The structure of the proton....
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LHC is cooling down
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LHC Schedule
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CMS with Beam pipe installed
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th%é-[x PDF(‘X ?Q )PfDF(xbﬁg ®O-ab%qq ®Dq\%H(Zq9Q )
Cross section an.Distribution X Fragmentation of
in hadronic Functions . Partonic cross quark q in hadron

collisions X, , Xp= momentum fraction section H

of partons a and x in
the hadrons

Hard processes in pp collisions can be computed with pQCD techniques and
factorization theorems

Partonic cross section is calculable in pQCD

Parton distribution functions and fragmentations functions are non
perturbative processes (long distances, large time scales) and cannot be
computed with pQCD. However pQCD predicts their evolution with Q2
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How well do we know the proton ?
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Probing the nucleon

Scattering of a "pointlike” (e.g. lepton) probe on a target : used for long to
underpin the target contents.
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R S SeERNuyN parton distribution functions.
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Elastic scattering on a point-like particle

M>>m.E Q?=4E,E’'sin’0/2
E,=E'=E ©
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Elastic Scattering on a finite proton

| E Q?=4E,E’'sin’0/2
E=17 (2E/Mc?) sin? (6/2) oy
e,v
.. 1/Q? ~ few (1 Fermi)?
......... v, W, Z
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Electron-proton elastic scattering
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Quasi-elastic scattering on deuterium
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Elastic scattering compared to Mott

Elastic Electron-Proton Scattering
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500 MeV beam stic scattering cross sections for electrons from a

point” proton and for the actual proton. The differences are
attributable to the finite size of the proton.
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Electron Scattering on Nuclei
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Scattering on protons:
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Inelastic e-p scattering

In the inelastic scattering the mass
of the system X changes after the
scattering. It can be computed as
“missing” mass from the Electron

_‘} - kinematics variables

pt = (Mt ’ D)
Q?=4E,E’'sin’0/2

W2=(p,+p,-p;)?

W= 2Mv+M2—g?) v=E—E'#q%/(2M)

/

This equality holds only for elastic scattering

14/78



Inelastic e-p scattering

do
d(ldE"’

(E,E', &)

=gy [ Wolv,g2)+2W (v,g* tan?(6/2)] .

This is a structure similar to the elastic cross section, but the form
factors depend now on 2 variables and E’ and theta are now
independent variables

By investigating models that satisfy current algebra Bjorken had
conjectured that in the limit of infinite v and g2 the ratio w=2Mv/qg?

stays finite and the functional dependence of W, and W, simplifies to

MW (v,q*)=F,(®) , o 1=x=q2/2Mv
VW, (v,q?)=Fy(o) .
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The spectrometers

In order to cover a range of scattering angles 1t was
our intention to build the spectrometer so that it could be
rotated around the target from an external control room
(Fig. 13, plan). We needed frames which would hold
hundreds of tons of magnets and counters in precise
alignment while they were moved about the end station.

20 GeV Spectrometer

1.6 GeV
Beam Position Spectrometar

— T | —
Primary ——-—7‘3—'- : I _
Electron Beam Dump

END STATION A
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The spectrometer

Scattering in the horizontal plane and bending in the vertical plane allows
to separate the two measurements
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The spectrometers




1967 SLAC has electron beams at 20 GeV

400 1| 1 Atlow Q? both the elastic peak and the

o st | resonance excitations were large, with little
100 j W «+t 1 background from non resonance

O . ' +continuum. As Q? increased, the resonance
cross section decreased rapidly, with the

! continuum scattering becoming dominant.
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SLAC has electron beams at 20 GeV

RADIATIVELY CORRECTED SPECTRA
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Main features of the inelastic scattering results
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Explanation in the framework of the quark model

x=q?%/2Mv --> x= - g4/qp

We observe that the elastic scattering of the proton is the specific
case of the inelastic scattering where x = 1. So the inelastic

structure functions of the proton are related to elastic structure
function just by multiplying by a delta 6(x-1)

Comparing the inelastic cross section
do ( ah

dE'dQ  \2E sin® (0)2)

2
) [2W, sin? (6/2) + W, cos® (6/2)]

With the elastic cross section

d h *E .
& (4ME = (ﬂfz)) g [2Kisin® (6/2) + K; cos® (0/2)]
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Quark model -2

We get:

K, 2(g?)
Wiag® ) = = zﬂairqz

Moreover, if we treat the proton as a point-like charge and spin 1/2,
the K, , have a very simple expression:

f(x— 1)

K, =—¢* and K,= (2Mc)

Using these formula we can write directly the structure functions
for scattering off a quark of flavor i as :

| 2 . 2m;c*Q7
wi= Ll a1, wh= -2
2”’!; q

Where m, is the mass of the quark and p, is its momentum and

ql

- 2q- p;

X =
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Quark model -3

We make now an assumption: p,=zp, i.e. we can write each component
of the quark momentum vector as a fraction z, of the proton momentum
vector.

