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Disclaimer

This lecture has probted a lot from the following resources:

The text book byHalzen&Martin , Quarks and Leptons
The text book byEllis, Stirling & Webber , QCD and Collider Physics

The lecture on DIS at the CTEQ school in 2012 lyOlness

K K K K

The lecture on DIS given by, Gelis Saclay in 2006
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Lecture 1l

9. Recap

10. The pQCD formalism

11. NLO corrections to DIS

12. Parton evolution

13.DIS with massive quarks (not covered)
14. Target mass corrections (not covered)
15. Nuclear corrections (not covered)

16. QCD studies with neutrinos (not covered)
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So far: Naive Parton Model

Partonic tensor:
Wu' calculable, not IR sa

Parton distribution
f i (! ) not calculable,
but universal

W= o) e P

i X
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F and k in the Parton Model

¥ This model provides an explicit realizationRjbrken scaling
¥ The Callan-Gross relation FL=F2-F1=0 impliesF>=2x F 1=F7

¥ The observation of this property provides further support of the fact that the
partons are spin-1/2 fermions

¥ If the partons were spin-0 particlpae would havd-T=0 and hencd-,=F_
¥ Caveats and puzzles (to be addressed later):

¥ The naive parton model assumes that the partonsfare.
How can this be true in a strongly bound state?

¥ One would like to have a Peld theoretic description (QCD) of what is going on,
Including the effects of interactions and quantum [3uctuations.
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Field theory point of view

Lecture by
F. Gelis 2006
RaA
¥ A nucleon at rest is a very complicated object
¥ ContainsRuctuations at all space-time scales smaller than its own size

¥ Only the Ructuations that are longer lived than the external probe participate in the
Interaction process

¥ The only role ofshort-lived Ructuations IS to renormalize the masses and
couplings

¥ Interactions are very complicated if the constituents of the nucleon have a non-trivial
dynamics over time-scales comparable to those of the probe
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Field theory point of view

¥ Dilation of all internal time-scales forlagh-energy nucleon

¥ Interactions among constituentow take place over time-scales that are longer than
the characteristic time-scale of the probe

> the constituents behave as if they were free , the probability of having
Interactions between the constituentiiring the time-scale of the probe IS
suppressed

¥ Many 3uctuations live long enough to be seen by the probe.The nucleon appears to be
denser at higher energyt containts more gluons)

¥ Proofs from Prst principles ad CD show that the parts involving long and short time-
scales can beeparated into independent factors (Factorization theorems)
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Quantum Chromodynamics (QCD)

QCD: A QFT for the strong interactions

e Statement: Hadronic matter is made of spin-1/2 quarks [« SU(3)g]

e Baryons like A** = |u'u'u') forbidden by Pauli exclusion/Fermi-Dirac stat. |
Need additional colour degree of freedom!

e Local SU(3)-color gauge symmetry:

1 v
— Ga Géf + Lgf + [:ghost

Loco = D q(ip—mq)q—9aGq — 7 G,

g=u,d,s,c,b,t

e Fundamental d.o.f.: quark and gluon Pelds

e Free parameters:

e gauge coupling: g
e uark masses:. my, My, Ms, Mg, My, M;
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Quantum Chromodynamics (QCD)

Properties:

¥ Conbnement and Hadronization:

¥ Free quarks and gluons have not been observed:
A) They are conbPnedin color-neutral hadrons of size! 1 fm. !‘5

B) They hadronize into the observed hadrons.

