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Outline of the lectures

In three lectures, my plan is to discuss the followings:

® Part 1:
Basics of hard scattering experiments

® Part 2:
Collinear observables and measurements

® Part 3:
Beyond collinear, Future facilities and experiments



Hadron Structure

® Experiments to study color (strong) interaction are done with
hadrons, not with the quarks and gluons

® Need to describe the hadron in terms of its constituent
partons (quarks and gluons)

® Experimental technique that allows us to determine the
partonic structure of hadrons: Deep Inelastic Scattering

® |ncreasing attention to the 3D imaging of the nucleon
structure



Decades of nucleon structure...

K Inclusive spin-dependent DIS:
CERN, SLAC, DESY, Jlab
Aq+ Aq ’ Ag
P
8 25 Fermilab &
Semi-inclusive DIS: B g
14 ™K.~ SMC, COMPASS, HERMES, Jlab
Aq+Aq -8
P A7 -"7 e > =
755 BROOKHIAEN S
P Polarized pp:

RHIC: PHENIX & STAR, FNAL (pol Drell-Yan)
Aq+Aq B8 (RHIC)

’ LR N

e Decades of experimental and theoretical efforts
e Complementary datasets
e QCD factorization and Universality test it
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Basic Components of Hadron
Structure Experiments

® Beam: probe, lepton or hadron beam

® Target: can be another beam or fixed target

® Detector: detect/analyze what’s produced from the collisions




Accelerators

® There are different types of accelerators. The list of the
particle accelerators goes long.

® Facilities that are relevant to our topic:

PHENIX o ' a s L % T - %

- T

. DG
=R C /O

Belle I

l .
LINAC NSRUS
v TTRREBIS T




 3km long linear accelerator, e+e- collider

* Major physics outcome:

1967, evidence of quark structure inside the proton (Novel prize, 1990)

1974, discovery of charm quark (1976, shared with BNL’s independent
discovery)

Discovery of tau lepton (1995)



CEBAF at Jefferson Lab

Successfully completed 12 GeV upgrade
in 2017

New Hall

Upgrade arc
magnets
|and supplies

12 GeV Upgrade Add 5
cryomodules

20 cryomodules

20 cryomodules

cryomodules

Enhanced capabilities
in existing Halls

Hall C: precision
determination of

Hall A: SRC, form factors, Hall B: understanding

: valence quark . : : v
future new experiments nucleon structure properti:s o Haclnlf?:.o i);ilar:;)::‘r;a tol;;?m
(MOLLER, SolLID) (GPDCS; EXS;MDS) el o ucleons and nuclei studying exofic mesons
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HERA @ DESY

Operated 1992-2007

Two collider experiments:
H1, ZEUS

Two fixed target experiments:
HERMES (e¢* beam). HERA-B (p)

Two 6.3km circumference rings
> Proton energy 460-920 GeV
> Electron/positron energy 27.5

GeV

Lepton beam polarization: ~60%
> Solokov-Ternov effect: slow
build-up of self-polarization
(~30min)



SPS @ CERN

SO PR e—

o
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e = 0 - i

g bl l\ Tax Hadron /Q’“ COMPASS
( ) \ [ K= 1" asorber
PS ﬁ Decay
® M2 beamline from SPS (Super Proton e COMPASS experiment
Synchrotron): > Polarized gas targets
- primary proton beam (400 GeV) on Be +  Spin structure of the nucleon

target produces secondary hadrons
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RHIC @ BNL

Polarized protons

900 ;
: 2022P=50%
(PHOBOS) =t ™ vy —— 250/255 GeV © (Lpeak limited
- = 800 | —-- 100 GeV | by STAR)
i_ 1
= 700 | v
‘ z 2017 P=53%
N e 4 ! (Lpeak limited
\ : S 000 [ by STAR)
PHENIX W g 2013 P=53%
: = 500 b e
sPHENIX g §
=]
St
2 400 |
AC g
LINA :
,\ % 300 |
EBIS™ s 012p=52% 4 2015 P=55%
‘ B 200 b L ORI 2009 P=34%
g =
BOOSTER & ~2012 P=59%
s Y = 100 | 2011 P=48% - 2006 P=55%
= | - 2009 P= _5,6_"/_0/2005 P=47%
Y A T - 2003 P =34%

