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Lessons Scheme

LECTURES 1 & 2

= Introduction

= Deep Inelastic Scattering and 1D parton distribution functions

= From 1D to 3D nucleon structure: Transverse Momentum
Dependent (TMD) parton distribution functions

= TMD Measurements @ Jlab in Hall B

LECTURES 3 & 4

= Data analysis

= Monte Carlo simulations
=  Asymmetries extraction
= TMDs extraction

LECTURE 5
= Where are we? What's next
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Where are we
and where are we going?
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Exploration
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First Observation of a Single-
Spin Azimuthal Asymmetry in
Semi-Inclusive Pion Electro-
Production

A. Airapetian et al, Phys. Rev. Lett. 84
(2000) 4047-4051
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TMDs in SIDIS
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« Many consistent measurements from HERMES,

COMPASS, JLAB
 All leading twist TMDs have been “explored”
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TMDs in p+p

Collins Asymmetries
Asin(dn—9s) hi ® Hy

Collins Asymmetry A =2 <sin(¢h - ¢S)> VS. 2z
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Significant Collins effect
measured at Belle and
confirmed by BaBar

Silicon Vertex Tracker
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Transversity
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(M. Anselmino et al arX:1204.1239)
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9, (X,Kr)

JLab-CLAS: H. Avakian et al. Phys.Rev.Lett.105:262002,2010

< F — B kp width g, dist.
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Data shows slight preference for R< 1
» wider k distributions for f, than for g,

.}effergon Lab



Theory

Factorization proven
- for small k;(Ji, Ma, Yuan P.L.B597 (2004) 299)
- Drell-Yan (Collins, Soper, Sterman, N.P. B250 (1985) 199

Complete definition of TMDs
- Collins 2011 “Foundation of Perturbative QCD™)

Evolution of TMDs
- Collins, Aybat, Rogers arX:1110.6428
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Phenomenological Models

xf, (x): Well known xf, (x,k?7): poorly known
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Light-cone quark model calculation
Boffi et al.
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Lattice: flavor and spin effects on k;

I ® CLAS-2009 (projected)

A CLAsS
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/;4 : < T >N 0.3 — /1 and g; Gaussian
% 50 — - f; = g Gaussian
SN~ ] statistical error 2.0
> # |§ 4rT = fit model uncertainty
vV [ 1.5
~~3F \B.Musch et al arXiv:1011.1213
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« more d-quarks at large k;

Double spin asymmetries from
CLAS@JLab consistent with
wider k; distributions for f,
than for g,
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TMD Extraction

We need to develop reliable
and model independent
techniques for the
extraction of 3D PDFs and
fragmentation functions
from the multidimensional
experimental observables

» IEFS

Drell-Yan « |

Proton-Proton
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Milestones for future measurements

-~
Evolution .
Robust procedure
for extractions
Large varie[y of Isolate eagh contribution
a reactions is Both in PFD&FF

essential in
order to meet
the goals

Factorization

Flavor
separation

Universality
&

QCD gauge-formalism
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CERN: compass

FERMILAB.
=~ Future

Electron-Ion

Collider
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Drell-Yan Process

Colored objects are surrounded by gluons

Sivers function has opposite sign when gluon
couple after quark scatters (SIDIS) or before | @§$§

quark annihilates (Drell-Yan) s
& Z.ﬁ )

Brodsky,Hwang,
Schmidt
Belitsky,Ji,Yuan
Collins
Boer,Mulders,Pijlman,

1SIDIS _ fJ_DY Kang, Qiu, AP
17T o etc

One of the main goals is to verify this relation.
It goes beyond “just” check of TMD factorization but also universality test.

Motivates Drell-Yan experiments:
AnDY, COMPASS, JPARC, PAX, FERMILAB etc
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Measurements @ JLab 12




Shut Down

CEBAF Upgrade May 18, 2012

add new hall

5 new
cryomodules

upgrade

existing Halls

upgrade magnets
and power supplies

Scope of the upgrade includes:

. . oye accelerator
Maintain capability to injector

deliver lower pass beam +  New Hall
energies : 2.2, 4.4, 6.6,.... U e s




JLab: 21 Century Science Questions

. What is the role of gluonic excitations in the spectroscopy
of light mesons? Can these excitations elucidate the origin
of quark confinement?

