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Building Blocks

electron O Standard Model
-16 .
SR o Fermions (quarks and leptons)
proton constituents of matter
(neutron) o
o Bosons
<107"°cm force carrier particles

nucleus

s ~10"%cm
atom~10"cm ~10"%cm

© Arranged in three generations of
doublets in increasing mass:

SMis a triumph in particle physics, but there are still
questions that remain unanswered.

Large Hadron Collider will provide a rich physics
potential ranging from more precise measurements
of SM parameters to the search of new physics
phenomena.

o Understanding the complex structure of the

roton is important for interpretation of the .
EHC results. Three Generations of Matter

Force Carriers
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Probing the Proton Structure

O Proton can be best probed via elementary particles as:
O neutrinos (fixed target experiments) - interact only weakly
O electrons (fixed target and collider experiments) - interact electroweakly

O Deep Inelastic Scattering (DIS) is the cleanest way to study the substructure of nucleon

O scattering of a lepton off the quarks within the proton resulting into a hadronic shower and a
lepton

O Kinematic Variables:
O virtuality of exchanged boson

Q*=—¢* = —(k— k)

© proton momentum fraction of the
scattered quark (Bjorken scaling variable)

2
xr = ¢
2p - q
O inelasticity parameter:
y— P &
Pk , @
O invariant centre of mass energy: S = (k + p) = —
LY
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Structure of Proton

O The proton is a dynamical object and its observed structure depends on the resolution
(Q?) of the observation:

o the higher the value of Q? the more detail we examine
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DIS Cross Sections and Structure Functions

O General double differential cross-section for eN scattering:

‘ 2
27T v +

d?o 27 a?

~L — Y.6
0 ToNc
xrQ)

~ ~ 2 5 o
—ro - Y. F, ¥ Y aFs - y*Fy| =
dx dQ xQ

Vi=14(1-y)

O Py, Fi, xF3 are structure functions (hadronic part) which are
related to the momentum distributions of quarks within the At Leadine Order (LO):
nucleon: Parton Distribution Functions (PDFs): eading Order (LO):
F=2) e (q(x) + ()

probability density that interacting parton carries a fraction |zf3 =x Z 2eqa4 (q(x) — q(x))

x of the hadrons longitudinal momentum
. . F2» dominates
o valence quarks: carriers of charge » sensitive to all quarks
0 sea quarks and gluons: evolved by complex dynamics xF3
o sensitive to valence quarks
FL
o sensitive to gluons

O So, we can extract the proton structure functions experimentally by looking at the x, y, Q?

dependence of the double differential cross-section.
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O Persistent experimental effort over the last 40
years both by fixed-target and collider
experiments around the world supported by
the theoretical developments

O Large extension in kinematic space in x and Q?
from the original SLAC measurements

Currently, HERA measurements dominate the
kinematic plane and, hence, provides the best

basis for evolution to the scales relevant at the
LHC:

O central rapidity range for W/Z production at
LHC is at low x (6x10* to 6x10?)

Under design: a new ep collider at TeV
energies based on the LHC hadron beam:s:
http://cern.ch/lhec

Experimental Data on Proton Structure
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O Persistent experimental effort over the last 40

years both by fixed-target and collider

experiments around the world supported by

the theoretical developments

O Large extension in kinematic space in x and Q?

from the original SLAC measurements

O Currently, HERA measurements dominate the
kinematic plane and, hence, provides the best
basis for evolution to the scales relevant at the

LHC:

O central rapidity range for W/Z production at

LHC is at low x (6x10* to 6x10-?)

O Under design: a new ep collider at TeV

energies based on the LHC hadron beam:s:

http://cern.ch/lhec

Experimental Data on Proton Structure
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Experimental Data on Proton Structure

Proton-proton collisions:
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O Flavour decomposition:
e ForWs:
= ud dominates for W
" uyal peaks at large rapidity
= sc important at mid y

e For Z
= all flavours contribute, even b is significant

That is why precise parton distributions are needed for LHC analyses.

LHC’s W and Z decompositions
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Experimental Settings for
Proton Structure Determination
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Integrated luminosity for HI1 physics [pb |

O World’s only e*p accelerator and collider
O |ocated at DESY, Hamburg - Germany:
O In operation for |5 years (1992-2007)
© HI and ZEUS collider experiments

general purpose detectors

600 - 600

WY ey 575 Gev] 50

007 ¢ o p 460GeV , 3
] HERAI HERAII 3

450 — — 450
: Y =

400 - . — 400
3 K =

350 (5' — 350
3 820 GeV 920 GeV N =

300 g = 300

250 — 250

200 o = 200
3 Luminosity Z

150 HERA upgrade / — 150
3 improvement —— 3

100 - Background - 100

50 H1 upgrades , 7 problems = 50
E - -
0 == T T l l 1 | ' 0
1992 1994 1996 1998 2000 2002 2004 2006 2008

- _-'"-\;' ‘LPETRA
- §

- - 4

e 2

HERA-I |1992-2000 Ep=820, 920 GeV
HERA-I112003-2007 Ep=920, 460, 575 GeV

registered ~fb-! of integrated luminosity of physics data
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Detector and Kinematics at HERA: NC DIS

O Processes: NC:ep—oe'X CC:ep— Vv, X
O Neutral Current (NC): Intermediate boson is neutral (Y, Z) e' v,
o Charged Current (CC): Intermediate boson is charged (W?*) € ¢
Y/Z W
: p p '
O Neutral Current event sample in HI detector ( —/——1X vt}X
Hi__Rup 122140 FPvent 69006 Date 19/09/1995)  The invariant kinematic variables in terms

of measurable variables in the lab frame:

Q? = 25030 GeV?, y =0.56, M = 211 GeV - s=4F e E P
QQ _ EeE/(l —I—COS 66)
y=1— g_'%(l — cosf,)
Q?

