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HOW TO CHARACTERIZE
THE PROTON

Deeply Inelastic Scattering
(DIS)

... also see lectures by
George Sterman



Inclusive Deeply Inelastic Scattering (DIS)
Measure {E», 0} < {x,Q?} Inclusive

{EQJ 0}

Deep: Q% > 1GeV?

Inelastic: W2 > Mg

Analogue of Rutherford scattering

Deflected
o.-particles

»

o -particles ;
SOUTCE E | — 4

Fluaorescent >

Sereer Undeflected

Metal Fail o -particles



Inclusive Deeply Inelastic Scattering (DIS)

{EQJ 0}

Measure {Es, 0} < {z, Q?}

Q? = —¢* = 4E, E>sin”(0/2)

Q2 2E1E2 Sln2(9/2)
T = p—
2p - q M(E; — E»)

X. partonic* momentum fraction
Q: characteristic energy scale

Other common DIS variables

j=

p;;]:El—E2
v Q?
y:—:

1 QMEQCU

U/ —




Lepton Tensor (L) and Hadronic Tensor (W)

L 224 Leptonic Tensor

| /‘ / N/ 1 Hadronic Tensor

L

lepton
current
5 interaction
14
do ~ |A|* ~ LMW,
hadron )
current W/J

Current Interactions



W and F Structure Functions

pt'p
2
M? 2M?
Convert to “Scaling” Structure Functions

Wi — Fy Wy — M Py Ws — M F3

WH = —gM" W 4

do
dx dy

=N [azyQFl +(1—y— M

) o £ y(1 — y/2)aFs]



What's all this talk about

Scaling????
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The Scaling of the Proton Structure Function
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What do we expect for a point like particle

VAV, ‘ Ama?
do ~ X 1

0?2

AVAVAVAVAVAVER™ Q.
do ~ x 1

02

T S
do ~ x 1

02

Dimensional considerations

et

Structure Function



Is this a point like particle ???

We found the Higgs



Structure of the Proton

X 1

Ao
AN @ b

Ao 2
WC; X F (Q—)
@ A

A of order of the
proton mass scale

<3 ¢

1

AVAVAVAVAVAVERFIS IS

4

o
0?2

WWWWWWW, (o) o ~



The Scaling of the Proton Structure Function 12
*
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... not yet at the

Parton Model



) Fy £ y(1 — y/2)a k3]

Use Helicity Basis
do
= N [xy*Fy + (1 —y —
dx dy [:cy 1 J
Taking the limit M — 0 for neutrino DIS
do”  _ N[1-y)Fr+2(1—y)Fy+ F_]
dx dy T -
For i, Fy, < F_
By = (F-+Fy)
F2 — ZC(F_ —+ F_|_—|—2F0)
F3 = (F-—Fy)

I have not yet mentioned the parton model!!!

F, = F — 1F,
F_ = F + }F3
Fo=LtFy — I

A Review of Target Mass Corrections.

Ingo Schienbein et al.
J.Phys.G35:053101,2008.
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Parton Model



Proton as a bag of free Quarks

16



Quarks are not quite free

Hard Interaction time

Electron == 1/Q

Q Soft Interaction time
= = 1/A

Q: characteristic interaction scale

A: Scale of the proton
This picture 1s valid IF:

T, <<T, thus Q>>A

“Higher Twist”
contributions

Corrections to this picture (non-factorizable/ higher twist) terms are suppressed by powers of A/Q

17




The Parton Model and Factorization I8

Parton Distribution Functions

(PDFEs) f,

Electron
are the key to calculations

involving hadrons!!!

Proton

must extract from calculable from
experiment theoretical model

N

OPy—)C — fP—)a ® Gay—w

Corrections of
Quark Anti-Quark  Scalar order (A%/Q?)

f@)=> qlx) +q@) + ¢(x) + ... = u(x) + d(z) + ...



Homework Problem: Convolutions

Part 1) Show these 3 definitions are equivalent; work out the limits of

integration.

feg=]

feg=[ [ flx
f(x)g(2)

feg=]

Jg(y)d(z—x*y)dxdy

dx
X' x

F(2)g(y) Y

Y Y

Part 2) Show convolutions are the ""natural" way to multiply probabilities.

