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PROBING THE STRUCTURE OF MATTER:
DEEP INELASTIC SCATTERING

\
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“*Deep inelastic scattering (DIS) probes partonic structure of hadrons.
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eTe™ ANNIHILATION

* | et’s consider creation of quark-antiquark pairs.

(0'(6_6 — qq) = 3620’(6_6+ —

N

* The conjecture of Confinement:
NO free quarks or gluons have been directly observed: only HADRONS.

[a(ee — hadrons) = Z ole” et — qq)J

;% _ ole"em — hadr_ons) _ a2
o(e~et — pp)
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FADRONIZATION: e e™ =i

Factorization: pQCD “hard” partonic scattering seaprated from “soft”,
universal fragmentation functions at renormalization scale.

* suold ‘suojoud pa3d331ap

ey el
electro-weak pQCD

{

d
——o(e"et = hX) = zq:“(e_€+ = 49) [Dg(zn) + Dy (zn)], 2, = %gh] ,




R GIMENTATION FUNCHRHEHNS

* The cross-sections of DIS processes can be factorized into “hard
scattering” parts calculable in pQCD and “soft”, non-perturbative

universal functions encoding parton distribution in hadrons (PDFs)
and parton hadronization: Fragmentation Functions (FF).

li(7(6_6 — hX — Zci(za QQ) & D?(Z, QQ)

o dz
\_

J

* Unpolarized, Integrated FF is the probablllty density for quark g
to produce hadron h:

(DI.7) —* %

* where z is the light-cone momentum fraction of the parton
carried by the hadron and Q is the scale of factorization.
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COLLINEAR FACTORIZATION AND UNIVERSALITY

- SEMI INCLUSIVE DIS (SIDIS)

eP—)th Z fP Q F9¢ed R DJ

ee—)hX dee—)qq@)(Dh_l_Dh)J

PP—>l+l X Zf ®f ®0qq—>l+l J

q,9’

 Hadron Production

- DRELL-YAN (DY)

PP—>hX f @f @O_qq —qq’ ®DJ
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QCD EVOLUTION

- PDFs and FFs depend on the factorization scale: Q* > Agcp

* This dependence can be described by EVOLUTION
Dokshitzer-Gribov-Lipatov-Altarelli-Parisi (DGLAP) equations.

0 , ,
[@ logQQDh(Z Q°) = Z[PM (Q >®D;L (Q )](Z)]

» Splitting functions from pQCD
2

. LO graphs /2}) -
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PROP

Sum Rules:

+ Average Multiplicity:

<0

-RTIES

4+ Momentum Conservation:

[/1 dz DC}JL(ZaQZ) — <Nh>] [2};/01 dz z Dg(z,QQ) _ ]

All produced hadrons

Symmetries:

+ Charge Conjugation: ¢ < ¢  +Isospin: U < d

~N

g T D7T_
Du o U n
K K
DE =D!

J

4 7T+_ 7_(_—\
Du+_Dd O
K
DX =D
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Bi:

FAVORED AND UNFAVOR

Using a naive quark model picture:

* Favored: the produced hadron has a * Unfavored (disfavored): NO valence
valence quark of the same flavor. quark of the same flavor.
+
u
_ —

w1 (ud) KT (us)

DSS Parametrization

* Favored FFs are dominant in large z.

* In small z region both favored and
unfavored FFs are comparable

* Light quark to Kaon FFs are
suppressed compared to pions.




BRIRIRICALL PARAME T RIZATIONS @R

+** Experimentally measured cross-sections are

DAlE

convolution of PDFs and/or FFs: need to separate

flavor dependence, etc.

** Use UNIVERSALITY: perform a combined fit.

** Measurements are at different QQ: DGLAP evolution.



ERIRIRICALL PARAME T RIZATIONS CRFSEANES

Choose a functional form at
some initial scale

D(};(z, Q2) = N;z% (1 — 2)P

Adiust the Perform QCD evolution to
the scale of the data and
P Calculate the Chi-square.

New

Fit Good # Parametrization

Enough?



ERIRIRICALL PARAME T RIZATIONS CRFSEANES

Parametrization
is ready! « Uncertainties from PDFs.

| http:/lapth.in2p3.fr/generators |

emn)
(3]

zD(z,Q
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Any Problems? YES!!!