. What is the relation between short-range N-N correlations and
the partonic structure of nuclei?

. Can we discover evidence for physics beyond the standard
model of particle physics?
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= SIDIS at JLab12

o Forward Time-of Flght Calorimeter
High Threshold e i CLAS12 P rot o n Hall C || Hall A Saof
cornto Couner o i | Quark spin polarization | i g
< 200
\ | N9 U LT ot
e = ' £12-06-112: m*,r,n° £ il £12-09-017: wor, KhK || HMS | |
A ‘ E12-09-008: K, KX | | §|| U 1 h, €12-11-102: 1 SHMS
= O ‘S’ 0
N N "
3 £12-07-107: i, n° 3L g, hj .
. 4 £12-09-009: K*,K",K° g
Ry ionad 8 e S T T S
Inner l _L 0 200 400 600 800 ‘OUUZ o
Hocromigec C12-11-111: o, 0 9 o C12-11-108: i, ’
Cull L‘Z‘Z“AT,VFM‘/’ w' K. zZ T flT o l [~ h 1 h l T | L |

Hy || NH5
D
2

| Quark spin polarization |

Nt U L T Jl'
E09-008: m*,r,n° n E12-09-017: m*,i, K*,K- HMS
K*, KoK® 5 £ h, €12-11-102:n° SHMS
N
£07-107: 7, v, n® & ll Hadron J
E03-009: K*,K-,K® g|| - g, 1L SBS-Hall A | Tracker
c
(=}
Q v L \
[$]
Z2| T fir g |h hq :

,D—7| Scattering

chamber

| Quark spin polarization |

N9 U L T y
U f hf

L
L g | hi

1 E10-006: r*,r
T fllT g, | hy hq [E20008wr, kK

Jefferson Lab

| Nucleon polarization




The Kaon puzzle
Qg’r 7 PLB 693 (2010) 11 «%W
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= Kt ampl. > «* ampl. Unespected from u-quark dominance
= role of s quarks?
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Flavour separation needs
good PID:
RICH detector for CLAS12




CLAS12

Cebaf i Region 3 ,

Large :

An g|e Central [ _] Region2
J Detector .

SpeCtrometer I 1 Region 1____

.

for fixed target electron
scattering experiments

- J

Polarized | N
beam 2 W J_‘%’_ vl
= | Detector
. B~ x

broad kinematical range Solenoid

5°< A< 140° oe

high luminosity

L =1035

H, D and nuclear targets
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Cherenkov Detector

Vt hres 1

. Pthres = ——— = —
Threshold: res C n

Two cases:
B < PB; : no Cherenkov light is emitted
B > P, : Cherenkov light is emitted

B Threshold Cherenkov detectors make a yes/no decision based on
wether the particle is above or below the threshold velocity 3, = 1/n

B Itis important to detect only the total NUMBER of Cherenkov photons

P.(GeVic) pk(GeVic) P, (GeVic)

LTCC 2,52 8,92
C,F., n=1.00153

HTCC 4,87 17,23
CO, n=1.00041
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SIDIS Kinematics for m & k

- 0.2
= 0.18" = K*/n* _.-"'++
= g A
0.16- » K/t =
: +
0.12- -
0.1 ; L A A L 4 4 T
0.08 - . +

0.06 - |
0.04 - T +

0.02 -

Pion mis-ID

A pion rejection factor of 1:500 for a 90% kaon efficiency
corresponds to a 40 separation in the angular Cherenkov
distributions
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RICH Detector

B The more powerful use of Cherenkov radiation comes from measuring the
ring-correlated angle of emission of Cherenkov photons in a Ring
Imaging Cherenkov Counter (RICH)

1
Light emission angle: cosfc = 5_
n
Idea: transform the direction into a coordinate Fiolerdeisdior
- ring on the detection plane N 1

Ly

— Ring Imaging Cherenkov

I\ A

radiator

N\

B Tt is important not only to detect the total
NUMBER of Cherenkov photons but also the
POSITION and DIRECTION of the impact point "<
of each photon on the detector surface with P
high resolution

d T WL
TN AT W
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Radiator

» Aerogel mandatory to separate hadrons in the 3-8 GeV/c momentum range
with the required large rejection factors
— Collection of visible Cherenkov light