¥ Hadronic energy scale: a few hundred MeV [1 fm ! 200 MeV]
¥ Strong coupling large at long distances (= 1 fm): OIR-slaveryO
¥ Hadrons and hadron masses enter the game

¥ Asymptotic freedom:

¥ Strong couling small at short distances: perturbation theory
¥ Quarks and gluons behave as free particles at asymptotically large
energies
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Asymptotic Freedom

Renormalization of UV-divergences:

Running coupling constant as := ! s/ (4")
1
as(M) =
#o In(u2/ ! 2)
0.4—F—————
I (W) : NLO, MSbar
0.35} \ ........ upper:! (M,)=0.121
LN\ ——— 1 (M,)=0.1187
0.3f N\ e lower:! (M,)=0.1165 -
0.253— — 1 {Mx)=0.118 '
0.2}
0.15f
0.1¢ E— T 0
1 10 10

U (GeV)

¥ Gross, Wilczek (O73); Politzer (O73)

Non-abelian gauge theories:
negative beta-functions

das

=1 #ya%+ ...
d Inp?2 0%s

where #9 = L:Ca! £ny

" asympt. freedom: as # foru $

¥ Nobel Prize 2004
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The perturbative QCD formalism

Two key ingredients:

B=E*7(2% =" ?7A , CB*# 2: 8HFT(2$ =: "

*
286p2: ' 9 BCC*D"A: 5@ A U HED' O Energy scale

< )-).UB&/ T UB&(&! >

1234 /| $56¢' " /84 wmmp [+ - ¥ 822(&9 *(61 "2:' 9 2% " #H/

| 822(&9 *$8HIU & '$* ' #/F =7
28652:' 9 2

2868 ' #5 >t ) *+$&H! "

HY HE SYB& (& S

<':$842' 8= =—mp
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The perturbative QCD formalism

QCD factorization theorems:

d = PDF! db+ remainder

¥ PDF:

¥ Proton composed of partons = quarks, gluons

¥ Structure of proton described by parton distribution functions (PDF)
¥ Factorization theorems provide beld theoretic debnition d PDFs

¥ PDFs universal" PREDICTIVE POWER

¥ Hard part db:

¥ depends on the process

¥ calculable order by order in perturbation theory

¥ Factorization theorems prescribe how to calculate db:
@D = partonic cross section - mass factorizationO

¥ Statement about error: remainder suppressed by hard scale

Original factorization proofs considered massless partons
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Factorization theorems

Inclusive DIS:

! 1
WH = d—'f@( s RO (1, Q% Q% 1R/ Q%" s(uF)) + O(Q%/! ?)

’I: X

In addition to inclusive DIS, there are factorization formulas for other processes

&Y -7 '8R+3%5% -1 3) #$9%) 8-9° 7! 8:
fo, . o8, %

P# a,b

*-; ) '<. &" 2

*-7 . 8#&+. -$5. -83B#EB3& -%45" 6&49 8
*-=5. >, ?2-§e#" #32 3% 8-') <¥X') @
---5"6&4 8-') -$6. -') '$" 28%' & AMA

=5. 5" &-0"&1% & *(

I . I% ab# c
n B E *-1 & . -VA85%856'8$' ) #. -8#" 2 8
/ / #-1" 32 +2 -') -0. &B&" $9 -$5. %R
1" 2;632' +2 480 -

- 10. &, *-7.0.)68-% -$%. -0&4¢. 88

$H. %& $#"2,% 6. 2
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Predictive Power

E8Yo#" AT IA@#H)! , FOGIFOWHS' #")$U#"#8' )="* &HOOH O/

! ;- / F2A(:U7Q2) — Z [sz ) 02,72} ($7Q2)

7

A B o Aitj—lT 0+ X
O/) JA—|—B—>£+-|—£——|—X:§ flefyf@eti=t o+
) ..
i,

1 2 3)15 )6 )2 )7/ OA+B—H+X — Z f;“ 0% fj:B ® Giti—k+tX R D}J;I

0,5,k

1 HS0R'80):* "): 8H<= "#$)?BH @A %B)"#B%89
AS$):* Yk ") A( * "8#)8#+) =DCI%I)="* &#99
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How to compute the hard cross section?

4 )

LO: d6'"=dg" Remove long distance part
(soft scales)

.

