Deep Inelastic Scattering and
Neutrinos

Lecture by Arnd Brandenburg, DESY Theory

International School on Astroparticle and Neutrino
Physics
Villa Cipressi - Varenna - ltaly, June 10-15, 2002

Contents

| Introduction and motivation

I The parton model

[l Scaling violation and DGLAP equations
IV Summary



Literature

Elementary particle physics: Concepts and phenomena.
By Otto Nachtmann. Springer, 1990. (In particular
chapters 18 and 19.)

QCD and collider physics.
By R. K. Ellis , W. J. Stirling and B. R. Webber.
Cambridge Univ. Pr., 1996. (In particular chapter 4.)

This lecture can be found at:



. Introduction and motivation

What is Deep Inelastic Scattering?

Generic reaction:
((k) + N(p) — '(K') + X(p'),

/ . —
eae — € U, Ve, N:’I’L,p,...

Kinematics:

5 @=m ek
¢ ) — 4EF'sin20/2

q M? = p?
r=Q%/(2v)
N T~ y=0p-)/pk)
=1-— E’/E (‘inelasticity")
(0, E, E' defined in the nucleon rest frame)
m |[nvariant mass of final state hadrons:
WQ:p’2:(p+q)2:M2+2V—Q2ZMZ
(conservation of baryon number!)

= Deep < Q7 large: Q> A% p = (200 MeV)? to allow
for QCD perturbation theory

Spatial resolution ~ 1/1/Q2 = 2x107m [GeV]/+/Q?

= |nelastic «» M? < W? < x < 1 (nucleon is destroyed)
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. Introduction and motivation

DIS and neutrinos
In general, we have for a neutrino detector
Counting rate = neutrino flux X cross section

If one wants to know the neutrino flux, cross sections
have to be computed theoretically

if neutrino flux is known, counting rates can be used to
test the theory used to compute cross sections

Where is DIS relevant? Some examples:

1. Solar neutrinos: Typical neutrino energies ~ MeV =-
DIS not applicable

2. Atmospheric neutrinos: Need cross section for
ve(g) + N — 4T 4+ X.

DIS cross section is used for W > W, = 1.4 GeV.

This corresponds to constraint
omyE,y(l —x) > W2 — ma,

withy=1—- FE,/E,, x = Q*/(2mnE,y).

Example: £, =10 GeV, E,, =5 GeV, my ~ 1 GeV =
Yy = 057 x S 09, Q2 = 10 GGVQZC.



. Introduction and motivation

Where is DIS relevant? Some examples:

3. Search for neutrino oscillations at NuTeV:

Neutrinos have energies of up to 350 GeV (v,,) and 180
GeV (v.). Events are required to deposit at least 30
GeV in the calorimeter = y ~ Q?/(sz) > 0.09 (0.16)

4, Neutrino telescopes:

Ultra high energy neutrinos from ‘cosmic accelerators':
Energies up to 10%! eV. Detection of neutrino-induced
muons:

v, (U,) + N —pt+ X

Example: E, = 10 GeV, E, =100 TeV, my =~ 1 GeV
Q? =200 GeV? = 2 = 10



|l. Introduction and motivation

Sensitivity of different experiments on regions in (x, Q%)

plane:
N/\ 1062\\\\\\‘ T \\\HH‘ T \\\HH‘ T \\\HH‘ ‘ T
E - | | ZEUS96+97prel.  [[]]| CDF/DO-jets
& 105 [ ZEUSSVTX 95 )
© I ZEUSBPC %
. [ ZEVSBPT 97prel. ]
1078 5 Hioa97pre. N 3
i H197 prel. &
108 P .
H196 ISR prel.

H1SVTX 95
JLAB E97-010

—| CCFR
10 - CHORUS
- [ | INRIHEP gl /

Q NuFact

s HERA (e +p — e or v+ X) accesses kinematic regions
of very small z and high Q* > M3, , ~ 10* GeV* =

T'proton

DIS at electroweak energy scale, spatial resolution of up
1000

to 10718 m



|l. Introduction and motivation

Parton model:
DIS cross sections depend on quark and gluon content
(Parton Distribution Functions) of the nucleon .