L — ——
SY

O Determination of the Event Kinematics:
o using lepton information (Ee,E’,0¢)
o using hadronic final state particles

o using both lepton and hadronic final
state variables
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Q
W

TES *4 Detector and Kinematics at HERA: CC DIS
O Processes: NC:ep—oe'X CC:ep—-v X
O Neutral Current (NC): Intermediate boson is neutral (Y, Z) e' v,
o Charged Current (CC): Intermediate boson is charged (W?*) € ¢
Y/Z W
p |
0 Charged Current event sample in ZEUS detector ( =—}X £ Q\r’:}X
o Neutrino signature: missing transverse momentum The invariant kinematic variables in terms
of measurable variables in the lab frame:
s=4FE.F,
2
- QQ — Py
l—y
_ 2 (E—-Pz)
Y= T 2E.
2
\ _ QT
SY
O Determination of the Event Kinematics:

o

o using hadronic final state particles

o
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Latest Results on Proton Structure
from HERA |
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Measurements at Hl and ZEUS

O Published HERA-I inclusive NC and CC DIS data (1994-2000) is used for the QCD analysis
o Kinematic coverage:
O 0.045<Q?<30 000 GeV?
O 0.000006<x<0.65

Data Set T range Q? range L NE ™ S
GeV? pb~1 | GeV O{; * 4
HI svx-mb  95-00 | 5 x 10~ 0.02 | 0.2 12 [ 2.1 | 301-319 o0 4T *ﬁﬁ
H1llow Q%> 96-00 | 2 x 10~ 0.1 | 12 150 | 22 | 301-319 < i s o ook 3
H1 NC 94-97 | 0.0032 0.65 | 150 30000 | 35.6 301 3 [ %
H1 CC 94-97 | 0.013 0.40 | 300 15000 | 35.6 301 :
H1 NC 98-99 | 0.0032 0.65 | 150 30000 | 16.4 319 5 L
H1 CC 98-99 | 0.013 0.40 | 300 15000 | 16.4 319 [ o
H1 NC HY 9899 | 0.0013 0.01 | 100 800 | 16.4 319 b %
H1 NC 99-00 | 0.00131 0.65 | 100 30000 | 65.2 319 ;
H1 CC 99-00 | 0.013 0.40 | 300 15000 | 65.2 319 i *
ZEUS BPT 97 | 6 x 107 0.001 | 0.045 0.65 | 3.9 301 0
ZEUS BPC 95 | 2x107%  6x107% | 0.11 0.65 | 1.65 301 [
ZEUS SVX 95 | 1.2 x 107° 0.0019 | 0.6 17 | 0.2 301 1k
ZEUS CC  94-97 | 0.015 0.42 | 280 17000 | 47.7 301 [
ZEUSNC  96-97 | 6 x 10°° 0.65 | 2.7 30000 | 30.0 301 Y I T S -
ZEUS NC 9899 | 0.005 0.65 | 200 30000 | 15.9 | 319 7 6 S5 4 3 2 -1 0
ZEUS CC 9899 | 0.015 0.42 | 280 30000 | 16.4 | 319 log,, x
ZEUS NC  99-00 | 0.005 0.65 | 200 30000 | 63.2 319
ZEUS CC  99-00 | 0.008 0.42 | 280 17000 | 60.9 319 [JHEPO! (2010) 109]
@I@ Voica Radescu |5 TES2010, Romania



Combined HERA-I Data

O Ultimate precision is obtained by combining Hl and ZEUS measurements
O Average HI and ZEUS data is performed before QCD analysis:

H1 and ZEUS O Experiments cross calibrate each
S 16 other:
»* x=0.002 e HERA I + H| and ZEUS use different
> 14 x=0.0002 ﬁ NCep reconstruction methods which depend
5 % - ZEUS differently on the sources of
- H1 experimental uncertainties, hence the

12 combination procedure significantly

reduces the errors.
08
0.6
04

0.2

0 \\H‘ \\\\\H‘ \\\HH‘ \\\\\H‘ \\\\\H‘ | I |

1 10 10> 10° 10"
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Combined HERA-I Data

O Ultimate precision is obtained by combining Hl and ZEUS measurements
O Average HI and ZEUS data is performed before QCD analysis:

H1 and ZEUS O Experiments cross calibrate each
S 16 other:
»* x=0.002 e HERA I + H| and ZEUS use different
> 14 x=0.0002 ﬁ NCep reconstruction methods which depend
5 % 1 ZEUS differently on the sources of
- H1 experimental uncertainties, hence the

combination procedure significantly
reduces the errors.

