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Questions in Hadron Physics

Deep Inelastic Scattering with & without spin

Lecture 1 B
July 3, 2014
Orsay, France

q\\\‘ Stony Brook University Abhay Deshpande



Deep Inelastic Scattering
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Semi-inclusive events:

e+p/A > e’+h(m,K,p,jet)+X

detect the scattered lepton in coincidence with identified hadrons/jets in
the detector
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Deep Inelastic Scattering
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Exclusive events: e an2 = _ %
e+ (p/A) 2> e+ (P’IA)+y /[ JIIY/plo t=(p-p)>E 2-x,

detect all event products in the detector

Special sub-event category rapidity gap events
e+ (p/A)>e +y/JW/lpl¢ljet
Don'’t detect (p’/A’) in final state
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Perspective on x,Q?, Center of Mass

Fixed target e-N experiments
(center of mass < 30 GeV)
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Fined Tavget Experiments:
CCFR, NMC, BCDMS,

Hadron-Hadron

ollider: CM ~2 TeV

Typically accessible

By e-N collider experiments

CM ~ 300 GeV

Q2=S xy
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Measurement of Glue at HERA

o5 10% - Scaling violations of F,(x,Q?)
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Measurement of Gluons at HERA

| Hland ZEUS HERA I+1I Combined PDF Fit - Inclusive e-p scattering at
s f \x& 0.05)_ ) 13; :DlF(ioso(o (?;evz § 300 GeV center of mass
mmerme 7. Low x gluon distribution

xS (x 0.05)

[ parametrization uncert.

measured up to x = 10

- Evolved to a high value of Q2
using the Altarelli Parisi
equation

- Gluon distribution keeps on
rising: “the Low x singularity”

-------- HERAPDF1.0

0.6 -

HERA Structure Functions Working Group

Method of extraction covered by What this means to our
YR vl ioativl | understanding of QCD:

Visit this later in my lectures. E3 Venugopa|an’s lectures
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SOme eq UatIOnS . Assume only V* exchange

- Lepton Nucleon Cross Section

5 ) Nucleon spin
d°o Q
_ Y,

drdydp — 2Q4

(ks g, 8, )WH (P, q, S)
| » Lepton spin

- Lepton tensor L, affects the kinematics (QED)

- Hadronic tensor W% has information about the hadron

structure
P-q P-q 1

7 v v
7z q")(p 7z q)P.q

, MS, M(S -q)P,
i _HVAO o 2
AT By L)
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Lepton-nucleon Cross Section

o=0—3h,00. _2Mx _Q?
T
d°o 47Ta 2ml )
dXdQ2 1(X Q )
v2y
4 )Fz(x QZ) ;

lepton helicity h; = %1
unpolarized structure functions Fi o (x, Q)
scaling variable z = Q*/2Mv

exchanged virtual photon energy = v
‘\\\‘ Stony Brook University Abhay Deshpande




Polarized lepton-nucleon cross section...

Spin Plane
s Ao=cos YyAo,+sin ¢ cos pAo,
/ 2Mx \O?
Y= @ -
Scattering Plane For high energy y is small

dzAO'” _ 167T6¥2y

LYYy Yy

dxdo*  0*
daoy =—cos¢8a2y \/1— —ﬁ AP
d.Xszde Q4 Y y 4 2 81782

Pt \I o : :
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Cross section asymmetries....

Aoy = anti-parallel — parallel spin cross sections
Ao,e,= lepton-nucleon spins orthogonal
Instead of measuring cross sections, it is prudent to measure

the differences: Asymmetries in which many measurement

imperfections might cancel:
A AO'” A AO'J_
25 T 20
which are related to virtual photon-proton asymmetries A,,A,:

A=D(A +7A,), A =d(A,—EA))

2 TL
Tip= 032 &1~ YV &2 20 8171782
Alz - A2: :’y

Ot os3p Fq TiptT 03 Fy
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NI—y—y’y4
B 1—y/2

