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High Energy collisions can be calculated in the standard
model, PROVIDED that they involve a large momentum
transfer, which corresponds to a short distance scale
according to quantum mechancs.

The Asymptotic Freedom property of QCD makes the
strong coupling small for short distance processes, so
perturbation theory (LO, NLO, NNLO, + resummation)
can be used.

Examples: at LHC, Higgs production is computed at NNLO;
Inclusive Jet production is computed at NLO, with NNLO
coming soon; Total cross section can't be computed at all.
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Typical processes of interest at Hadron Colliders such as LHC
result from a hard interaction between just two partons (quarks
or gluons): one from each of the two colliding hadrons.

Proton A Ta PA ajb PB

1 1
x =3 | dvaf,y(@aw) [ dwy fyp @) 5, ()
a

The Parton Distribution Function /. ,(za,1t) is the probability

density to find a parton with flavor a in proton A, with

momentum fraction xa at scale mu.
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Relatively little attention has been paid to "multi-parton”
interactions, in which more than one of the partons in a
single hadron are involved in a hard scattering. Such
processes are important in estimating Underlying Event
backgrounds, as well as being a rich potential source of
information on nonperturbative proton structure.

Considerable work has been done on generalizations of
the traditional parton distributions in which the
distribution in transverse momentum of the parton is
included along with the distribution in momentum
fraction. The correlation between transverse momentum
and longitudinal momentum fraction is important for
understanding and fitting the full range of the transverse
momentum distributions, e.g., of W and Z.

Considerable work has also been done on generalizing
parton distributions to the partons in a polarized proton.
This will be of interest when the 12GeV upgrade at JLAB

is running.
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Complications

1. The PDfs and the hard cross section contain infinities

from colinear and soft singularities. These are tamed by
dimensional regularization, and cancelled throught the
magic of renormalization, with the introduction of a
Renormalization scale and a Factorization scale --- see
other lectures at the School.

2. If we could calculate to all orders in perturbation theory,
the results would be independent of scale choice mu. In
practice, we take mu to be approximately the hardness scale
of the interaction under study, which reduces the
sensitivity to it; and we use the sensitivity to changes in mu
as a measure of the theoretical uncertainty.

1 1
=3 | dzaf, y o) [ dey fop(@n i) &, ()
a
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Deep Inelastic Scattering refers to large momentum

transfer (short distance) collisions between a LEPTON
and a hadron:

1
‘AB-CX /0 dzy fye g T 1) 04y o x (1)

The whole lepton participates in the hard scattering, in a
way that can be calculated reliably by perturbation theory;
and the smallness of electroweak couplings guarantees
that only one parton from the hadron is involved in the

hard scattering. DIS is therefore an excellent source of
information on f,.(zs:14) -
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Kinematics of DIS

+ + S:(k—|—p>2
L L e= v

2
X = Q
. 2q'p
current jot
_ap _ Q°
Y 30 XS
.......... W2 = (q + p)?
P B —m%+(1;X)Q2

e~ p — e X has three independent kinematic variables, e.g.

E. F'. 0 of electron in proton rest frame. Preferred choice:
s = CM energy squared: set by accelerator design

Q2 = momentum transfer squared: distance probed ~ h/Q
X = rp; = parton momentum fraction in co-momentum frame
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Q. Why is 2 the momentum fraction of the parton?

A Actually x is more precisely the fraction of the large “+” or

¢« »

-7 momentum F £+ Py in the co-momentum frame.

Let pi and pf be the initial and final momenta of the

struck parton. Momentum conservation gives ¢ + pj = Pf -

Squaring both sides gives q2 + 2q -p; + piQ = pr :

At large Q2 — _¢? we can ignore piZ and pr, SO Q2 = 2q-p;.

G« ”

Also, pi = xptarget for the large “+7 (or “-”) component by
the definition of x.

From this argument, you can see that if Q2 is not very large,
there can be important mass corrections, e.g., in neutrino DIS
for hard scattering processes like W' s — c.
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Asymptotic freedom and infrared slavery

In the infinite momentum frame, or any frame where the
proton has a very large momentum, the interactions between
the partons that creates the proton bound state are slowed
down by the time dilation effect of relativity. Hence it is
plausible that the partons interact like free particles with the
short distance (large Q) probe in DIS.

The asymptotic freedom property of QCD is crucial to this:
the binding interactions are weak at short distance because
alpha_s goes to zero in that limit.

Meanwhile, the partons must hadronize after the hard
interaction, because alpha_s becomes large at large distances.

L-loop

"'"O“"" + mé:}"" 127
» (g = — 0z (1-loop)

ww{Em + mmr + ( 33 2”]‘) l()g \H;{

3—loops
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- Kinematic Region for DIS
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Kinematic limit: x <1,y <1 = Q5 < s

Perturbative requirement: Q) > 2 GeV (standard CTEQ cut)
Avoid “resonance region”: W > 3.5 GeV (standard CTEQ cut)

Light shaded: HERA 27.5 GeV e® on 920 GeV p, /s =318 GeV.
Dark shaded : SLAC (1967-72) 20 GeV e~ fixed target, /s =06.2GeV
Red shaded: JLAB/CEBAF 12GeV upgrade (20157) V5 =4.8GeV
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Fixed target DIS at SLAC, FNAL and CERN
completed ~ 10-25 years ago.

2
(Plot includes low Q non-perturbative region.)
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Electron and muon DIS experiments
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HERA: H1 and ZEUS experiments 1992 - 2007

Combined data analysis nearly finished?
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Kinematic Map for LHC

LHC probes parton distributions
far outside the region where they
are measured in DIS.

DGLAP evolution allows
perturbative calculation of PDFs
at large Q from measurements
at small Q . The evolution
involves branching, so small-x
behavior is partly predictable
from larger x at smaller Q .