1.2

0.8
0.6
Before combination, the systematic
04 errors are ~3 times larger than
statistical for Q%<100 GeV?2
0.2 . . .
After combination, the systematic
errors are of same precision as the
0 \\H‘ | \\\\H‘ | \\\\H‘ | \\\\H‘ | \\\\H‘ | I | Statistical errors,reaChing I%total
1 10 10° 10° 10° precision!
Q’/ GeV’
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Combined HERA-I Data

O Ultimate precision is obtained by combining Hl and ZEUS measurements
O Average HI and ZEUS data is performed before QCD analysis:

H1 and ZEUS
—~ 1.6
N L
o
e B x=0.002 +
%4 x=0.0002 g ¢ HERAINCep
2 3 " ZEUS
- O H1 At low x :
12 — # g :
1 B Gluon splitting enhances quark density
I = F, rises with Q2
0.8 - At high x :
0.6 ; ::;
I Gluon radiation shifts quark to lower x
04 — = F, falls with Q2
02 -
0 7\\\\‘ | \\HH‘ | \\HH‘ | \\HH‘ | \\HH‘ | I

1 10 10> 10° 10"
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QCD Analysis Strategy
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QCD features

O Quantum Chromo Dynamics is theory of strong interactions among quarks and gluons
O The strength of interactions is given by the strong coupling constant.

Quarks are bound inside protons, strongly coupled, cannot measure directly their
distributions: confinement

At large scattering scales the coupling constant of strong force decreases and quarks become
quasi-free partons: asymptotic freedom

0 interactions of cguarks and gluons at large scales can be calculated perturbatively in strong coupling
constant alpha_S (pQCD in alpha_S)

O Factorisation Theorem
short and long distances processes are separable
PDFs are universal

=Structure Functions (Fi) are a convolution of
PDFs (fa) with hard scattering coefficient function

Fizzwg@)fa'
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TES & Schematics of PDF extractions

‘A\Qr“

PDF param |—{ QCD evol || QCD coef. || v* || Data

o PDFs are extracted from QCD fits to double differential cross section data:
Parametrise PDFs at a starting scale by smooth functions with sufficient parameters;
Evolve PDFs to other scales by the evolution equations (DGLAP)

Compute cross sections for DIS (or other processes) at NLO (NNLO)

Calculate x 2 measure of agreement between data and theory model

Obtain the best estimate of the PDFs by varying the free parameters to minimize % 2

O O O O O
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O PDFs that are parametrised at a starting scale Qo?=1.9 GeV? (below Mc?) are:
g, XUy, Tdy, U = i, 2D = xd + 8

O A standard functional parametrisation form is used:

vf(x,Qs) = AxP (1 — )% (1 + Dz + Ex?)

O It describes the shape of PDFs with few input parameters
The number of parameters are chosen by saturation of the ¥ 2

O The parametrisation for the best fit (central fit):

xg(x)
X, (X)
xd,(x)
xU(x)
xD(x)

A xP(1 = x),

AquB”"(l = x)C”U (1 + Euvxz) ,-—)

Ay, xP(1 = x)%,
Agx"o(1 - x)v,

ApxBo(1 — x)b.

1.5F

1F

0.5 F

0

le

HERA PDF Parametrisation for the Central Fit

o A - normalisation

o B - low x behaviour

o C - high x behaviour

o D,E - medium x tuning

AR (1= PHCH(LHEH0RD )
AR (L 44T

ﬂ*x**(B/z)*(l_x)**c*(l...E*x**z) —

AR (1-x JR* (/2 (L+E*XHHD) e

-04 0,001 0,01

O The number of free parameters is reduced by the physics constraints such as:

0,1

normalisation parameters Ag, Auv, Adv by the quark number and momentum sum-rules

B parameters so that there is one for sea and another one for valence distributions

Ensure that xit — xd as x — O.

O The best fit results in 10 free parameters

\ )
wﬂ:@ Voica Radescu
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HERA Fit Results vs CC Data

flavour composition

H1 and ZEUS H1 and ZEUS [ed eu
8 s E Q*=300GeV' | Q'=500GeV’ | Q'=1000GeV’ | Q*=1500GeV’ '8 ) © QP=300GeV: © Q°=500GeV: ©  Q°=1000GeV’ | Q’=1500 GeV’
5: t B . - 5’; - - - -
S 4 - ol o - S - 3 3
+ B L L L vl - - - -
o - - B - O 1 - { - =
NN : s ; ; ;
0 :\HH‘ | \HHH‘ [ :\HH‘ | \HHH‘ [ :\HH‘ | \HHH‘ [ :\HH | \HHH‘ [ 0 :H‘ | \HHH‘ [ :H‘ [ HHH‘ T :H‘ L1 HHH‘ [ :H‘ [ HHH‘ T
06 | Q°=2000Gev’ | Q*=3000GeV’ | Q*=5000GeV’ | Q=8000GeV’ ~ Q*=2000GeV’ | Q*=3000GeV’ | Q’=5000GeV> | Q°=8000 GeV*
| | | | 2 : : :
04 n n - i i i i
i i i i 05 L o - o
02 n n - i i i i
0 7\\\\\‘ | \HHH‘ [ 7\\\\\‘ | \HHH‘ | 7\\\\\‘ | \HHH‘ [ 7\\\\\‘ | \HHH‘ | 0 7\\‘ [ HHH‘ I 7\\‘ [ HHH‘ [ 7\\‘ [ HHH‘ T 7\\‘ [ HHH‘ T
- 102 10" 102 10" 102 10" 08 - 2 107 10! 107 10!
045 | Q'=15000 GeV? X - Q7=15000GeV® [ Q=30000 GeV X
i 0.6 | - i
01 — e HERAICCe'p - - e HERAICCep
i == HERAPDF1.0 “r - == HERAPDF1.0
0.05 — 02 -
0 :\HH‘ | \HHH‘ [ 0 :H‘ | \HHH‘ [ | :H‘ [ HHH‘ T
107 10" x 10 10" 10 0
0 HERA CC data give flavour information:
o o . —_ —_ 2
o e*p CC process sensitive to dy at high x Oec ~ x@+0)+x(1-y)d+s)
" , - 207 4 <
o0 ep CC process sensitive to uy at high x Occ  ~ Xu+c)+x(1-y)(d+5)
0 Good agreement between QCD Fit and Data
m Voica Radescu 23 TES2010, Romania