With this assumption: X; = X and then
Zj

. Q7 ;' 2x2Mc?
Wi=mﬁ(x— i) Wi =— PE Q7 8(x — i)
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Quark model - 4

Assuming now f,(z,) as the probability for the ith quark to carry
momentum fraction z:

E f 5{.1' — z)fi(zidz; = — 2 Qi f(x)

2Mc?
q°

ZEM
Wz—Zf( > f)Qzﬁ(I z))fi(zidz; = — IEZQZf(I)

Thus
1
MW, = - ) Q7 fi(x) = Fy(x)
ql
T Meix Wy,=x 2:: Q1fi(x) = Fy(x)

And comparing the two expressions
Fo(x) = 2xF\(x)
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Callan-Gross relation

§
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The structure functions of p and n
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The structure functions of p and n

p,n,d structure functions show the same behavior

The value of R were the same in p,n,d

The ratio of the neutron to proton cross section falls with x

(R e e e e [
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Average momentum carried by quarks

If u,(x) and d (x) are defined as the probability density of momentum x
carried by the u ad d quark of the proton, then the F, distribution is

given by:
FB(x)=vW5(x)

=x[Q2(u,(x)+u,(x))
+03(d, (x)+d,(x))] ,

Using the isospin symmetry one gets

1 1 n _ Q!%_!_Q{% 1 —_ d J d
> J P8GO+ F3)ldx === [ "x[u,(x)+,(x)+d, (x) +d,(x)]dx
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Average momentum carried by quarks

The integral on the right hand side of the expression is equal to 1 if the
quarks u and d carry the whole momentum of nucleon

Q:+Qs 1

4

2 2

9

...l_

1

—

> —0.28 .

9

18

While the integral of F2 performed numerically on the proton and neutron

data gives

%I[Fg(x)—!-Fg{x)]dx =0.14+0.005

Only 1/2 of the proton momentum is carried by the u and d quarks, the
rest is carried by components of the proton that are not interacting with

the electron !
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First Neutrino results from CERN (Gargamelle)

Neutrino deep inelastic scattering produces complementary results since
the charged current neutrino interaction is independent of the quark
charges, but “sees” the same quark momentum distribution

%f{FS‘”(xl—l—Fi"ix]]dx B Q2+Q32
L [[F¥P(x)+Fy(x))dx 2

Here the denominator is the F2 distribution of the neutrino interaction on
an ISOSCALAR target. By combining the neutrino and antineutrino
results , the Gargamelle group was able to show

~21- [fF;P(xHF;;ﬂ(dex

= [ x[u,(x)+7,(x)+d,(x)+d,(x)]dx
=0.49x+0.07 ,

33/78



Comparison of Neutrino and electron F2

» Fi"(GARGAMELLE)
, * (18i5) F§"(MIT-BLAC)
1.2} \
Falx) | l ) ) .
0.8l l ) "l‘
\.l
¥ 0.2 ﬂ.L-l- I r_l.E
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1974

A crucial element in accepting the quark model as THE theory for the
proton was the general acceptance of QCD (Gross, Wilczek and Politzer).
Which eliminated the last paradox: why the quarks are not free ?

The infrared slavery mechanism of QCD provided a reason to accept
quarks are physical constituents without demanding the existence of free
quarks. The asymptotic freedom also provided explanation of scaling, but
logarithmic deviations were foreseen. These were seen experimentally
only later in muon and neutrino scattering at CERN and FNAL.
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e-nucleus scatt.

q A=1/Q lasti
W= (p+ay A e-nuclear
= M’+2p.q+q’ b nucleus QR=<I'| " scatt.
(Q'=-q)
elastic | x. = QZ — X
W=M Y 2p.q ! 1> N
Q
2VIv!lab.
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e-nucleus scatt.

W’ = (p+q)’
=M+2p.q+q’

elastic
WwW=M

excit™
W>M

P nucleus

(Q’=-q)

\VY, 7“ =1/ Q elastic
s e-nuclear
Q R<<1 scatt.
1 » Xy
29 2
R'~1
Q excited

nuclear
/\Stﬁs/vk/\l
XN
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e-nucleus scatt.

2 = 2 1 \\Y A=1/ Q elastic
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Replay :

A

e - proton scatt.

q
. P
elastic eq scatt. proton
quark
/‘L (scales)
< Ferm| mom.~ :
elastic
ep scatt.
Q2
> =
1 Y T2pg

| =

Bjorken scaling
variable
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Replay :| e - proton scatt.

q
A , D
elastic eq scatt. proton
quark
//PL (scales)
< Ferm] mom~ :
elastic
ep scatt.
Q2
> —
1 1 * 2p.q
3 Bjorken scaling
variable

Increase Q further

Another replay ? N
quark

. o No evidence of
peak atx= 5 ? preon . q substructure
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Instead of {é@‘
finding q W§;~ (compare & )

substructure find QCD QED

Consequence :

as Q2 increases, more and
more partons are involved.
Each parton, on average,
must have smaller x.
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2 [ ]
As Q" increases, each parton has, on average, smaller x

F, (x,Q%)

A

et é

lower Q2 scaling part oL Plog —=
| (fn of x only) uz

QCD scaling
violations (x,Q? )
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Proton structure function F,
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Determination of parton distributions

Parametrise X dep. at o
low pQCD scale Q2 | ~ fi(z, Qo)

Evolve up in Q2 5 o
using DGLAP egs. —  fi(z, @° > Qq)

Global fit to HERA F
+ all related data —  [i’s
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HERA kinematic domain

E 10 Q2 from 0.1 to 10° GeV?
SE: 10°© to ~ 0. Up to very high
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T lllIIII
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Measurement of the structure of the proton at HERA

The measurement of the structure functions at the high Q? values
requires calorimetric measurements of the scattered electron and
of the hadronic final state formed by the struck proton constituents.