0 2 4 6 8 10 12 14 16 18 20
Time [weeks in physics)

e (Transversely/Longitudinally) Polarized p+A collisions
————— <
et t--++ +-+-+-+-.,
P

Proton beam polarization ~55%
e Two main experiments: PHENIX, STAR
RHIC Cold QCD program: helicity PDFs, transverse spin physics

12



FNAL accelerator

® Tevatron: 6.28 km Proton and
% antiproton rings, with beam
g/ y B”RM’” L energy up to 1 TeV (highest
SR & f ol ‘._ ‘ energy until 2009)
s o has

3

‘ ' /P"/,z‘ =

~—

~
b

Ly S " e Discovery of top quarks (CDF,

/R Y Y wiLsoN 2 ¥
@ ® Also produces beams for fixed

target and neutrino
experiments

TEVATRON
(3.9 MILES)

® E866 and SeaQuest: lepton
pair production to study light
sea quarks

® Spin Quest: polarized sea
TMDs
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KEKB et+e- collider
and Belle experiment

® e¢lectron and positron beams with circumference 3.016 km
® Asymmetric energies in ¢~ (8 GeV) and e™ (3.5 GeV) rings
® KEK B-factory:

> b quark hadrons to StUdy CP violal‘ion The Physics of B Factories (Belle and BaBar)

European Physical Journal C, 74:3026
» fragmentation functions
14



Type of experiments:
Collider vs Fixed-Target

* Main differences: collision energy and luminosity
* Need to consider the detector configuration differently as well

CMS DETECTOR

STEEL RETURN YOKE
12,500 tonnes SILICON TRACKERS

o [l

)
> Two beams > Single beam with fixed-target
> Higher energy > High rate, good for precision
> Experimental apparatus surrounding measurements
the interaction point > Experimental apparatus covering

boosted region (asymmetric collisions)
15



Center-of-mass energy

® Total four-momentum square of the system: \/_ ~ 4/2EE,

invariant in any frame of reference

» Collider (head-on symmetric collisions):
In the lab frame:

m; =my,p| = =D,
o \/s = 2E, ~ 2E,

= m12 + m22 +2(E\Ey —py - po)
» Fixed target:

s . D
In the center-of-mass frame: Zpl. 0, For target particle: (E,, p3) = (m,,0)

l

s=E?=m+m;+2EE,—p;-p;) Vs & /2B m;
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Center-of-mass energy

® Total four-momentum square of the system: \/_ ~ 4/2EE,

invariant in any frame of reference

» Collider (head-on symmetric collisions):
In the lab frame:

_ —)_ —_—
my =my,py = — Pr

\/s ~ 2E, ~ 2E,

» Fixed target:

s . D
In the center-of-mass frame: Zpl. 0, For target particle: (E,, p3) = (m,,0)

l

s=E?=m+m;+2EE,—p;-p;) Vs & /2B m;

® Example 1: RHIC p+p collider
proton beam energy of 250 GeV \/E =7

® Example 2: HERA e+p collider
Fe = 27.5 GeV Ep = 920 GeV, /5= ?

For the same /s from the fixed target experiment (electron beam on proton target), what beam

energy do we need?
17



Luminosity

. dN
Scattering rate: — = Lo

dt T o\ given by physics
given by experiment setup

—~10% g
. » = ep Facilities & Experiments:
o - JLAB/CEBAF
Basically, more beam and target I B - o
1 1 i I > F Collider Concept
particles -> high luminosity 2 F - (] otider Gonceps
8 10%7 - - Past Fixed Target
g ; |:| Ongoing Fixed Target
3 .
. 1036 L EIC Project
Fixed-target: A ) ;
. . —> t B
L = (incoming beam flux) —- 10 -
: —_ - .
X (target number density) — f fie LHeCMELHC
. bV 107
X (ta rget thlckness) b = LHeC/HL-LHC
Al -
= nbeAbntAl 1033 E_ COMPASS ! LHeC/CDR
- HIAF-EIC
C ”d X ) 102 ;_ BCDMS
olliaer. T _ -
N N f N N2 - o -
n I 10°'-  HERMES NMC
L= ' Ni(2): number of particles per bunch - HERA (ZEUSH1)
A n: number of bunches i Lol Lol Ll Lol
f: revolution frequency 10 10° 10° /s (GeV)

A: beam transverse profile
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Rapidity and Pseudo-rapidity

® Convenient variables to define in the
collider physics is called rapidity:

1 E+pc
y=—lIn
2 E — pZC p/A beam ._electron beam

high Q2

For high energy collisions of particles
traveling along the z-axis, Ay is invariant
under boosts along the z-axis.