HERA Fit Results vs NC low QZ data

o o H1 and ZEUS
Low Q7 NC S D mmmm T e
¢y exchange) L = Bsntinbon NO‘ - Q'=2GeV’ | QP=27GeV’ | Q*=35GeV: | Q*=45GeV
10% ; ::u A 1 B B B
=t Z . B, B I
1040 o mess L L 'o..\ L .“t.\ B L
103: —= /:AC%/_ -4 W/ | | | _g% : .. : e “e--- . | :
F: - Zx (q+qbar) 102%_ |A=”f;¢,/ : : 0 | HHM‘ | HHM‘ | HHM‘ | HHM‘ | HH\M | HHM‘ | HHM‘ | HHM‘ | HMHI | HH\M | HHM‘ | HMHI | HHM‘ | HHM‘ [N | HHM‘ | HHM‘ | HHM‘ | HHM‘ LI
dF,/dINQ2 ~ g - Q’=65GeV’ | Q'=85GeV’ [ Q'=10GeV' | Q'=12GeV’
gl— | L - o o
O 2 M M 0 71 HHM‘ | HHM‘ | HHM‘ | HHM‘ [l %l HHM‘ | HHM‘ | HHM‘ | HHM‘ LI %l HHM‘ | HHM‘ | HHM‘ | HHM‘ LI kl HHM‘ | HHM‘ | HHM‘ | HHM‘ [
At IOW Q ) DIS cross section is ] Q*=15GeV? | Q*=18GeV? | Q*=22GeV? | Q%= 27 GeV?
described by F; and I;L: i i i i
Y | | | |
O-I" — F2 _ 2 FL ! B B B B
1+ -y) i - - -
0 71 HHM‘ | M%H‘ | HHM‘ | HHM‘ 21 Il %l HHM‘ | M%H‘ | HHM‘ | HMHI 21 1l %l HHM‘ | HH21’HI | HHM‘ | HHM‘ 21 1l %l HHM‘ | H%HI | HHM‘ | HHM‘ 21 1
O turn-over given by FL B Q" =35GeV - Q" =45 GeV - Q" =60 GeV B Q" =70 GeV
O Precise data is well described by 1 - - - -
the NLO HERA fit i i i i
O even for Q2<3.5 GeV2 WhiCh is 0 71 HHM‘ | HHM‘ | HHM‘ | HHM‘ L1 %l HHM‘ | HHM‘ | HHM‘ | HHM‘ L1 %\ \HHH‘ | \HHH‘ | \HHH‘ | \HHH‘ [ 1] %\ \HHH‘ | \HHH‘ | \HHH‘ | \HHH‘ [ 11
not included in the fit © Q*=90GeV: [ Q*=120GeV? 10° 107 10° 10'1X
o fit line includes all errors b - ® HERA INC e'p
0 ~|% data precision - ? === HERAPDF1.0
o Strong rise aS X goes to O, 0 vl ool ol nmd oSl el ol el el 0
. ith i . 2 107 10" 107 10
INCreases wit mcreasmg Q X
m Voica Radescu 24 TES2010, Romania



xF; ~ Zx (g-gbar)

HERA Fit Results vs NC high Q? data

2
O, nc(X,Q7)

w0’ 1% 1w 1f

O Precise data very well
described by the HERA fit

0 ~2% data precision for Q<500
GeV?

O <5% data precision for
Q?<5000 GeV?

o x %/dof = 574/582

0.5

0.2

H1 and ZEUS

Q* =200 GeV>

Q* =250 GeV>

Q* =300 GeV>

Q> = 5000 GeV*

lHHH‘ | HHM‘ L 111

Q= 8000 GeV*

Q= 12000 GeV>

Q% =20000 GeV>

Q% = 30000 GeV>

102 10*

102 10!

102 10!
X

® HERAINCe'p
=== HERAPDF1.0

\‘ .
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Sources of PDF uncertainties

O PDFs are needed for precise estimation of cross sections at the LHC
O Therefore, it is essential to understand and improve the precision on PDFs.