If f represents the heads/tails probability distribution for a single coin flip,
show that the distribution of 2 coins is f //fand 3 coinsis: f[/f/[/f.

fog=] f(x)g(y)d(z—(x+y))dxdy
f(x):z(é(l—x)+6(1+x))

Careful:
convolutions
involve + and *

BONUS': How many processes can you think of that don't factorize?

19



Structure Function & PDF Correspondence at Leading Order 20

do” Compute
= N [(1 —y)*Fy +2(1 —y)Fy + F_ with
dCC dy [( y) + U ( y) 0 v } Hadri)nic
Tensor
P X X X Compute
ag? in Parton
— N 1 — 2 20 2(1 — ) Model
T = N (1D + 21— y)(6) + (20)
Scalar
F; =0 =F,
Fy = 27 F, =F, — LF; .
F_ = 2q F_=F,+ 1F; 2 — a1l
Foo= ¢  R=zR-FR Gl

\ Scalar

FL = 2£L'F0



and

Callan-Gross



Why is F,

special ???

H1 and ZEUS

22

HERA Inclusive Working Group
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O _ . ...... H ERAprehmmary— ..... ACOTfu|| .................. bSatd|po|e ................ “ ..... L
= HERAPDF1.0 --  ACOT-y b-CGC dipole @
— Q*>3.5GeV? FFNS
0.2 Q*25GeV? — NNLO 0;=0.1176
- RT optlmlzedI NNLO 0s=0.1146 | | T
10 10

QZL'FO — F2 — QZCFl

0

—

Fr, ~

2

QQ

F2 — 2.CCF1

Callan-Gross

q(x) + as{cy ® g(x) + ¢4 ®q(x)}

Masses are
important

Higher orders
are important

April 2010



TOY

PDFs



Proton as a bag of free Quarks: Part 2 24

)

W

flz,Q) =u(z,Q) +d(xz,Q) =20z —3)+1 -

L=
—

=2 0(x —
u(:c, Q) (:U Perfect Scaling PDFs

O independent

=
—

d(:C,Q) =1 5(33 -
Quark Number Sum Rule

<Q>:/O drq(x) (u)y=2 (=1 (s)=0

Quark Momentum Sum Rule

<:cq>=]0 drrq(e) (ruw) =2 (vd)=1



Problem #1: The proton does not add up???

25

Fy = 2¢

— F.+ F_
F_ 2q g+ = +2
Fr, = o

Momentum Sum Rule

1
S wa = [ de Y wlae) + @) = 50% # 100%
: 0
\ Substitute F

SOLUTION:
Gluons carry half the momentum,

but don't couple to the photons



Gluons smear out PDF momentum

(S @& _5 _Wp @ p s g _) W @0 _p |

Gluons allow partons to exchange momentum fraction

Parton Distribution
Parton Distribution

Momentum Fraction x Momentum Fraction x

f(xaQ) :u(va)+d(va):2 6(37_%)—'_1 5(37_%)

a, is large at low Q, so it is easy to emit soft gluons

26



Problem #2: Infinitely many quarks

Reconsider the Quark Number Sum Rule

(,d) = 00 (q) = ] 4z q(2)

Quark Number Sum Rule: More
Precisely

q(x) ) 1/:1;1.5

~q
¥
Val

(u—u)=2 (d-—dy=1 (s—5) =0

SOLUTION: Infinite number of u quarks in
proton, because they can be pair produced:
(We neglect saturation ....)

27



PDFs

cf., lectures by Dan Stump

28



Sample PDFs: The rich structure of the proton 29

= 12 = 12 —
= | MSTW2008 (NNLO) |& | u MSTW2008 (NNLO)
8 ©'=10 GeV* 8 i \ w?=10,000 GeV?
, 1 ; u=10,000 Gey”
g/10  H=I0GeV” ; A\ Vg/10
08 | ‘
‘ b
S
0.6 |
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0 . 0 | |
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X

Scaling violations are essential feature of PDFs



Q’ (GeV?)

Where do PDFs come from???? Universality!!! 30

GPy—)C — fP—)a ® O-ay—w

F,>q,9
dF,/dinQ*>g

ixed Target

u,d,s

10"

\

Calculable from
theoretical model

Must extract
from experiment

Note we can combine

different experiments.
FACTORIZATION!!!



