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Inelastic Scattering
— Probing the Structure of Matter
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Quark-Parton Model (QPM) of DIS

Feynman’'s QPM explanation of DIS : the nucleon is made
up of point-like, spin-1/2, non-interacting constituents — the
quarks as partons. DIS is the incoherent sum of elastic
scattering from these quarks.

Furthermore, the probability f(x) for the quark f to carry a
fraction x of the nucleon momentum is an intrinsic property
of the nucleon and is process independent.

We now know that QCD describes quark interactions with
the addition of another “parton” - the gluon (QCD-improved
QPM).
- Nucleons are just a “beam of partons” (incoherent).
- The f(x)s, the “beam parameters”, could be measured
In some other process (process independent).
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Quarks and Gluons as Partons

u(x) : up quark distribution

u(x) : up anti-quark distribution
etc. (d,s,c,b,t) and

g(x) : gluon (spin-1)

Momentum has to add up to 1 (*"momentum sum rule”) :
IX[u(x)+u(x)+d(x)+d(x)+s(X)+s(X)*+...+g(x)]dx = 1

Quantum numbers of the nucleon have to be right :
So for a proton :
lux)-u(x)ldx=2  #u,, [d(x)-d(x)]dx=1 #d,,,

[[s(x)-s(X)+...... ][dx=0 “sea” quark contribution
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DIS Kinematics — Scattering Variables

proton in “«=” momentum frame

ep scattering T o . >
+ £ ) .
€ ’ e, |:
k k RS ' ¢ No transverse
. momentum
g=k -k W
current jot |*-3-/B-*| 0<x<1

x = fractional longitudinal
momentum carried by
the struck parton

y = fractional energy transfer

\s = ep cms energy 0<y<1
Q2 = -q2 = 4-momentum transfer squared = sxy

(or virtuality of the “photon”)
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DIS Kinematics — Experimental Variables

Final electron energy

ep scattering Initial electron energy
ok , e @
k k l

Q2= -q2= -(k-k')2 = 2E E’_(1+c0s0,)

gq=4%k -k

currcent jeot Ee E,e (1 +COSee)
X - Q2/2poq —_— ,
/EP 2E.-E’(1-cosB,)
Initial proton energy /

Electron scattering angle

E., O, : electron method
E., v, : Jacquet-Blondel method (energy, angle of struck quark)
O., Y, : Double-Angle method (angles of scattered electron, struck quark)
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HERA collider :
H1 and ZEUS
1992 — 2007

Fixed target :

SLAC, FNAL and CERN
completed ~10-20 years
ago
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Event Topology at the HERA Collider
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ep Neutral Current (y*,Z)Cross Section

df’gtp B 2
drd? Q4

Y,=(1 =(1-y)’), the inelasticity parameter

(Vi Fy — y°Fr, FY_2F3)

The structure functions of the proton are :

FoAx,Q°) = x 3, ef (q(x. Q) + q(x,Q¥))

- the sum of the quark and anti-quark densities

xFs(x, Q@) = x 3, e? (q(x, Q?) - q(x, Q%))

- the difference of the quark and anti-quark densities,
small for Q2 <« M,?

Fi(x, Q) ~ F; - xg(x, Q%)
- the longitudinal structure function which vanishes at
LO in QCD and is damped by y? in the cross section
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1 NC DIS:

Final States:
(Jets, Charm, ...)

HERR
Frwnct

Low QZNC
(yexchange)

F. ~ Zx (g+qgbar)
dF./dInQ? ~ o_-g
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flavour composition
e*-d e:u

High Q2 NC

xF, ~ Zx (g-gbar)
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We will start with the structure function F2 :

IF, proton was made of 3 quarks each with 1/3 of proton’s
momentum:

Fo = X3qeq2 (a(x) + X))

no anti-quark!

F, —q(x)=B(x-1/3)

or with some
— smearing

1/3 X

The partons are point-like and incoherent - F, should be
independent of Q2.