ZEUS
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ZEUS Calorimeter

Very hermetic: covering up to n<5 in the
forward direction and Q? ~0.1 GeV? in the
rear direction. Main part is the Depleted
Uranium Compensated Sampling
Scintillator Calorimeter. Built in e/h ~ 1
tuning U/scintillator thickness. Readout by
12,000 phototubes. Gate time ~ 1 BX.
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ZEUS Calorimeter

Time information from the sampled
signal shape. Very important for
background rejection.

300

e ZEUS Data
DIS
I PP

250 |-

200 |

Number of Events

Nominal & cut

150
P Good calorimeter energy resolution

allows to separate efficiently DIS events
from photoproduction

100

50

0 : AR e
25 30 35 40 45 50 55 60 65
§ = Epy - Py (GeV)
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Large coil to minimize the amount of material in front of the Liquid Argon

calorimeter.

Easy calibration and fine granularity which allows to separate electrons
from pions to high degree. Homogeneity of the response and over=!l

hermiticity are helpful for missing energy detection.

600 t

400

45,000 cells readout. 65,000 electronics channels. 1/3 of the cells p

readout with two different gains. Shaping time ~ 25 BX e g cny
(e 1 Brae
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shift from absolute of] +' || emem e " 5\
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energy (0.7% - 3%)

LAr wheel

<0
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DA : Double Angle method => use only angles of scattered electron and hadronic FS
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H1 Calorimeter Software Compensation

Weighting technique for reconstruction of hadrons due to the non
compensating calorimetry. High cell signal density indicates

electromagnetic signal.
E tot Z wcell E cell

Resolution improves to __20% R
/E(GeV) N dE |1 GeV|
0.16 - FB/OF
Constant term goes from 9% to 3% B 170 GeV +
0.14
0.12 }
g 2 0.1
£ | ATLAS
1.5} 0.08 F
This technique is a S _ 0.06 L
basis for hadronic ks - 0os b
calibration of the 05 oo b
ATLAS calorimeter 200 GeV pions .
% 0.002 0.004 0.006 0.008 0.01 0 100

Epec/V emec (GeV/iem’) E |GeV]
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Charged and Neutral current cross sections
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Polarized e+ and e- scattering

Charged Current e“p Scattering

3120_ T T T [ T T T T [ T T T T [ T T 11 i
& ep—=vX -
8 F e H1 Data 2005 (prel.) -
© 100~ © H1 Data 98-99 -
- A ZEUS Data 04-05(prel.)”
N A ZEUS Data 98-99 _
80~ e*p — X i
n ® H1 Data _
- A ZEUS Data -
60— _
- = SM (H1 PDF 2000) .
40— _
20~ Q%> 400 GeV? 7
B y<0.9 7

0
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Gluon Density and low x physics

1) :2 AN

H1+ZEUS

Q?=20 GeV? H1 NLO-QCD Fat 2000
xgma*x™ (L-x)%* (1 +dfx+ex)

FEN heavy-quark scheme

Q2=200 GeV? total uncert.
Il exp. uncert.

ZEUS NLO-QCD Fit
{Prel.) 2001
xg=a"‘x"" L-x)¢

RT-YFN heavy-quark scheme

“-] exp. uncert.

Installation of SPACAL in H1,



o . o HERAF,
With increasing luminosity, ]

E | X=6.32E-5 __o 00002
important statistics over the full = “ovier £ zEUSNLO QCD it
kinematics domain. -~ x-0.0004_ —— H1PDF 2000 fi
= s ¥ 0.000632 o H194-00

x=0.0008
4 HI (prel.) 99/00

- Good agreement between H1 and ZEUS
- and with fixed target measurements

x=0.0013 m ZEUS 96/97

s BCDMS
x=0.0021

x=0.0032 ¢ NMC

- Strong scaling violations observed at
low x - sign of a large gluon density

(g—>qq)
- Negative scaling violations at high x

(g — qg, a high x quark splits into a ¥ x=0.013
gluon and a lower x quark) I Mpo.ozl

Overlaid curves are the results of 2o - M x=0.032

QCD fits based on the DGLAP oo Ly gnenmer g2 tyly B x=005

equations (see later). J S e e L

WlThln DGLAP : via an/aanZ, 1 — 0 m -'=0.1s

[ S Y VY NPT ]
access to the gluon density. o *’““'--4+1<§ Fo.zs
B x=0.4

Excellent agreement with DGLAP over T Ia-*—-—ulaa—“l
5 orders in maghitude in Q2 and 4 orders °, : ; ; .