Nevertheless, the large
uncertainty of PDFs at small x in
the HERA region, and the
possible breakdown of DGLAP
at small x leads to an exciting
region of small-x physics to
explore at LHC.
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Basic DIS Formalism

(leading order in EW coupling; no QCD assumption)

Lepton-hadron scattering process

Effective fermion-boson electro-
weak interaction Lagrangian: (B=g, W, 2)

Line = [j,{(f)(;r) + JS")(I)] VE ()

\ B W 7
EW SU(2)xU(1) gauge g

coupling constants —€ 5
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Basic Formalism: current operators and couplings

Fermion current operator: -~
J ;E,f) () = Yy (2)Y (gv — gav” )¢y %—»
= V(@) [gr(1 4+ ) + 9 JL *Hg(x)

V-A lings:
coupling or.

Left-right (chiral) couplings: 7 o
Charge o T Qi | T — 2Qisin® by | 1-V,
Weak isospin D n
Weinberg angle e L ey | o
CKM mixing matrix g G T3y — Qfsin O |1V,
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Basic Formalism: Scattering Amplitudes

Scattering Amplitudes

CL
p' Ry q(
szwg] (,6)

M = J (P, q)

jeSCEt)ilc?n1tepr:(s)or Gty = g" — d"q / Mz.

Lepton current amplitude (known):

7"(q. 0) = (]3] 1) = u(l2)7"[gr(1 + 7

Hadron current amplitude (unknown):

J:(P.q) = (Px|Jj| P)
Objects of study:

* Parton structure of the nucleon: (short distance)
* QCD dynamics at the confinement scale:(long distance)
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Basic Formalism: Cross section

Cross section = (amplitude)? phase space / flux
G G

do =

4mQ? LAWY dT

2A (s, mg,, M?)

G; = g3,/(Q* + ME,)

Lepton tensor (known):

l == s
*, = Q—QZM\JM@)(@J‘ 61)

spin

Hadron tensor (unknown):
We, = =3 (21)**(P +q — Px)(P|J*|Px)(Px|J}|P)

q q

2
Object of study:
* Parton structure of the nucleon; p

* QCD dynamics at the confinement scale
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Basic Formalism: Structure Functions

Expansion of W¥# in terms of Lorentz structure

pPrp ePar
Wk, = —gt W YW —i— YW
| Gt e T i s T

q’“’qp P’”’qy T i B R B e[ B

4% | We | W

TR AT T o LYV ’

Cross section In terms of the structure functions

do _ 2E3G, G, , 0 , 0 . [Fr+ Es , 0
dEg d COS 6. - ?TJ[ T?.-g {g—l—{) [~11 1 5111 - —|_ IT 9 C ()H 2] :l: g_{)_ [ :Iur 11 3 ‘1111 E

Charged Current (CC) processes (neutrino beams):
W-exchange (diagonal); left-handed coupling only; ....

Neutral Current (NC) processes (e,u scat.)---low energy:
(fixed tgt): y-exchange (diagonal); vector coupling only; ...

Neutral Current (NC) processes (e,u scat.)---high energy
(hera): y & Z exchanges: G2, G,G,, G, terms; ....
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Basic Formalism: Scaling structure functions

Kinematic variables

P-q
) = =
_;"/' \/ﬁ _I. A
—C]2 QQ
T = —
2P -q 2Mv
P-q v
y = — = T
' Pty E Fi(z,Q) = W,
. . . . V
Scaling (dimensionless) structure functions: |F(z,Q) = ﬁm
1,
Scaling form of cross section formula: Fs(#.Q) = 37

(9%:= 91 % 9Re)

dCF - ,ZJ,IEI (::1 (;2 9 N 9 | :ufl’y 9 ’ | Y
A — {fm [iﬂ o+ [(1 —y) - ( 25, ) || T [Q-Fa y(1 - 5)}

—

ny is the number of polarization states of the incoming lepton
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Physical Interpretations of DIS
Structure Function measurements

Some theoretical ideas from the late 1960's...

 Elastic scattering
« The Parton Model (Feynman-Bjorken)

» Theoretical basis of the parton picture

« QCD-improved parton model



First consider the high-energy limit
s— oo for elastic scattering e p — e p

The cross section falls rapidly as a function of momentum
transfer Q2. in a manner that is given by the photon prop-
agator squared and the square of the Fourier transform of
the proton charge distribution.

That Fourier transform falls rapidly with momentum transfer
because the proton is an extended object: its charge distribu-
tion is spread over a region of ~ 1{m.

Another way to look at this is that if one transfers a large mo-
mentum to one point in the proton, or to one constituent of
it, the other constituents will continue in their original direc-
tion, leaving very little wave function overlap probability to
produce a single proton in the final state. The same would be

true for e p — € p*, where ¢ is any particular nucleon resonance.
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The Parton Model (Feynman, Bjorken)

Elastic scattering from point-like constituents predicts that
the inclusive cross section e~ p — e~ X falls only like the
Q~* that comes from the square of the photon propagator in
the Bjorken limit defined by

Q? — 0o at fixed & = QQ/(Qp-q) .

The cross section do / dQ? has the same dimension as Q ™%, so
the dimensionless structure functions £, F5, and F3 approach
constants, i.e., functions of x only, in the Bj limit.

X Bjorken limit a ~_
A/g
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Historical Note
I had the good luck to be a postdoc at SLAC 1968-1970 when

the partons were being discovered.

Bjorken's derivation of his scaling law was based on arcane
theoretical constructs of the time such as Current Algebra.

[ suspect I didn't really understand it at the time; and I've
certainly forgotten it since. Feynman's point-like constituent

view was and remains much more intuitive.

When the scaling functions were found to obey the Callan-
Gross relation F (x) =2 F (x) that follows from Leading
Order scattering from Spin 1/2, the "partons” became clearly
identifiable as quarks.