- Bjorken scaling : F, has no Q? dependence.
Does the data support this? -
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Proton Structure Function F,

F L x=0.18
2 i
1 L
0.5 L ® ZEUS96/97
B ) H1 5497
= & Fixed Target
L ——  NLO QCD Fit
e MRST99
0 1 1 lllllll 1 1 llllll' 1 1 lllllll 1 1 lllllll [ CrEQSD
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Bjorken scaling is .... NOT seen at all x|
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QCD - F, violates Bjorken Scaling a?n—FZy ~ 0,29
gé I e 5":0'0?0102 ——  ZEUS NLO QCD &t At low x :
i 7 s

Gluon splitting enhances quark density
=> F, rises with Q2

At high x :

¥

e
o

Ay-rat ‘._i_}_{. x=0.4
I — .. —=os| Gluon radiation shifts quark to lower x
e = F, falls with Q?
Q*(GeV?)
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Proton probe with a photon of virtuality Q2

® Distance scale r at which proton proton
IS probed : o m
r=hc/Q = 0.2fm/Q[GeV]

® Because the virtual photon is
absorbed in a time much shorter
than the characteristic time of

parton-parton interactions (Impulse U
Approximation), the DIS cross € ——
section factorizes as :

opis ~ fp(X) ® 0

Jo(x) : (universal) parton density functions in the proton
o : hard scattering partonic cross section - pQCD
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x=0.021
F2

Higher the resolution (i.e. 1

higher the Q%) more branchings

to lower x we “see”.
0.5

T Id,.l ] T T T T I T T

0 1 llllllll 1 llllllll 1 llllllll 1 llllllll 1 1
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---------- MRST99
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So what do we expect F, as a function of x at
a fixed Q? to look like?
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Three quarks with 1/3 of total
proton momentum each.

1/3 X
Fo(x)
Three quarks with some momentum
{ 5 smearing.
B 1/3 X
F2(X)

The three quarks radiate partons

\/\ at low x.
|

1/3 X _
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Proton Structure Function F,— Q2 Evolution

Q° dependence
quantitatively
described by :

Dokshitzer- 1
Gribov-Lipatov-
Altarelli-Parisi
(DGLAP)

equations 0

June 24, 2009

~ Q’=2.7GeV’
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— ZEUS NLO QCD fit
|:| tot. error » BCDMS
E665
e ZEUS 96/97 NMC

From R. Yoshida
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DGLAP Equations

The evolution of the parton densities with Q2 is given by the
DGLAP equations :

of, 1 0InQ%~ f, ® P

First, P represents the four “splitting functions” :

g

P..(z) : probability that parton a will radiate a parton
b with the fraction z of the original momentum
carried by a.
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So, the DGLAP equations, of, / 9lnQ? ~ f ® P for quarks
and gluons are :

J 3(x,Q2) = O‘s(Qz)
dlnQ?2 27

where 2(x,Q2) = 5. (q:(x,Q2) + q,(X,Q2)) is the quark

density summed over all (active) flavors

([Z ® Pyl + 9 ® 2nP ])

And for the gluon :

| 2
g @) = E (2@ Py + [0 © Pyg)
n JU
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Parton Density Functions (PDFs) Extraction

DGLAP fit (or QCD fit) extracts the parton distributions from

measurements.
(Lectures on Friday and Saturday by Pavel Nadolsky)

The Cliffs Notes version : P
Step 1: parametrize the parton momentum densityw
f(x) at some Q2 -> f(x)=p,xP%(1-x)P3(1+p,VX+p:X) ;g[s from

u,(x) u-valence

d,(x) d-valence } “The original three quarks”

g(x) gluon r&‘{tﬁ
S(x) sum of all “sea” (non valence) quarks P:ed/

Step 2: find the parameters (p, -> p;) by fitting to
DIS (and other) data using the DGLAP equations to
evolve f(x) in Q2.
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At x<<1/3, quarks and (anti-quarks) are all "sea”.
Since F, = e, x(q + q), xS is very much like F,

Sea PDF
XS 20 L Q°=1 GeV’

10 +

0 5 *fll | | 111 ‘l | . | L 11l
Fractional | 0.25 |
uncertainty 0

bands -0.25
-0.5

7777} tot. error (o, free)
— ZEUS NLO QCD fit | tot. error (o fixed)

June 24, 2009 S.R. Magill - 2% uncorr. error (o fixed) 23
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The gluon pdf is determined from scaling violations, dF.,/
dinQ? via the DGLAP equations.