- Many fragmentation channels, Huge number of
barameters: need to make approximations.

- Large experiments uncertainties.

| http:/lapth.in2p3.fr/generators |
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Unfavored FFs NOT well known!

* Recent SIDIS results from COMPASS collaboration.

Hadron Multiplicities Impact on Extraction of As
dM"(x, z, Q?) _ Zq ff(:v,Q2)Df}(z,Q2)

dz dz > J1(z, Q%)
q 0.85 + 0.85 +
S f DX (z)dz f DY (z)dz
S COMPASS Preliminary  7t7 02 “d 02 8
= - R..= R.=
= UF 0.85 + ’ SF 0.85 +
% f DX (z)dz f D" (z)dz
=L 02 U 02 U
N LO analysis of deuteron data of COMPASS, Q°=3 GeV?
. ¢ 0.02F DSS: R;;=6.6
10 .. < OF
- DSS & MRST
KRE & MRST -0.02
~ | | | | -0.04
= 1
£l -0.06
Zz [ -0.08
1()-1E 0.1 - Stat. uncert. (incl. DIS), published
X 012 B Stat. uncert. (SIDIS+DSS), prefim
' R Urcett duetoR,
102 -0.14
B l l [ I l Ll
016 2 3 2 5 6 F:v'z
10°%: 3 SF
E | | | | . F | | | |
0.2 0.4 0.6 0.8 0.2 0.4 0.6 0.8
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M@ DEES FOR FRAGMENEFIRE@IN

RIEUIRICE String Mocel

» Very Successful implementation in JETSET, PYTHIA.
- Highly Tunable - Limited Predictive Power.

* No Spin Effects - Formal developments by
X.Artru et al but no quantitative results!

» Spectator Model B (s
 Quark model calculations with empirical form factors. S \‘\\
« No unfavored fragmentations. k// \
» Need to tune parameters for small z dependence.

- NJLjet Model 2
* Multi-hadron emission framework with effective 7 Lo
quark model input. i s Q Q"

» Monte-Carlo framework allows flexibility in S,

including the transverse momentum, spin effects, etc.



jiiEECUARK | ERMEGEISE

Field, Feynman, Nucl.Phys.B136:1,1978.

Assumptions:
* Number Density
interpretation >
q

* No re-absorption

e o0 hadron emissions

The probability of finding
hadron h with mom. fraction
z in a jet of quark g

/

Probability of emitting the
hadron at link |

" Ndz = d?(2)dz 1AQ i)
D/ (z)d d,(2)d +§/Z qu (y)dy DQ\y .

The probability scales
with mom. fraction

Probability of Momentum fraction
y is transferred to jet at step |




NAMBU--JONA-LASINIO MODEL
Ffective Quark model of QCD

o tffective Quark Lagrangian Ly, = ’Lﬂ My @bq + G (¢ F@Dq)2

—>

| ow energy chiral effective theory of QCD.
e Covariant, has the same flavor symmetries as QCD.

* Dynamically Generated Quark Mass from GAP Egn.




NJLJET: B

H.M., Thomas, Bentz, PRD. 83:074003, 201 |

-MENTARY SPLIT TINGS

i) = g [ (ke et )>>k<a>>

~

® One-quark truncation of the wavefunction: d!'(z) : ¢ — Qh

v NP
s 4
k Y N
o = O—
K—p
h/q 2 1 +
dy (ZapL) §T1" [AO(ZJ?L)’Y}

20



SWECNONS OF THE INTEGRAL EQUANRIGINS

E)h ) = d"(» +Z/ dQ(—>— DQ(ﬂ

*Discretize zin [0,1]: 2 — {21 = 0,22,...,2y = 1}

e Approximate the integral over y as a sum: / fy)dy = Z f(zj) Az
J=1+1

eSystem oflinear eqns.: Dh( ) = dh( ) + MQ( ])Dg(j)
G (L — M2, 7))

Z 21 Z



MONTE-CARLO (MC) APPROACH

H.M., Thomas, Bentz, PRD.83:114010, 201 |

7 7 7
Y y Y
o A .4
Vs Y v
> —>—¢——0—>
q Q Q’ or

» Using the probabilistic interpretation of fragmentation funcs. to
include the effect of multiple hadron emissions.

