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ABSTRACT

In spite of many experimental and theoretical efforts, the origin
of the nuclear EMC effect appearing in INCLUSIVE Deep Inelas-
tic Scattering (IDIS) of leptons off nuclei, has not yet been fully
clarified, and the problem as to whether and to what extent the
quark distributions of nucleons undergo deformations due to the
nuclear medium remains open. At the same time, various aspects of
in-medium hadronization, necessitate further investigation. It will
be shown that in SEMI-INCLUSIVE DIS (SIDIS) of electrons off a
complex nucleus A, the detection, in coincidence with the scattered
electron, of a nucleus (A� 1) in the ground state, may provide new
information on: i) the medium induced modifications of the nucleon
structure function and the origin of the EMC effect, and ii) the
mechanism of quark hadronization in the nuclear medium.
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"CLASSICAL" and "NEW" SIDIS
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In the "classical" SIDIS (left) off nuclei A(e; e 0h)X (HERA, Jlab)
a high energy ("fast") hadron arising from quark hadronization
("current fragmentation ") is detected

The new SIDIS processes (right) A(e; e0(A� 1))X: e0 and (A� 1) are
detected The process is assumed to occur via the so called "specta-
tor mechanism" (A = 2 F&S)
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TWO EXPECTED ADVANTAGES

� By detecting (A � 1) in different energy states, DIS on nucleons
bound with different energies could be investigated..

� The new SIDIS process can provide further insight into the space-
time development of hadronization. The classical DIS provides
relevant information on hadronization, but in a complicated way,
since cascading inside the nuclear medium essentially modifies the
observables. Measuring the recoil nucleus one get rid of cascad-
ing and the survival probability of the recoil nucleus should be
sensitive to the multiparticle components of the jet .
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OUTLINE

1. The cross sections of the SIDIS processes A(e; e0(A� 1))X.

2. The debris-nucleon effective cross section and Final State Inter-
action (FSI).

3. Plane Wave Impulse Approximation vs. FSI.

4. Tagging the spectator mechanism and the EMC effects.

5. Tagging the hadronization mechanisms.

6. Check of the FSI model:comparison with experimental data on
the process 2H(e; e0p)X.

7. Experimental perspectives.

8. Conclusions.

Thanks to:
Leonid Kaptari, Boris Kopeliovich, Chiara Benedetta Mezzetti,

Hiko Morita, Veronica Palli
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1. THE CROSS SECTIONS of the PROCESS A(e; e0(A� 1))X

WITHIN the SPECTATOR MECHANISM

(CdA, Scopetta, Kaptari, Eur. Phys.J. A5 (1999) 191 (CKS).)
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1.2.1 A(e,e’(A-1))X - PWIA

K     = −k  = PA−1 1        A−1

1k

XP

q

AP� d�AdxBjdQ2dP A�1�PWIA = K(xBj; y; Q2)z(A)1 FN=A2 (xA; k21)nA0 (jP A�1j);

y = �Ee ; z(A)1 = k1 � qmN� ; xBj = Q22mN� ; xA = xBjz(A)1FN=A2 (xA; k21) - off-shell (via xA and k21) DIS structure function of bound nucleons

nA0 (jPA�1j) / ����Z dr exp(�iPA�1r)h	0A�1(r2 : : : rA)j	0A(r; r2 : : : rA)i����2

Ground-state momentum distributions (	0A ! 	0A�1)
??Main features of the X-section??

C. Ciofi degli Atti
9 Obergurgl, February 21-25, 2011



1.2.2 ABOUT the NUCLEON MOMENTUM DISTRIBUTIONSnA(k) = Z e�ik�(r1�r01)�(r1; r01)d3 r1d3 r01 = 1Xf=0 ����Z e�ik�r1 d3r1 Z 	f �A�1(� )	0A(r1; � )d� ����2
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1.2.3 FINAL STATE INTERACTION

