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Sum rules

You can integrate the structure functions and recover quantities like the net
number of quarks.

Momentum Sum Rule

Tior = /Fg(x)da) ~ /az(q(m) +q(z))dx

which yields the total fraction of the proton momentum carried by quarks.
(After adjustment for the charges) We find that x;,; for quarks is about 50%.
Half of whatever is in the proton is not quarks - it turns out to be gluons but
you can't detect a gluon directly with an electron beam.

We can also measure the momentum fraction of anti quarks from [ zF3(x)dx
and z¢,; and get 10-15%.
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Sum rules that don’t say much

The numerical sum rule

Nowarr = [ SR = 3 [(ai(e) + a,2))do

can reach thousands as Q2 decreases.

as the parton distributions actually diverge.
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Adler Sum rule ~ N, — Ny

/ P Fry / W (o) + (@) +3(2) — d(z) —Ta(z) — e(a)] = 2
0

X o <L
This has small corrections if one needs to worry about charm production
thresholds. It is hard to measure as neutrino-proton scattering data is very

Scarce.
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Gross-Llewellyn-Smith sum rule ~ N, — N7

xf3
xf3

~ Q2 =3.16 GeV? ~ Q2 =5.01 Gev?

- x2=5.15/6 | - x2=4.94/5 "
08 GLs =2.547 ¥ ¢

08 | GLS =2.776
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Gottfried sum rule ~ N, — N,

[ Ewr-r > [ Ca e ) + )
—%(u(x) +u(x)) — g(d(l’) +d(z))]
~ 3 [ Fllut@) — d@) + ) - (o)
1 1 —

2

|
_I_

|
=1
=

|
=
&

June 2010 HUGS




Heidi Schellman

Northwestern

| 0.05

T rﬂ T Trlr] L | T rrrr T T rTri
+— [LFM , )
T NH[ = LGeV
LE]S _
cj—r“ﬂ SE
a &
L gz % g a broo-
s |
0.1 * i
: 2
¢ ¢ 2
* o
G 1 [ - J*JIJI j a1 i il :I I II;MALII
-3 7 _
10 10 10
bt

June 2010 HUGS



Heidi Schellman Northwestern

Zeus detector 30 GeV e 4+ 820 GeV p
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E665 detector 470 GeV 1 + p, d, C, Ca,
Pb at rest
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As you can see from these data, the structure functions F5 and zF35 do seem
to have some QQ? dependence. This can be explained by higher order QCD
corrections to the basic scattering diagrams.

The Leading Order QCD corrections involve the emission of gluons from
quarks and pair production of quarks from gluons.
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2T
g
' %
X(1-z)

A quark which originally has momentum fraction x has a probability,

Py =~ as(Q?)Pyy(2), emit a gluon with momentum fraction z(1 — 2),
leaving a quark carrying a lower momentum fraction xz. Our lepton then
scatters off of that quark. Since we find the "x" value from the photon quark
vertex, we measure xz instead of x as the momentum fraction.
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A gluon which originally has momentum fraction = has a probability,

Pgyq =~ as(Q?)Pgy(2), emit an antiquark with momentum fraction z(1 — 2),
leaving a quark carrying a lower momentum fraction xz. Our lepton then
scatters off of that quark. Since we find the "x" value from the photon quark
vertex, we measure xz instead of x as the momentum fraction (and see a

gluon as a quark.)
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ZX

(1-z) x

A gluon can also split into 2 gluons with momentum fraction zz and (1 — x)
with probability ~ a,(Q?)P + GG(z)
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You can calculate these splitting probabilities using QCD:

for z < 1.

41+ 272
31—z
L. 5 2
i[z + (1 — 2)”]
41+ (1 —2)?
3 2

6[(1—2) i 2

Northwestern

The PDF's we measure are thus produced by PDF's at higher x radiating

down to the value we measure.
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Q* (GeV?)
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They lead to the following evolution equations # for the parton distribution

functions:

dgi(xaQQ) . Y dy L 2 . L
dinQ? Z% Y, Q%) Py qa(y) +G(y, @ )qu,a(y)

dG(z, Q?) B Y dy .
dnQz Z% Y, Q PGqﬂ(y)JrG(y ,Q” )PG,G(y)

aDGLAP for Yu. L. Dokshitzer, V.N. Gribov, L.N. Lipatov, G. Altarelli and G. Parisi
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Show evolution slides
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Longitudinal Structure Function F7,

The general structure function formulation in terms of 2z Fy, F5 and xFj3

allows for a longitudinal structure function
FL — F2 — 2:I;F1

. F';, can be extracted by measuring the y dependence of the cross section.
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where

ny
F(x,0%) =2 e’xlqi(x,0?)+3;(x,0%)]

i=1

and
Moy = &s 2
fq (x)——4'.;4CFx ’
a; | <&
D(x)=—| X e?[8x2(1—x).
4r |i=1

June 2010 HUGS 21




Heidi Schellman

June 2010 HUGS

e =2(1-y)/(1 +(1-y)?)

F_~ the slope

1.3F %=0.004 Q%= 0.85

I

L L

L B S e S B LA A

—T T T

x=0.045 Q%= 2.82

1

0.4 0.8
x=0.020 Q%= 1.41

130

x=0.045 Q%= 8.91

[}

| 1 1

04 = 08 0.8

x=0.080 Q%= B.31

1.0

1.4

1.3

1.2

1.1

1.7

1.6

1.6

1.4

1.3

1.46

1.40

1.36

1.30

Northwestern

22




Heidi Schellman

June 2010 HUGS

Northwestern
Lo T T 3 T T T T o075
E 4 oso
- E = 0.125
e = 0.004 ] P 4 025
e E B T4 oo
.Im%mﬁ?m : 4 -ozs
Et‘ l: T | | E | | | | | | |
- - E TH+H TH-HT - pl _EQE
o +COESW —— R¥(eff) 3
LL E SECOMS - - - - R";L" : 3 4 oso
X 15F T #EMC — — HNLOpdfs+TM - X = 0200
N 2 OMNMC —— NLOresum ] f‘% :[ 4 025
-~ & 1.05— + TM E ‘é S R
— 0P LT . X = 0.020 ] '
L ook _£ [] di“'—*—“—_’""i——: { 4 -o=s
1 ' '
100 . fed frt frt frsd ff s [
oc - E '
E i 4 =0
.50 — 3 X = 0.325
v E e, X = 0.045 - 1 4 o5
o ossp g A -r§§ ! 1
a.00f R ‘I' 3 é‘iﬁ- 0.00
_gssk E 4 -n25
o | (| | [l [l 1 b [l 1 [l [l [l 1
[ R I I I I I I — I I I I I I - 076
Q.50 — - 4 oso0
; e, X = 0080 ] K= 0500
025 - / o _I = s 4 os=s
.00 — ? iﬁ' —_— }}_ o "] 0.00
a5k - 1 —-0.2B6
C 1 1 1 1 1 1 1 1 1 1 1 1 _u.un
05 10 50100 SO.00.0 05 1.0 50100 500000
23




Heidi Schellman Northwestern

The state of the art is now NNLO or NNNLO for the parton distribution
functions so the equations become more complicated.

One can no longer interpret the structure functions as sums over quarks once
one gets above LO, so the mathematics gets complicated very quickly. But
you can still define parton distribution functions and use them.
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QCD measurements with deep inelastic

scattering
The Q% behavior depends on the strong coupling constant and you can

measure ag(Q?) by measuring the Q% dependence. This requires good

calibration and understanding of your detector!.
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HI and ZEUS Combined PDF Fit
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as(Q*) from HERA

HERA
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