PDFs are functions of x (interpreted as parton
momentum fraction) and Q2.

PDFs are assumed to be universal, i.e. can be
extracted from some dedicated experiments and then
used to compute cross sections for other processes.

X(p)

P(p)

Parton model was verified experimentally in 1969 by fixed target
eN — eX deep inelastic scattering at SLAC (Nobel Prize 1990 for
J.I. Friedman, HW. Kendall, R.E. Taylor). Since then, numerous

experiments.

Further: polarized beams & targets (will not be discussed)



Il. The parton model

Goal Extract Parton Distribution Functions from DIS
experiments

Consider first the reaction
et + p — et + X

for the case that the exchanged boson is a photon. At
high energies, also the exchange of a Z boson becomes
relevant. Further, if one of the leptons is a neutrino, a
W boson can be exchanged, see below.

Differential cross section (for £ > M):

2 __e.m. 2

dedQ? Q4

1 —

= [ 5(x, Q%) are called structure functions of the proton.
m The Bjorken limit is defined as follows:

Q% v — o0, = fixed




Il. The parton model

In the Bjorken limit the structure functions obey to good

approximation a scaling law, i.e. they only depend on
the dimensionless variable x:

F, as a function of x for different values of Q2

11.0
8.75
24.5
230
800
1000

FQ(X-QZ)

1 1 | T LT T T T T T T
I o

x % b O 0O @ x @ » ® X

Bjorken scale-invariance implies that the virtual photon
Is scattered off pointlike constituents, since otherwise
the structure functions would depend also on @Q/Qo,
where () characterizes the size of the constituents.



Il. The parton model

Derivation of the cross section:

gePeX 4MEZ/ch> (2m)*6(q + p — px)

Amplitude:
SX X)),

ej,: hadronic part of the em. current. Divide phase
space and |T'f;|* in leptonic and hadronic part:

iTy; = —ieu(k )y u(k)

d>k' 1y
D — P dd
9= Gy %X = a2, *
1 T 2 _ MVhem
22 Ty _@
spins
Lepton tensor:
1 _ _ v
L =2 ST (k) ulh)] [a(k)y (k)]
spins
1

=T [y By"] = K'Y + BE — gk
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Il. The parton model

Hadron tensor:

H W = Z / d® x (2m)*6 (g + p — px)hi"
X

:Z/d<1>x(27f)45(q+p—px)
(P (P)|ju(0)[ X (px)) (X (px)|72(0)|P(p))

The differential cross section now reads:

dc 1 oy
e.m. L,u,VHe .m.
d:l;dQQ AME Q* x (1)

The (e.m.) hadron tensor can be parametrized by two
structure functions due to Lorentz covariance, parity
invariance and e.m. current conservation (¢*H,,,, = 0):

e.m. duqv e.m.
HS) :87T[(—g,w+ Z )F (,Q7)

+ @ (p“ + 2x> (pl, + 2$) By, QQ)]

Inserting this into (1) gives the result (*) (use M E =

Q*/(2xy)).
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Il. The parton model

The naive parton model

m  The parton model can be formulated most easily in the
infinite momentum frame (proton moves very fast),

proton:  P"=(P,0,0,P), P> M.

m  First consider the scattering process e q — e q.
e~ (k) e” (k')

do_ 2magm Qg
I = e 1y 1y

q(p) q(p’)

m  Define £ to be momentum fraction carried by the quark:

quark :  pi'=&(P,0,0,P), P> M.

m  The on-shell condition for the scattered quark reads:

PL)? = (pg +q)° = ¢* + 2pgq = —2Pq(z — §)

= By inserting 1 = fol drd(x — &) we get for the double
differential cross section for electron-quark scattering:

d*G e

ded@? Q4

m 14 (1 - 9)?) Q3 — )
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Il. The parton model

Therefore, the structure functions for a quark with
momentum fraction & are

5 = 22F° = xQ8(x — &)

The structure function of the proton obviously is no
o-function, i.e. quarks can carry different momentum
fractions &. We can formulate the parton model as
follows:

q(&)dE is the probability that a quark carries a
momentum fraction of the proton between £ and & + d¢,
0<¢&< 1

The virtual photon scatters incoherently off the quark
constituents.