But, more commonly we define the
pseudo-rapidity:

i ian( 2
= —Intan| —
T >

which is good approximate to y in high
energy while easy to measure, and more
directly related to the detector
configuration.

19



Detector Considerations

e Inclusive measurements:

Need to detect the scattered electron
or full scattered hadronic debris

e Semi-inclusive measurements:

Scattered electron and hadron(s) in
coincidence

e Exclusive measurements:
All particles in the reaction

electron ID, excellent
energy/momentum and
angular resolution

hadron ID (pi/K/p) over a
wide kinematic range, full
azimuthal coverage

Large rapidity coverage,
detect recoil and target
remnants, neutron detection

pbad N ™ RAETODTo




Basis of particle detectors:
Particle interaction with matter

® [nformation (energy, momentum, position, type) on the
produced particles can be measured from their interactions
with matter (material of the detectors)

® Short-lived particles: measure the decay products

® Undetected particles: missing mass/energy reconstruction

Particle | m [MeV] Quarks | Main decay Lifetime
m 140 ud e 2.6 x 1085 780
K= 494 us uv . mmd 1.2 x 1085 70
K.* 498 ds 1918 0.9 x 1010 2.7
K" 498 ds AR, TV 5x 1085 1550
p 938 uud stable > 102 years %
n 940 udd pev, 890s| 2.7 x 1013
A 1116 uds pT 2.6 x 10195 7.9 .

n? : T ~ 85 attoseconds (10-18s)
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Basis of particle detectors:
Particle interaction with matter

® Charged particles:

lonization energy loss:

- important for all charged particles

- Dominant process is coulomb scattering
from atomic electron

- Bethe-Bloch formula:

< > _ Kzzgi [ 2m66252’72Wmax

Ap? I?
- Minimum ionization value (MIP):
most relativistic particles ~2MeV - ¢! . cm?
- Use dE/dx for particle identification

-dE/dx MeV g'cm?

1

dE LEW
2

dr

6(B7)

2

_ﬁZ
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Basis of particle detectors:
Particle interaction with matter

® Charged particles:
® Radiation energy loss:

» E-field of nucleus -> accelerated/decelerated
particles radiate photons. “Bremsstrahlung”

» Particularly important for electrons and
positrons

» For relativistic electrons, average energy loss
depends on the particle energy and radiation
length

23



Basis of particle detectors:
Particle interaction with matter

® Energy loss of electrons and photons: basis of EM Calorimeter

Dominant processes at high energies (E > few MeV) :

Photons : Pair production Electrons : Bremsstrahlung
7 5,0, 183 dE Z4 , 183 FE
Opair ~ — | 4dar.Z* In —— —4aNis —7r* .- E In _
9 ( 73 ) da A 75 Xo
_ z A [Xo: radiation length] > F — EO e~ /Xo
9O NaXo in cm or g/cm?) — :
Absorption After passage of one Xp electron
coefficient: has only (1/e)™ of its primary energy ...
HL=no=p & c Opair = ZL [i.e. 37%]
A TP X
X, = radiation length in [g/cm?] A,\r"r’ .
A ’ et~ %
XO = 183 VA TAVAVAY o
4aN Z°r} In- Y
) L"\/\,\“\ ‘ ’\/\,\/\“ -
| AD I .\
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Particle Identification

® Velocity (/) measurement £ = my, p = myf
® |[mportant for measurements that need to indentify
final state hardons

® Choose appropriate processes based on the detector
arrangement and requirements

» Cherenkov radiation

» Time-of-Flight

» Transition radiation

» lonization energy loss (dE/dx)

25



Cherenkov detector

Medium with refractive index n Cherenkov radiation when
mce/n
v>cl/n or f[>1/n Pthreshold = ~—7=——=3
Cherenkov angle cos0) = — = —
nv  np
d*N B 271'(122(1 1 )
dxdl A2 n2p2