{DC}IL(@AZ = <N(§L(Z, 7 AZ)> = ZNSims NC?(Z? z AZ)}

NSims

B



INBREG RATED FRAGM

* Input: One hadron emission pro

N TATIONS FERCNNES

bility

dy (2)

>
q

b

 Sample the emitted hadron type and z

according to input splitting.

« CONSERVE: Momentum and Quark

Flavor in each step.

* Repeat for decay chains with the same

09

““““““““““
08+
07t
0.6 f
+l:} 5 05 f

% 04+
0.3

0.2%

0.1

0 IVVN
0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 09 1.0

ZNsms Né‘(z, 2+ Az

Z(Z)AZ = <Nh(z, z + Az)>

q

inrtial quark. \
5

NSims

i
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« Restrict t

=l

N

09 — T x T T T T T 1
—=—=— Splitting Function
0.8 == Integral Equations
0 ]VLinks=
077  +  Npm=
*
o6t <
O
+E < 05+
N 041 .
0.3 ‘§<<<<:;454/
e + i
L 4
028 +
% +
I +
* 4+
0.1+ + 4
x4t
+ | | | | | | |
0.1 0.2 0.3 04 0.5 0.6 0.7 0.8

)

-NC

- ON CHAIN CU TGS

ne number of emitted hadrons, Ny ..., .In MC.

¢

1 l
0.9 , 0

* We reproduce the splitting function and the full solution perfectly.

* The low z region Is saturated with just a few emissions.

24



MORE CHANNELS

- Calculate quark splittings to vector mesons, Nucleon Anti-
Nucleon: dg(z)

[ h — po,pi,K*O,F*O,K*i,d),N,N J

« Add the decay of the resonances:

] =
== N/ ’,’
* 7 4 / //
Vi v 7 / 1,

* Decay cross-section in light-front variables:

c,1" : 2 2 2 . _
qph—rhihs (21) = — dz if 2120 my — zomi| — z1miy > 0; 21 + 20 =1,
0 otherwise.

25



Results: Momentum Fractions

nOJIJtKOKOKK+Q o 0T K *OI(kK*qubNPNP

26



Results: Momentum Fractions

. Splittings

7w at KKK KT o 0 ot K9KK"K'*¢ N P N P

26



Results: Momentum Fractions

i . Splittings i
@ NL-Jer
() with Decays -

|
W oo oat KKK Kt 0V o ot KK OK*K™ N P N P
0" 0 0

The Momentum (and Isospin) sum rules satisfied within numerical precision (less than 0.1 %)!
o



Results with vector mesons, N-Nbar: @* = 4 GeV?

(z)

D7

<

zD¥(z)

Favored

NJL-Jet ]
——— with Decays.

NJL-Jet  _
with Decays -

0.12

. 0.08
\¥)

™ 0.04

0.021 ¢

Unfavored

HKNS
————— DSS _
NJL-Jet

with Decays-

0.8 1.0

0.10

% .0.06
Q i

HKNS

————— DSS i
NJL-Jet |
with Decays -
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- XPLORING HADRON STRUCTUR

' A. Kotzinian, Nucl. Phys. B441, 234 (1995).
* Semi-inclusive deep Inelastic scattering (SIDIS): e N=> e h X

W@ S ccion factorizes: P2 < 2 Fragmentation
AN hX

drdQ2dzd? P Zfl z, k7, Q%) @ do' 7 ® D H(Ep e

(Pt =P, +zk1) Distribution

* Transverse Momentum Dependent
MEMERERPDFs and FFs:

[ kLt i) = 1)

/dQPLD(z, 2l =0z P

s Access to nucleon’s transverse structure.

ENIEDEovides microscopic description of TMD PDFs and FFs!

2



AVERAGE TRANSVERSE MOMENTA

(K2) = [ &kt kT f(x, k3) (P?) = [d?P, P2D(z, P?)
YT [ dPky f(a, k) H T [dPPLD(z, P?)