10 10 10 10 10

of magnitude in x. QH(GeV?)

YO/ 1 O

x=0.005

x=0.008

w




et (k) et (k)

The charm and beauty contents of the proton

Y (q) .
- Exclusive measurements : w1
D*_> DO Tslow Kn Tslow / g;";;'é"
and b — uX, exploiting Pt ..|(u) and impact parameter proton (P)i .
: H1 Collab.,

szB X §

- Semi-inclusive measurements : -, x700002 EPJ €45 (2006) 23
distributions of the significance of track : / ‘
impact parameters are used to fit simultaneously 107 f
the light g, c and b contributions to F2. :
Use silicon vertex devices around the interaction

x=0.0005
1=4

x=0.002
=3

H1 Central Silicon Tracker

x=0.005
2 cylindrical layers, at radii =2
of ~5 cmand ~ 10 cm. LE
Impact parameter resolution: : - x=0.013
: =1
90 I
3Bum® L [GeV] |
T © .« HlData
: : _ [ v Hl Data (High Q") x=0.032
As F,, F,PP.SC shows large scaling violations at low x. [ — wrstos i=0
2| e MRST NNLO
Note the difference between the MRST and 10 - e CTEQGHQ
CTEQ predictions. :
Data now included in the most recent CTEQ analysis, [ . |
10 10° 10°



PDFs from Global Fits

Global fits performed mainly by the MRST (now MSTW) and the CTEQ groups.

Non-inclusive DIS data that are usually included :

- Tevatron jet cross-sections — high x gluon

- Drell-Yan measurements pN — uu — large x sea, d -'u
* Dimuon productioninvN and v N (v,s — uc — uuX) — sand s

- n asymmetry of W production at Tevatron — d/u at medium x

)

o

Recen’r fits also include HERA jet data and
F,° & F,¢ measurements.

10%grrm

Q*(GeV
2,

Some data used to be included in global fits, 10
as prompt photon production which in 10
principle brings constraints on the gluon :
density - but hampered by too large :
theoretical uncertainties. 10 £

Typically this leads to ~ 2000 points in the
fits, with a large number of systematic 10°g
error sources (see later...) e e T




PDFs from Global Fits

Formalism

NLO DGLAP

MSbar factorisation
Q,?

functional form @ Q2
sea quark (a)symmetry
etc.

Data

DIS (SLAC, BCDMS, NMC, E665,
CCFR, H1, ZEUS, ...)

Drell-Yan (E605, E772, E866, ...)
High E; jets (CDF, DO)

W rapidity asymmetry (CDF)

vN dimuon (CCFR, NuTeV)

etc.

11,509 + 6 £,6,09 |

| 25001, |

Who?

Alekhin, CTEQ, MRST,
GGK, Botje, H1, ZEUS,
GRYV, BFP, ...

:

| http://durpdg.dur.ac.uk/hepdata/pdf.html |

J. Stirling

L>| LHAPDFv2 |
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CDF: Jet Cross Sections @ NLO pQCD (1)

- Results |yJef | <2.1

[nb/(GeV/c)]
o °, %

JET JET
d’ /dy™ " dp;
— - - -
Q o =) (=) -
-y ) i ) (=]

=

L}
—
=Y

— —=— CDFdata(L=1.0fb")
— Systematic uncertainties
— —se— NLO: JETRAD CTEQ6.1M
== g "9 corrected to hadron level
= "... ey Mg =M =max i /2 =p,
=3 s VO TETT PDF uncertainties
- Ty, L
— ‘...’ ﬂ‘-:!~
— '.S. e .
:_ o —.— — :
_ "*-'., """~_5_‘_' ly”"|<0.1 (x 10°)
— “.. Y e
—.— e, O

— .ﬁ.‘ 3&.1‘ ' 8
— o S 0.1<]y"""|<0.7 (x 10%)
- '.q. . =
— .\_.3 ~ S
~ .ﬂ.. = 0.7<y"|<1.1
= N "‘i‘:{ . T<|ly |<1.
— LN =8
— - 1.1<ly’""|<1.6 (x 10?)
= o
= 1.6<|y’""|<2.1 (x 10)
-lllllllllllllllll]lllllllllllllllllll

100 200 300 400 500 600 700

py- [GeV/c]

Good agreement
with NLO pQCD
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CDF: Jet Cross Sections @ NLO pQCD (2)

0.1<|y’t"|<0.7

N
LELELEL I L
rrrrrrot

-
- -, o

_______________

?- 3|:

e [ 0.7<)y""|<1.1

Q -

et -.--'"'"'"-

o

T e bR FHISEREE

ﬂ: 3'— 1 | 1 . | ) M N | M N 1 | 1
i 200 400 600
[ 1.6<|y™"|<2.1 PIET [GeVic]
- —=— CDFdata (L=1.0fb")
I i -..L_ Systematic uncertainties
[ .. | - PDF uncertainties
- e TN TV RO w=2xy =max pEr
0 200 400 600 0 T

5 :E, [GeVic] MRST2004

Measurements in the forward region contribute to a better understanding of

the gluon PDF
63/78



d = uwas a “natural” assumption in global fits, until the NA51 experiment (CERN)
reported that d > uat x = 0.18 (some hints before from NMC...)