Meanwhile, for all the progress in Perturbative QCD since
that era, the relationship between the fundamental quarks of
QCD and the "constituent” quarks that still guide hadron
spectroscopy remains unclear.
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e p— e phas3kinematic variables:  f E’7 f: or s, Q27 T

Single photon exchange + Lorentz invariance yields functions of 2 variables:

d*o AT oy 5
_ P+ (1—y)F }

Parton model scaling further reduces to functions of 1 variable

Fi(z,Q%) = Fi(z)  Fh(z,Q%) =~ Fy(x)
Spin 1/2 partons (quarks) reduces to f's= 2$F1
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Slow fall-off with Q suggest scattering from point-like constituents.
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Early SLAC-MIT data from H. Kendall Nobel prize talk
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Verification of QPM: fractional electric charge

¢ Using different probes (e, nu) in DIS processes: can probe electric charge of the partons

proton: uud Fy (.’I)) — Z e?a:[qz-(x) -+ @,(.’B)]

neutron: ddu

e e
e ¥ __//w‘* Neutrinos:
¥ [ * interact only weakly
4,04 // w  left handed particles
wd Py
FP(x) = azleg(u+a)+eg(d+d)]  FIP(z) = 2z[d+
Fe'(z) = z[e2(d+d)+e3(u+u) FY(z) = 2zfu+ cﬂ
1
eN _ _(pep en 1
B = sy FyN(@) = SR+ BT
ei + 63 _ 7 _ 7
= s —[utat+d+d = zlu+u+d+d
Confirmed by experimental measurements
FgN 1, 5 5 SLACeN 0
— S = 0.29 = 0.
F21/N 5 (eu + ed) T 0.28 = > GGMuN 0.29 + 0.05

Voica Radescu| DESY /‘;: | CTEQ 2013 DIS
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Verification of QPM: fractional electric charge

¢ Using different probes (e, ni
proton: uud
neutron: ddu

e .

A

FP(z) = zlei(u+a

Fs™(z) = zlej(d+d
e 1 e

FsN¥(x) = §(F2P+F

ei—kefl

= T [

C

N 1,, 5,0 5

F2,/N - §(eu —l_ed) - E
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CTEQ Summer School

Voica Radescu| DESY (3 | CTEQ 2013 DIS

Beijing 2014



Verification of QPM: valence, sea quarks

¢ Partons: valenceandsea U = Uygl + Useq; U

USGCL

d = dval + dsea; dsea — J

U

» Gross-LLewellyn-Smith sum rule: counting the net number of quarks in the nucleons

1 1
F? = 2z(d —d) = 2xd, d
Tl $( _) L / xF731/]\7_Qj :/ (uv + dv)daj
cFY" = 2x(u—u) = 2zu, 0 T 0

QPM predicts that GLS=3; experimental findings agree within errors (Gargamelle)

Voica Radescu| DESY (3§ | CTEQ 2013 DIS
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Verification of QPM: quarks, gluons

The first experimental evidence for gluons was the observation
that quarks + antiquarks carry only about half of the proton's
momentum in the infinite momentum frame:

1 1
>, [ @) +a@lade + [ g@)eds =1

Neutrino experiments in the Gargamelle bubble chamber showed
that the ¢ + ¢ contribution was only 0.49 £ 0.07.

Later we had direct evidence of quarks and gluons in the form of

e annihilations:
3 jets discovered at DESY in 1979

e* q
>
e G
e 3

e'e ~qq g

2-jet and 3-jet events in ¢
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Early SLAC data showed Scaling Violation at other values of x

0.50 ¥ 1 v | v || M 1 A I v A ¥ ] v
- x=0.10 (a) -
0.40 =
Lt | 1
030 * .
0.34 = X’O.ZS -
- o’o‘H + ]
0.30 + -
0.26 | .
°-N 1 1 i ' A 1 A 1 s ] 1 1 A 1 i
% 0.18 4
- * 4+ x=0.50 T
0.16 + ]
% ¢ ’
0.14 . | _
v P SN SR SO SUNN Y SR TN N —t
0.03 .. . 4
0.02 x=0.75 ¢ ¢
0.0l + i

O 2 4 6 8 10 12 14 16
Q2 (Gev3)
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More precise data (Blazey review hep-ex0011078)

16 I T I
>< L
~ _ ] SLAC A NMC BCDMS
o L Py
.00003:
+ L
N 14 e »=0.00005 H1 96-97 preliminary H1 94-97 e'p
LL B / x=0.00008 .
I / >=0-0001 1=20)
L / 000:
r 00
12 NLO QCD Fit
0.000!

X=0.0f
x=
/ .
x=0.0013 G (X)= 0.6 = (i(x)-0.4)
10 .
x=0.002
i /WM’A// x=0.0032
x=0.005

N 4 rY Y m— - m ey - - 1
4
S % ';rT — r Y — - - 1 - 1 - m -
oo A o - e W N - - L} -
N x=0.18
e RS e £ - mm . w - -
s R s L L] w
= 7 - -
(mmaa i e 7 - - - - - - - o
m g I i e e - — - - + x=0.40
= Ll - - - -
B o e S x=0.65
(0] | o | L | L | L |

Shows aplproximatlé agreeméont of scale breaking with NLO QCD.
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The slow (Log(Q )) breaking of scaling
is a natural consequence of QCD
At higher orders in perturbation theory, the quark

that is struck by the virtual photon may have come
from a "splitting” of parton in the original proton:

y*
q
—p
Xy
/
> 7
y 4

y>X

At larger Q, you probe smaller distances and see
more splitting. Hence as Q increases, PDFs get
larger at small x and smaller at large x.
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You can think of the parton distribution

functions as

evolving with increasing Q through a

series of branching processes. The evolution can
be computed perturbatively, because the strong

coupling alp.

ha_s is sufficiently small (asymptotic

freedom) at |

The starting
order 1 GeV

arge Q.

point for this evolution, at a scale of
in QQ, cannot be calculated at present

because we don't know how to solve QCD in a
region where perturbation theory doesn't work.
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DGLAP Evolution of the parton distribution functions

d
416 fa/h(x hE) =

Z/ (/& as(r)) forn(§, 1r)

pis-J. Pumpin 3% ... CTEQ Summer School



Scaling violation predicted by QCD

ZEUS

i:, x=0.008 x=0.021

® ZEUS 96/97
O H1 9497

o M Fixed Target |
rA‘ﬁ’ —— NLO QCD Fit

[ CTEQSD - \
- CTEQSD i
0 Ll sl el Ll 1 TR BT R AT B AR TT B R R . . . .
x=0.05 x=0.18 Rise with increasing

- - Q at small-x

0.5 4

—

Flat behavior at medium x

0.2

decrease with increasing
Q at high x

y N

1 1w 10° 10’ 't 10 10° 1] 10?
. Q (GeV?)
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For completeness, note that there can also be additional
electromagnetic corrections -- e.g. photons radiated
from the electron. Published DIS data are usually
reported after experts have corrected for these higher-
order electromagnetic contributions, so users of DIS
data don't have to worry about this.