J d, n, € are kinematic factors

D,

(1 —y— »2y2/4) D = Depolarization tactor: how
7= A= 7572)° much polarization of the incoming
' | electron is taken by the virtual
(1 —y/2) photon, calculable in QED

1+ yhy2 e

_ y(2—=y)(1+¥°y/2)
Y2(1+ ) (1—-2m7/1Q%) +2(1—y—vy*y*/4)(1+R)

D
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» A could be written down in terms of spin structure
function g4, and A, along with kinematic factors:

A g1

—=(14+9%) —+(n—y)A

5 =+ F (7= 7)A;

Where A, is bounded by 1, and A, by sqrt(R=o0/c, ), when terms

related A, can be neglected, and y is small,
A g LA

=D FTIEAD
. o= 1‘|"y2 r 1 AJ_ A“
- Where: =1+ R) L2 and A2—1+77§ - +§5
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Relation to spin structure function g,
1
g1(x)=7 D elAgi(x)  Ba0=4/(—a; ()FT ()G ()
=1

R —T — ——_ | Quark and anti-quark with spin orientation along and
q; (q;) and g; (¢;) | against the proton spin.

- In QCD quarks interact with each other through gluons, which
gives rise to a weak Q2 dependence of structure functions

- At any given Q¢ the spin structure function is related to
polarized quark & gluon distributions by coefficients C, and C,
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Composition & Q2 or t dependence of Structure Functions

1 E e 1dy[ S(x In this equation:
gie0=3 2 n_ffx v | Caly t =In(Q4A?)

X ag = strong interaction constant
+2nfcg(;,as(t))Ag(yat) S & NS stand for flavor singlet &

. flavor non-singlet
;,as(t ‘ )]

‘\\\‘ Stony Brook University Abhay Deshpande



Composition & Q? or t dependence of Structure Functions

d a () (dy| o[x
o A2 ()= —— L " P, ;’as(t) A3 (y,t) Singlet quark distribution

And its t dependence

—I—2anqg(§,as(t)) Ag(y,l‘)] ,

d a(t) (1dy X
EAg(x’ )= 2w ).y Peq ;’as(’) AZ(y.1) (Singlet) Gluon distribution
And its t dependence
X

ay(t) (!dy

x
> 7P§;<;,as(f))AqNS(y,f)-

Non-Singlet quark distribution | d , B
And its t dependence o7 Ag T (x)=
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At leading order g, decouples with AG

Whenever you hear
Analysis done at
_ CO,NS { =5l 1= )ﬁ “Leading order”
_ 9as T ’ .
9 y y --This means quark-
gluon interactions

are dropped from
=(. consideration

X
_,as

CO,S
T \y

X
CO(—,aS
“\y

Beyond the leading order coefficient & splitting functions
are not uniquely defined: There are some favorite schemes
of theorists, each with distinct calculation advantage.

Most are now available at Oé%

More comments on this in various theory talks
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Life was easy in the Quark
Parton Model (QPM)

Until first spin experiments were done!
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November 18, 2013 Nucleon Spin Colloquium @ U. of Adelaide, Australia

“If | had known this eatrlier,

@1960’s # of hadrons > # of chemical elements | would have done Biology”

--W. Pauli
[ baryons (.l = n/2 )n=1,2

Jeee

"mesons: (J=n ).,

Jeee

1961 ‘The Eightfold way’ : all baryons and mesons grouped in multiplets
definded by SU(3) symmetry

e.g., baryons:

=172\ / \

; = + S=-1
(same spin < @ E\

and parity) \ \

isolines of same charge and strangeness
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Understanding the proton structure:

Friedman, Kendall, Taylor: 1960’s SLAC Experiment

1990 Nobel Prize: "for their pioneering investigations concerning deep
inelastic scattering of electrons on protons and bound neutrons,
which have been of essential importance for the development of the quark
model in particle physics".

Obvious next Question:

Could we understand other properties of proton,
e.g. SPIN, in the quark-parton model?