1k

K     = −k1A−1 A−1P

XP

q

AP� d�AdxBjdQ2dP A�1�FSI = KN(xBj; y; Q2)z(A)1 FN=A2 (xA; k21)nA;FSI0 (P A�1);

nA;FSI0 (P A�1) - The angular dependent distorted momentum distribution of the
bound nucleon.nA;FSI0 (PA�1) / �����Z dr exp(�iPA�1r)h	A�1(r2 : : : rA) AYi=2 SXNFSI(r� ri;q)j	A(r; r2 : : : rA)i�����2SXNFSI- The debris-nucleon eikonal scattering amplitudeSXNFSI(r1i;q) = 1� �(zi1) �XN(b1;i; z1;i) �XN(b1i; z1i) = (1� i �) �eff(z; xBj; Q2)2�B exp ��b21i2B�

!!!Direct access to FN=A2 and to the debris-Nucleon (XN) interaction i.e on
hadronization via the effects generateted by �eff(z; xBj; Q2) � �eff!!!
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The FSI in the SIDIS process A(e; e0(A� 1))X is the reinteraction of
the hadronizing quark and diquark X(the debris) with the nucleons
of the spectator nucleus (A � 1). According to CdA, Kopeliovich,
Eur. Phys.J. A17 (2003) 133) such a FSI can be described by the
increasing with time (or with distance from the � � q interaction
point) of mesons created by the color string breaking and by gluon
bremsstrahlung. It has the form.

�XNeff (z; xBj; Q2) = �NNtot + ��Ntot �nM (z) + nG(z; xBj; Q2) � � �eff (z)

where nM (z) and nG(z; xBj; Q2) are the time-dependent multiplic-
ities of mesons due to the string breaking and gluon radiation,
respectively.
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2. THE DEBRIS-NUCLEON CROSS SECTION

(CdA, B. Z. KOPELIOVICH, Eur. Phys.J. A5 (1999) 191 )
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The TIME-DEPENDENT Debris-Nucleon CROSS SECTION

Obtained from the hadronization model by :

B. Kopeliovich, J. Nemchik, E. Predazzi, A. Hayashigaki, Nucl.Phys.

A740(2004)212

The hadronization model:

the formation of the final hadrons occurs during and after the prop-
agation of the created nucleon debris through the nucleus, with a
sequence of soft and hard production processes.

soft production ! Q < � = 0:65 GeV npQCD, string model
hard production! Q > � = 0:65 GeV pQCD, gluon radiation model .
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String decay:� probability W (t) for a string to create no quark pairs since its
origin;� time dependent length of the string L(t), with Lmax = mqq� withmqq-mass of the "diquark" and � ' 1GeV fm�1 - the string ten-
sion;� first breaking of the string (S) (within �t ' 1 fm) into a shorter
string and a baryon (B);� the creation of mesons (M) occurs as followsS ) B +S ) B + S + M ) B + S + 2M+...

The mean multiplicity of Mesons due to string decay:nM(t) = ln(1 + t=�t)=ln2
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Gluon radiation mechanism� mean number of radiated gluons

nG(t) = Q2Z
�2 dk2T

1Z
kT=Eq d�

dnGdk2T d� �(t� t) ;
with dnGd� dk2T = 4�s(k2T )3� 1�k2T t = 2Eq � (1� �)k2T

� Time dependence of the gluon radiation controlled by the pa-
rameter t0 = (mN xBj)�1 = 0:2 fm=xBj� Integration yields
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� t < t0nG(t) = 1627 (ln�Q�� + ln�t�QCD2 � ln"ln(Q=�QCD)ln(�=�QCD
#)

� t > t0nG(t) = 1627 (ln�Q� t0t � + ln�t�QCD2 � ln"ln(Q=�QCDpt0=t)ln(�=�QCD)
#

+ ln Q2 t02�QCD
! ln" ln(Q=�QCD)ln(Q=�QCDpt0=t)
#)

� saturation at t > t0Q2=�2.
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BASIC ASSUMPTIONS

�Mesons from string breaking are pions

� Each radiated gluon is replaced by a colorless q�q dipole which is
assumed is treated as a meson
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The debris-nucleon effective cross section�eff (z; xBj; Q2; ) � �eff (z) = �NNtot + ��Ntot hnM (z) + nG(z)i
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3. PLANE WAVE IMPULSE APPROXIMATION vs. FINAL
STATE INTERACTION

