb 2007 35




Collinear factorization - 2

+ Gauge invariance for on-shell partons:
wHy =0 = Wy =0 = ¢W"=0

=5 justifies earlier decomposition of W ona microscopic level

¥+ Tensor decomposition of H*"

Jel L Sy

he (T, Q%)

Hy (3.9 = - (@ Q)+
T=Q%/2k q=(Eaw)/m

h, and h, computable in pQCD order by order in o

Alberto Accardi “Cold dense nuclear matter”’, 17 Feb 2007 36



Remarks - 1

¥ Interpretation of Nachtmann variables at Leading Order:

v

I
q

Hﬁiy (T. Qg) o ; if X0 [(q + ;rj')+ﬁ)2]

= & =8Aw =¢EN
SN e AN g e
kT =&EvpT =8apy

¥+ Free-nucleon limit;: A — 1. zny — xp. M — m

2T R
Tt \/1 + 4xtm?/ Q2

EAW —36 —

=% target mass corrections a la Ellis-Furmanski-Petronzio

INPB 212(83)29]
=% A>1 = generalization to Fermi motion

Alberto Accardi “Cold dense nuclear matter”’, 17 Feb 2007
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Remarks - 2

+ Why choosing N-frame?
=i Other than state |p) the definition of quark PDF at LO
is the same as for a free nucleon:

ISR g VRIS
po(2) = | ——e "% (pfg(=7n) == 4(0)]p)

2T

(p

=i Generalizes PDF to bound, off-shell nucleons
= Would not be true in A-frame

+ Formalism is quite general,
== valid at leading twist, any order in o

=% only 1 assumption:

single nucleon dynamics < diagonal nuclear matrix elements

Alberto Accardi “Cold dense nuclear matter”’, 17 Feb 2007
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Fermi measure

+# Defining p,=p+I and using translation invariance,

dpa = d*lp3y (1)

where p7 (/) = nucleon distribution in nucleus rest frame

# The relative momentum [ further appears in

w = (l3+ \/Jé +m4)/m

Alberto Accardi “Cold dense nuclear matter”’, 17 Feb 2007
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Cross section ratios = CLAS12 & EIC

CLASlZ

EIC

3 — 3 §—4Hlel/3He Qs scev S 3 2—4Hle/‘~’-Hel IQE —100I e
2 | BE eesmmssmcmmmems—— A £
! ; | | | | : /ﬁl | = |€ic = 4 | | ““cm E
o 4 EHHTHHH RS n 4 EHHHHHHR S o 4 FHHTHHHH
o) = o] E o1 = o] = o
% 3 ;_ % : ;_ ®C/*He e % . ;_ 3
Sef STREL LS P Sef
1E b L P g | 1 E E
6 | g EH T = 6 [ E
- - %Fe/3He ] - J
4. Sl ;s AR A=
ol D - 1l B T et o & 2 :_ _:
LRI g T e b oAl Sl P s
1 1.5 2 2.5 1 1.5 2 2.5 3 1 1.5 2 2.5 3
Xp Xp Xp
# As Q2 increases:

<%= onset of NN correlations narrows 5 U

and moves to lower x;, 41 N e

— 10 | — 2

<&+ slope of “plateau” increases S 0 g

100 —

+ at eRHIC, flattening of VMC ratio at x;>2.3 to” I,

; si VMC AV18+UIX Rt

1S a feature Of IOA(Z) at l=7'8 fm'l 110(:0 R RN ATNM

0 1 2 3 4 656 6 7 8 9 10
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Onsets at CLAS12 & EIC

single nucleon new d.o.f.
| - =

I
1:||||I|||||||I|I||||||§||I||||I|||||||||: 1:||||I||||I|||§|||||I|||||||||I|||||||||: l:llll LI L L LB L rrri LI rrra
0.8 | N : : - 0.8
~30.6 |- X W\x : ~30.6
e e 5 : g s
04 - #0 1 2 = : 0.4
0.2 : : 0.2 F
0 0 H 0
B 8 8 I
£ 68 £ 6L e 6F
g A g
\_/2 \_/zf_ £ \_/2:
0 0' e N |||§|||||||||||||||||||||||||: 0: Pyl 3 m
e Il ey B o e o T S s o (0t Mot B S | (5 e e 2 S S s TRy )
Xp Xp XB
XBNN lNN xBneW lnew

CLAS W o o9 ieenn)

CLAS12 1.0 1.9fm'! 1.4 3.8fm'!

-1 -1
EIC 09 1.8fm \1.2 3.8fm)
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Il — nucleon PDF at large x



single nucleon new d.o.f.

Nucleon PDF at large x

«# Formalism useful to deconvolve Fermi motion and extract
nucleon PDF from Fim) (Gl

# Useful range is x; < x;™" only (otherwise non-nucleonic d.o.f)

-

A

——

0.4
0.2 B

4,0 I

1
1:IIII|IIII|IIIIIII
0.8

~20.6 z_ "' N

II|IIIIIIIIIIIIII|IIII

(N[) [fm-1]

o N L 2] @O
[TTTT[TTT T TITT[TT T T[T TIT

Xp

>
1_IIIIIIIIIIIIIIII TTTTTTTT]JTTTT]TTTT

0.8
~30.6
LYy

~0.4
0.2

(I [fm-1]

(o= BESE o5 B Sl o R e o o

Lo |||§|||||||||||||||||||||||||_
Q7505 ] Cle b2 a2 b s Jik3 e 4
Xp

—XJ_- 3
[P I|;|||||||||||||||||| ||I .

[0 10 15 0 B 0 B Sy s e 5 IS b 4 L5 e
Xg

# In this range, (€, < 0.8 at all Q? (within 10).
< for higher values, need to consider tail of do/d¢,, distribution
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VWIC distributions
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Sound nucleon X,
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