(P} (z)) in GeV* (b)
A L B '

0.8 = n* ® gdatafrom HERMES 7
T e

RS 1 Using Gaussian Ansatz and:

0 L i 5 e_PJ2_/<PJ2_>
| __,——"A s D(Za PJ_> — D(Z) 7T<P2>

0.2 - T Y. -

e (RO E)

0 02 04 06 08

P Schweitzer et al,, Phys.Rev. D81,094019 (2010).

Non-trivial z dependence from COMPASS: Rajotte arXiv:1008.5125

o 0.7 o~ 0.7 -

Q) - v Ref: <kj>=0.28, <pj>=0.25 : @ - s Ref: <k = 0.28, < PJ_ =0.25 h

> 0s6fF “e B <> =015 0,02, <p>=045 001 > 06F “e B'<ki>=053 =005, <pt>=043 =001

g o — — — h:<k}>=0.06 =0.02, <p}>=0.48 = 0.01 ] g E —_—— h‘:<kl%=o.3sto.05,<pl>=o.47zo.o1 1

ogn— 0.5— COMPASS 2004 LiD (part) Preliminary E o 05F { ------------- f -
- S r

. AT
0.3F ,v’r ‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘

Lo ) ] F oA COMPASS 2004 LiD (part) Prellmmary
02F7 (@*) =1.92 3 /2 (@ =7.36 E

C/ ] 02 :

; (xg) = 0.0148 ] H <xB )= 0.0550 ;
0-1 1 1 1 1 1 1 N 1 1 | | u

o o1 02 03 04 05 06 07 01 a2 " 03 o4 05 06 07

22 30 22



INERSEING | HE [ RANSVERSE MOMENIRSIS

H.M,,Bentz, Cloet, Thomas, PRD.85:014021, 2012

4 4 P,
Y.
. 2
; Q
q Q’
g
» TMD splittings: d(z, p% ) .

« Conserve transverse momenta at each link.

-

e
P, =p, +zk|

_ /N
\kJ_ =P, + kJ_)
» Calculate the Number Density
Do WG 2 e B P P APE)J

NSims

Y4

{Dg(z, R A —




MD FRAGMENTATION FUNCTIONS

FAVORED - UNFAVORED

043N

— 1 0.35
0.3
B S g2 NN
SEL/ NN
: LIRIN NN
N 0.15- /‘ \ \‘\\‘\ 7-‘-
AR \\\\\\\\:\\\ .

0.1 WRATIITHEHIEY

L1
Dy 0
01 02 03 04 05 06 07 08 09 1 ”%,,55 o 01 02 03 04 05 06 07 08 09 1
o
z Vi z

08 . — v TYTTTITTT Y | . ' |

4 _ e e T : e

bs )01 02 03 04 05 06 07 08 09 1 L0 'y 02 03 04 05 06 07 08 09 1
=

z >y z



S ERPRANSY ERSE MOMENHESEIR
S DRONSHINES DS

(PT = PJ_ + ZkT)

» Use TMD quark distribution functions from the NJL model .

» Use Quark-jet hadronization model and NJL splittings.

\

» Evaluate the cross-section using MC simulation.
55



NJL: NUCLEON PDFS

e Quark-diquark description of Nucleon using relativistic Faddeev approach

¢ PDFs from Feynman diagrams

pP—q
k k
+
p p p p
q q
p—Fk
q—k

T ) o oe— : o
Q<x7kT):p+/§QT)£3T elT P 3 e_ZkT'gT <N7S‘wq(())/y—i_W(f)??bQ(g_)fT)‘N7‘9>

£+=0

e~ k. S
MT L Q%T(xa k%)

S

Oz, kr) = q(z, k7) —
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NJL: NUCLEON PDFS - RESULTS

® Integrated PDFs

1.6 T T T T T T ) ' '
2 _ 2 I ' I ' I ' I '
..... Qg__ulﬁecz' = 08 feeee Q% = 0.16 GeV? ]
5 .. —— @*=50GeV N L Q2=5.0GeV? .
&g | == MRST (5.0 GeV?) | S 6 L === AAC 0 R .
3 . 4 %
5 ]
£ _
= E
g S
= S
= <
S <
. _
0 0.2 0.4 0.6 0.8 L
g

T T
— NJL, <kZ>=0.17 GeV?
=== Gauss Fit, <k2T>: 0.13 GeV?
x=04

u(x.k2) / u(x)