On the other hand, a photon can play a role as one of
the partons. This is of course suppressed by the small
alpha_EM; but it can nevertheless be significant in some
processes at LHC. Specialized parton distributions in
which some of the proton momentum is carried by
photon are already available.
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What DIS experiments are used

for PDFs fits?
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The HERA Collider

The first and only ep collider in the world

: SIS

3 e P

@) — <

=

T 27.5 GeV 920 GeV
=

o] :

9

§ Vs = 318 GeV

— |

Equivalent to fixed target experiment with 50 TeV e*
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Two independent storage rings

H1 280 “"

Experimentierhalle
NORD/H1

- HERA

Colliding beam experiments

)

Elektronen

4
Protonen HERMES

) "
Experimentierhalle
West +

Uses p beam on wire target
Goal: B - physics

PETRA II

Experimentierhalle
SUD/ZEUS

ZEUS Uses e* beam on gas jet target
Both lepton and target polarized
Measurement of polarized
structure functions
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H1 Detector

Complete 47t detector with

Tracking
Si-uVTX
Central drift chamber

Liquid Ar calorimeter
1E=E = 12%=' E[GeV](exm:)

1E=E = 50%=E[GeV](had)
Rear Pb-scintillator calorimeter

1E=E = 7:5%= E[GeV](exm:)
p chambers

and much more...
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@ Coniral tracking chambers
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Liquid Argon
@ Hadron|c Calarimeter (taln ess steal)
IEI Suparconducting coil (1.2T)]
Comperaating megnst

Hallum cryonankes
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@ Muen chambers
E Inatrumenied Iren (iron atabs + streamer tube detectora)

Muon torald magnet

E Warm electromagnedic calorimeter
E Flug calordmeatar (Cu, 1)

E Concrate shislding

@ Liquid Argan cryostat
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Complete 47 detector with

| Tracking
Si-nvVTX
Central drift chamber

B

Uranium-Scintillator calorimeter

18%=' E[GeV](e:m:)
35%=E[GeV](had) *—

S

p chambers

TE=E
TE=E

and much more...

Both detectors asymmetric
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NC and CC incl. Processes measured at HERA

NC: e+po>e+X, CC:e+po>v(v)+X

electron

25.9 GeV — =sira

electron

g2 0.9 GeV — siro

T

4 . Q"2 = 21475 y=0.55 M= 198 o
e(k) e VK VEK’) missing v momentum

CC: W q=Q’

p(P) X(P’)
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Measurement of F',(x,Q?)

ﬁlﬁ
- b +=6.3E—05 ® ZEUS 96/97
x=0.000102
E$ L O H196/97 A HI194/97
@14 I £ NMC, BCDMS, E665
| e @ 0000283 7pUS NLO QCD Fit L
- /Aﬁ"ﬁ - (prel. 2001) Measurement precision is at
. // ooos HINLO QD Eit the few percent level.
12 -
I / ¥=0.000632 &(x)=0.6(1(x)—0.4)
o / +=0.0008 A great deal of effort has been
w0l . / ~=0.0013 put into combining the H1 and
- Mﬁw,/ ~=0.0021 Zeus results to reduce
. et OO0 systematic errors.
8 . »=0.005
L Eggw »=0.008
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A major finding at Hera: rise of F2(x,Q) at small x
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Early fixed-target results:
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Comparing NC and CC Xsec's at HERA: EW Unification

do/dQ? (pb/GeV?)

10
10

10

% Hle'p NC 94-00 prelim.

A HlepNC .
O ZEUge+pNC994]]preHm. NC cross section shar'ply
S o i decreases with decreasing
&, — SMepNC (CTEQSD) Q? (dominant y exchange):

% Hl e p CC 94-00 prelim.

A Hlep CC

0 ZEUS e'p CC 99-00 prelim.
0 ZEUS ep CC 9899 prelim.
- SMe'p CC (CTEQSD)

— SMep CC (CTEQSD)

CC cross section approaches
a constant at low Q2
~[Mey/(Q+M2y)]?

y<09

10 10
Q’ (GeV?)
Dramatic confirmation of the unification of
electromagnetic and weak interactions in the SM.

DIS - J. Pumplin 46 CTEQ Summer School Beijing 2014



HERA (H1,Zeus): 27.5GeV e® on 920 GeV p: V'S = 318GeV

e Precise e*p — e X data over wide kinematic range a major input to all PDF fits.

e Dominant contribution to e* p — e* X is from photon exchange, so cross sections is
proportional to quark charge squared. Hence gives strongest information on partons
with charge +2/3: dominantly u (4 u, ¢, ¢ with no differentiation between them);
less information on partons with charge +1/3: dominantly d (+d, s, 5, b, b with
no differentiation between them); and no direct information on the gluon distrbu-
tion. Nevertheless, the variation of f,c,(z, ) with g can be calculated in QCD
perturbation theory (“DGLAP evolution”), which helps to determine the gluon

e At very large momentum transfer, Z" exchange becomes comparable to 7y exchange;
which makes the difference between e p — e~ X and et p — e X sensitive to
v/Z" interference; the Z° exchange contribution provdes additional flavor informa-
tion.

e The charged-current process e* p — v X comes from W+ exchange, which gives
additional information on flavor differentiation.

e [} measurement.

e HERA accelerator disassembled in June 2007; H1+Zeus combined experimental data
analysis expected soon (20147)
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BCDMS, NMC 280GeV ,u+ on proton or deuteron at rest
\/§=22.9GeV

e Large luminosity of fixed-target experiment allows
measurements up to large x (e.g. = > 0.5).