Deep Inelastic Scattering experiments
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HERA collider: H1 and ZEUS experiments
1992 - 2007 (data analysis ongoing)

@' g : $ Burkard Reisert, Deep Inelastic Scattering, CTEQ/MCnet Summer School 2010 18

dp Bymit




HERA ep Collider: 1992-2007

Status: 1-July-2007

400

—— glectrons
— positrons
low E

H1 Integrated Luminosity / pb™*

100 -

0 500 1000 1500

Days of running

Two colliding beam experiments: H1 and ZEUS
~0.5 fb-1 collected per experiment
approximately same amount of collisions with
electrons and positrons of dedicated low Ep runs
Left- and right-handed polarisation Ep = 460GeV,575 GeV

E, = 27.5GeV, E, = 920 GeV

@ *: % $ Burkard Reisert, Deep Inelastic Scattering, CTEQ/MCnet Summer School 2010 11



H1 & ZEUS Collaborations

Collaborations of 300-400 Physicists, at ~40 Institutes of ~15 Countries

@9 = (5 "}57 ,  Burkard Reisert, Deep Inelastic Scattering, CTEQ/MCnet Summer School 2010 12




How do we
distinguish flavors???

34



How to Distinguish Flavors??? 33

Use different boson probes

PHOTON W-BOSON Z-BOSON
. —ig Y*(1 — 5) —1g
1e.~H g 7y ( 75 Flen, — e
q"Y NG > cos O v (cv AY5)
Y W- Z
% u % d % u
u 4/9 u u
Y W+ Z
d 1/9 d d

Note: equal weight

Take Cabibbo angle =0



HOMEWORK

Sum Rules
&

Structure Functions

36



Homework: Part 1

cp
FZ

en
F2

Fy?
Fy"
Fy?
Fy"

_|_

_|_

drlu+u-+c+c
%xﬂ d+s+35
iz |d d+ c c
lx|u+ U+ s+ 5
2z [d+ s+ T+ ¢
Qxﬁ s+d é
Qxﬁ c+d 5

DN
S
=Y
+
o
+
=g
+
®l

2|d+s—u—¢
Qﬁ—s—g—é
Qﬁ—c—J—E
2ld+c—u— 35|

| E—— |

Structure Functions & PDFs 37

Verify:

i.e., Check for typos ...

We use these different
observables to

dis-entangle the flavor
structure of the PDfs

See talks by
Alberto Gago (Neutrinos)
&

Dan Stump (PDFs)

In the limit
Ocapbibbo = 0
me =0



Homework: Part 2 Sum Rules 38

1
dx
Adler vn. vpyl __
(1966) /0 2le [F Fz ] =1
1
. dr . -
Bjorken e vp  pVp| __
(1967) /0 9 [F2 F2 } =1
1 —
Gross Llewellyn- vp vpl
O T / dx [Fg I g } — 6
(1969) 0
1 1
Gottfried ¢ - _ eny __
it wosd | dolFgP - F5) = g
0
Homework 5 N eN
(1922) —F5 — IS

18

Verify:

i.e., Check for typos ...

Before the parton model
was invented, these
relations were observed.
Can you understand
them in the context of
the parton model?

This one has been particularly
important/controversial



How do we
distinguish flavors???

39



Possible Targets:

Relate p and n

Complications

Different Targets
p Proton
n Neutron

N Nucleon~Zp+ (A-Z)n

... for 1soscalar: N= 12 (p+n)

Proton Neutron
u = d
p n
d = u
p n
q, = d,

N # Zp+(A-Z)n

40



Nuclear
Corrections

277

41
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Where do
clear Corrections
come from ?79?

carved in stone

Discovered by the French in 1799 at
Rosetta, a harbor on the
Mediterranean coast in  Egypt.
Comparative translation of the stone
assisted in understanding many
previously undecipherable examples
of hieroglyphics.