Gluon PDF
20 Q2=1 GeV’
X9 | Uncertainties are
10 | larger than for
quarks
0 Scaling violations
0.5 couple o, and
Fractional 0.25 j gluon g
uncertainty 0 ¢
b ands -0.25 ;.,_‘ ;
-0.5 = e \ L 2
w4 107 -2 Fit with o, also
a free parameter
7777} tot. error (o free)
—— ZEUS NLO QCD fit .| tot. error (o, fixed)
June 24, 2009 S. R. Magill - 53 uncorr. error (a fixed) 24
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Summarizing so far:

F,~>(q+q) = S (sea quarks) measured directly in
NC DIS

Scaling violations
dF,/dInQ? ~ a.,,g Scaling violations gives gluons
(times a.). DGLAP equations.
What about valence quarks?
>(g-q) =u,+d, can we determine them separately?

Can we decouple a_,and g ?
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Proton Structure Function xF;

Back to the NC cross section :

do” 2
drdQ? ~ 20

Y,=(1 =(1-y)’), the inelasticity parameter

xF3 = 3i(ai(x,Q?) - qi(x,Q2)) x B,  ~The valence quarks!

B, = 12eqaqaex/ + Af\vqaqveae)jz2 X, o« Q?/(M,?+Q?)

v-Z interference | | Z-exchange

e, electric charge of a quark
a,V,- axial-vector and vector couplings of a quark
a.V,. axial-vector and vector couplings of an electron
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Reduced Neutral Current Cross-section

oNe: 15[ Q% =200 GeV?

— NLO QCD f{it

* ZEUS NC e'p 99-00
s ZEUS NC ep 98-99

e ZEUS NC €'p 96-97

1T T 1 I T T 1 | LA

Note the change of
Sign from €+P to ep | o T o W S W WA

\ 102 10" 1
X

oNC* = F,(x,Q2) F (Y-IY+)xF4(x,Q?)
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Recent xF; (DIS 09) Results from HERA

ZEUS

®  ZEUSNC, ¢ p (233.1pb "), Q*=5000 GeV?
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vZ interference term larger than Z exchange
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Neutral and Charged Current Cross-Sections

HERA
ei k ki 8@ N;.: % H1 e*p NC 94-00
2 10 A H1epNC
& o ZEUS (prel.) e*p NC 99-00
‘o 1 o ZEUS e’p NC 98-99
q= k- k 2 - SMe"p NC(CTEQ6D)
° -1 "8 — SMep NC (CTEQ6D)
current jot 10
107
107
+ H1 e*p CC 94-00
10 » HlepCC
= ZEUS e*p CC 99-00
P B, 0 « ZEUS e'p CC 98-99
-~ SMe*p CC (CTEQSD)
CCf it 5 5 0 SM e'p CC (CTEQ6D)
do““(e*p) Gg [ My J2occ: | yeos
dxdQ?  2mx M, >+Q "
Q? (GeV?)
oCC*=xu+c+(1-y)3(d+s)] ~d
ot =xu+tc+(1-yp(d+s)] ~u
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Reduced Charged Current Cross-Section

O-CCi

otCr ~d

0 ~u

June 24, 2009

2_.

Q* =280 GeV*

101

S. R. Magill - 2009 CTEQ
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— NLO QCD fit
* ZEUS CC e'p 99-00
A ZEUS CC e'p 98-99

® ZEUS CCe'p 94-97
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Valence PDFs from QCD Fit

- T T T l T T T I T T T ] T T T l T T T
xf - Q’=1GeV?
1 E
§ 1 —— ZEUS-JETS fit
10! ! E ' tot. uncert.
C 1 EEEE uncorr. uncert.
0% E
i AN N T AN N T S NN N S N N |' | ..III"- [ |
0 0.2 04 06 038 1
X

The momenta from valence quarks are producing gluons and
sea quarks at low x
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Jet production in DIS (HERA)

Sensitive to a, Ojet ~ 05*f(X)

QCD-COMPTON BGF
” Sensitive to gluon
Sensitive to quarks ~10-3 < x < ~10-2

~102< x < ~10"1

Same range as NC and CC

June 24, 2009 S. R. Magill - 2009 CTEQ
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Jet Measurements in the Breit Frame