W
\\\\\\\\\\\
\\ \\\ A
A
N
V
)
N«A[N 0.1+ i
v o "
—_—d
0 1 1 1 1
0 0.2 04 0.6 0.8 1.0




e ERAGE [ RANSVERSE MOIMEINERAS /i

W N

0
0.
FRAGMENTATION

<P?> (GeV?)
S
T N T

O
-

..B'.‘;': o amD ¢ amy o
aus ¢ e o\. ®

4
3F S

SIDIS

QS
~
I
°
I
°
2~
+

<P?> (GeV?)
. =
2
Y
\ _
-..I. .I’ |. ..| |

=




@R @55 -CHECK OF MC FRANMEV SIS

Input: Output:
Pr =P, + zkp (PE)(z,2) = (P})(2) + 2%{(k7) (2)
0.3 ; I ' I ' ' ' !
hR 0_2-y(—)s)%%'(:)'(-)('")(—)(’)(’)(X/)~--._._._._._(T)(’)(—)(_)(--)(—)(‘)SSS%<
U s,
S s
~ N
N/\& u—>.7'l,’+, x=04 \\.\
Q\7 0.1F _._._ <P?> N,
<P?>+7°<k?> \'\ -
X <P7>
0 L | L | L | L | L
0 0.2 0.4 0.6 0.8 1.0



COLLINS

m&



SIDIS POLARIZED CROSS-SECTION

A. Bacchetta, JHEPO0S8, 023 (2008).

* For polarized SIDIS
cross-section there
are I8 terms in leading
twist expansion:

do
dx dy dz dog doy, aUD,%L

D e B b

+ 15| [sin(% s (F(S]i;géﬁh—ﬁbS) 0 €F§;E?h—¢8>> + € sin(gp, + dg) Fon@ates) | ]

Sivers crece JR Colins Erfect

» Extract the specific harmonics:
sin(¢n+¢s) i
Fyy ~Clfi D1]  fyr ~ Clh1 Hi |
BNEEDRC ollins Function to access the Transversity from SIDIS! =




REINS FRAGMEN TATIONTFONCSIRESS

| E.ﬂ?"rlr"homas, Bentz, arX;v I 2075.'58I 3,2012

- Collins Effect:

Azimuthal Modulation of
Transversely Polarized

Quark’ Fragmentation
Function.

Unpolarized

h 1h PJ_S
[Dh/qT(zapiasp):Dl/q(’Z?PJQ_)_Hl /q(Z7PJ2_) :

b 2T,

* Chiral-ODD: Needs to be coupled with another
chiral-odd quantity to be observed.

sin(gp)J

40



EXPERIMENTAL MEASUREMENTS IN HERMES [ p — " h

Airapetian et al, Phys.Lett. B693 (2010) 11-16.

e SIDIS with transversely polarized target:

2 (sin(¢+dg))ir

* Opposite sign for the charged pions.
e Large positive signal for K.
e Consistent with 0 for 70 and K .

4]




BIRECIE EXPERIMEN TAL CONRFIRMISMRRESIS

BELLE, R. Seidl et al.,Phys.Rev.Lett. 96, 232002 (2006).

1. 15
€—|— 6 — h]_ h2 X o _a'5=-0.081i0.003 bg=1.000+0.002 x*/ndf=0.738

105_

1 -
0.95 i
09
0.85
- N
x1.04 - 4,
= n
C1.02 |
1F
0.98
0.96 -

Ry = No(20)/< No >°% 5554553

[RO = ag cos(2¢g) + bo]

sin® @ f(Hiq(21)Hiz(22))
1+ cos? 0 D(lz(Zl)D(lj(ZQ) 4

a0(92721,752) —



RGP FITS TO EXPERIMENEAESEZANES

Anselmino et al., Nuclear Physics B (Proc. Suppl.) 191 (2009) 98-107.

| . + BELLE, R. Seidl et al., Phys. Rev. D78 (2008) 03201 I.
| CO N S|der e €& dhn d Sl D | S HERMES, M. Diefenthaler, Proc. of DIS2007 (2007).

COMPASS, M. Alekseev et al., arXiv:0802.2160.