e Measuring both u™p — p* X and p7d — p™ X can
be used get DIS on the neutron, if one makes or ignores
nuclear binding corrections. The isospin symmetry
assumption that u and d distributions in neutron and
proton are identical except for u < d, then gives useful
information on d and d

e BCDMS data taken 1978-1985, NMC 1986-1989. Older
technology:.

e NMC data problematic—can’t be fit well.
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CDHSW ~ 20 -200GeV vy, and vy on iron fixed target. (1976-1984)

o vFe — 1~ X through W exchange and v Fe — put X

through W~ exchange give useful information to
differentiate between quark flavors.

e The data were taken on an iron target (1200 tons) to
obtain a suflicient event rate. Unfortuately, we don'’t
really know how to correct for nuclear binding effects; so
it will be a happy day when LHC data such as inclusive
W and Z production can be used instead.
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More on neutrino DIS from D. Naples (CTEQ school 2013)

http://www.physics.smu.edu/olness/ftp/misc/cteq/SampleLectures/naples1.pdf
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Y-Dependencer vs. v Cross Sections
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Neutrino SFs in the Parton Model

QPM: scattering off the nucleon is the incoherent sum of elastic scattering off
the constituents.

» Assume no spin 0 constituents: Callan-Gross relation (R=0)
Fs(x) = 2z Fy (x).

» Relate SFs to PDFs by matching y-dependence in cross section terms.

Neutrino Structure Functions
Fy(x) = 28z (¢(x) +q(x))
vks(z) =23z (¢(x) —q(x))

Flavor sensitivity: lepton number and charge conservation.

vselects: u,c,d, 5 ¢"P(z) = uP(z) + P(x) TP(x)=4d (z) +3"(z)
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Neutrino Structure Functions

More practical: isoscalar target (IV,, = N,)

» (Neutrino experiments use nuclear target/detectors).

u(z) = uP(z)

u(z) = uP ()

» Assume symmetric heavy quark seas s =sandc==¢

(®) d(z) =dP(x)
(z) d(z)=d (z)

I

S
3
E

— "
» Isospin symmetry n

|
2|
3
E

_ _ vIN
FyN = FYN =z (u+a+d+d+ 25+ 2¢) ks all quarks

eV =z (u+d—-u—d+ ) rFy valence quarks
cFN =z (u+d—-u—d+ ) AxFs; =4x(s—c)

heavy guark seas.
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Future DIS Experiments
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Experiment scheduled for upgraded JLAB

) 6 | | | | | (- | | | | | | | (-

d/u
| |
-

4 ¢ JLab Projected Data -
i *H/%*e DIS -

Projected inelastic data (W2 > 4 GeV?, except for the highest-z point for which W? =3 GeV?) for the d/u quark distribution ratio from the proposed
3H/3He JLab experiment with a 11 GeV electron beam. The error bars include point-to-point statistical, experimental and theoretical uncertainties,
and an overall normalization uncertainty added in quadrature. The shaded band indicates the present uncertainty due mainly to possible binding

effects in the deuteron.

(But note WA2 >4 GeVA2, not WA2 > 12.5 GeVA2))
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Future ep collider?

LHeC (ep collider to complement LHC at CERN), EIC

Lepton-Proton Scattering Facilities

10°

Jiob 6+12
o
—
SLAC

1085
107 |

106k

Luminosity (10%m?s™)

105

T

10|
103_5 .

1021

10

1 P RS MRS | NS S |

1 10 10° 10°
cms Energy (GeV)

- LHeC sensitivity extends to x=10°
- Much increased luminosity for EIC
and LHeC colliders compared to HERA.
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LHeC Kinematic region
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Motivation for LHeC

¢ What HERA could/did not do:

Test of the isospin symmetry (u-d) with eD no deuterons

Investigation of the g-g dynamics in nuclei no time for eA

Verification of saturation prediction at low x too low c.0.m energy
Measurement of the strange quark distribution too low Luminosity

Discovery of Higgs in WW fusion in CC too low cross section

Study of top quark distribution in the proton too low c.0.m energy

Precise measurement of FL too short running time with low

energy runs

Resolving d/u question at large Bjorken x too low Luminosity
Determination of gluon distribution at hi/lo x too small range
High precision measurement of as overall not precise enough

HEP needs a TeV energy scale machine with 100 times
higher luminosity than HERA to develop DIS physics
further and to complement the physics at the LHC. The
Large Hadron Collider p and A beams offer a unique
opportunity to build a second ep and first eA collider

at the energy frontier. :
gy (M' Klem) Voica Radescu| DESY (330 | CTEQ 2013 DIS
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Excerpts from a previous lecture
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Measuring PDFs by QCD fitting

Jon Pumplin
PDF School (DESY 20—23 October 2009)

Hadrons interact at large momentum transfer
(=short distance) through their quark and gluon
constituents.

Owing to the asymptotic freedom property of QCD,
as(p) is small so most hard pp collisions at the LHC
will be described by the interaction of a single quark
or gluon from one of the protons with a single quark
or gluon from the other.

Hence the subject of this school: we study the PDFs
fo(x, n) which describe the “1-body” probability
densities for a = u, u, d, d, s, 5, ¢, ¢, b, b, (or v) with
the spin structure and correlations integrated out.
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Two points of view

The PDFs are a Necessary Evil — essential
phenomenological tools to make perturbative
calculations of signals and backgrounds at hadron
colliders. It is of essential practical importance to
measure the PDFS in order to make use of data
from the Tevatron and LHC. Along with this comes
the difficult task of assessing the uncertainty range
of the answers obtained.

The PDFs are a Fundamental Measurement — an
opportunity to interplay with knowledge from the
nonperturbative arenas of QCD, e.qg.,

e Regge theory
e Lightcone physics

e Lattice gauge
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The PDFs fo(x, ) for each flavor a are functions of
two variables:

e v = light-cone momentum fraction

e 1 = QCD factorization scale (= 1/distance),
typically @ for DIS; Er or Ep/2 for inclusive jet
production.