Some definitions :
+z from IP in proton direction - Target Region

-z from IP iny* direction - Current Region

v* has 4-vector g = (0,0,0,-Q)
Struck quark in QPM carries away momentum -Q/2

LO QCDC (initial state) ¢
. g
- y =

LO QCDC (final state) LO BGF ]

o
9
P rH
o LY ol . \
P o T \
anti—q

P q \
Hard Scale Q = E, S. R. Magill - 2009 CTEQ Hard Scale E; (>Q) 33
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H[ | IR 1 | IIIIIII 1 IIIIHI I AR
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20 Q' =1GeV® 4
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0F .
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X

20

10

0.5
0.25

-0.25
-0.5

Gluon distributions

Q’=1 GeV*

Using only HERA (ZEUS)
data including NC,CC and jets

Using HERA (ZEUS) F, data
and FNAL, CERN fixed tgt
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Combined PDFs from HERA — DIS Precision

Combine the measured

H1 and ZEUS cross
sections. Double statistics
and take advantage of
complementary
measurement techniques
which result in reduced
systematic uncertainties.

Sample of NC e*p data
showing the ZEUS and H1
data and the combined
data as a result of the
averaging procedure

Statistical errors shown

June 24, 2009

H1 and ZEUS Combined Data

e HERAINC e p (prel.)

g 14 X=0.002 (l) J :]
o P
12 ;’" [ 0 ZEUS
e © Hl1
5
1 J’i
038 czli ) .i: 1
* k..wr'ﬁ%"‘ 2T
0.6 o e i
r Q ' Cb )
s ] ‘.(’! A
$ i 2
04 J
e
0 - _
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HERAPDFO0.2

H1 and ZEUS Combined PDFT Fit
- Red: experimental uncertainties A B B
s model uncertainties Q" =10 GeV~

= Green: pdf parametrization uncertainties

xf

April 2009

—— HERAPDF0.2 (prel.)

- exp. uncert.
model uncert.

- parametrization uncert.

0.8

Observations:

0.6

HERA Structure Functions Working Group

=- High-x and valence are mostly 1
affected by the PDF
parametrisation
>~ The procedure to estimate PDF 047 (o (X 0.08)
parametrisation uncertainty |
addresses the high-x region ’
> Low-x region interesting to 02 N 7 |
investigate ' 2 _
10 | 1
X
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HERAPDFO0.2 at Q?=2 GeV?

=- At the starting scale gluon is valence like
= Qg2 Q?,, dominate the model uncertainty of gluon and valence PDFs
=- PDF parametrisation uncertainty dominates valence PDFs and high x region

H1 and ZEUS Combined PDF Fit H1 and ZEUS Combined PDF Fit

- 1 7. 1r g i I 2 ]
g os Q? =2 GeV? 1B o8 Q*=2 GeV? 1 % % Q* =2 GeV* 2 Q* =2 GeV* ; %
] - HERAPDF02 (prel) | _E'. L5 ' i’ L5 - HERAPDFD 2 (prel) | —E"
0 B exp. uncert, < 1 B exp. uncert. Lo

model uncert. : 1 1 1 model uncert. )

04 B param uncert. ] I param uneert. ]

o2ld 05 U Y U 5

val : 3 N:

: 0t ] of ]

02 - . | 02 - -“
M 0 p————— : 0 =
i | o 02 02 o
. A < 2 10+ 10 1w 107 . s w1t ! < 2
] i ~ 2 e 2 i
Q*=2 GeV? - Q*=2GevV? | 3 Q*=2 GeV? £
T s '3 s Oz
l = D ! =
giuon £ 1 1 £
B | Dyor -
| & 05 \_/\: 05 | &
E—/;\ g o | o é
_ -] 02 f ' 02 f -
2 o " L o
. v H 3 0 __.# 3
02 - 02 . B 02 02 =
10 10’ 10* 1w ] 10° 10° 10° 1w ] 10 10~ 1w 107 1 1w 10’ 10° 10"

X X X X
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HERAPDFO0.2 at Q°=10000 GeV?