NLO: d 'V'=d "V —collinear subtractions

T

Mass factorization
Factorization scheme dependent

Renormalized partonic cross section

T

UV div.
(IR div. cancel between real and virtual diagrams)

¥ The good newss at LO thehard cross section is just the partonic cross section

¥ At higher orders divergences appear which have to begularized and then be
treated with procedures calle@renormalizationO andOmass factorizationO
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NLO corrections to DIS

3 % Boson gluon fusion

/2 LO: quark initiated

?“" }‘%— NLO: quark intiated
(b) NLO real (R)
%é\ ﬁé\ /gm (c) NLO virtual (V)

P2, My Pz, My P2, My p1, My

(cl) (c2) (c3)
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The anatomy of divergences

¥ There are3 types of divergences  which appear (quite generally at higher orders)
and whichneed to be regularized In order to have mathematically well debPned
objects

¥ UV divergences (due to high energy modes in loop diagrams)
¥ Soft divergences (due to the emission of soft/low energy gluons)

¥ Collinear divergences (due to collinear parton branchings)

¥ Soft (SlandCollinear (C)divergences involveropagators which are close to their
mass shéllvhich propagate long distances.They are therefore bBtldivergences.

¥ The Collinear divergences are also callbthss singularities because they appear
for massless particles. For massive particles the OsingularitiesO are regularized/Pnite &
give just very large contributions to the scattering amplitude for scales much larger
than the mass
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The anatomy of divergences

¥ There are3 types of divergences  which appear (quite generally at higher orders)

and whichneed to be regularized In order to have mathematically well debPned
objects

¥ UV divergences (due to high energy modes in loop diagrams)
¥ Treated by therenormalization procedure

¥ Al parameters of the Lagrangian aeglebned in a renormalization scheme
acquire arenormalization scale dependen@enning couplings)
and need to be OmeasuredO at one scale

¥ We can obtain the runnning parameter at another scale with differential
equations calledenormalization group equations (RGES)

¥ Soft divergences (due to the emission of soft/low energy gluons)

¥ Collinear divergences (due to collinear parton branchings)
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The anatomy of divergences

¥ There are3 types of divergences  which appear (quite generally at higher orders)
and whichneed to be regularized In order to have mathematically well debPned
objects

¥ UV divergencesRenormalization!
¥ Soft divergences (due to the emission of soft/low energy gluons)

¥ For Oreasonable observablesO (IR safe), the soft divepgaroeds the sum of
real and virtual contribution$eal = + Virtual == Pnite (KLN theorem)

¥ Collinear divergences (due to collinear parton branchings)

Wednesday 20 June 18



The anatomy of divergences

¥ There are3 types of divergences  which appear (quite generally at higher orders)
and whichneed to be regularized In order to have mathematically well dePned
objects

¥ UV divergencesRenormalization!
¥ Soft divergences@ancel!
¥ Collinear divergences (due to collinear parton branchings)

¥ Treated by themass factorization procedure
(multiplicative mass factorization is very similar to multiplicative renormalization)

¥ PDFs and Fragmentation functions ezdebned in a factorization scheme
acquire aactorization scale dependenaad we need to OmeasureO them at one
scale

¥ We can obtain the evolution from one scale to another with renormalization
group equations known d@sGLAP equations
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The anatomy of divergences

¥ There are3 types of divergences  which appear (quite generally at higher orders)
and whichneed to be regularized In order to have mathematically well dePned

objects
¥ UV divergencesRenormalization!
¥ Soft divergences@ancel!

¥ Collinear divergences®lass factorization!

The collinear divergences will absorbed into a redebnition of the PDFs (or FFs).
The redebPnition depends on the factorization scheme.
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Where do IR divergences come from?

Kk Neglecting the electron mass:
! P = ( E, 0,Q, E)

k=(!,! sin",0,! cos")

p=p! k

The red propagator:
i gt 1 1 "1 "1

B p2° p2 2" 2pak+ k2 2pak  E! (1" cos')

We see that the propagator isivergent for
a)"# O (soft photon emission)
b) # 0O (collinear emission of photon)

Wednesday 20 June 18



Where do IR divergences come from?

k Including the electron mass:
p=(E,0,0,|p))=(E,0,0,E")
with " = 1! m2/E 2
D PO k =(#,#sin$,0,# cos})

p'=p! k

The red propagator:

i i+ m), 1 B 1 1 1
ptom  p2lm? o p2lm2 p?l 2p-k k¥ m? o 2p-k Ew(l! Bcost)

We see that the propagator isivergent/large  for
a)"# O (soft divergence)
b) I# 0 (collinear OdivergenceO regulated by the mass)
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Where do IR divergences come from?