Traditional Input to Global PDF Fit 43

Include Nuclear Dimension

- . ~ Dynamically
Start with
. Nuclear a4
Neutrino data Correction
on heavy targets
(Fe, Pb, ...)
Isospin “Corrected” data
SYIV for isoscalar
“Corrected” data Nuclear
for proton

Correction
\rozen”
Global
No PDF Flt
Feedback!!!
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Nuclear Corrections: Compare Neutrino and Charged Lepton DIS

I
(U

Charged Lepton DIS =

1.20

1.15

A 56 Z=26 . Q°=5 GeVz,

y-

e L TRy A R B Lo R EET P PP P PP PPPPPPPPPPRTPPPPPPRPRRE) AP

By L P D e PP Py CP P PP PE P PT POV P EPPPPPPPRTPEPEPEPEP-PEPEPEPPRPRY CREPEPERE PN M) 31 & IRRRE B

5___f|tB

R S AR SRR S S () B~ Y

- | KP

...... SLAC/NMC

U HKNG7 (NLO)

111|1J ] ]

F FREE PN TR ST AR AN BN

R A S AN

107"

SLAC/NMC

. HKN07 (NLO) =

10'1

—t

1 & Neutrino DIS



nCTEQ Nuclear PDF's

46

v CTEQ style global fit extended

handle various nuclear targets

v CTEQ Data + nuclear DIS & DY
[~15 targets; ~2000+ data]

v A-dependence modeled;

NLO fits work well

A-Dependent PDFs

rf(z) = 2" (1 —2)"e®"(1 4 e™1)™
a; — a;(A)

ap=ay ot ay | (1=4"")

Nuclear PDFs from neutrino deep inelastic scattering.
|. Schienbein, J.Y. Yu, C. Keppdl, J.G. Morfin,
F. Olness, J.F. Owens. Phys.Rev.D77:054013,2008.
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Done

nCTEQ

nuclear parton distribution functions

NnCTEQ project is an extension of the CTEQ collaborative effort to determine parton distribution functions inside

of a free proton. It generalizes the free-proton PDF framework to determine densities of partons in bound

protons (hence nCTEQ which stands for nuclear CTEQ). More details on the framework and the first results can

be found in arXiv:09072357 [hep-ph].
The effects of the nuclear environement on the parton densities can be shown as modified parton densities

£ Qy)

005 01 0z 0E 1

where all black curves stand for free proton PDF and red, green, blue, cyan, pink, yellow,
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curves show PDF in protons bound in nuclei - from deuterium (red) to lead {(brown).
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MINERvVA

Per ton per 10720 protons

DIS Comparisons:
Charged Current

v DIS | anti-v DIS
events events

CCFR 1.03M | 0179 M
NuTeV 1.3 M 04 M
MINERvVA Comparisons

-

- " N Experiment
Process CC/ton NC/ton
Quasi-Elastic 270K 90K
Resonance 530K 165K

Transition 670K 210K

Target | Mass | Events
Tons
DIS 1370 K 400K = (0.70) M
Coherent 28 K 14 K Pb 0.85 2.5M
He 0.40 600 K
Total (v) 2870 K 880K e | 040 | BOOK
Per ton per w/ 4-year run CH 3 IM




Evolution

What does the
proton look like???



The answer 1s
pendent upon
the question

o,
o

"Cheshire Puss,' ...
"Would you tell me, please, which way I ought to go from here?'
"That depends a good deal on where you want to get to,' said the Cat.
"I don't much care where--' said Alice.

"Then 1t doesn't matter which way you go,' said the Cat.

"--so long as I get somewhere,' Alice added as an explanation.

"Oh, you're sure to do that,' said the Cat,
"1f you only walk long enough.'

50



Evolution: What you see depends upon what you ask 51

Proton is a complex object AEAt > 1 h
ApAx > L h

g

my Mp Me Mg Mg My Mg
Aqcp ~ 200 MeV 175 4.5 1.3 0.3 0.00? 0.00? 0



Evolution of the PDFs

U dependence must balance

How does f change
with scale u???