=- PDF parametrisation uncertainty dominates valence PDFs and high x region
=- |mpressive precision at the scale relevant to LHC

H1 and ZEUS Combined PDF Fit H1 and ZEUS Combined PDF Fit

1— - 7 s 1 ' ~ ~~1§ - Tl 72
o8 | Q*=10000 GeV* | R os Q*=10000 GeV* | & * | Q*=10000 GeV* | £ Q*=10000 GeV? | &
] —— HERAPDFO.2 (prel) -E'_ 8 Tc’ . e HERAPDF02 (prel.) -_;;_
06 06 B exp.uncert. Lo 6 P exp. uncert. | -

' : modc) uncert. mode] uncert, 1

04 [ param uncert. . I param uncert. 1

02 dval 2 bar
0

v 0

02 €02 ! '
1w w1 1wt x 10 1 5 U 107 107 0’ ] a £y
2 x x 2
® \ el R ) 1% aw L 10 1
35 Q" =10000 GeV~ 70 Q" =10000 GeV~ _5 > Q* =10000 GeV* | £ Q? =10000 GeV* £
% 60 1 58 z°® -
25 1 s gluon = 1 1=
20 5w i 8 ¢ D ¢ D | B
- ] : bar 13
15 30 i § 4 4 -
1o » | & ix-
5| 10 - ? ] &
3 9 { .o
o3 2 i g 02 02 1 é
E R 8 1 C C v
0 0 | 5 Y % 0 _ﬁ 2
-0.2i_ . —— . L2 | ; E _..z,'_. _02'_ ' E
w0t e Wy 10° : S TR TR TS AT TES TR -

X X
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Gluon Evolution

ag 10 1 -;C 25 ) ) | mp 40 R
; Q*=100 GeV* = Q% =1000 GeV?
8 ‘ 20 :
30
6 15 25
20
4 10 15
2 5 10
5
0 0 - 0 1
02 | 0.2 02 -
0 0 - 0! .
02 | 02 02 = B
~ e B
10° 10 n 3 3 3

= Near the starting scale gluon is valence like
=- The model uncertainties are large in low X region
>~ Mostly due to Q,? variations
- The PDF param. uncertainty dominates high x

= |mpressive precision at higher Q2

107 10 10 10"
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Understanding DGLAP equations — pdf evolution :

The “incoherence” of the original parton model
IS preserved. i.e. a parton doesn’'t know anything
about its neighbor.

}§§§§5 never happens

The “process independent” partons also survive.

But now parton densities must be “evolved” in Q2.

An example for future analyses =

June 24, 2009 S. R. Magill - 2009 CTEQ 40
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A a source of partons at
X'

oS In fact, any parton at
Q? | & / x > x' at Q?is a source.
known

To know the parton density
, at x', Q2 it's necessary
Q measured (and sufficient) to
' . know the parton density
X x 1 in the range: x' < x < 1

If you know the partons in rarfeSP0&OWeh Some @2,

then you know the partons in the range x' < x < 1 for all

Q%> Q. .
What does this mean for the LHC? =
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310 8— | Atlas and CMS TevaTron JeTs
N\‘ i ] Atlas and CMS rapidity platean M ) JeV]
Ol() 7 =l DO Central+PFPwd. Jets known /
- =1 CDF/D0 Central Jets /,//
10° L )
Fixed target
0% DIS
103 L
10
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_LHC (or hadron-hadron) parton kinematics

,’ 10 8 ! Atlas and CMS . r.apidiTy.

=10 Je\
Atlas and CMS rapidity plateau M L,T 5 EE
+P,

7 1] DO Central+PFwd. Jets
10 ; y_ - ln(
- (=1 CDF/D0 Central Jets / 7,

106 == m Al

L M=1TeV
E ZEUS A X
g ’ /
5 =] e P
105, =3 wmc )
2 . s l: ,/ ’//‘ / -:
| ¢ ’ S
’/’ S ‘l’.i e '_‘:
A i o o=
- =fooce . £ fE / n=-In tan(6/2)
| SLAC it P ey |
- // £ ¢ i E‘-. .-.o~-¢<J-A-—4’-M“J
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Parton densities from combined data

Without HERA Data

HERA | data (one experiment)

HERA | combined
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only the fit uncertainty shown here,
na model variations

A test on a standard candle process at LHC

HERA PDFs 0.1 available in LHAPDF

HERAPDFO0.2 has factor of 2 smaller uncertainty than 0.1 (more data) at low x
Available soon in LHAPDF
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With DIS data up to now :