The proton structure function is obtained from the quark
structure function by weighting the latter with the quark
probability distribution ¢(¢):

Ry(w) = 20F (@)= Y | dea(aQ3(w—

= Z QZxq(x)
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Il. The parton model

m  The previous result can be slightly rewritten in terms of
a folding between the quark distribution g and the quark
structure function at £ = 1:

Fy(z) = 22F) ( z/ y) Falz /),

Fy(z) = Qoxd(1 — x)

= Fy(x, Q%) = Fy(x): parton model gives Bjorken scaling

m The result Fy(x) = 2zFi(z) is known as the Callan-
Gross relation. It follows from the spin-1/2 nature of
the quarks. One calls

Fr(z,Q%) = F, — 2zFy

the longitudinal structure function, Fr, = O(ay).
(*) can also be written as follows:

d20.e.m.

QWagm c.1m c.1m
- = 4 . [1+(1_y)2} FQ. ._yQFL. .
dxd() x()
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Il. The parton model

Explicitly, we have (at tree level and neglecting b quarks)
for a proton target:

e.m 4 _ 1 - _
F,y " ==z §(u—|—u+c—|—c)—|—§(d—|—d—|—s+s)

How can the different quark distributions be
disentangled? Analyse DIS reactions for different initial
and final states!

1. Neutrino-nucleon scattering
Vg,ﬁg—l—N—>€:F—|—X
A new structure function F3 appears due to the parity

violating charged current interaction. (Both in L,, and
H,, a Levi-Cevita tensor is present.)

2 _v,oN 2 2 2
d°o _ GF( My ) qbu,DN

dzdQ? 2wz \ Q%+ m?,
V.U 1 v,vN v,vIN v,vN
N =< (Y+F2 — 2PN Ly ) |

Yi=1+(1-y9y)?

15



Il. The parton model

Parton model results: F}'""" = O(ay),

F/P =2x|d+s+a+¢l; F2”p:2x[u+c+ci+§]

xF;p:2:c d+s—u—c|; xF;p:2x[u—|—c—J—§]

u,d,... are the parton distributions in the proton.
Isospin symmetry yields

N, =N, =u, N, = N,’ =d, etc

In particular one gets for an isoscalar target N, neglecting
antiquarks and ‘sea’ quarks:

| P
BN = (B + F3™) ~ a(u + d),
For eN — v* — eX DIS:

1, . 5
F§Y = S(F§" + F5") ~ —a(u+ d)

18
=
FsN 5
FyN 18

in good agreement with experiment.
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Il The parton model

HERA results
e HERA: e*p collisions
at /s = 300/318 GeV
et energy: 27.5 GeV

p energy: 820/920 GeV
(before/after 1997)

1ooj 99-00 e*

80

180

60[- -160

Integrated Luminosity (pb™)

401 -140

201 120

1
A TS SN R S A WA
200 400 600 800

Days of running

2. Charged current interaction at HERA

eX+p— Ve, ve + X

-+ 2
e _ GF ( miy ) oE
- ccC
ded@? 27z \ Q%+ m3,
Parton model results (neglecting b and t and quark
mixing) at tree level for unpolarized e*:

(d+s)(1—y)*+ (a+¢)]

(u+c)+ (d+35)(1 —y)?