#$ O
and/or
%% O

The cut indicates that propagator
IS on-shell, travels a long distance
before interaction with the blob
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Where do IR divergences come from?

k
|
#$ O
~ and/or
P PO %$ 0

Discussion:

¥ In the soft/collinear regions the cross section factorizes into two independent pieces
which are convoluted (the phase space factorizes as well):
a) the probability for emitting a soft/collinear photon
b) the cross section for the interaction of the on-shell red line with the blob

¥ The soft part cancels once virtual corrections are included®

¥ The dominant leading logarithmic contributions to the amplitude come from the collinear
regions. The collinear emission probability can be interpreted as bnding an electron with
momentum fractiorz inside a parent electron:

> PO (2)In p?/m 2

Fee(Z, l"lz) —
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Not yet ready with the discussion

#$ O
and/or
%% 0

¥ The collinear logarithms [ alpha Pee In mu2/m2] can in principle be kept in Pxed order
perturbation theory since the Pne structure constant is small.

¥ Conversely, they can besummed to all orders by introducingparton distributions
Inside an electrorfwith an electron parton and a photon parton inside the electron).

¥ The collinear terms can then be absorbed into the PDFs which can be evolved with
(inhomogeneous) DGLAP equations and convoluted with Opartonic processesO

¥ This OQED structure functions methodO is really easy (!) and has been widely used at
and HERA to calculate the QED radiative corrections in the leading log approximation
(which reproduces the exact result to 1% ... 2% accuracy)
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...more to say...

#$ O
and/or
%% 0

¥ There Is a fundamental difference between QED and QCD!

¥ The results for QED are reliable in bxed order perturbation theory or we can subtract
the long distance terms and introduce QED structure functions as a technigue to resum
large collinear logs to all orders using the renormalization group

¥ On the other hand, a quark propagating a long distance will hadronize!

The results with an almost on-shell free quark propagator are certainly not reliable and
we are FORCED to subtract these long distance pieces from the cross section (and to
replace them by experimentally determined PDFSs)
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Mass factorization

LetOs calculate a cross section/structure function in the QCD improved parton model at NLC

It is given by a convolution of the partonic cross section (already renormalized) with PDFs:

| = f'i | !:_i
_ r N
iIndependent of =! g depends orl =! R

The partonic cross section still contains collinear singularities (poles in 1/eps in dim. reg.).

The collinear pieces factorize into universal factorization constants and hard scattering cros
sections.This is the crucial mass factorization relation.

= 1B

| AN

Pnite (IR-safe) hard

factorization constants scattering cross sections
containing the divergence
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Mass factorization

The factorization constants have to be determined once and for all. They can then be used i
kinds of process to do the mass factorization (analogue: renormalization constants)

Using dim. reg. with T 2 2y . 1(] — ) 2 2
d=4+ &dimensions ij (2 0o 17) = Ligh (1= 2) + 1357 (2, pp, 107)

" 2
P _ s(1°)
* 2%

2
Pij(2) g+ Fz’a}
I =1 r is the scale of dim. reg. 5

| ¢ is the factorizati | f
F IS the Tactorization scale F%{IS :Pij(z)(o/@—ln(ll#)%—lnu—g)

We can now express the cross section as convolution of renormalized PDFs with hard scatte
Cross sections:

023353{]! I ! o Zh!\fn with hzZFn! fi
o | |

The desired end result: renormalized PDFs
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Construction of the hard scattering cross sectio

. — - | | s The mass factorization relation can be inverteo
e - D . .
" | | | In aperturbative approach
| (1)
n ’L‘] 52] + n ,I:j + e o o

o=+ +50 +

6=069 +o" + ..