(Calculations performed with status of art nuclear wave functions:
Faddeev or variational calculations with Argonne V18 interaction)
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The processes 3He(e; e0D)X and 4He(e; e03He)X
(CDA, Kaptari, C. B. Mezzetti, H. Morita, Phys. Rev., in press .)
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� low momentum and � = 1800: FSI small ! check the spectator
mechanism and the EMC effect.� "high" momenta and � = 900: Dominance of FSI ! check FSI and
hadronization
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4. TAGGING the SPECTATOR MECHANISM and the EMC EFFECT by the

NEW SIDIS PROCESS
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4.1 The in-medium structure function FN=A2 �xA; k21��A1 (xBj; Q2;P A�1) � d�A=dxBjdQ2dP A�1
Measure �A1 (xBj; Q2;P A�1) on nucleus A at two different values of xBjRA(xBj; x0Bj;P A�1; Q2) = �A1 (xBj; Q2;P A�1)�A1 (x0Bj; Q2;P A�1) = x0BjxBj FN=A2 �xA; k21�FN=A2 ((xA)0; k21)
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Calculation with three different structure functions of the proton
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� Free: FN=A2 �xA� = FN=A2 (xBj)� Off-shell(x-rescaling): FN=A2 �xA� = FN=A2 �xBjzA1 �zA1 = [poff0 � p3℄=mNpoff0 = MA �p(M�A�1)2 + p2� Reduction of point-like configurations (PLC):FN=A2 �x(A)Bj � = FN=A2 (xBj=z1) � ÆA(xBj; V (p; E))zN1 = [pon0 � p3℄=mN , pon0 =p(mN)2 + (pD)2V (p; E))= nucleon virtuality=
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.
CdA, Frankfurt, Kaptari, Strikman, Phys.
Rev.C 76, 055206 (2007)
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4.2 The local EMC effect

Recent data on EMC show that the A-

dependence of the effect disagrees with the one

predicted by SLAC data, indicating some local

origin of the effect, which could be explained by

a nucleon virtuality dependence of the structure

function. Few percent effects. How can we in-

vestigate these effects by SIDIS ? By detecting(A� 1) in different energy states
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R0(xBj; Q2) = R ba �A(xBj; Q2;P A�1)dP A�1R ba �D(xBj; Q2;P A�1)dP A�1 ; 160o < � < 180o; P A�1 < 0:4 GeV=
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CdA, Kaptari, Scopetta,
Eur. Phys. J. A5 (1999) 191
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5. TAGGING HADRONIZATION BY THE NEW SIDIS
PROCESS
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Measure �A1 (xBj; Q2;PA�1) on nuclei A and A’ at the same xBj

R(xBj; Q2;PA�1; A;A0) = �A1 (xBj;Q2;P A�1)�A01 (xBj;Q2;P A�1) � R(jPA�1j; � dPA�1q � �)

R(jPA�1j; � = 1800) ' nA0 (jP A�1j)nA00 (jP A�1j)
Check of the spectator mechanism

R(jPA�1j; � = 900) ' nFSI;A0 (jP A�1j;�=900)nFSI;A00 (jP A�1j;�=900)

Check of the FSI ( i.e. the effective debris-nucleon cross section i.e.
the hadronization mechanism).

C. Ciofi degli Atti
29 Obergurgl, February 21-25, 2011



The processes 3He(e; e0D)X and 4He(e; e03He)X
(CDA, Kaptari, Phys. Rev, in press .)
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� FSI will affect the survival probability (SP) of (A� 1) depending
on the hadronization mechanism.

SP(A=4) = 0.4 (0.8 in QE SCATTERING)� Q2-dependence small (gluon radiation).