O At HERA, sources of the PDF uncertainty are classified as:

© Experimental uncertainties propagated to PDFs
O Model/Theory uncertainties:
Related to the choices of model input and theory assumptions

© Parametrisation uncertainties:
Scanning the parameter space given by standard parametrisation form
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HERA PDF distributions at Q%?=10 GeV~

The break-up of the PDFs into different flavours: xuv, xdv, xS=2x(U+[_)), Xg,
xU=x(u+c), xD=x(d+s), xU, xD are closely related to measurements = well constrained at low x

H1 and ZEUS Combined PDF Fit

H1 and ZEUS Combined PDF Fit

=> 1 [ \\HH‘ T \\\HH‘ T \\\HH‘ T \\HHL t> 1 [ T \\\HH‘ T \\\HH‘ T \\\HH‘ T T TTTTIT D 2.5 L \\HH‘ T \\\HH‘ T \\\HH‘ T T TTTTIT h 2.5 L \\HH‘ T \\\HH‘ T \\\HH‘ 2\ T TTTTTT
= Q? =10 GeV?> = Q% =10 GeV?> "I Q? =10 GeV?> 8 Q?=10 GeV
08 N 08 - 7 2 - 1 o= 2 .
- — HERAPDF1.0 - w4 — HERAPDF1.0
0.6 i B exp. uncert. . 15 - B exp. uncert. B
- || model uncert. || model uncert.
04 - [ param uncert. . 1 L [ param uncert. B
05 - 7
0 il m [
02 N
0 =
02 i 02
10° 10° 10 10! ] 10+ 107 10 10! ]
X X
Q 2.5 \HH‘ T \\\HH‘ T \\\HH‘ T T TTTTIT h 2.5 L \HH‘ T \\\HH‘ T \\\HH‘ T T TTTTTT
" Q? =10 GeV?> 3 Q% =10 GeV?>
2 - N a 2 N

=1

0 — 0 ‘
02 [ 0.2 =
0 = 0 -
'0-2 ;\ Ll Lol | '002 Lol Lol Lol '0.2 ;‘ o ol |
10* 10° 10 10! ] 10* 10° 10 10! ] 10* 10° 10 10! ]
X X X
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Evolution of Gluon with Q2

Tap 10 ™ e 23 [ T\ T T T ey 80 T T T e
= ; Q?=100 GeV* 1™ 79 - Q2 =10000 GeV>-
8 g - 1 60F 3
6 - 1 0 :
i C 40 ;_ =
4 C - 30 - 3
- s 20 | ;

27 n . :
I 10 © =

0 0
02 — 02
0 0F
'0-2 A sl m '0-2__ T MR . R -0‘2_— L R " /. '0-2__4 ! ...-3. “..\-2 ,..,\.1, Y

10 10° 10% 10" . 10°  10° 10?107 . 104 10° 102 10! R 10 10 10 10 .

O Different sources of systematics are shown.

O Near the starting scale gluon is valence like:

at the starting scale the model uncertainty is large at low x
o dominated mostly by the variation of Mc

O PDF Parametrisation uncertainty dominates the high x region

O The precision of gluon PDF is very good in the low x region at the scale relevant to LHC!
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I I exp. uncert. I B exp. uncert.
B model uncert. xu E model uncert.
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Global Fit Analysis Groups

O Various data sets have constraining powers on PDFs:

O

O

O

fixed target experiments - high x
HERA - low x
Tevatron - high x

O Following global fit groups are active:

O

O O O O

CTEQ (Coordinated Theoretical-Experimental Project on QCD)

MSTW (Martin-Stirling-Thorne-Watt) Higgs (My = 120 GeV) total cross section vs. as(M3)
NNPDF (Neural Network PDFs) _ NLogg-H flt - LHCI:(\E:?TIeV) f'or'M,: i GelV
ABKM (Alekhin-Bluemlein-Klein-Moch) g
GJR (Glueck-JimenezDelgado-Reya) 5 F | % %;_.-- E
different parametrisation 12~ _”_,_:;;;;;;;:11---' _
different arrangements of perturbative series 11sf- ' [ewoLror E
different alphas £ ; EEEEEE_;() E
different data sets é Mecat sy bes 23:;&809 I E
different treatments of the heavy quarks iy SN S rarar wravarar:
ag(M2)

O The PDF sets from the above groups can all be used for LHC predictions, including
HERAPDF sets. The remaining differences still need to be studied and understood.
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< : : :
rés ¥  Comparison with Global Fits at Q*=10 GeV?

Impressive precision of gluon HERAPDF!

MSTWO0S8
— 1 N
8 Q*>=10 GeV?
08
W xg (x 0.05)
HERAPDF1.0

0.6

04

xS (x 0.05)

0.2

- MSTWO08 90% CL

e
o

1

0.6

04

0.2

CTEQ®6.6

xg (x 0.05)

xS (x 0.05)

HERAPDF1.0

- CTEQ6.6 90% CL

Q*=10 GeV?
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Predictions based on HERA PDFs
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HERA PDFs vs fixed target data

H1 and ZEUS
N 7L
O Plots show the extended w V- )
kinematic range of the HERA S e e, rTvmmmmen ° E’ElfiATI NCte P
data as compared to the fixed 7 " <+t . x-oominin HERAPDELO
target measurements: O L eee L i ooni, 17
EARTHIS .,M x = 0.0005, i=16
< g ,.% x = 00008, i=15
B P x =0.0013, i=14
O experimental errors included 104 .M x= 0.0020,i=13
E o x =0.0032, i=12
© fit line includes total error K ,_,W x=0.005, i=11
107 - x = 0,008, i=10
- V/'Wm x=0.013,i=9
. . . . - e x =0.02,i=8
o HERA precision similar to the 102 .—w e 00317
fixed target experiments : T e essssecescecesese s  x=005ish
10 _ X=0.08,i=5
- SRR x=0.13,i=4
O Extrapolation of the fit agrees L X=0.18,i=3
well with fixed target data M x=025,i22
10" s x = 0.40, i=1
10 2 \_}% x = 0.65, i=0
10-37‘ \\\HH‘ \\\HH‘ | \\\HH‘ | \\\HH‘ | \\\HH‘ | T I I
1 10 10° 10° 10 10°
Q" GeV’
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HERAPDF fits versus DO jets