Follow-up by E866 (Fermilab) : fixed target, DY in pp and pd, Epq = 800 GeV.

- - /
u.d >_< Hoxg = XBeam+ X2 = XTarget beam ’O\ X112 X2
_ - T
u,d v

uw  For xq > X, one has :

4 1 _
o —u(x)u(x,) +—d(x,)d(x,)
13 Opp 9 9 1 ’
- E866, PRD 64 (2001).052002 4 |
12 | Rt _ _ B
: s Opn o u(x)d(5)+ o d(x)r(x.)
1.1 — TN
i L)
= F o, 1 | 4u(x) | 1, 9x)
—b 09 20, 2 [l_l_ld(xl)c?(xz)} i(x,)
- — CTEQ5SM --- CTEQ4M N _
08 T~ MRST  — - MRS(2) 4u(x,) u(x,)
07 - _ E’?ﬁéiM @=1 * | E866 measures this ratio down to < X, >~ 0.03.
0.6 — Less g};:ilngjougS;ﬁgg,gc Note the spread of the predic’rions fr'om.pdfs
o5 bl bbbl o) before these data were included in the fits.
0 005 01 015 02 025 03 0.35
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n asymmetry in W production at the Tevatron

Tevatron : pp collider, Vs =18 Tev P U

X1,2 = (N\ W / S) exp (i T]W)
At central rapidity, x; = x, ~ 2 1073

ol >

Atn~25:x1=2107?, x, ~2 104 At large n : u(x1) > d(x2) hence W+ (W-)

preferably emitted in the direction of the

N 180 F
g2 incoming proton (antiproton).
- Asym. diluted when looking at n(lepton) :
a0 F l+ l—
p 7/ "R v/ L
20k, e posudorapidty | 8 = 0 _ = 0
0_ : p, < — d—> 4__
generated rapidity(y,, or n,] UL ﬁ dR L / _ UR
> V0L VR
£ L E DRI 170pb) 5 5
2 pee ey (1 - cos 6%) (1 + cos 6%)
o 02
Lo O(W+) - o(W-) ~ 2
§ D u(xq) d(x,) (1- cose) - d(x1)u(x,)(1+cos6)
5 :;:: .- MRST02
O 'ME_ MO RESEOS (F. Landry, etal. Phys Rev.DET:072016 2003) CO”STr'GinTS on The d /U r'aTiO.
L e ¥ S T 25
| ‘el
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Reasonable agreement with e.g. the H1 and the CTEQ fit...

< ZEUS data « fixed target|  pifferences however that
=" M1 PDT 2009 are not embedded in the
2 E==== ZEUS-SPDF Q’=10 GeV*

08 CTEQ6.1 error bands, esp. for

the valence distributions.

Sensitivity to those has a

different origin in the

H1 and ZEUS fits :

* H1:uses W & Z to do
the flavor separation

« ZEUS : this comes mainly
from up vs. ud and xF3
measured in fixed target
experiments.

0.6

0.5

0.4

0.3

0.2

0.1

0 10 107 107"
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Uncertainties on parton densities

Old days : take many pdf fits available on the market and compare them...

0Gev: o 1 Not correct:
—— DuOwg§4
— MoTu90 _|

: 9Gloun Distribution at Q2 =

2 mmso |+ no statistical interpretation
) 22_ : 18411{1%1;‘35 _Z of ’rhe.spr'ead
= r cronvt | (what is then the "16" error
S NN ~ o | bandonxg(x)orona
- — Alekhin ] related quanTITy 7)

* the envelope is even not
“representative” of the true
uncertainty, since all fits
N . o - share the same data - with
10%10° 107 005 ol 2 3 4 5678 their exp. errors.

X (Scaleis linear inx )

05 pre-Hera

Note : the plot also shows that one should

not extrapolate a fit beyond the region where
there are data... Before HERA, there was no
information on xg(x) at low x !

A lot of work done over the
past ~ 5 years to assess
rigorously the pdf uncertainties.
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The parameters of the QCD fit (i.e. which describe a given set of pdfs at a
given starting scale) are usually obtained by minimizing a %2 function.

Simplest : if statistical errors >> systematic errors :

Sum runs over data points d;

2
) (d; — t;(p)) a; = error oh d;
X' => > t (p) theoretical prediction for parameters (p)

t ! ax? / 9py = O gives the parameters py

1 82 2
Hessian matrix : H;; = 5 (8]) gp )
1YF)

For a quantity F (a density, or a cross-section) which vary approximately
linearly with p around the minimum, the standard formula for error
propagation gives :

| OF 10 er'r'or' on F corresponds to

OF—AX XZ@pZ ij 8p9 2:-1.
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PDF uncertainties : bottomline

The general trend of PDF uncertainties
Is that

The u quark is much better known
than the d quark

The valence quarks are much better
known than the gluon at high-x

The valence quarks are poorly
known at small-x but they are not
important for physics in this region

Keep in mind that the uncertainties given by the pdf

sets do not include those due to :

- Dataset choice and cuts
- parameterization choice

- theory (treatment of HQ, target mass / nuclear
corrections, higher twists, low x effects...)