N _ .
N\ Threshold mode: Counting of number of photoelectrons

for B < 1/n -> no Cherenkov photon emitted
Example) n=1.00062 (CF4)
Pion threshold momentum ~4 GeV/c
Kaon threshold momentum ~14 GeV/c
Proton threshold momentum ~27GeV/c



Cherenkov detector

Medium with refractive index n Cherenkov radiation when
mce/n
v>cl/n or f[>1/n Pthreshold = ~—7=——=3
Cherenkov angle cos0) = — = —
nv  np
d*N 271'(122(1 1 )
dxdl A2 n2p2

Ring-Imaging Cherenkov (RICH): momentum (tracking) and
Cherenkov angle -> reconstruct particle mass

Incident particle;

'] //
% / { : \\ N\
J010816p VOI0Yd




TroF

separation power n

Time-of-Flight

* Particle identification can be done with TOF at low-moderate momentum range
depending on the timing resolution of the detector

e Determine the mass from the velocity measurement (d/cA¥)
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Detector Requirements

® \What we measure: position, momentum, energy, charge and species

e Traditional Experiments

Onion Structure

o Trackers
« Momentum measurement
= Charge measurement
=« Non-destructive
o Calorimeters
= Detect neutral particles
= Measure energy
= Distinguish EM/Hadron
interactions
= Destructive

o Others

photons
—_—

electrons
——

muons
——

protons

Kaons

pions

_—

neutrons
0

KL

ﬁ
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JLab HallC detector package

Preshower &
Shower
Counters

X-Scintillator
Y-Quartz

Aerogel Cerenkov

X-Y Scintillator
Paddles

Drift Chambers
<) - (12 planes)




STAR detector

Magnet

Silicon
Vertex
Tracker

Coils

E-M

Calorimeter
Time
Projection
Chamber

Trigger
Barrel

Electronics
Platforms

31



Backward
Calorimetry

High-performance
DIRC

Endcap
Electromagnetic
Calorimeter

Imaging Barrel
EM Calorimeter

Electron Direction
Tracking

1.7T Superconducting Solenoid

" AC-LGAD TOF

“ A
Hadron Direction .
>4

e

_  Barrel Hadronie

Calorimeter

Forward Calorimetry
(EM and Hadronic)

Dual-radiator RICH




Understanding substructure
depends on how we see

Radiation Type Radio Microwave Infrared Visible Ultraviolet X-ray Gamma ray
Wavelength (m) 10° 1072 107° 0.5x10° 10°® = 10712

ﬁ
Approximate Scale Hl Vﬁ ﬁ % ? % & % 0
of Wavelength ;

Buildings Humans Butterflies Needle Point Protozoans Molecules Atoms Atomic Nuclei

10% 108 10%? 10'° 106 10'8 10%°




Understanding substructure
depends on how we-see.
hit It
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Understanding substructure
depends on how wesee.

—q? small

Momentum transfer

—q? large

Momentum transfer

hit It
Elastic scattering

do B do F( )|2
df2 - dS2 point !

1
F (0% =—|d’r
p(&) 47:,[ rjo(qr Charge density

—> Size of the proton

Inelastic scattering

2 2

(1—y+y— F,-1IF

d’oy. 4ma’

—~

dxdQ®>  xQ*

2 2

Contain information of proton structure!
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Higher energies
leading to discoveries

e Rutherford gold foil experiment (1910s): '*f SRS T

- 5 MeV beam of alpha particles, thin gold foil target,
scintillation counter
- Point-like positively charged region in the atom

36



Higher energies
leading to discoveries

e Rutherford gold foil experiment (1910s):
- 5 MeV beam of alpha particles, thin gold foil target,
scintillation counter
- Point-like positively charged region in the atom

e Hofstadter (1954):
- nuclear analogue of Rutherford scattering with
~200 MeV electron beam as a probe
- Finite size of proton

ACCELERATOR
COLLIMATOR
BEAM STOPPER

MAGNET N

X
RO ‘ SCATTERING

ouIT Xno R CHAMBER

DEFLECTING [\ %
MAGNET/
CONCRETE SPECTROMETER

SHIELDING
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Higher energies
leading to discoveries

e Rutherford gold foil experiment (1910s):
- 5 MeV beam of alpha particles, thin gold foil target,
scintillation counter
- Point-like positively charged region in the atom

e Hofstadter (1954):
- nuclear analogue of Rutherford scattering with
~200 MeV electron beam as a probe
- Finite size of proton