Proton Spin = %2, each quark is a spin %2 particle...

|\ T 1
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Structure Functions & PDFs

- The F, and F, are unpolarized structure functions or
momentum distributions

- The g, and g, are polarized structure functions or spin
distributions

- In QPM
F,(x) = 2xF, (Calan Gross relation)
°g, =0 (Twist 3 quark gluon correlations)

Fi(z) = %Efef{Qf () + g5 (x)} = %Zfefo( )

01(x) = 23 {af (2) © 47 (2)) = 3 2yehAgy(2)
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Nucleon spin & Quark Probabilities

- Define _
Ag=gqt —q

- With g* and g probabilities of quark & anti-quark with spin parallel
and anti-parallel to the nucleon spin

- Total quark contribution then can be written as:

AY = Au+ Ad + As

- The nucleon spin composition New: we know only now

11
~ = ZAY
2~ 9
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Nucleon’ s Spin: Naive Quark Parton
Model

- Protons and Neutrons are spin 1/2 particles

- Quarks that constitute them are also spin 1/2 particles
And there are three of them in the
Proton: uud Neutron: udd

S proton = Sum of all quark spins!

?)
1/2 =1/2 +1/2+1/2

W 172 =1/2 -1/2 +1/2
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How was the Quark Spin measured?

- Deep Inelastic polarized electron or muon scattering

NTL_ N1t
v*p % AT L N

A

Spin 1/2 quarks
Spin 1 y*

Constant a

p n

A =
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Measurements of spin structure functions:
What issues we need to worry about?

1) Design of experiments, operational issues
2) Calculations of spin structure functions
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Experimental Needs in DIS

Polarized target, polarized beam
- Polarized targets: hydrogen (p), deuteron (pn), helium (3He: 2p+n)
- Polarized beams: electron,muon used in DIS experiments

Determine the kinematics: measure with high accuracy:
- Energy of incoming lepton

- Energy, direction of scattered lepton: energy, direction

- Good identification of scattered lepton

Control of false asymmetries:

- Need excellent understanding and control of false asymmetries
(time variation of the detector efficiency etc.)
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Experimental issues

target

beam

—

Possible sources of false asymmetries:
* beam flux

* target size

* detector size

* detector efficiency

—

‘\\\‘ Stony Brook University
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An |deal Situation

N—)(— L N—>—>
measured — N—— 4+ N——

A

NT7 =Ny - N+ 077 - Dgee Deyy

N7T7 =Ny -Nyg-07 7 - Dgee Deyy

If all other things are equal, they cancel in the ratio and....

—— ——
— 0

o
o + o

Ameas'wred —
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A Typical Setup

— —) /7
U+ target: 6LID X
160 GeV \

- Target polarization direction reversed every 6-8 hrs

- Typically experiments try to limit false asymmetries to be about
10 times smaller than the physics asymmetry of interest

‘\\\‘ Stony Brook University Abhay Deshpande
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Asymmetry Measurement

N1 I NTT — Ameasured — Pbeam : Pta'r‘get ’ f ’ A||

- f = dilution factor proportional to the polarizable nucleons of

interest in the target “material” used, for example for NH,
f=3/17

Ay Fy L 2 P2
D ' Do . g7 (z, Qg)dz = I'(Qp)

- D is the depolarization factor, kinematics, polarization
transfer from polarized lepton to photon, D ~ y?

‘\\\‘ Stony Brook University Abhay Deshpande



7/03/2014 Questions in Hadron Physics

First Moments of SPIN SFs
- With Aqg = /Aq(m)da:
1 N 1
q1(x) = §Ef6?{0f($) —q;(z)} = §Ef€§AQf(x)
p_ 114 1 1
I = > [gAu-l- 9Ad+ gAs]
= %(Au — Ad) + ,;—16(Au + Ad — 2As) + %(Au-l— Ad + As)
\ v y . |\ ~ by I\ r
a,=g, dg 0
Neutron decay (3F-D)/3 Az

Hyperon Decay

1 1 1
e = [__ag + —ag] + —ag
‘\\\‘ Stony Brook University 1 2 \/§ 9
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First moment of g,P(x) : Ellis-Jaffe SR