C. Ciofi degli Atti
30 Obergurgl, February 21-25, 2011



6. CHECK of the FSI MODEL: COMPARISON WITH

EXPERIMENTAL DATA on 2H(e; e0p)X PROCESS (JLAB
"DEEPS")
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6.1 The PROCESS 2H(e; e0p)X

If only a nucleon is detected it can originate from different processes

1k
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k   = −k2 1 2p

(b)
p  = −k

p

P

2

q

1

X

D 1 1
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� (a) Spectator mechanism within the PWIA.� (b) Various FSI contributions.� (c) Proton production by target fragmentation.
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6.2 Comparison betwen theory and experiment

The experimental reduced cross section Jlab "DEEPS"
Kuhn et al Phys. Rev. C80 (2009) 054610 and Private

communications

RedX = d�expK(xBj; y;Q2)

1:2 < Q2 < 5GeV 2 1:1 < WX < 2:7GeV0:28 < jppj < 0:7GeV �0:8 < os �p < 0:7

compared with parameter-free theoretical calculations
(CDA, Kaptari, Phys. Rev., in press.)
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"DEEPS" KINEMATICS and �eff(z)
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"B and � DEPENDENCES in DEEPS"
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6.3 Proton production by target fragmentation

The cross section

d4�tfdx dQ2 dp2=E2 = K(x; y;Q2)HA2 �x; z2;p22?�
Here HA2 is the convolution of the nucleon target fragmentation function with

the nuclear spectral function of nucleon "1", PN1(jk1j; E),HA2 �x; z2;p22?� = Z dz1 fN1(z1)HN1!N22 � xz1; z2z1 � x;p22?� ;

where fN1(z1) is the light cone momentum distribution of the nucleon given byfN1(z1) = Z dk1 dE PN1(jk1j; E) z1 Æ�z1 � k1 � qmN ��

and HN1!N22 is the target fragmentation function of the struck nucleon N1 pro-

ducing the detected nucleon N2.
C. Ciofi degli Atti

37 Obergurgl, February 21-25, 2011



0.2 0.4 0.6 0.8 1.0
0
1
2
3
4
5
6
7
8

0.2 0.3 0.4 0.5 0.6

2

4

6

8

10

 

R
 =

 (
tf +

 
PW

IA
sp

)/
PW

IA
sp

cos 2

 p2=0.3 GeV/c
 p2=0.4 GeV/c
 p2=0.5 GeV/c

 x = 0.2
Q2=5 (GeV/c)2

T2  [MeV]

 

 2=0o

 2=30o

 2=45o

 2=60o

p2  [GeV/c]

21.1       46.8       81.7      124.9    175.5 

Proton production by target fragmentation in D(e; e0p)X.

The quantity Rtf = (d�tf + d�PWIAsm )=d�PWIAsm vs. os �2 and jp2j � p2

(Palli, CdA, Kaptari, Mezzetti, Alvioli, Phys. Rev.C80 (2009) 054610)

!!!Protons are produced in a very narrow forward cone !!!
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7. EXPERIMENTAL PERSPECTIVES
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.....we propose the SIDIS measurement on various light nuclei (D, 3He and 4He)
by tagging the backward recoiling spectator..we will be able to cover a large
range in xBj... the measured semi-inclusive EMC ratio is expected to provide
new insight into the origin of the EMC effect...
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CONCLUSIONS

� In SIDIS with detection of slow recoiling nuclei, a large variety of
kinematical conditions can be chosen, which would allow a detailed
investigation of: i) medium effects on the nucleon structure func-
tion, ii) the origin of the EMC effect, iii)the space-time evolution
of hadronization.

� The 11 GeV beam at Jlab, CLAS12, BONUS detector and the
newly proposed recoil detectors, are natural candidates to start
an experimental program in this new and interesting field of mod-
ern nuclear physics.

� Theoretical calculation within other approaches for the FSI in the
new SIDIS process are welcome (transport theory?).

C. Ciofi degli Atti
43 Obergurgl, February 21-25, 2011



� � � � � � � � � � � � � � � � � � � � � � � � � � � � �� � � � � � � � � � � � � � � � � � � � � � � � � � � � �
THANK YOU ULRICH FOR WHAT YOU HAVE GIVEN TO
THE NUCLEAR PHYSICS COMMUNITY AND FOR WHAT

YOU WILL GIVE IN THE FUTURE
(If I may suggest, amongst your various choices, choose "BOTH")

ALL THE BEST, TAKE CARE AND....DON’T STOP SKYING!
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