17



HERA results on d(fcc/dilj, dgcc/dQZ

Q C T T T T TT ‘ T T T T T T 1T
< ool Charged Current 1
3 M1 "Hlep  Vs=320Gev -
3 o Hlep V=300 GeV
i=) . — Standard Model -
300 |- (H197 PDFFit)
-~ Standard Mode e'p
I Vs=320 GeV ]
200 - Q*>1000 Gev?
y<0.9
100 L ]
0 U |
1072 10° 1
X
C}l 1 T L ‘ T T 1T ‘ E
%B ]
3 a Charged Current ]
Q2 10 - E
ol = H1 ePp Vs320Gev:
Y& 7 Hlep  vs300Gev-
% 10 o ZEUS €'p vs=300 Gev=
o -3 =
-c NS

10

T \HHH‘ T \HHH‘ T \HHH‘ T \HHH‘ T \HHH‘ T \HHH‘ T \’\HHH‘ T T TTTTIT

H1 5

4 ]l

10 E

-5 E

10 3

10° y<0.9 *;

o7 Standard Model (H1 97 PDF Fit) B

——————— Standard Model e"p Vs=320 GeV S

10 -8 | | | | ‘ | | | ‘ I
103 104

Q? /GeV?
Q? dependence:
PDF values in integration region = € [Q?/s, 1]
PDFs are weighted with y = Q?/(xs)-dependent factors

W propagator ~ [m%v/(Q2 4+ m%v)] ’



HERA results on do’ . /dx/dQ?

Define ‘reduced CC cross section’

2
2 2 2 _+
-+ _ 2mx { miy + Q d°osq

o = = qﬁi
ce = G2, mi, dxdQ)? co

bhe = x(d+s)(1 —y)’ + x(i + )

o [ 2 2 [ 2 2 [ 2 2
15+ Q°=280GeVv” L Q°=530GeV” | Q° =950 GeV

Lol e N Ll S SO

06 - Q?=1700GeV? | Q?=3000GeV? | Q?=5300 GeV?

0.4 -
°l 7 %
Jooin | L \\H’ Lol \\\\\ m
0.15 [ 2 )
F Q"=17000GeV” | o zEUS94-97e'p CC
o H194-97€'p CC
01 —— CTEQ4D
I —— NLO QCD fit
[Botje]
0.05 - —— CTEQA4L
el (1-y)*(d+s)
—— CTEQA4L
x(0 +7)

10"t

B oz >02: (1—y)*(d+ s)dominates



HERA results on doj - /dz/dQ?

Goc = boe = z(u+c) +x(d+ 5)(1 — y)°

ZEUS Preliminary 1998-99

Db | Q?=280GeV? Q% =530 GeV? | Q%*=950GeV?

21 N N
15+ { —

1 L
0.5 = \ —

m T N PN
| Q?=1700 GeV? Q% = 3000 GeV? Q? = 5300 GeV?

1 [ - -

05 — —
i B B ¢
AT N 1 e N e 1)
08 Q%=9500 GeV> |~ Q?=17000 GeV?

T F - e ep CC Data
0.6 — — — CTEQSD
0.4 } } — u+cC

[ I u
0.2 — — — @y s g CTE
o o NE il N T @
-1 -1
10 10 X
oz > 0.2 dominates (no (1 — y)? supression)

e x < 0.1: significant contribution from ¢ and 5
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Il. The parton model

2. Neutral current interaction at HERA
et + p — et + X

dQO'NC 2o

[Y_|_F2 — y2FL + .CUY_Fg]

dxdQ? $Q4
Fop = Fsf —vexzFy 7 + (0 + a2)x5 FE L,
= —anZ:L‘F;Z + a0 X 5T FY

where v, (a.) is the vector (axial) coupling of the electron
to the Z and

V2G rQ*m7
dra(Q? + m?)