- Use of PMTs
Challenging project, need to minimize detector area covered with expensive

photodetectors 24 Liquid (n=1.28)
O S et g
%35 . 2 mrad
z K
O30/ o
25
20

15 Aerogel (n=1.03)

"“'__, ............................. ;;_—_»-;-’;-;-1;"&‘-.;
10 8 mrad
*Solid, very light and transparent material consisting essentially
5 Gas (n=1.0014)

of silica (Si02)

Very low density (0.003-0.35 g/cm?3) typically ~ 0.1 g/cm3) 01L ) ! 3 s 5 6 7 8 s 10
*=> n (refr. index) close to unity Momentum (GeV/c)

 Early 1980s first application to particle physics
>
Jefferson Lab




Errors on p

Error on the particle velocity § measured with a RICH

05 _ tanf.. o

b \/ Ndet

= Error on the Cherenkov angle of the emitted photons o

g = \/A92 + ﬁez + AG2

\Photon impact point
Chromatic error resolution (~photon
Emission point uncertalnty Dispersion: 1/ = n(\) cos® detector granularity)

Depends on:
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The main parameters

» Radiator thickness

— Larger the thickness, higher the number
of photons, higher the uncertainties on
photon emission

Gap length

— Larger the gap, better the ‘focusing’,
but larger must be the detection plane

Pad size

— Smaller the pad size smaller the
uncertainties on photon detection but
higher the number of photon detectors

~ 6 m?
entrance window

.}effers)on Lab




The focusing Mirror System
E * spherical (elliptical) mirror/v/ }/ in gap volume for backward refl.
Minimize e plane mirror just beyond g4 ! i
T detector area (~1 m?/sector)
interference with FTOF
400 -

. Low material
Reflecting budget
inside '
p
200
direct &
reflected
0

400

600/ 800

(cm)
Hamamatsu--H8500 /

Lot 8500, Rignl: HBSOO0E
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Cherenkov Ring

On-line event dis

i

— Vertigal coordinate

o
o

- - —40¢(

I . R A R R

LG

_zoo_— ....... \\ ..................... A ..................... _____________________ _____ " ,,,,,,, _ S0t N
6 i 10( .

_300 ................................................................................................................... _
h ‘ 10
I | | | I | | I I | m = m | | | | | | | I

-300 -200 -100 100 200 300 10°
horizontal coordinate

Mean 581.6
RMS 2.934
Underflow 0
Overflow 0

Integral 1.034e+05
x ° 7 ndf 114/ 85

P ob 0.01946
ost 1.034e+05t 3.218e+02

QO 581.3+ 0.0
SO 1.261+ 0.003

Mu 0.01644+ 0.00044
1 599.7+ 0.3

10.13+ 0.21

Cherenkov ring measured with 1
the RICH prototype
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CLAS12: hL;II R HL] for kaons

stat. uncertainty

B 3 1l
T % B
g (T ;
)
E. = 11GeV A =
Target: Long. Pol. NH3 Y A S .
P=85% ) A .
( 0) 8 | =
i g
8 3 € 3§ 5 30O

CLAS12+RICH experiment, providing multidimensional binning to
study SSAs , can shed light on the “kaon puzzle” and in general
on the structure of the nucleon
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From JLabl2 to EIC

] | JLab@12GeV (25/50/75)
ol EURH AR o —20.1<x;<0.7 : valence quarks
: Gy EIC vs= 140,50, 15 GeV
10 =2 107<x,;<0.3: gluons and quarks, higher
P, and Q2.
ep e ntX
;D:O 08 Aybat,Prokudin&Rogers hep:1112.4423
2U. — Sun & Yuan arXiv:1304.5037
%<'5 - -EEK‘Q" Ezs GeV (predicted)
10 0.06 *EIC szo GeV (predicted)
004l & ’ : :
0.02 - S
_ Ak A ++
1 lllllllllllllllll|lllllllll 0 1 I0.2<x<0'3| |
10 20
0 01 02 03 04 05 06 07 ())(.8 02(G eV2)

*Study of high x domain requires high luminosity, low x higher energies
*Wide range in Q? is crucial to study the evolution

*Overlap of EIC and JLab12 in the valence region will be crucial for the TMD program
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Conclusions

Transverse Momentum Dependent parton distribution functions open
new avenues to understanding the fundamental structure of the
nucleon.

They present many experimental and theor
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