2
ANDh/qT(z’pl) =22 Hth/q(ZapU A% Dyyqr(2) = /dZPLANDh/qT(Z,m) = 4H; ") (2)
ZMp

AN Dy q1(2)/2D1(2) = 2H7 2 () /Dy ()

Parametrizations and the fits.

Using Gaussian Ansatz:

av
-
I
-
I

Q% =2.4 GeV?
0.8 | Z= 0-36

o
()
I

AND_(2)2D (z) AND,(2)/2D_(2)

-AN Dunf(z! pl)

2 2
— <pl>

e
o
I

7T<pi>

[=]
=y
I
A N Dfav(z! pl)

2 2
p M2 e_pJ_/<pJ_>
AND, 4 (2, pl)w—e P/
Q%= 2.4 GeV? /4 M T < pi >

0-8 - Z= 0-36

nf
o
© - D
I I

—

I

o
o
I

D7T+/u,J — Dw—/d,a — Dfav

o
=
I

o
N
I

Dﬂ'"‘/d,ﬂ — Dﬂ'—/u,J — Dﬂ'i/sag — Dunf

o

0.2 0.4 06 038 0 02 04 06 08 1

z p L(GeV)
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e REINS FRAGMEN TATIONTFONCSIRESSIS

- Collins Effect:

Azimuthal Modulation of the Fragmentation Function
of a Transversely Polarized Quark.

4 h N\
Dyq1(2, P}, 0) = D¥%(z, P?)
P S
— H (2, P2) =22 gin(p)
\ 2T, )

 Extend the NJL-jet Model to Include the Quark’s Spins.

4 7 \P
o A :
N v -
A ¢ =
—> o
q Q' Q
Q Q
4

%4

 Model Calculated Elementary Collins Function as Input

44
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-MENTARY POLARIZE

D SPLIT THINGS

Bacchetta et. al., Phys. Lett. B659, 234 (2008).

® One-quark truncation of the wavefunction; Gamberg ec.al.PhysRev. D68, 051501 (2003).

h/q 2\ _ 1 2\ + e2D1; 2 -
dy""(z,p1) = §Tr Ao(z,pI )77 thj Hi (2,p1) = Tr[Ao(z, p1 )10* 7ys]
p //'n \‘\\ p p///'o .‘\\\ p
i A\ A A

kK 7 N k-I 7 N
o = e ——@ > @ —>—o




QUARK SPIN FLIP PROBABILITY

e Consider Elementary Splitting. 3

e Approximation: only tree-level amplitude! q /

2 Use Lepage-Brodsky Spinors in helicity base to construct the

transversely polarized quark spinors:
7P 9 P Y.V.Kovchegov and M. D. Sievert (2012), 1201.5890.

1 —
Ux = 7 [Uin + x Uies)] Uy (k,m)Uys (k,m) = 0y 5/ 2m
m
(k—m) U, =0 Wi UX:XEUX
¢ Where Pauli-Lubanski vector as Lorentz-covariant spin operator:
1 ?
WN — —ieu,,pasypkg Syp = Z [,YV’,YP]
¢ The corresponding matrix elements between in and out states: W, = a; U1 (I, M3) +a_1 U_1(l, M3)
_ [2 2+ (My — (1 — 2)M;)?
‘UXI(Z,M2)’}/5UX(]€,M1)‘2 :5X,X/ﬁ—l—5x,_x/ Y ( 2 1_<z ) 1)

® Spin non-flip and flip probabilities are proportional to:
a1|* ~ 12, |la_q]? ~ l; + (M — (1 — 2)M;)?
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INIRECRATED POLARIZED FRAGMENHASHENS

e First: Integrate Polarized Fragmentations over P?

-—

Q—C

/q

D h/q'

- h 5K SIN707 .
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-INAL REMARKS

* DIS is the tool of the modern subatomic physics.

* The non-perturbative QCD information is encoded in UNIVERSAL
parton distribution and fragmentation functions.

* Fragmentation functions are essential to probe the structure of
hadrons experimentally.

e FFs are much worse determined than PDFs!

* Models are needed to guide the extraction from experimental data.

* NJL-jet is an exciting new framework for modeling DIS processes
using effective quark model description of both FFs and PDFs.
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