Entering the perturbative expressions into the mass factorization formula and comparing the
lhs with the rhs we bnd iteratively (exercise!):

bi(O) _ i(0)

D @ D O Z @ D 50
bi _-!-i | !Ii !'_I _+i I !Ii bl
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Wilson Coefbcients

In DIS the hard scattering cross sections are called Wilson coefbcients:

X ‘Fp =q®Cs, +9g® Cyp,
X ‘FL =9q®Cr,+9®Cpr.,
= ZQ®C1,Q—|—Q®C1,Q

The Wilson coefbcients have a perturbative expansion in the strong coupling constant:

Cia (%, Q*/1*) = CF'(2) + Cig) (2. Q% /1) + ..
Cig (2, Q%/1?) = Ci(2) + Clg (2, Q% /i) + . ..

We recover the leading order parton model results:

O3 (2, Q% Q% /) = €2 (1! 2),C50 = 0,0 =0,C)) =0
Fy(z, Q%) =2 e2(q+q)(z, Q%) =22F1(2,Q?), Fr(z,Q%) =0

q
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Higher order Wilson coefbcient functions

Reference Boson SFs Order Chheients Scheme Comments
BBDMO78 [18] NC,CE Fy, F, F3 o} C, MS G5t (x) = OS5 (x)
AEMO78 [70] NC,CE F, al s MS N

FPO82 [62] NC,Ct F, al s MS N

GMMPSO091 [71] NC,CE F, o Crq(z), Cry(x) MS Cp, corrected in [72]

NzO91 [73] NC,CC F o Co () MS prst calc.

ZNO91 [72] NC,CC F,, F; o Cou(x),Cr,(x)  MS prst calc.

ZNO92 [74] NC,CC F, o Cs MS N

NVOO00 [75] NC,CC £, F; o CNS MS z-space param.

NVOO00 [76] NC,Ct F o Cy MS z-space param.

ZNO92 [77] NC,CE F o C5Y () MS brst calc.

MVOO00 [78] NC,CE€ F,, F., F3 a? N MS  all N, conbrms [72,73,77]
MRVOO08 [79] CC R, F,,F5 o 5CY) 4(x) MS  z-space param.fC\” new
MVVO09 [80] oo Fy a2 Oéﬁ) (2) MS z-space param.
VVMOO05 [81] NC,CE R, Fy o Cy, O, MS z-space calc. and param.
MvVvOO02 [82] NC,CE F o CNS MS z-space param.
MVVOO05 [83] NC,CC Fy, o CNS MS z-space param.

MROO07 [84] CC R, F,F5 o} N MS N-space, bxedV ! 10
MRVOO08 [79] CC FR,F,, B3 af 502(’22’3(]\7) MS N-space, brst 5 moments
MVVO09 [80] ce F; o N MS z-space calc.

Table 2.1: Massless higher order Wilson ffméent functions in the literature. ONCO corre
sponds to neutral current DIS withand Z exchange while OQCT stands for charged current
DIS withWW* + W' exchange.

Wednesday 20 June 18



Wednesday 20 June 18



Scale dependence

| 1
1 ) dl ~ U "
WHY = — i (L HE HR)WE (1, Q% HE/Q %, HRIQ %, " s (MR)) + O(Q% A?)
I
The PDFs depend on thectorization scale ! £ and therenormalization scale l R.

Beyond LO the PDFs depend on thectorization/renormalization scheme

In DIS usually the scale choide-=! r=Q is made

K K K K

The hard partis also scheme dependent (beyond LO) and one has to ussaimescheme
as for the PDFs and alphas.