ACCELERATOR
COLLIMATOR

BEAM STOPPER

NI E T T T
T

N
DEFLEGTING\\\
MAGNET

e
* Friedman, Kendall, Taylor (1967-73): e P 2
- SLAC-MIT experiment b s T T fb
L = | Y e SPECTROMETER
- 4-21 GeV electron beam o B sl o &

- Quark structure of the proton
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SLAC-MIT Experiments

* SLAC fixed-target DIS experiments

l 1 I 1 | | | -]
- i g=10° :
P\ - — W2 GeV |
|\ x ----W=3 GeV
¢ « == W=3.5 Gev
0'E \ r
S L SN g
-\ -]
N -
3 \
L AN :
- \ .
0L N ELASTIC |
g "\ SCATTERING ]
- . :
| \ i
_ N
104 A | | | L
0 [ 2 3 4 5

39 Friedman, Kendall, Taylor




A bit more modern look?..
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Deep Inelastic Scattering:

microscope to “see” inside the proton

Q2: squared momentum transfer. Measure of resolution
x: Momentum fraction of the struck parton in a proton

Factorization and Universality

Separate cross section into the short-distance parton level
scattering part and the universal parton distribution functions

Incluswe

2
Nf(x,la) . O Ef(x QH®OG
ucleon structure
encoded in PDFs / /
Determined from Can be calculated

measurements from perturbative
QCD (pQCD)

Universality of PDFs - Predictive power of QCD

/ K. Use PDFs from DIS
to predict the cross
~ Zf(x’ 0’ ® 6 ® D" section in hadron
P collisions
41
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Deep Inelastic Scattering

e DIS experiments have been successful mapping out the momentum

distributions of quarks and gluons

— @ d*c B S8a’cos*(0/2) l|F »(x, 0?)

M dQdE 0* 5

_|_

1F(x, 0%)
M

an?(6/2)]

Information of internal structure of target nucleon
Can directly link to parton distribution functions (PDFs)

1
In Quark parton model, F;(x) = 5 Z e?q(x, 0%) Fy(x,0%) = x 2 e7q;(x, 0°)

* Polarized Structure Functions: g,(x, 0?), 2-(x, 0?)

In Quark parton model, g,(x,Q%) ~ Eequ(X,Qz)

q

quark spin distribution
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HERA @ DESY

Operated 1992-2007

Two collider experiments:
H1, ZEUS

Two fixed target experiments:
HERMES (e¢* beam). HERA-B (p)

Two 6.3km circumference rings
> Proton energy 460-920 GeV
> Electron/positron energy 27.5

GeV

Lepton beam polarization: ~60%
> Solokov-Ternov effect: slow
build-up of self-polarization
(~30min)



Beam pipe and beam magnels

| Central tracking chambers
Forward tracking and Transilion radiators
Electromagnetic Calorimeter (lead}

Liguid Argon
Hadronic Calorimeter (slainless steel)

Superconducting coil {1.27)

i /¢ Compensating magnet
[
18_: Helium cryogenics

and ZEUS

Muon chambers

Insirumenied {ron (iron stabs + streamer {ube detectors)
Mucen toroid magnet

Warm eleciromagnetic calorimeter

Piug calarimeler (Cu, Si)

Cancrete shielding

Liguid Argon cryostat
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€ m—p

e+p event at HERA

¢ty  Run 432053 Event 61834 Class: 4 578 1119 23 25 27 28 29

Date 14/10/2008

R-Z view :

Hadronic calorimeter

Hadrons

EIectrbmagn‘etic calorimeter-

‘e
3

Scattered Electron

Energy depositions
in calorimeter

¥

——h

Hits and reconstructed
tracks in tracker

P

T . .
e-p interaction

point

R

45
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Kinematics reconstruction

For inclusive events, the DIS kinematics can be reconstructed by
» detecting the scattered electron
» reconstructing hadronic recoil

Several ways to reconstruct y, Q2, x. Here we compare some of
the methods used at HERA.