Tevatron Jet Cross Sections
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Predictions for high-Er jet cross-
sections with full uncertainties
compared to the DO data

DIS data predicts Tevatron jets
production from ppbar process.
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R
HERAPDFI.0 and Tevatron Z,W

Z and W at Tevatron are well predicted by HERAPDFI.0

Z — ee W asymmet
0.1 - e 0.8 e Sl A
I — HERAPDFI1.0 - 0.7f. HERAPDFI.0
0.08 - total uncert. | total uncert.
~— MSTW08 06 — MSTWO§ | q
| 04 | .
0.04 | .
| 0.3 :
0.02 | 0.2 :
: 0.1 - 4 :
0 ................. Lo b b b Lo 0 // e b 111;_1__L._1_1_1_1:_
005115 2 25 3 35 4 45 005 115225335445
y y
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some remarks

O Good agreement has been found between predictions using PDFs determined from
DIS at HERA with measurements from the following processes:

o Fixed Target (lower Q?)

O Drell Yan processes from DO
© Zee from CDF

© WH+/- from CDF

O Hence, there is a universal description of partonic processes and all can be described
with: HERA input, SM couplings and pQCD evolution!

o Still to do:
O higher precision needed
low x deviations from DGLAP to be discovered
subtle fit questions: parametrisations, symmetry assumptions
heavy quarks: precision measurements

O O O O

large x far from being accurately known ...
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Impact of HERA on the LHC predictions

O Impressive precision of HERAPDF sea and gluon is relevant for W, Z production at the LHC:

Prior any HERAdata  combined H1 and ZEUS

2 &

exp errors only
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= this assumes that DGLAP worked which was confirmed at HERA

O Inclusion of HERA data shows tremendous improvement on the predictions for W and Z
production at the central rapidity:

O such an improvement is due to improvement in the low-x gluon and sea:

remember that at the LHC the W, Z bosons are made mostly of sea-sea partons at low x and
the the scale of Mz? the sea is driven by the gluon.
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LHC predictions based on HERAPDFI.0

O Predictions using HERAPDF 1.0 for W, Z cross sections .

—_ 0.2
= ' 7Tev 7 TeV wp .
z o Separate experimental, rmodz,
B parametrisation uncertainties
% o5 ) ———— and the uncertainty from the
° - ] variation of alphas by +0.002
Xp Exp
0.25 Model o Model
Param Param
0 -4 -3 -2 -1 = 0 1 2 3 4 -0'20 0.5 1 as1.5 2 25 3
y y
O Predictions using HERAPDF 1.0 for Higgs cross-sections [Higgs Masses = 240 GeV, other scenarios in backup].
—_ 0.2
= %8 7Tev 7 TeV h240 |
>
8 0.1
g 0.6
0.2 -0.1
0 02 | Exciting new times ahead to
-4 .3 . 2 -1 9 1 2 3 4 0 0.5 1 .1 5 2 2.5 3
O  Predictions using HERAPDF1.0 for top cross-sections. y actua}llx compare the
2 02 predictions to real
e | 7TV 7TeV measurements from the LHC!
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Summary

O Tremendous progress since 40 years ago in understanding the proton structure
O established QCD as the theory of strong interactions

O LHC cross-sections and its discovery potential relies on the precision of proton
structure:

O© HERA provides accurate determinations of the proton structure and can predict related
Standard Model processes

O New measurements from HERA |l time period are becoming available and ready to be
used in the QCD analyses

o Using HERA information we have precise predictions for the LHC and the time has
come to confront them with the data!
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EXTRA

Latest Additions to HERA fits from HERA |l
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Longitudinal Structure Function F_

LO: k,I;O, Ffo

DGLAP evolution

( PN / /
\ | vl \/
=) ‘ - t\

P L ' 100 Q (GeV)

o

10
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Measurement of the Structure Function F

O Direct Measurement of F. requires measurement of the differential cross sections at same x and Q2

but different y 2 & p 2 2
: : . don _ 2mal ) oy ) —L F(x )
O larger difference in y, better sensitivity to FL dxd x| Y.

O Q?%=xys, so that different y means different s(CME) means different beam energies

O Reduced proton beam energy runs at the end of HERA operation were dedicated to measure Fu.

WEQ - - Q°=32 GeV? H1 and ZEUS
12 = HI: 2.5<Q2<800 GeV? N; 16/ X=0.00060 | X=0.00067 |  X=0.00074 2
NE ZEUS: 24<Q<110 GeV2 = | ® . g
with Ep=920, 460 575 GeV P " 3
N 1.2 L
. 157 10 107 1(14 1r|)’3‘ 0?10 1 1
' 1.6} X=0.00084 . X=0.00097 . X=0.00129 S
HERA prel. “é,
At given x and Q: Fareig | . T Py |2
' ' ' - ® E .460Gev |2
— F_is the infercept af y-axis ey Y ok Crear it | 2
1.2 Te =
— F is the negative slope F>-F. &
L 0.5 1 0.5 1 0.5 1

yZ/(1+(1-y)®)
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HERAPDF including Low Energy Data

O Include low energy data

o Study impact of those data on PDFs and investigate the low Q? region;

O Test sensitivity to different heavy flavour treatments;

O Compare fit results and measured structure function Fi.