The sea and the gluon are well
known at medium x

The sea is poorly known at high-x,
but the valence quarks are more
important in this region

The gluon is poorly known at high-x




From HERA to LHC

= 1.2 e e
$14 _ x=0.000032 L up
o *, . x=0.00005 ® Hi down
3 7, x=0.00008 ] BCOMS .
120 - *x=0.00013 O Nwe 1.0r antiup ]
= et x=0.0002 :
.;V ) x=0.00032 H1 NLO fit antidown
- . x=0. charm
_ 0.8 .
. ,.a// * :1.2(:; ~gluon
8 e
et e x=00032
. _,,.)::‘::M x=0.005 L
T o6 .
X
x 100 g : —————
0.4 § - 0(99 —H [Pb] ]
Vs =14 TeV
0 i 3 MRST —— 1
I MRST2001 10 3 3
Q=10 GeV* - ]
0.0 sl PR T : :
10° 10 10" 10° [ i
X L 1.1 i
1.05
1 E
-1 .
- 0.95 T
| 0.9
100
01 : L .44
100 1000
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Evolution of the PDFs

LHC parton kinematics

momentum fractions x, and x, 10°

detgrrmned by mass and ) _ (M/14 TeV) exp(ty)

rapidity of X Q = m, = SX,X, g M= 10 TeV
1

x dependence of f(x,0?) =5
determined by fit to data, 0’ VA
dependence determined by L i
DGLAP equations:

aqi(xa Q2> as 1 dy X .
PgQE 20, y (Fanl¥es) 459
X
+ PQig(Ya as) g(;; Qz)}

8g(XaQ2> as 1dy X
dlogQ? 27 ), ?{quj(y’as) qJ(?Q)

+ ng(Ya as) g(§> Q2)}

Q. is NLO (or NNLO) DGLAP sufficient at
small x? Are higher-orders ~ a" log™ x
important?

J. Stirling X



W and Z production at the LHC

Thought of as "standard candles”. Do we know them so well ?

Small theoretical uncertainty :

PP — W4+X

Gaa

pp/GeV]
5

"

2da

d%s/dM/dY |

1aa

L5

MRST PDF
VvE = 14 Ta¥v

o =
Y

NNLO corrections small ~ few%

NNLO residual scale dependence < 1%

But W & Z at the LHC : <x> ~ 7.1073 at
central rapidity. In the measurable range,

x between ~ 5.10°% and ~ 5.10°2
i.e. not in the valence region.

i.e. not in the region where quarks are best

known...

LHC parton kinematics

||||I'I'| |||||I11'| T T 11T
X, = (M/14 TeV) exp(zy)
10°F Q=M M=10TeV
L (J. stirling)
10° F
10° F
10° E M= 100 GeV

1770



Uncertainty obtained when using all pdf sets
within a given group : usually ~ 5%.

W+
HERA excluded

Note by how much the HERA data have allowed this
uncertainty to be reduced. This is due to the

much improved precision on the gluon density

at x ~ 1073,

But the central values from different groups differ
by more than 5%, typically 8%.

And o(W) has moved by ~ 8% when going from

CTEQS6.1 to CTEQ6.5, mainly due to the new

theo. freatment of heavy quarks !

1.1 S W
ar+8crpne N UNtS of reTecesM . g“' - HERA included
/05 I.e. not wk
05 . . .
| precise o N
1 s = =2 & s = enough yet | .t
| e to be used N
0.95 * l . !
+ * * | . as a. umi. os |
O 9 moanor‘... an -_
= CTEQB.5 [
* CTEQG.1 wt |
0.85 : - - . . : b fA. Cooperetal,
W W 2° H%gg W'H WH | HERA-LHC Worksho

W K. Tung et al., hep-ph/0611254 A




How do pdf uncertainties affect the Higgs discovery potential ?

q

100

o(qq — Hqq) [pb] ]
Vs = 14 TeV I

10

_______
.......

- —— ]

Ol A 8 = A = A, 0.1 1 1 1 1 1 PR T 1
100 1000 100 1000

My [GeV] My [GeV]

Not too bad... Cross-sections are known to within ~ 10%. Same for backgrounds.
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CDF

1.5

Recall the excess of high Et jets reported by
-+ data uncertainty CDF In 1995

(MRST2002)

substructure ?) until it was realized that a
higher gluon density at high x could accommodate
these data, while remaining in agreement with
other data.

0.5

(data-theory)/theory

++ was initially interpreted as new physics (quark
_J’_

III[|IlII|IIII

+

++

T . + T

++I++++++ L aE
T

El‘ (GeV) 04} Run | data el -

Now we have pdf uncertainties, i.e.
better handle even if there might still
be some "uncertainty” on these
uncertainty bands...

(CDF data—theory)/theory

The Tevatron jet data are in reasonable |
agreement with global fits today, taking 100
intfo account the large unc. due to the
unc. on the high-x gluon.