K

Physical observables do not depend on the scales and schemes
up to missing higher orders in the perturbation series.
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Scale dependence of a

The scale dependence of the strong coupling constant is also governed by a renormalizatio
group equation:

! aS n ) " 9 " 3 0 A
1 In uz = "[as (M) = —( od, + 14, + oa  t+ .. )
ds .= |4—"S ., Ho=11 gﬂf . H#1 =102 %Snf

The QCD beta-function is negative at small
as which leads to asymptotic freedom:

1 5 10 50 100 500 1000
ulGeV]

1.25

1.20f o ('())/Q, (3) ]
S S

1157 ]
() foy (3)
1.10} CXS /txs ]

1.05¢
a (3{/ZX (3)
S S ]

1.00 ‘ ‘ ‘ ‘ ‘
1 5 10 50 100 500 1000
MGeV]
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Scale dependence of PDFs

We had introduced renormalized dressed POKS, | £2):

fi(HE) = Fi(y, mo) ! Vi (z, Mg 1°)

\ Tij(z, i, 12) = 135! (1= 2) + T3 (2, 4, 142)

The dependence df(x, ! £?) @ " s(u?) 2
IS necessitated by the fact that depends ol (see above) Pt = g |1 (Z)§+F”]

. . - 2
the physical cross section has FYS = Py (2)(% — In(4#) + In ME)

to be independent of K n

We can then calculate the logarithmic derivative w.r.t:

!fi ! Z "s 2 -
b= SR @ )

O(! s) ! S(IJ‘IZZ)

all LL 21

Pi (2)! fj(y,HE)

See F. E. Paige, QCD and Event Simulation, TASI lecture 1€
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Scale dependence

The scale dependence of the PDFs is governed by a coupled systeimgob-differential
equationsthe DGLAP (Dokshitzer, Gribov, Lipatov, Altarelli, Paristyolution equations

I f
' |n p2

= Py (k) ! (xH2)

Here, a summation over all parton speciegis understood.Pij are theQCD splitting
functions which are known perturbatively up to NNLO (3-loop) and stands for the
Mellin convolution  of two functions/distributions with support in [0,1]:

1 1

(F1gx)= dy dz!(x" yz)t(y)o(z)

! 0 0

1
: dvy "(0# xly # 1)f (y)g(xly)
- g

dVy f(y)g(xly ) = dvy g(y)t (x1y)
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The leading order Splitting Functions

"HSY&H (JHS+ X

1+ 2%
(1) —
- Yo+0123H4 1"+ /éa' e () = Cr l—z |
1 1-x

(1 —x)% +1]
7 e [P

p—

I-x + |:—CA——TFNF] (5(1—%)
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Homework

Definition of the Plus prescription:

/01 i (1]:(92>+ - / 1

Compute:

Verify:
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012%&3%

Homework

Pg(;)(a:) = QCF | Fx(l — x)
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Homework: Symmetries and Limits

Verify the following relation among the regular parts (from the real graphs)

For the regular part P(l)( ) P(l) 1 — .SC

show:
For the regular part P(l)( ) P(l) 1 — .’I) Q%
show: 1

1-x

Verity, in the soft limat:

— 1 /
P (z) 2CF Ny

z—1 (1 —x)4
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Homework: Conservation rules

Verify conservation of momentum fraction

1d5’35’7 Pyq(x) + Pge(2)] =0 /ék ﬁ

ﬁ S~
8
=
=

9
Q
B
+
g“u
B
|
-

HE0H&'| ()< +H#S, - %0)*) &I 8HS/Y6)* 10/ 1#$

| da (Puf@) = Prgla)) = 0
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Homework: Using the real to guess the virtual

"#P1%&'#S()*+,&"1&-1-$(.,&""/.05(1+&!%&. 1/+F!
+2$!13$4+*1-/'%+,&'1+$(.!,"156778

/0 Az [Phy(x) — Pygl)] = 0

% ﬁQ \ "#$%&' ()%*+,-%

$&.(8:$%.8%//01

PO (2) = Cpp = Cp | (1 +22) + 3501 - a)
! 1y ! Iy 2

S, T

5&<$(-/4'+&&A=">"%$!<$!?'&<!($*4!*'3!),(+/*4) [#+10*4*' %S @ <P %*' I /#$!+&!&/(1*3)*'+*ASE
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The End of Lecture 2
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Quark masses in the parton model
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Massless Parton Model