08

0.6

H1 and ZEUS (prel.) H1 and ZEUS (prel.)
m 1.
2 o bl
Q*=2GeV = Q? =10 GeV?
E- 0.8
HERAPDF1.0 Q? evolution \ xg (x0.05)—— HERAPDF1.0
[ total uncertainty %, [ total uncertainty
(=B
........ +low energy data g / +low energy data
RT VFN STandard '(5' RT VFN STandard
=10}
g
-
S
=
L
2
¥ a1
=
2
=
»
84
T
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HERA F. data vs F. prediction

O The lines are F_ predictions based on combined HERA | and low energy data

H1 and ZEUS

| — Q% 3.5GeV? FFNS
0.2+ Q°=5GeV’ — NNLO 0,¢=0.1176
----  RT optimized == NNLO a,=0.1146 T T

1 lllllll 1 1 lllllll | | | I S S

10 10°

_I &) N~ "o " v < < < U - o) o) - - - -
x2 8 8 8 8 88 82 8 5 53 8 8 8 88 842 21218 8|O©
- 3 8 28 8 8 S8 838 8 8 S 8 8 8 S 8ls g |s|gsW
i T &
0 4 B ® <
- Q.
$ .................. T ¢ -]
] _-*"""‘ = k\ U . e
0.2 ' ﬂf-' S cCDJ)
- o \ {
- T ’5\1\’\_ §
'3 | A — OSSN RSSO SO i I
. ® HERA preliminary — ACOT full b-Sat dipole 1 %
== HERAPDF1.0 == ACOT-y b-CGC dipole @ =
-
<C
o
L
T

Q% / GeV?
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BACK UP
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HERAPDF fits .vs. CDF jets

108_— : 3 - C
_ Ky D=0.7 -fastNLO L 55 - -
- EZ3 HERAPDFIL.0 a ’ " :
103 (corrected to hadron level) :'é - F 3
® CDF Data (Runll) - - -
~ x T 1.5
(Stat. unc. only) b - -
il < 1 E =
10" — - C
é 3 :1 ' B T T B A e R [ I
ar ys :._
0" 25 ¢ : i PDF tot
3 2 F 3 TPDF exp
A4l 15 F -
- | F 3
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- Y8 b .
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aJof 2 F
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Experimental Uncertainties: Monte Carlo Technique

O Method consists in preparing replicas of data sets allowing the central values of the cross
sections to fluctuate within their systematic and statistical uncertainties taking into account
all point to point correlations [A.Glazov and VR, HERA-LHC proceedings, arXiV:0901.2504, page 41-42]

O Shift central values randomly within the uncorrelated errors assuming Gauss distribution
of the errors:

o; = O'i(l -+ (5,}mCOTTRAND7;)

O Shift central values with the same probability of the corresponding correlated systematic
shift assuming Gauss distribution of the errors:

Nsys
0 =0i(1+ 0" "RAND; + Y _ 6" RAND;)
J

O Preparation of the data is repeated for N times (N>100)
O For each MC replica, NLO QCD fit is performed to extract the N PDF sets

O Errors on the PDFs are estimated from the RMS of the spread of the N curves
corresponding to the N individual extracted PDFs
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O Standard error estimation of PDFs relies on
the assumption that all errors follow Gauss
statistics

© MC method can provide an independent
cross check of it

Hessian Method and MC method give the
same results in the linear error propagation
approximation

© MC method allows to test various
assumptions for error distributions

O some systematic uncertainties follow Log-
Normal distribution (i.e., lumi, detector
acceptance, ...)

O does this affect the PDF uncertainty!?

Similar results to Gauss distributions when
using Log-Normal assumptions

1

xG(x)

Results of the MC method

Fit vs HIPDF2000, Q° = 4. GeV?

0 1 IIIITIT] 1 lllllll 1 IITITIII 1 LI lllq
o Hessian

—— MC replicas _
8 —— RMS :

1 " Hessian vs MC Gauss

0 | | 1 llllll | | 1 11 lll | | 1 1111l | ¢
-4 -3 2 -1

10 10 10 10

\‘ .
@Kw Voica Radescu
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Results of the MC method

O Standard error estimation of PDFs relies on
the assumption that all errors follow Gauss

statistics Fit vs H1PDF2000, Q2 = 4. GeV?
?10{ LN LN LR tor e
© MC method can provide an independent G o Hessian :
cross check of it » —— MC replicas
8| —— RMS 3

Hessian Method and MC method give the
same results in the linear error propagation
approximation

© MC method allows to test various
assumptions for error distributions

O some systematic uncertainties follow Log-
Normal distribution (i.e., lumi, detector
acceptance, ...)