400 500

This eigenvector is dominated by the

high-x gluon parameter.
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Limited knowledge of proton structure might limit the discovery potential

Some NP models predict deviations in dijet mass spectrum at high mass.
Example : qqqq contact interactions, some extra-dimension models.

10 G‘E'I LI B T LA L B R 10 L e e e e e B e I I s e e e .

0 E Mc =4 TeV | 10 -7E= Mc = 2 TeV :

_sf ] -8 f

0 S. Ferrag, N 0 ¢ 1
-9C -9C

10 £ hep ph/0407303’ 10 Standard Model zone 3

10F 10 ]

10 1o_ ‘ 10 ' 2 XDs _

w f 3 0 F 1//4XDS y

a2f 3 2f i

10 — 3 10 6XDs -

af ; - :

10 13? . 10 s // _§

aaf - E af i

—H— : 10— —] E

_1sf E sk B

10 = ! —§ 10 5— | : —§

=161 — 4 16 .

10 N IR R U NV SV (U SR N ATUNN N | - 10 16:— PR NN NN NSRS NN S T SRR MRNTUN N N

500 1000 1500 2000 2500 3000 3500 4000 4500 3000 5500 500 1000 1500 2000 2500 3000 3500 4000 4500 5000 5500

Due to pdf uncertainties, sensitivity to compactification scales reduced
from 6 TeV to 2 TeV in this example.
This is due again to the large uncertainty on the high-x gluon.
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Improvement of our pdf knowledge from LHC data : jet production

So far our most stringent constraints on the gluon density at high x come

from inclusive jet data at the Tevatron.
What about inclusive jet at the LHC ?

| Jet Energy Scale Errors

— 1% energy shift

—— 5% energy shift

-—h

—— 10% energy shift

IIIII|IIII

ratio (shifted-cen)/ce

=)
tr

e el e R Rl S e

—— T —————— — -

o o m m om e e e e e e e e e o o o o o o o o e

1 IIIlII 11 | S | S 11 111 1
800 1000 1200 1400 1600 1800 2000

10% JES - 60% on &

5% JES = 30% on &

1% JES > 6% on o

At 1TeV (2 TeV), in the range 1< eta < 2, the pdf uncertainty on the inclusive
jet cross-section is about 15% ( 25%). This means that one must control the
jet energy scale very well to bring significant pdf constraints |
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q k-K, Q2 = -q° squared momentum transfer
=(p+ k) square of center of mass energy

0

xBjOrken =2(P q) QZ:xyS
V can be : N . )
-ayor Z: Neutral Current DIS  y; = (P.q) llirr‘lerltiirlea:yrzgil-?‘?fme
- a W : Charged Current DIS (Pk) L(E-E)/E ,

Cross-section depends on 2 variables, generally choose (X, QZ).

) . 5 21 X
W€ = squared mass of the hadronic system = (P +q) W= 0

Partonic interpretation: XBio is the fraction of the nucleon Iongl‘rudmal
momentum taken by the' sfjr'uck" quark, in the frame of infinite momentum for
the nucleon (light cone variables : p*(quark) = x P*(N) )

"4 % o I - cosf*
e COS >
7%7 y = 5 PT =(1-y)Q
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Electron-proton elastic scattering (2)

Since 4.K* = 0 (Exercise)

Mc)? 1 1
K4=( 3) Ki+-K; and Ks=—-K;
q 4 2

. w 1Y, K [, 1)( 1")
;rﬂtnn_Kl(g + qz)'l'{Mc}z(p"l'zq p”'l'zq

282\’ L PUDs D) | 4
Q) = (%) {icteoi-p0 - 20m0) + K PEEE L)

Going to the proton rest frame p=(0,0,0,M) and assuming E,E’ (electron
energies) >>m
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Electron-proton elastic scattering

P Pa

4 A2

Letewon = 2{D" D5 + D5 P4 + ¥ [(mc)* — (p1+ p3)1}

4
<|Jﬂ,l2> = % Lgll;:ctmanu proton

Q=P4-P2 ; P=P>
K Ky , . Ko ;
Kioun = —Kig" + (05 P0 + s 4°0° + G s (007 4 P0)

Where the K. are function of g2, the only scalar variable of the problem
( p?=M? and pq=-g%/2)
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Electron-proton elastic scattering (3)

4 2
2 — gf’c - 2 E 2 ﬁ)
M=y 3EE sin® (0/2) (ZKI sin” 3 + K, cos 5
with £ = E__
| + (2E/Mc?) sin® (8/2)
do ah 2 E
dQ ~ \aME sin? (3;2)) [2K: sin® (8/2) + K; cos” (6/2))

(Rosenbluth)

drggen = Scattered

Electron arget /{Y Electron Q 2 4E0E 'sinzﬂ /2

Beam @
T

Recoil Q*=q?