XZ =

Parton model result at order a%: Fy =0,

[FQe.m.’F;Z’FbZ] = :I;Z [e Zeqvq,v + a } {q + q},

q

{ngza mFSZ} = Z 2eqaq, 2v4a0] {q — ¢}

q

21



HERA results on doz./dx

Q> 1000 GeV?, y<0.9

8- 3000 [ T T T \\\‘ T T T T \\77 T T T T 1T \‘ T T T T \\\7
> i j Neutral Current Neutral Current -
S 2500 - 4 e Hlep °oHlep
-82 2000 - \ Vs=320GeV | Vs=300 GeV |
1500 | 1 i
I } 1 H1 ]
1000 T" — —
,} 4 ]
500 - . .

o L @ — L]
1072 107" 1
X X

Q% 10000 GeV?, y<0.9
Q 25 [ T T T T T T \77 T T T T T T T ]
?C:' - Neutral Current I Neutral Current i
% 20 - e Hlep T °© Hle'p B
= - Vs=320GeV T * ZEUSEp |
b L A1 |
° 1 T .
- /,f + — H1 97 PDF Fit .
10 = - - yexchangeonly .
5 /¢ I \ -
0 i \\‘\ \{‘Tkrf:— ]
-1

10 0.5 0.2 1
X X

= dashed lines: contribution from ~ exchange only (mz —
o0) (o7(e"p) > o7 (e p) due to different s)
= data is sensitive to Z exchange
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HERA results on do7./dQ?

HERA Neutral Current

< =
< ~
a5 10 =
c =
NOJ —
s 1=
@) —
o 1
10 =
2
10 &
_3§ A H1e€'p 94-00 prelim.
10 £ 4 Hlep
~ 0 ZEUSe'p 99-00 prelim.
10 -4 ; O ZEUSep 98-99 prelim.
~ — SMe'p(CTEQSD)
-5~ — SM ep(CTEQ5D
100 p (CTEQSD)
6
10
= y<09
10'77\ BN |
3 4
10 10

Q° (Gev?)

difference d%z(e_p) — d%’z(e*p) caused by 2 term (Z
exchange)

e’ p data are corrected to /s = 318 GeV
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HERA results on do+./dz/dQ?

Reduced NC cross section

4 2 _+
-+ Q) d OnNC

ONC = oral 1+ (1 — y)?]dzxdQ?

ZEUS NC 1996-99

- e PRELIMINARY e p DATA — CTEQ4D NLO
© & PRELIMINARY €'p DATA -~ MRST (99)

x=0.08 (x1200)

x=0.13 (x400)
z x=0.18 (100
:
e = i

-3 st @i%stat O syst
H

103 104 Q? [GeV?]

2 2. =~ ~ =
o for Q° K my: a;\;C X One
o for Q% ~ mQZ: significant « F’3 terms
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xF,

04 F

0.3

HERA results on xF3

z F5 is computed from

OnNoc—OnNo = x F3 -+

2 2
_ + ~ [ Y_ 313 Y_ 300] ﬁ, Ysis Y300
— 4]
Y. 318 Yy 300

Y, 318 Y4 300

where Y, - = 1 £ (1 — y)® with y = Q7/(xs).

ZEUS NC 1996-99 ZEUSNC 1996-99

"~ x=056 o PRELIMINARY DATA ' <04 [ Q%=3000Gev* L  Q’=5000Gev’ -
— CTEQ4DNLO E i I 1
- MRST (99) ] a T ]
o ] 02 T § } ]
] ol /E—\ ,,,,,, ;
- i V/} ]
04 [ Q%8000Gev? [  Q%=12000Gev? ]
e ; 1 : |
] (R | IR — ’
= e ] ]
04  Q°=30000Gev? 107 X
] L ] e PRELIMINARY DATA

] 0z | —cTEQ4aDNLO

E I % ] -~ MRST (99)

L o or ‘ ] 7‘ ....j4o yZF?C%ontributionxlo

3 T 4 _
10 Q?[Gev?] 10 107 X

e tFy ~ g — q, i.e. sensitive to u, d valence quark distributions

(C] = ({valence + Qscas Gsea — Qsea, Cvalence — Svalence — O)

o Q2 dependence is dominated by Z propagator term
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NC versus CC