Y _ o

d In[p|

52



x f(x)

Evolution of the PDFs

0.8

hi p

Momentum Fraction x

0.6
~

S I

&= 04
> I

02

1 | | 1 | | 1 |
001 002 005 010 020 050  1.00 001 002
Momentum Fraction x
12} 07"
10} 0.6
S 05|
: —~ 04}
6 = .
i & 03}
4t > :
i 0.2°F
25 i
- low L4 0.1 low 7!
| | | 1
001 002 005 010 020 050  1.00 ' ‘

0.05
Momentum Fraction x

0.10 0.20 0.50 1.00

0.01 0.02

0.05 0.10 0.20 0.50 1.00

Momentum Fraction x

53




PDF Momentum Fractions vs. scale J >4

Momentum Fraction

1.000

&
0.100

0.050 - d-bar u-bar

0.010 -

0.005 -

bottom

1 5 10 50 100 500 1000
Scale U

Scaling violations are essential feature of PDFs



Renormalization GrouE Eﬂuation 55

Parton Model g — f X W W or O
Not physical!
~ - Poor notation
Renormalization d_O' — () = ﬁ o+ f d_w
Group Equation d 1 d U d L W~ Tuke Mellin
_ N Transform
Separgtion l df = —y = — 1 du
of variables f d1n [ /’l’] w dln [/L]
DGLAP
) / Equation
poe 4 F YV _pyj
dIn|u] d In[p)
If “f” scaled,

:
Jrn \ Anomalous /
D .
imension \

Y would vanish

It 1s the dimension
of the mass scaling



DETAILS

Evolution and such



Homework: Mellin Transform 57

Fy= [ dean f(a o=f®u
0

P

(@) = — [ dna" f(n) i=f

_27'('7/ C

&

(' is parallel to the imaginary axis, and to the right of all singularities

1) Take the Mellin transform of f(z) = > °°_, a,x™, and verify the inverse

m=1
transform of f regenerates f(x)

2) Take the Mellin transform of ¢ = f ® w to demonstrate that the Mellin
transform separates a convolution yields ¢ = f w.

A useful reference:
Courant, Richard and Hilbert, David. Methods of Mathematical Physics, Vol. 1. New York: Wiley, 1989. 561 p.



Evolution of the PDFs 58

Evolution (generally) shifts partons
from hi-x to low-x

[ —

Up

low u

0.8

0.4 i
' hi

02

| | | | | 1
0.01 0.02 0.05 0.10 0.20 0.50 1.00

Momentum Fraction x

DGLAP Equation X

X

{ -
‘ W _pog 1

d1In|y)



Evolution of the PDFs 59

0.8

0.6 &

N Momen‘tum F raf:tion X | |
%Q’ . @ 0.01 0.02 0.05 0.10 0.20 0.50 1.00
11112] X 1 —|_ x2
« P x PWO(z)=CF { 1 }
® — X 4
d /4~m I
K ® df g
“ = P —= pl)
g d In|p) &7 2m @ f
/

8}

2
f S (1) [
a , ~ Ta : _ P 1
(z, 1) ~ falz, o) + 9 . @ frln (—8)



HOMEWORK

Sum Rules
&

Structure Functions

60



The Splitting Functions: 61

Read backwards X

1+ 2?2
(1) () —
Note singularities A} qu (5[:) — CF |: 1 — o :|
+
1 1-x
{Cgé PO~ Te [(1 -0 + 2
1 1-x

X

/g PY(@) = Cr {(1 — 1}

| [-x

(1~ 0)

11
1-x —+ [ECA__TFNF] 5(1—33)



Homework: Part 1

Definition of the Plus prescription:

/01 dw (1f—(9;'))+ B

The Plus Function

F@)

1
1) Compute: / dx
o

1—x)y

62




63

2) Verify: ) )
1 + 2° 1 3

PY(z)=C =Cr |(1+ 22 ~6(1 —
2q () F{l_xlr F|(1+27) T ++2( x)
A / v / _

1 % 1-x | /gl—x()
Observe P(l) (aj) o . l 1 _ o l :C(l B aj)
gg F (1 — CL')_|_ | - |
X —+ [%CA_gTFNF] 5(1—:13)




HOMEWORK: Part3: Symmetries & Limits
Verify the following relation among the regular parts (from the real graphs)

For the regular part P(l)( ) P(l) 1 — 37

show:
For the regular part P(l)( ) P(l) 1 — ZC 39){
show:

Verity, in the soft limit:

D) 1 /g,.
qu (:L.) r—1 ZCF (1 — CC)_|_
PO(z) 205 — v"{‘
T e (1 —x)4

64




HOMEWORK: Part 4: Conservation Rules

Verify conservation of momentum fraction

/0 drz [Pyq(r) + Pyq(z)] =0

Sy
/01 dr x [Pog(x) + Pyg(x)] = 0 {SA ‘,99;?