Fa b 3
\ // :
\..."’ '
¢ hadrons
7/
7 -
p ’ mass W

¥ In factorization ansatz: relate 4-momenta of partons to 4-momenta of hadrons
yA 1
d! [P] = dx f(x)dB[p = xP] with P“= p*=0
0

¥ In dynamics: massless parton propagators
¥ In kinematics: massless partons in phase space

¥ At higher orders: calculate in n dimensions, renormalization and mass
factorization in MS

¥ However, not fully massless (would be unphysical!)
Example: No contribution from "' c ! ¢ to DIS structure functions at scale

Q < m. (overestimation).
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LO parton kinematics

Proton momentum: P, = (Po, Px, Py, P;)

Light cone coordinates: p,=(P*,P',Pr)

t = (Pt P,) 2

Useful if strongly ordered: P, ! (P*,M?%/(2P"),0r)
P*1 P' P;

Parton momentum: p.! ('P*,m?/(2'P*,0r)
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LO parton kinematics

Momentum conservation: W (g+@ ! g)" (" #)

M%=m?=0"! |

MZ2EQO m?=0" |

M2EQO m?EQ"

where

X / Nachtmann variable

XRM/ Crucial observation:

o target mass and quark

' = XRm R mass effects factorize!
2 2

1+ 1+(4x2M2/Q2) 1+r1’
Q! mf+ me+ ! (I Q%, m?, m?)

202

az+ >+ c¢2! 2(ab+ bc+ ca) ,
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ACOT scheme

Theoretical basis: Factorization theorem with massive guark:

J. Collins O98
! 1
di [P] = d'f ;(", uE)AB(#T — X)W, WE/Q %, M/Q 2|5 _ep+ + O 21Q?)
i U T
Sum over all possible Mass term contained in the
subprocesses hard scattering coefpcient

assive hard scatterin massive partonic cross section; collinear subtraction
S J not yet IR safe term, mass fact. with
cross section; IR safe

— l / massive regulator

déim] = d&[m]! do®"P
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Target mass corrections
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OPE

Operator product expansion

d*x €N [T (3" (x)3" (0))IN)

— Z (! gt gt ghe + gliigt ghe 4 ghght gl e 4 gl gl e QZ)
k
2k
| qHs aaaqu2k Q4k — Aok W1 ad@k

W-‘J/ local operators

!N’O,ulm,u% ‘N"

L | Geomwi, Politzer (1976)
HlJlé-éléZk = Py, a@dPy,, : (glJiLlj terms)

k :
(2k —j)! .
(—1)7 = —g---gp---p traceless, symmetric
27 (2k)7 rank-2K tensor

=0
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OPE

B N-th Cornwall-Norton moment ofF»
structure function

M (Q%) = | dx x"' % Fy(x, Q%)

!! M—Z#J (n+ J)I An+2j
Q% jint (n+2)(n+ 2! 1)

j:

Oquark distribution functionC

o / F2(y)

dy y" F(y) Fiy)! —
0 y

= A,
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TMC

B take inverse Mellin trangfrm (+ tedious manipulations

=p target mass caoected structue function

2 23 1
GP 2\ — X M < X / /
F2P(x,Q%) = SF() + 6Q2 = di’ E(1)
M4X4: ! | | ! | Il
+ 12 dl d" F("
Q4 r5 f f/
Nachtmann variable
2X
n= !-= T r= 1+ 4x2M 2/ Q?