The evolutionin pis computable at NLO or NNLO by
the QCD renormalization group DGLAP equations.

Hence the problem of determining the PDFs reduces to
a problem of determining the x dependence for each
flavor at a chosen small scale po (€.9. ~ 1.4 GeV).
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T heoretical basis for PDF fitting

e Factorization Theorem — Short distance and long
distance are separable, and PDFs are
“universal,” i.e., process independent.

e Asymptotic Freedom — Hard scattering is weak
at short distance, and hence perturbatively
calculable.

e DGLAP Evolution — Evolution in u is
perturbatively calculable, so the functions to be
determined depend only on =x.
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Factorization T heorem

A, M M A
F(z, =, = 2+ oGy
Q’ Q Q Q
Hard Scattering:
Fa (Perturbatively
Calculable)
A
Experimental Parton Distributions:
Input Nonperturbative parametrization at QO

DGLAP Evolution to Q
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The QCD global fitting procedure

1. Parametrize the PDFs fi(x, ug) at a small ug by
smooth functions with lots of free parameters {A;}

2. Calculate fq(x, ) at all p > pug by DGLAP.

3. Calculate x2 = ¥;[(data; — theory;) /error;]? to
measure of the quality of fit to a large variety of
experiments.

4. Obtain the best estimate of the true PDFs by
varying the free parameters to minimize X2-

5. The PDF Uncertainty Range is assumed to be

the region in {4;} space where x? is sufficiently
close to the minimum: x? < x2.. + Ax2.
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Kinematic region of ep and up data
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ep —eX (H1L = A, ZEUS = V)
up — uX (BCDMS= box, NMC = o)
Drell-Yan data, neutrino DIS, and Tevatron W and Z

data are also very important for differentiating
among different flavors.

Tevatron inclusive jet data are very important for
constraining the gluon distribution.
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PDF results at 2 GeV and
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e Gluon dominates for x — 0, especially at large pu.

e u and d are different — they even cross over.

eu=u=d=4d at x — 0 is imposed in the
parametrization, but is consistent with the data:
dropping it allows very little reduction in y?
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DGLAP and Small x
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Regge behavior of w

The Regge behavior zu(x, u) < x%1 that we assume
for x — 0 at ug is quite well preserved by DGLAP
evolution. This can be seen by the nearly
straight-line behavior on a log-log plot, with slope

nearly independent of u: SRR LAY IR
2.00

1.00

0.50

x f(x)

0.20

0.10

0.05 f

1 1 lllllll 1 1 lllllll 1 1 lllllll
104 103 10°° x t0~1 100

Numerical value of the slope a1 agrees well with
expectations from Regge, which supports the use of
the xu(x, n) o 2% ansatz.
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Regge behavior of uy =u —u

The Regge behavior z uy(x, ) o< % that we assume
for x — 0 at ug is also well preserved by DGLAP

evolution:
: L) lllllllI L) lllllllI L) lllllllI L) lllllli
0.50 — u_v —
0.20
“« 0.10
-
o
0.05

0.02
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10—4 10—3 10ﬁ2 10_1 100

Again the observed slope value a1 is consistent with
expectations from Regge theory, which supports the
choice of functional form.
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Regge behavior of gluon at small x7?

In contrast to valence and sea quark distributions,
the NLO evolution of the gluon distribution at small
x IS very rapid. Hence no simple comparison can be
made with expectations from Regge theory:

x f(x)

IIIIIIII| IIIIIIII| L L Ll |
104 103 10—3X 10—1 100

Perhaps this behavior is dictated by the rapid rise of F2 seen at small x at HERA.

Or perhaps it shows that resummation corrections to DGLAP are needed as small x.
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Excerpts from a talk on
Uncertainties of PDFs
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Measuring internal consistency of the fit

Partition the data into two subsets:
2

2 2

X" = X5 T X3

where subset S can, for example, be chosen as
e any single experiment

e all of the jet experiments

e all of the low-@Q data points (to look for higher
twist)

e all of the low-x data points (to look for BFKL)
e all experiments with deuteron corrections

e all of the neutrino experiments (to look for
nuclear corrections)

A method I call Data Set Diagonalization which was
first proposed in my HERA/LHC talk (March 2004)
directly answers the questions

1. What does subset S measure?

2. Is subset S consistent with the rest of the data?
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Data Set Diagonalization

The DSD method is an extension of the Hessian
method. It works by transforming the contributions
x2 and X§2 to x2 into a form where they can be
interpreted as independent measurements of N
quantities.

The essential point is that the linear transformation
that leads to

N
X2 — Xg + Z 222

i=1
IS not unique, because any further orthogonal
transform of the z; will preserve it. Such an
orthogonal transformation can be defined using the
eigenvectors of any symmetric matrix. After this
second linear transformation of the coordinates, the
chosen symmetric matrix will then be diagonal in the
resulting new coordinates.

This freedom is exploited in the DSD method by
taking the symmetric matrix from the quadratic form
that describes the contribution to X2 from the subset
S of the data that is chosen for study. Then ...
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DSD method — continued

2
X

N
x5 = > [(z — A)/Bi)?
i=1

xg -+ XS% + const

N
Xz = > [(z—C)/Dj)?
i=1
This decomposition answers the question “What is

measured by data subset S7”" — it is those
parameters z; for which the B; S D;. The fraction of
the measurement of z; contributed by S is

— Di2
o Bi2 + DZ_Q'

i

The decomposition also measures the compatibility
between S and the rest of the data S: the
disagreement between the two is

o 4G
= |
V(B2 +CP)
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Experiments that provide at least one
measurement with v, > 0.1