» For detailed discussion: Bassler and Bernardi NIM A 426 (1999)
583-598

One of the most simple methods: electron method
- need to know the scattered electron energy and angle
E'(1— cos 9;’) Q@

2 / 2 (pe’ _ 1 _
Q° = 4EE' cos” (0, /2) y=1 >F X 5y
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Reconstruction Methods

e Detector oriented variables (E,d, 2, y) -> vy, Q2, x

=) (Ey—p.p)
Method name Observables y 0?2 h
Electron (e) [E,, E, 0] 1- % Ezls_“;ze 5 5
T=_[(D pa)*+ (D 1)
Double angle (DA) [6,7] [E,, 6, ¥] — 1+t2an 7 4E§ cot2 g(l -) h h
2 Tty
z T2
Hadron (A, JB) [4] [E,, %, 7] S5 5 }/ — 2tan_1(2/pT h)
Sigma () [9] [Ey, E, %, 6] Yis iy
eSigma (eX) [9] [E,, E, =, 6] 25,2 2E,E(1 + cos 0)

(Z+Z,)?

® \Which one to use? Depends on kinematic regions and detector performance
» ZEUS: good hadronic calorimeter - DA (low Q2) and PT (high Q2) methods
» H1: better electron energy measurement - electron, e2 methods

® Recently, using AlI-ML approach has been developed:

DIS kinematics reconstruction using ML [M. Arratia et. al, NIM.A 1025 166164]

SIDIS event kinematics reconstruction using ML [Pecar, Vossen, arxiv.2209.14489]
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Reconstruction Methods

2. method JB DA Electron

soo | " wigme ' ] " sigma ' cak  sigme ' 800 | pear sigme ' ]
ey ST 100 | Bk Sigpe 1 400l Bk Sigpe : peor Sere FOF Q2 > 7Ge V2
soor 1 300t 4 300t {1 ¢feor T
<00 | 1 =200} 200 | 1 aoo} 1 0.5< y < 0.8
| 1
zoo - 1 700} 700} "%ﬁm { zoof .
oty
~ + ~ + + ~ 4 n + . > + 3 t
7600F peak sigmo 7200 peak sigmno 7 72001 peak sigma 7 7600 _T)‘?ﬂk S 4
17.07 o0.72 7.02 0.24 0.97 0.35 7.00
7200 N - 3 L 7200 F i
[ 800 . 800 1 | ]
02<y<0.5
800 F 1 800 1 y
L 1 400 | 1 400 1 g
200} . , 400 | ]
! - L“"x.m“‘ J
” ¥ t T n U + + ~ + t t ~ T t Pt
600 F peak sigma e 600 F peak sigma - 600 \ preak sigma e 600 | peak sigma B
0.98 0.17 0.96 0.18 7.00 0.23 0.93 0.17
100 | 4 400} 4 <00}t {4 «woot R
0.1 <y<02
200} 1 =200} 1 =200} 1 =200t ‘ 1
~ 4 ~ $ - ——— ~ 4 4 4 LL ~ -y 4 3 l
s00| 555 595 { ootB%E 545 1 aoolB%E SgFe { 400} BSE 595 ]
300 b 300 . 300 1 300 | b O 05 < y < O 1
200 1 200 1 200 1 200 | 1
700 F - 700 F ‘ - 700 F - 700 4 -1
o + t t . + t ' o et + + . t + +
100 5%% 582 {1 <200tB%7T 58T 4 400}5%05 585 {1 400555 585 1
300 1 300 - B 300 E 300 1
DQg 0.01 <y <0.05
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Structure functions
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Global PDF analysis in practice

DIS pQCD
DY, W/Z Factorization and Universality
Jets Theory corrections

any other Q using DGLAP evolution

e Assume PDFs in a parameterized
form at initial scale Qo — evolve to

PDF parameterization

 Use the PDFs to calculate the Fits Evolution
chosen hard scattering processes l x~ Minimization

e Data from a set of different hard
scattering processes
* Repeat: varying the parameters and l

evolving the PDFs to obtain an Hard scattering
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World dataset for PDF analysis

Experimental data in CT18 PDF analysis
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Not the end of the story
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e |Large-x distributions
e How about sea quarks?

e How about polarized structure?