Proton
hc~200 MeV. Fermi
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Electron-proton elastic scattering (4)

drogen £’ Siiﬁaﬂiemd
Electron arget ectron
Beam ..@ {_ff Q?=4E,E’sin’6/2
Recoil Q2=q2
Proton =q
do a’ 2 E' | Gi+71Gy
= cos“(68 /2 5 M 2., 2
a0 aElsinte2 S OV g [T T 2rGigtan®e/2
do . _ E' | | Giplg*)+7Gi,(g%) .
dﬂ{E}—n‘M{E} ‘ E e +27Gjy,tan™(6/2)
— 2 2
’T—Q /4M GEzGE(QZ} : /GM=GM{Q2) :

GE[U}=1 y GM{O}z.lu’p y
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o(arb.un.), Escat and Q2 as a function of st2

Ebeam=0.5 GeV

Ebeam= 2 GeV

0.1 0.2 03 04 05 06 07 08 09

1

)

1

1

0.1 0.2 03 04 05 06 07 08 09

N

1

0.1
—=— Escat/Ebeam
cross
——Q2/(4*Ebeam)
0.01
0.001
sin2(theta/2)
Ebeam=10 GeV
0.1 0.2 03 04 05 06 0.7 08 0.9 1
1
i —=— Escat/Ebeam
cross
——Q2/(4*Ebeam)
0.01
0.001
sin2(theta/2)

0.1
—=— Escat/Ebeam
cross
——Q2/(4*Ebeam)
0.01
0.001
sin2(theta/2)
Ebeam=20 GeV
0.1 0.2 03 04 05 06 0.7 08 0.9 1
1
0.1
—=— Escat/Ebeam
Cross
——Q2/(4*Ebeam)

0.01

0.001

sin2(theta/2)
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Q2(Gev2) as a function of Ebeam(GeV)

sin?(6/2)=0.05

30
25
20
15
10

5

0
K I IR N SOOI

—_

Q2

KECRACICI

sin?(06/2)=0.1

35

30

25

20

15

10

5

0!
R I e B I S RURC U I A

Q2

sin?(06/2)=0.2

40
35
30
25
20
15
10

5

0

R I I RO AN U RURS I RC I

Q2
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Inelastic e-p and photoproduction (1)

The differential cross section for inelastic electron scattering is related to
the total cross section for absorption of transverse (o;) and longitudinal
(o,) virtual photons

do where
’ — 2 2
dﬂdE*{E’E’E} Mo plv,g°)teo; (v,g°)] _ o« KE' [ 2
4’ g’E |1—€ |’
The cross sections are related to the e=[1+2(1++*/g*tan*(60/2)] ",
structure functions W by and

K=(W*—=M?2)/02M) .

K
Wilv,g*)= o= oriv,g?),

ql

W,(v,q2)=
3{1-*{{} q2+v2

K [or(v,a?)+0,(v,)] .
il
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Inelastic e-p and photoproduction (2)

Conversely, the ratio R of the cross sections is related to the structure
functions via

Riv,g,)=0 /or=(W,/W)(1++v*/g*)—1.

And the structure functions can be related to the measured bi-
differential cross section and R

=]
1 dla Ez 2
W, o d0dE (14+R) q=+vz]+2tan{9f2} ,
, i (7)
1 d% 2
Wi_aﬂ, aode |'T II+R

—1

, i
_q+_v2 tan*(6/2)
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What could explain a sea asymmetry ? = ® ES66/NuSea — CTEQSM
- 1= O Hermes --- MRST
- Experimentally : d-u>0. CEWT o5 Geve GRV9S
- from DY g
. . 0.6 — E866
- NMC observed before a violation of the = f
Gottfried sum rule : _ 04 |-
fFZP-F2”=1/3 (-2/3[x(d-1u)) 02 |-
Several models... e.g. fluctuation of p in ‘ "B Systomati Unceriiny | ® ]
a meson * baryon palr : 0.2 ;’;."'ﬂv i N AN NN
(1) pluud) — AT (uuu) + 7~ (ad) 0 005 01 015 02 025 03 035

() p(uud) — n(udd)+ 7" (du) (1) is kinematically disfavc;r'ed w.r.t. (2),
hence the creation of uu pair is disfavored.

»strange sea: s =05 (u+d) ? Global fits tell this does not hold.
- Mass effects
- indications that s = s. Could be explainedby ...~ —"
pluud) — A(uds) + KT (u3)
A carries most of the proton momentum
hence s(x) > s (x) at “high" x.
Experimentally : NuTev, CCFR: W*s — ¢ — u* X
W-s—c—=u X
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Decomposition of the total Jet Cross section

8 7) a9~ lets 1 3
< 1 £
c 1T e
° i — 1 L
5 075 ({39999 fets,x -4 5 075
o - 4 =2
= 4 =
c o
o) 1 ©
o I |l ©
‘g 0.5 [ —_ ‘8’ 0.5
E 1 =
0.25 — 0.25
L (1) gg — Jets i | (1) gg — Jets
| fastNLO | fastNLO
Tevatron scenarlo 0.1 <|y|<0.7 4 . LHC scenario 0.00 < ly| < 0.75
o 1 1 1 1 1 I 1 1 1 0 11 I 1 1 1 1 L1 11 I 1 1 1 1
- -2 -1
10" 10 10
Xy Xy

Decomposition of the total jet cross sections into partonic processes as a function
of x1= 2pt/sqrt(s)
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