3 % % H1e'p NC 94-00 prelim.
% 10 L A HlepNC
= = O ZEUSe'p NC 99-00 prelim.
o 1 L 0 ZEUS€Ep NC 98-99 prelim.
% E SM €"'p NC (CTEQ5D)
xe 1 SM ep NC (CTEQ5D)
10 &
YR
10 =
3
10 =
— % H1ep CC 94-00 prelim.
10 '4; A HlepcCC
— O ZEUSE&'p CC 99-00 prelim.
10 -5 - o ZEUSep CC 98-99 prelim. p g
= SM €'p CC (CTEQ5D) 5\
6~ — SMepCC(CTEQ5D) N
10 =
; y<0.9
10_7 \ \\\HH‘ \\\HH‘
3 4
10 10
Q* (Gev?)
ccC NC , e
deQ ~ dc‘i’QQ at very large Q?: ‘electroweak unification
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Il. The parton model

Sum rules

Integrals over certain combinations of structure functions
have particular values in the parton model. Such
integrals are called sum rules and serve as a test of
the parton model and constrain parametrizations for the
PDFs. Examples:

B Momentum sum rule

1 1
3
/dx(9F2€N—§ 2’/N):E /d:vx(q—l—q_)%Oﬁ
0 . 0

= only half of the proton’s momentum is carried by the
quarks! The rest is carried by gluons with momentum
distribution g(x). (The gluon distribution is not easily
accesible in ep scattering, since the gluon does not
couple directly to the photon.)

m  Gross-Llewellyn Smith sum rule

1 1
1 _
/ drFYN = - / dz (FYP + F3P)
0 2 0

:/Olda;(d—?fL—I—u—d):/Oldx(uv-l—dv):34'0(048)
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Il. The parton model

Parton distribution functions are obtained by fitting an ansatz to

all available data (DIS, Drell-Yan,. .

xf(x,Q2)

2 -
N B
18 - Q«x2= 10 CeVx*2
L , __up MRST991
16 L ____ down  MRST991
L » gluon  MRST991
. ... strange MRST991
1.2
.
08
\

0.9 1

X
2 B
:
L Databases
18 - ¢ Qxx2= 10000 GeVx*2
[ __up MRST991
15 L ____ down  MRST991
Lo gluon  MRST991
T4 ... strange MRST991
1.2
“ —
Ll
0.9 1
X

. ). (For details, see below.)
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I1l. Scaling violation and DGLAP equations

Violation of Bjorken scaling and QCD

Closer inspection of the data shows that Bjorken scaling
is not exact. QCD effects break scale invariance
by inducing a dependence of the structure functions

< n(Q?)

Qualitative explanation:

In our derivation of the parton model result for F; we
assumed that the momentum of the quark that is struck
by the photon is parallel to the proton momentum. This
assumption is invalid if the quark emits a hard gluon!

The quark can thus aquire a large transverse momentum
kr. The probability for this is ~ «a.dk4/k3, and
integration up to the kinematic limit k% = Q? gives
terms ~ a, In(Q?).

29



I1l. Scaling violation and DGLAP equations

Quantitatve description of scaling violation

We consider now the first order QCD corrections to
the process ¢v* — ¢ (i.e. the trivial leptonic part is
separated off). There are two diagrams involving real
gluon emission:

v*(q)

k q(ps3)
9(p2)

Q(pl) (a) (b)

Consider diagram (a):
m Lorentz invariant phase space:

d4p2 d4p3

(27)3 (%)35+(P§)5+(p§)(27T)454(p1 +q — p2 — p3)

_ / gm(k +¢)?)6" ((p1 — k)?)

30



Il. Scaling violation and DGLAP equations

Squared matrix element:

11 ,
§N—C Z |M|uy

spins,colour

= QPCr S TR )k K

gluon pol.
The contribution to the quark structure function

~ 2

F, contains an divergent term ~ OQ ' q|k2) ) |K?
corresponding to the case when the quark propagator
goes on-shell.