Process | Expt N >
etp—et X | HL NC 115 2.10

e p—e X | HL NC 126 0.30
etp—et X | HL NC 147 0.37
etp—et X | HL CC 25 0.24

e p—vX | Hl CC 28 0.13
etp—et X | ZEUS NC 227 1.69
etp—et X | ZEUS NC 90 0.36
etp—-vX | ZEUS CC 29 0.55
etp—-vX | ZEUS CC 30 0.32
e"p—vX | ZEUS CC 26 0.12

up — X | BCDMS Fxp | 339 2.21

ud — X | BCDMS Fod | 251 0.90
up — X | NMC Fup 201 0.49
up/d— uX | NMC Fap/d 123 2.17
pCu— utp~X | E605 119 1.52
pp,pd — uTp~ X | E866 pp/pd 15 1.92
p— utu~ X | ES66 pp 184 1.52

pp — (W —¢v)X | CDF I Wasy 11 0.91
pop — (W — ¢v)X | CDF II Wasy 11 0.16
pp — jet X | CDF II Jet 72 0.92

pp —jet X | DO II Jet 110 0.68

vFe — pX | NuTeV F» 69 0.84

vFe — X | NuTeV F3 86 0.61

vFe — puX | CDHSW 96 0.13

vFe — pX | CDHSW 85 0.11

vFe — uTpu~X | NuTeV 38 0.68
vFe — putpu=X | NuTeV 33 0.56
vFe — utpu—X | CCFR 40 0.41
vFe —» utpu X | CCFR 38 0.14

Total of Z% = 23 is close to actual number of fit parameters.

H14+ZEUS measure 6.2 of the parameters — fewer than in HERA-only fits
as expected.
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Consistency tests: measurements that
conflict strongly with the other experiments

(o; > 3) are shown in red.

Expt | > v || (1, 01), (92, 02), - ..
H1 NC | 2.10 || (0.72, 0.01) (0.59, 3.02) (0.43, 0.20) (0.36, 1.37)
H1 NC | 0.30 || (0.30, 0.02)
H1 NC | 0.37 || (0.21. 0.06) (0.16, 0.83)
H1 CC | 0.24 | (0.24, 0.00)
H1 CC | 0.13 || (0.13. 0.00)
ZEUS NC | 1.69 || (0.45,3.13) (0.42, 0.32) (0.35,3.20) (0.29, 0.80)
(0.18, 0.64)
ZEUS NC | 0.36 | (0.22,0.01) (0.14, 1.61)
ZEUS CC | 0.55 || (0.55. 0.04)
ZEUS CC | 0.32 | (0.32, 0.10)
ZEUS CC | 0.12 | (0.12, 0.02)
BCDMS Fop | 2.21 || (0.68, 0.50) (0.63, 1.63) (0.43, 0.80) (0.34,4.93)
(0.13, 0.94)
BCDMS F>d | 0.90 || (0.32, 0.67) (0.24, 2.49) (0.19, 2.09) (0.16,5.22)
NMC Fop | 0.49 | (0.20.4.56) (0.17,4.76) (0.12, 0.50)
NMC Fop/d | 2.17 || (0.61, 1.11) (0.56,3.60) (0.43, 0.90) (0.36, 0.79)
(0.21, 1.41)
E605 DY | 1.52 || (0.91, 1.29) (0.38, 1.12) (0.23, 0.31)
E866 pp/pd | 1.92 | (0.88, 0.57) (0.69, 1.15) (0.35, 1.80)
E866 pp | 1.52 | (0.75. 0.04) (0.39. 1.79) (0.23, 1.94) (0.14,3.57)
CDF Wasy | 0.91 | (0.57,0.33) (0.34, 0.51)
CDF Wasy | 0.16 | (0.16, 2.84)
CDF Jet | 0.92 | (0.48.0.47) (0.44,3.86)
DO Jet | 0.68 | (0.39. 1.70) (0.29. 0.76)
NuTeV F» 0.84 (0.37, 2.75) (0.29, 0.42) (0.18, 0.97)
NuTeV F3 0.61 (0.30, 0.50) (0.16, 1.35) (0.15, 0.30)
CDHSW 0.13 (0.13, 0.04)
CDHSW 0.11 (0.11, 1.32)
NuTeV | 0.68 || (0.39. 0.31) (0.29, 0.66)
NuTeV | 0.56 || (0.32 0.18) (0.24. 2.56)
CCFR | 0.41 || (0.24,1.37) (0.17, 0.12)
CCFR | 0.14 | (0.14, 0.79)
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Measurements in a recent PDF fit
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Figure showing the results in the table.
ep (daisy);
up, pd (O);
pp, pd, pCu (box);
pp (V),
vA (AQ).
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Consistency of measurements in a global fit

V71 1 1

Number
[AV)]
o
T

—_
o

T | T
|

Histogram of the consistency measure og; for the 68
significant (v; > 0.1) measurements provided by the
37 experiments in a typical global fit.

Solid curve is the absolute Gaussian prediction

dP 2
— = /= exp(—0?/2) .
do T

Dashed curve is a scaled Gaussian with ¢ = 1.9

% — ,/% exp(—02/(2¢2))

Conclude: Disagreements among the experiments
are larger than predicted by standard Gaussian
statistics; but less than a factor of 2 larger.
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Conclusion from the consistency study
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This fit provided direct evidence of a significant
source of discrepancy associated with fixed-target
DIS experiments for large x at small . (Higher-twist
effects had been seen there previously; but not taken
into account in PDF fitting — at least by CTEQ.)
Removing those data by a kinematic cut makes the
average disagreement smaller, but it still does not
become consistent with the absolute Gaussian.

In hep-ph/0909.0268, I argue that this suggests a
“tolerance criterion” Ax? ~ 10 for 90% confidence
uncertainty estimation. It is possible that other
uncertainties in the analysis require larger AXQ; but
the experimental inconsistencies do not.
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Studies relating to the choice of Ayx?

It is important to know if we are underestimating or
overestimating the PDF uncertainties.

For properties that we have little information, the
Hessian method generally underestimates
uncertainties, because completely unknown behavior
requires parametrizations assumptions for
convergence. However, fortunately, this is generally
not too important because the properties that
present-day PDF data are insensitive to are also
generally unimportant for LHC phenomenology.
Example: u(xz) —u(x) at small z is poorly known, and
also unimportant.