Verify conservation of fermion number

| da (Puf@) = Pugla)) = 0
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Homework: Part 5:

Using the Real to guess the Virtual

Use conservation of fermion number to compute

the delta function term in P(q<—q)

/ do P, () — Py()]

=

1+.:c
1—.515'

ye

1
Péq)(zc) = C’F

ECF

=0

This term only
starts at NNLO

(14 22) {

1l —=x

l

+g5 (1 — )

/

7 &

Powerful tool: Since we know real and virtual must balance, we can use to our advantage!!!
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Recap so far

e Rutherford Scattering = Deeply Inelastic Scattering (DIS)

* Works for protons as well as nucleil
e Compute Lepton-Hadron Scattering 2 ways

e Use Leptonic/Hadronic Tensors to extract Structure Functions

o Use Parton Model; relate PDFs to F 123

e Parton Model Factorizes Problem:

e PDFs are independent of process

e Thus, we can combine different experiments. ESSENTIAL!!!
* PDFs are not truly scale invariant; they evolve

e We use evolution to “resum” an important set of graphs
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ACOT Extension to Higher Orders

LO N2LO N3LO
Full ACOT Extensible to any order
o = f(g(;p, mps), Q) R a_(mdyn) Distinguish:
“phase space” mass
2 “dynamic” mass
nm Y
Q Demonstrate:

n={0,1,2} 1) PS mass dominates
2) Estimated Error small



04 -
03~
02-

0.1~

F, @ N3LO

70

00
0.8
006
04

002




Strange
Production

the LHC and PDFs



What constrains the
Strange???

72



Di-muon production

=> Extract s(x) Parton Distribution

Extract s(x)

s g—>Wc at the Tevatron

Consistent
S with SM

g{‘{‘ .

CDF & D0

CDF: PRL 100:091803,2008.
DO0: PLB666:23,2008.

Extract s(x)

-
Qo O DN
o O o

N
o

OS-SS Events / 3 GeV/c

N
(@]

@ Data (~1.8fb )
[ 1JWc

[ W-+LF

[] Other

overflow bin

5790 15 20 25 30 35
SLT muon p; [GeV/c]

u+

-

Depends on
nuclear
corrections

Used in CTEQ6 Fits

270- DO
O
z 60- (b) L=1f"
T
9 _’_ ——data
(] | W+c-jet
Q o Wlight-jet
“Wibb
L | P ! |
1 2 3 4 5
Muon p;e' [GeV]
Also a challenge at LHC



W Production at LHC: A Benchmark Cross Section

Heavy quark PDFs are essential ingredient

Tevatron LHC
tot tot

0.1-

0.1F

do/dy(W™) at Tevatron
do/dy(W*) at LHC

0.01F

.
[

Heavy Quark components play an
increasingly important role at the LHC




Cross Section

Cross Section

PDF Uncertainties

= S(x)PDF = W/ZatLHC

i strange )
“..contribution.”

________

Entries / 0.1

70}
60F
50}

L40f
30}
20}

10¢

VRAP

Code

4

strange
contribution

aaaa

Z at LHC

2 .. 4
,  rapidity
Anastasiou, Dixon, Melnikov, Petriello,

Phys.Rev.D69:094008,2004.

75

450
400
350
300
250
200
150
100

50

—e—Data 2010 (\s=7TeV) I L dt = 36 pb'1

£ ee ATLAS Preliminary

QCD

O_|||||||

4

PDF Uncertainties will feed into

3 2 4 0 1 2 3

AN

Yz

LHC “Benchmark” processes

Comparison with new NNPDF sets: Les Houches 2009



SUMMARY 76

*Rutherford Scattering = Deeply Inelastic Scattering (DIS)
 Works for protons as well as nuclei
Compute Lepton-Hadron Scattering 2 ways
e Use Leptonic/Hadronic Tensors to extract Structure Functions
e Use Parton Model; relate PDFs to F123
*Parton Model Factorizes Problem:
 PDFs are independent of process
e Thus, we can combine different experiments. ESSENTIAL!!!
*PDFs are not truly scale invariant; they evolve
* We use evolution to “resum” an important set of graphs
NLO Calculations, and beyond
*New Era: Strong constraints on PDF from LHC



END OF LECTURE
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