...SImilary for other structure functionsF, F,
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TMC: Master formula

22 2M X3

FMC Q) = P+ e Q) Tl Q)

° 6|\/|2 3 12m 4
Q) = @)+ S @)+ 1 e(,Q)
FIMC QY = SFPY(,QY+ zgzzrﬁzhg(!,cf)w,

¥ Modular, easy to use!
¥ Resums leading twist TMC to all orders in¥Ig2)"

¥ Input: standard structure functions in the parton model
with M=0
¥ any order in alpha_s
¥ can include quark masses
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I &
-q,,fi””’gff§ x=0.015 (x30)
6,,4r—"”9_—jL_JL————_- x=0.045 (x12)

" _ M x=0.080 (x6) _

x=0.125 (x3.5)

x=0.175 (x2)

e x=0.225(x15)
1k M -
- x=0.275 (x1.2)

\\Q\ x=0.45

F,o(x,Q%)

TMC important at <055
01 |
large x and small @ — N -
CTEQ6hNg/T§1\\; _° x=0.75
T IIIII;O o Illibo T 1000

Figure 9. Comparison of the F5 structure function, with and without target mass
corrections, and NuTeV data [64]. The base PDF set is CTEQ6HQ [7].
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QCD studies with neutrinos
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Flavor separation of PDFsS
NC charged lepton DIS: 2 structure functions-¢xchange)
Fo (xX)! s[4(u+@a+ c+@)+ d+ &+ s+ 8](X)
Fa (X) = 2xF 4 (X)
CC Neutrino DIS: 6 additional structure functiofs» 3V*, F » 3V

FV' I [d+ s+ @+ g] FV" 1 2[d+s" @" d

FQN! | [P+ @+ u+ (] F%’V' | 2lu+ c" &'

Useful/needed to disentangle different quark parton [3avors
iIn a global analysis of proton or nuclear PDFs
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Dimuon production and the strange PDF

Opposite sign dimuon production in neutrino DIN#$ *$-X

%+ $*1114-). (*+ $HUTF).

¥ High-statistics data from CCFR and NuTeV: Main source of information!
¥ x~[0.01,0.4]

¥ " Fe DIS: need nuclear corrections! Problem: Final State Interactions (FSI)
¥ CHORUS (" Pb): compatible with NuTeV, could be included

¥ NOMAD (" Fe): data not yet published, in principle very interesting
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World data on 18/5 EN¢ and ECC on iron

_ 9.cc NC n X
0.6 T T T T
: NuTeV —+—
Neutrinos FMC it
I E140 —%—
05 i CCFR +—&— 1
| E139
g CDHSW +—e—
04 BCDMS
& & ! % |
L 03 f« N. Kalantarians, C. Keppel,
. A ; ,, M. E. Christywork in progress
~ $ i
02 E !
01 L charged i :
leptons . j
0 L L L
0 0.1 0.2 0.3 04 05 0.6 0.7 0.8 0.9

Data available at Durham
database:

Data brought to the same
Q%=8 GeV

Info on nuclear corrections
In" -FeDIS vdl-FeDIS:
Advantageno deuterium

Info onstrange PDF in iron

Advantageanclusiveno FSI

Disadvantagealifference of
two large numbers
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' F3 and Isospin Violation

S'XFHSBH () H - B F) S #+ %/ AL B

= dg+S4—Upg—Ca+...,

’U,A—|—CA—CZA—§A—|—...

*"The sum Is sensitive to the valence quarks

— 4/ $5%6( 781" 9f H4%S: P+ - B 963" < as(Q)

*"The difference can be used to constrain isgspin violation

cFYA — gFY4 = 2xsT, — 2z + 261 + O (ag)

(dpsa — tnsa) + (dnja —upsa) + (dpsa — Gnya) (dnja — tpsa)
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| AR (S, UR)- .+ T OF,

| " #BYRH ( &)*+, #-+., /0 (12

gL))" &#) gr are effective L and R

I g couplings
1 3
st = (5 tge)
5
2 2(9 4
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"HER K) *+- . 010.- +2+

v R 7 1
ONC _ONC ~ = 62 4 6R, + 6Rg0p + 0Rpy

sl _Uéc 2 / T ;\

181 *2&+30.0' 2 - | n 0 4B4] 9 6/
a4l SO5, T

P AN

68/ §&%+,'015/ 1/ ++
0+99/.'-:%$ 68/ §&F&+; 2 454 ' 6/

T=5—5#0

<&.0,&1: | "#3 %03, +

uP(z) # d"(z)

+ [ F 5=/ * 4200@CCD
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