1 | |
Ivl)’ — E [:l:ag -+ ﬁ&g] — 50,()
gA
a3 = — =F + D =1.2601 4+ 0.0025
gv

ag = 3F — D = F/D = 0.575 + 0.016
Assuming SU(3); & As = 0, Ellis & Jaffe: I‘Ilo — 0.170 + 0.004

Measurements were done at SLAC (E80, E130) Experiments:
Low 8-20 GeV electron beam on fixed target
Did not reach low enough x > x_., ~ 102
Found consistency of data and E-J sum rule above

‘\\\‘ Stony Brook University Abhay Deshpande



7/03/2014 Questions in Hadron Physics

European Muon Collaboration at CERN

- 160 GeV muon beam (lower intensity), but significantly
higher energy

- Significantly LOWER X reach 2 x.,, ~ 103

- Polarized target

- Repeated experiment for A, and measured g, of the
proton!
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Proton Spin Crisis (1989)!

1.0

¢ This experiment
08 4 sLac (2]

021
] -JAFFE SUM RULE
! :

pstac B} —ru

06  — Cartitz and Kaur Model

¢ This experiment
& SLAC

A =(0.12) +/- (0.17) (EMC, 1989)
AT =0.58 expected from E-J sum rule....

‘\\\‘ Stony Brook University
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Extrapolations!

The most simplistic but intuitive theoretical predictions for the
polarized deep inelastic scattering are the sum rules for the
nucleon structure function g,.

1
FI(QZ):ngl(X’QZ)dX

Due to experimental limitations, accessibility of x range is limited,
and extrapolations to x= 0 and x = 1 are unavoidable.

Extrapolations to x = 1, are somewhat less problematic:
Small contribution to the integral

Future precisions studies at JLab 12GeV of great interest

Low x behavior of g,(x) is theoretically not well established
hence of significant debate and excitement in the community

A <1

\
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Low x behavior of g,
- Regge models (mostly used until mid 1990s):

Q* <<2Mv, ie. ,x =0, g g7 27 =0.5 < a<0.5
Where a is the intercept of the lowest contributing Regge
trajectories

- Other model dependent expectations (non-QCD based):

gi(z) o« [2In(1l/x)—1] g1(z) o< (z In?z) ™"

- QCD based calculations:
Resummation of AP: g1(x,0%) ~exp AvIn[ a,(05)/ a,(Q?)]In(1/x)
Resum of leading power of In(1/x) gives:

go(x,0%)~x7"Ns, wyg~04 g1(x,0%)~x7"s,  ws~3wys
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A collection of low x behaviors:

o 91
15 * x(In1(x))2 Extrapolation - SSRD:” ¢ LOW X behaV|Or a” over the
i 0 SMC
0| place
| _Regge Extrapolation "~ Dk S ; ;
0 ~+__.*v-'ﬁ*‘ﬂ-ﬂha-ag* ..... . NO theoretlcal gu|dance for
o i which one is correct
I I
+ fffffffffffff “*remel | Only logical path is though
25 l 'QCD Extrapolation 00227 1(;_2 - measu rementS
107° 107" 107 107 10" X

- But planned in future
Deshpande, Hughes, Lichtenstadt, HERA low x WS (1999) N See Iectures on E|C |ater in

Simulated data for polarized e-p scattering shown in the
figure. Polarized HERA was not realize! the week.
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Evolution: Our Understanding of Nucleon Spin

We have come a long way, but do we understand nucleon spin?
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Lesson:

- Every time we explored a physical observable with “spin” as
one of the experimental variable, we have learnt something
new about nature....

- But was this really a “ spin crisis”?
- Experimental uncertainties too large
- The assumptions: naive (constituent) quark model
- We needed to examine and improve on both fronts!

This is precisely what was done in the
following decade....
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——

How signi'ficant IS this?

"It could the discovery

| of the century.

_ Depending, of course
- on how far below it

goes...”
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