F, ~ Z(q+a) =~ S (sea quarks) measured in NC DIS

From scaling violations in F,

dF,/dInQ? ~ a.,.g sensitive to gluons (times a.)

xF; ~>(g-q) =u, +d, valence quarks

Use jet cross sections to decouple o, and g

DGLAP fits with all of the above -> precise predictions at
LHC

Now, for the last piece — the longitudinal structure function
F, to give us direct access to the gluons ->

June 24, 2009 S. R. Magill - 2009 CTEQ 46
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Longifudinal Structure Function F,

e /'y corresponds to absorption of longitudinally polarized virtual
photon. F =(Q?%/41%a) o,

eSpin 1/2 quarks (with no transverse momentum) cannot absorb a

longitudinally polarized boson.

. DGLAP evolution

LO: k=0, F=0

ib NLO: k,lgé 0, FL#O

a . ¢ X
F, = S,\"j —F +8Y e, (1-—)zg

4 AN R Z
X
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Analysis stfrategy

Direct F, measurement requires measurement of the
reduced cross sections at same x and Q? but different y:

- Larger difference iny — better sensitivity to F _(bigger F,-F,
“lever arm”)

yerx,

. @?=xys: different y — different s — different beam At gi\_/etr;\ x and Q% o
energies — F, is the intercept at y-axis

— F_is the negative slope
- Direct F measurement only possible if HERA operates with

different proton beam energies

DISOQ conference, Madrid, Spain. 27 April 2000 Julla Grebenyuk. F, measurement with ZEUS detector.

June 24, 2009 S. R. Magill - 2009 CTEQ
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Measured reduced cross sections
ZEUS

3 2.0F © Q?=24GeV? T ' Q? = 32 GeV? ]

Kinematic region:
20 GeV? < Q%< 130 GeV?
510%<x<7-10°

- First ZEUS F publication available

» Most precise cross section
measurement from ZEUS in the
kinematic region studied

+ Measured cross sections are published
and available for fits

* Measured cross sections compared to
ZEUS-JETS with and without F

 ZEUS-JETS % | e\s=318Gev = N
050 —G + a\s=2s1Gev 1 * Turnover at low x small but visible
- ~o(F=0) 1 *\s=225GeV ’

|

e | " " P | el L P i
10° 10? 10° 107
X X
DISOQ conference, Madrid, Spain. 27 April 2000 Julla Grebenyuk. F, measurement with ZEUS detector.
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Extracted FL and F2
ZEUS

DISQOQ conference, Madrid, Spain. 27 April 2000

Most precise F2 measurement from
ZEUS at kinematic region studied

First F2 measurement without
assumptions on F,

Data support a non-zero F,

Predictions for F2 and FL are consistent
with data

12
Julla Grebenyuk. F, measurement with ZEUS detector.

June 24, 2009 S. R. Magill - 2009 CTEQ
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PDF fits with FL data included

il T T T LN R R | LI B R T T T T T TTTmmT

* Measured coss sections for 3 data sets - .
Q% =10 GeV?

(HER, LER, MER) are included in ZEUS PDF fits

xf

L5e — ZEUSO09 fit (prel.)

o,(M,)=0.1180

|: total uncert.

* Data has impact on the low Xx:
- Steeper rise of gluon at low x

- Seaand gluon uncertainty reduced | S\ . ZEUS-JETS PDE |

l —
— For more details see talk of A. Cooper-Sarkar :
ZEUS | xg (X 0-05) h‘.‘-
z» 06 v T 2 S
= Xu,
g Mr 05
g wf
= p—
T = I
g 02k . xS (< 0.05)
06 0'12 - ! 3 : 0..1.... aaal = Tiaaal ......1. il L
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E xS xg
3 ZEUSDA fit (prel.) Bl ZEUS JETS PDF ( x
osf [ Zeus P s L LEUS JETS &
0z —x — - -
0 — 0 EE——————
02k n —
04 - 05 R
06 B
ME e e 1 100 T Tl 1 10r e
* 5
DISOQ conference, Madrid, Spain. 27 April 2000 Julla Grebenyuk. F, measurement with ZEUS detector.
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