Will discuss this further in the PDF4LHC workshop.
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Sum rule tests

A direct test of the treatment of uncertainties can
be made by treating the valence quark numbers
and/or the total partonic momentum as free

parameters in the fit, since for these cases we know
the true answer exactly:

1

N, = /O (w(z) —a(z)]de  SM value = 2
1 _

N, = /O [d(z) — d(z)]dz  SM value = 1

1
m = Z/O fo(x) xdx SM value = 1
a
(These are scale-independent under DGLAP.)

If m only is set free, it moves to 1.025 with a
reduction of 5 in x2.

If Ny, and N, are set free, they run to 2.6 and 1.3
with a reduction of 10 in y2.

(Ny and N, are not well determined in the global fit,
because the data are insensitive to u(xz) — u(x) and

d(x) — d(x) at small z, where these quantities are
much smaller than u(z) and d(z).)

DIS - J. Pumplin 81 CTEQ Summer School Beijing G



Sum rule tests — continued

If all three are set free, the fit prefers
N, = 2.8 N;=15 m = 1.03
with x2 lower by 15.

Hence we do not want to think of Ax?2 = 15 as a
significant improvement — at least for the prediction
of quantities that are poorly determined.
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Uncertainty example: Light Gluino

(E. Berger, P. Nadolsky, F. Olness and J. P., Phys.
Rev. D 71, 014007 (2005)

Hypothesizing a gluino of mass ~ 10 GeV improved a
previous global fit by ~ 25 units in x2.

We took this an intriguing possible hint for plausible
New Physics. But you would be crazy to consult a
statistical table of X2 probabilities and declare it
inescapable.

200 T T
Pl m Roberts, Stirling
100 1\ - 0 A Botts, Blumlein
: R ¢ Ruckl, Vogt
50 - * Lietal
\“‘ T N ‘\“~:"‘~~‘~ 100
> 20 B
O] S 50
E'E” 100 50 20 0O 2
[ . 20
51 S IS
2L

*

¢

0.11 0.115 0.12 0.125 0.13 0.135 0.14 0.145
as[Mz]
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Parametrization dependence at large x

Our standard fitting procedure adds a penalty to X2
to force ‘“expected” behavior for the gluon
distribution at large x: 1.5 <a> < 10 in

zg(z, po) = aga® (1 — )" exp(azVz + asz + asz®)

Figure shows the Ay?2 = 10 uncertainty range.

0,15IIIIIIIIIIIIIIIIIIIIIIII

0.10

x* g(x)

0.05

0.00°
0.

Curves show a> = 54 (which produces Ay? = 10)
and as> = 0 (which requires almost zero Ax?)

Non-perturbative theory constraints are important at
large x.
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Parametrization dependence at small x

Figure shows Ay?2 = 10 uncertainties. Curves show
results of alternative parametrizations that enhance
or suppress the gluon at small X

lllllI LI} lllllll LI} lllllll LI} lllll: 12 R e

x g(x)
i

- ) - n [ 1 11 IIIIII 1 11 IIIIII 1 11 IIIIII 1 1 l:
0 0
1004 1073 10° 1071 109 1004 103 10R 1071 109
X X

In a region where the data provide little constraint,
the true uncertainty is much larger than Ay?2 shows
because of parametrization dependence.

There is very little constraint on gluon at small x for
low scale p; but at higher scales, the small-x gluon is
generated mainly by DGLAP evolution down from
higher x, so the uncertainties — e.g. for heavy objects
created from gluons at LHC — are not so large.
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Parametrization dep. at intermediate x

0.15

gluon u = 2 GeV

x g(x)

0 [ -
1004 1073 1072 10! 100 0.0
X

Figures show gluon uncertainty at Ax? = 10.

Curves show results from alternative
parametrizations with up to 8 more parameters
added.

The added freedom reduces X2 by as much as 10 —

15, but the change in the gluon distribution is small

except at extreme x — where we already knew there
was substantial parametrization dependence.
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“Time dependence’” of PDFs

Ax?2 = 10 uncertainties in a recent fit (all weights
1.0; run II jet data only).

CTEQ®6.6 central fit: used run I jet data only;
different weights for different experiments.

CTO09 central fit: used both run I and run II jet data;
different weights for different experiments.

It is clear that Ayx?2 = 1 for 68% confidence would be
overly optimistic.

It appears that Ax2 = 10 may be (nearly?) large
enough, in regions where the data provide
substantial constraint.

(Larger time-dependence would be seen for earlier
PDFs because of improving treatments, e.g. of
heavy quarks after CTEQ®6.1.)
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“Space dependence” of PDFs

0.15

Ax? = 10 uncertainties in a recent fit (All weights
1.0; no run I jet data, as(myz) = 0.12018 to match
MSTW.)

MSTW2008 central fit

Again it is clear that Ax?2 = 1 for 68% confidence
would be overly optimistic.

Again it appears that sz = 10 may be (nearly?)
big enough in regions where the data provide
substantial constraint.
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Conclusion

e [ here is an active ongoing program to determine
the PDFs that are needed for LHC.

e As befits a critical mission component, there are

several groups working independently on the
problem.

e Estimating the size of the uncertainties caused
by systematic errors in the theory is a current hot
topic in which further progress can be expected.

To illustrate how easy it is to access the PDFs, a
final figure was obtained by a few clicks on
http://durpdg.dur.ac.uk/hepdata/pdf3.html

DIS - J. Pumplin 89 CTEQ Summer School Beijing 20774



(S
<
> Qxx2= 4 GeVxx2
< L ___ gluon  MSTW2008NLO
- .- gluon  ALEKHINO2NLO
i gluon CTEQ6.6M
i ZEUS2002—7M
—1
10 &
-2
10 &
-3
10 &
/‘074 I I | ‘ I ‘ I ‘ I ‘ I ‘ I ‘ I I ‘ \\‘l\\\ \I\L": JE:\ 1 L | :lE\ L
© 01 02 03 04 05 06 07 08 09 1

DIS - J. Pumplin 90 CTEQ Summer School Beijing 08



	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Untitled
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	msu.edu
	http://www.pa.msu.edu/people/pumplin/talks/ham.pdf

	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page