We regulate this by requiring |k?| > x°. Inclusion of the
virtual corrections (and diagram (b)) Ieads to the result:

e, @) = Q3 [s1 - )+ 52 (Pom G +0w))

T K2

with the quark splitting function

1+2* 3
Pi(z) = C 25(1 —
) =Cr [(1 —x)+ 2 ( x>]
and [y degls- = [ delB=LE C(x) is a calculable,

finite function independent of Q2.
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I1l. Scaling violation and DGLAP equations

Remarks

In the quark structure function, the divergencies from
real and virtual gluons do not cancel!

Our method to regulate the divergence was completely
adhoc. If we had used dimensional regularization (d =
4 + 2¢), the divergent piece would be the same with

In(Q?/Kk?) — 1/e.

What does this divergence mean?

It is a collinear divergence (q is parallel to g).

It is not cancelled by the virtual corrections, since the

photon can distinguish between a quark and a quark-

gluon pair with the same overall momentum and the
does not apply

However, the quark structure function is no observable
quantity. The proton structure function is obtained by
folding F5 with the quark distribution:

FQ(,CC’ QQ) =X Z Qg IQQ(CC)

s [hde aq °
+% x—QO(ﬁ){P (%)IH?JFC(%)}JF"'
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I1l. Scaling violation and DGLAP equations

go can be interpreted as a bare distribution (analogy to
‘bare’ coupling and masses) and divergent parts of Fy
can be absorbed into the quark distribution by defining
a renormalized quark distribution:

1
. ('
Q(w,u%)qu(ﬂ?)Jrg—ﬂ i ?5

o ()uch o )

pr is the factorization scale and C, is an arbitrary

finite term that reflects the scheme dependence of the
. P 2

definition of q(z, 7).

The proton structure function to order a4 can then be

written as follows:

Hdg
. el

(D) (n e ()])

The above procedure is called factorization.  That
factorization works to all orders in perturbation theory
is a fundamental property of QCD and content of the
factorization theorem.

Fy(z,Q*) =z ) Q: (&, uF)
q,9
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I1l. Scaling violation and DGLAP equations

Remarks:

The necessity of introducing a scale i p leads to a
violation of Bjorken scaling, i.e. 9F>/0Q% # 0.

The distribution ¢(x, %) can not be calculated, since it
contains contributions from the non-perturbative regime.
It can however be measured at a given scale (by
measuring Fb,...).

The arbitrariness of factorization is reflected in the
function C;. Does this destroy the predictive power
of the theory? No! Parton distributions are universal:

Extract the parton distribution functions by comparing experimental
data on F5 obtained in DIS with the theoretical prediction in a fixed
factorization scheme.

Use these parton distributions to compare, after calculating in the
same factorization scheme, theoretical results for cross sections in
hadron-hadron collisions with experimental data.

Moreover, the variation of the parton distributions with
the scale can be calculated perturbatively. The equations
encoding this variation are called Dokshitzer-Gribov-
Lipatov-Altarelli-Parisi equations.
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I1l. Scaling violation and DGLAP equations

To formulate the DGLAP equation for the quark
distribution to order a5, we need to consider also the
process Y*g — qq:

L

Result for the gluon structure function:

(2, Q%)
2
— % Qg;; (qu(:v) In Pl Cg(x))

where also a logarithmic singularity is present for
vanishing quark virtuality. The gluon (— ¢qg) splitting
function reads

P (x) =Tg [:L’Q + (1 — LL‘)Q] : Tr = %
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Il. Scaling violation and DGLAP equations

m  The singularity is also absorbed into the renormalized
quark distribution, and F5 then reads:

Ld
FQ(:CJQQ) :wZQg é—g (fa:uF)

x{5<1—%>+3—;lpqq &)=z (@)}
+x§j@ i —g(& 17)

f] (g)%—ﬁw ol)

m The DGLAP equation for the quark distribution follows
by considering p20Fs/0u% = 0*: (t = p%):

2 40,1 = 2 / TP (3 )aten o (F)aten)

*Cf. the renormalization group equations that determine the variation of the
QCD coupling with the renormalization scale up
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Il. Scaling violation and DGLAP equations

Including antiquarks, different quark flavours and the
gluon gives: (q; here stands for u,u,d,d,...)

§t< t) Z/

([ Puas (8) Pus (%) (46.)
Py (£) Py (%) ) \9ED)
At leading order, we have:
1+22 3
qu'qg' — qui(jj = 0i;CF [(1 — )4 + 55(1 - 55)] ;
PQ’L'CI] PC]zq] 07
Poig=Pgg = TR [1'2+(1 _x>2]7
1+ (1—x)?
PQQ@':PQ@L':CF[ - ]7
P,, =2C - L - )
S [ I
11 — 2
L o(1 — ) itCa =2y

6
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I1l. Scaling violation and DGLAP equations

The splitting functions or ‘evolution kernels' have a very
nice probabilistic interpretation:

P.p(x) is the probability to find a parton of type a
in a parton of type b with a fraction x of the longitudinal
momentum of the parent parton.

Solving the DGLAP equations
A practical method is to choose a reference scale g and
a parametrization, e.g.

q(z, ) = Az®(1 — )" [1 + /7 + yz]
and likewise for g(x, u3). Then

Solve the integro-differential equation numerically and
thus find q(z, u?) at arbitrary scales

find the optimal values for the parameters a, b, ... from
a fit to the experimental data

Problem: Standard fit procedure does not provide PDF
uncertainties

Many such parametrizations exist.
See
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I1l. Scaling violation and DGLAP equations

Example for a QCD fit of PDFs:

Data: ZEUS, H1; ‘old data’ from fixed target NC:
SLAC, BCDMS, NMC, E665; fixed target CC: CCFR;
pp.pN — ptu~X: E866

fit quality: x?/d.o.f. = 1537/1557

systematic studies & propagation of experimental
uncertainties of input data

XQ;
0.8

_ =4 QCD fit Q> =10 GeV?
S CTEQ4M

0.6 |

S XQ (X 0.05)

04 F
0.3 |
0.2 |

0.1 |
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I1l. Scaling violation and DGLAP equations

Scaling violation in F5™

Xx=6.32E-5
. =0.000102 :
x=0000102 ZEUSNLO-QCD Fit
x=0.000253 (Prel.) 2001
=0.0004
X %=0.0005 [ ] tot.error

x=0.000632
x=0.0008

e ZEUS 96/7
x=0.0013 » BCDMS

x=0.0021
x=0.0032
x=0.005

x=0.008

e = _,,;-,_,_/0—0‘—04—0—0—‘«!—';—;—;—!7 x=0.08
ey o013
“J*m‘““"“*“"*'—&‘\!ﬁ—}_i _
1+ s }<-o.18
VAR ay
| M‘x‘ﬂ%ﬁw %=0.25

—_

T ki A% LAY ]
W x=0.4

T N A AL AR AL ATA AL A A . * Py X:0-65

O Lol Lol Lol Lol Lol
2 4 5
1 10 10 10 10 10

Q'(Gev)
Qualitative feature of F5™: At large =, F5'™ decreases with Q2,

at small z, F$™ increases with Q. Intuitively clear: Larger Q°

— more partons via splitting that have to share overall momentum
— more partons with small momenta, less partons with large
momenta.
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IV. Summary

Deep inelastic scattering is of relevance for many
reactions involving neutrinos

The structure of nucleons as seen by lepton scattering
at high Q? can be described by quark and gluon
distributions

Bjorken scaling is naturally described by the parton
model

Precise measurements of the proton structure function
have been performed, in particular at HERA

QCD corrections lead to a violation of Bjorken scaling
by terms ~ In(Q?).

The DGLAP equations, which can be derived from
QCD , determine the variation of the parton distribution
functions with the (factorization) scale

Parton distribution functions are obtained by fitting
DGLAP-evolved ansatze with experimental data. They
are universal, i.e. can be used to predict any process
involving initial state hadrons
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