2L

; - Hessian vs MC LogNormal :
O does this affect the PDF uncertainty!? ) S BT ERRTTI R.
-4 -3 -2 -1
10 10 10 10 1

Similar results to Gauss distributions when
using Log-Normal assumptions
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Heavy Flavour Schemes

O Perturbative calculations are performed in context of the factorisation theorem:
O extended to the case of heavy quarks [Collins 1998]
o Heavy Quarks introduce an additional scale: Q?%, My

O 3 regions of interests are observed: e Q> << M% — decoupling
o Q° ~ Mz —— transition region
e Q? >> M? — heavy quarks treated as light quarks

O Mass-retaining factorisation schemes:

equivalent if calculations done to all orders in strong coupling!

O Fixed Flavour Number Scheme (FFNY)
it sums over fixed number of active parton flavours
heavy quarks are created from processes initiated by light quarks and gluons
Returns an efficient organisation of the perturbative series at My?~Q?
o at Q2>>My? large logarithms spoil the perturbative series

O Variable Flavour Number Scheme (VFNYS)

introduces a PDF for heavy quarks and the number of active flavours increases by one unit when a heavy
quark threshold is crossed

ZM-VFNS: heavy quarks omitted entirely below Mu? and included as massless partons above thresholds

GM-VFNS: it’s basically a series of FFNSs matched at matching scale of order Mu? for each of the heavy
quark thresholds:

o Thorne-Roberts (TR VFNS)
o Aivaziz-Collins-Olness-Tung (ACOT scheme)
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Hevay Flavour

*  Compare various schemes taking into account heavy quark production:
= VFNS RT (standard [MSTW08] and optimal [R. Thorne’s presentation])
= VFNS ACOT (full [Phys.Rev.D50,1994] and % [Phys.Rev.D62,2000])

Schematic Summary of ACOT & TR Schemes

TE 2 - ~ - + r—r—r
41 Fi 1
— 41 AN

TR type schemes ACOT type schemes Al PN RT-standard

41 Fi

Q<m, Q>m, g Q<m, Q>m, Y
| | o 41 P

- e L 1 i B

‘11_ Q=m -‘:
LO I LO @ + O

& i RTopt .
+ ' + + | +
. '11‘ Q=m ‘11 — w=0 0001
NLO - NLO +0 p—"

-

S | & £ 8 T

n? | Qem S . (Courtesy of R. Thorne)
NNLO T [: NNLO [T R

S:r::' L‘,C" £} ‘C' d ‘:’ b

(Courtesy of F. Olness)

= FFNS (from QCDNUMI7v06 [M. Botje])

B scale (GeV)

*  We observe significant differences among these schemes — next slides.
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Sources of Experimental Uncertainties

0 Uncorrelated uncertainties:
O statistical errors
O point-to-point uncorrelated uncertainties added in quadrature to the statistical errors
e.g., statistical errors due to MC simulations

O Correlated uncertainties:

O point-to-point correlated uncertainties
e.g., electromagnetic and hadronic energy scale calibration

0 Common HI and ZEUS sources of errors:
O HI and ZEUS use similar analyses methods
background photo-production MC (typically below 0.5%, but higher at high y)
hadronic energy scales (typically below 0.5%, but significant only at low y)

O There are | 10 systematic errors and 3 sources from the combination procedure
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Comparison with old HI and ZEUS fits separately

O Careful! HI12000 and ZEUS-jets have not considered PDF param. uncertainty
O The variation of strong coupling is included in HI12000 PDFs
o Combined HERA data includes a more precise low Q? data

.4 §

H1 and ZEUS
1 TTT ‘ I I T T TTT I I T TTTT I I T TTTT ‘ I I T T TTT h 1
[ Q’= 10 GeV? | T Q?=10 GeV?
08 - ZRUSIEIS I B 0s | —— HERAPDFL0
D total uncert. -
L i L - exp. uncert.
xu,
H1 PDF 2000 | X " | model uncert.
0.6 B exp. uncert. | | parametrization uncert. Xuy
- N 0.6 2
[ total uncert.
O\ Xg (x 0.05)
Mr N 04 -
- XS (x 0.05)
i ,\\\\\
02 ] 02~
L xS (x 0.05) I
0 L ‘ L \ | = = T ‘ \ | ——
10 10° 107 107! 1 10" 10° 10 10
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O Central Values of the HERA PDF Parameters:

Extra on PDF parametrisation

xg(x) = AgxP(1-x)%,
xu(x) = A xPo(l =% (14 E,x*),
xdy(x) = Agx"(1—x)",

_ 5, cs A B C E
xU(x) = Agx”?(1—x)"7, xg |68 022 90
xD(x) = ApxBo(1 — x)¢p xuy | 3.7 0.67 47 9.7

xd, |22 067 43
xU | 0.113 -0.165 2.6
xD | 0.163 -0.165 2.4

O Forms tried for evaluation of PDF parametrisation uncertainty:

xf(x) = Ax(1 = x)(1 + eVx + Dx + Ex%)

o For low x: subtract A;xBlg(l — x)% with C’g fixed to 25, A’g and B'g left to vary
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O General double differential cross-section for eN scattering:

DIS Cross Sections and Structure Functions

d’c(e*p) Q*x y? Y_
. 2 p— — F 2y _ —F 2 . F

Yi=1%(1-y?

O Fy, FL, xF3 are structure functions (hadronic part) which are
related to the momentum distributions of quarks within the

nucleon: Parton Distribution Functions (PDFs):

probability density that interacting parton carries a
fraction x of the hadrons longitudinal momentum

o valence quarks: carriers of charge
o sea quarks and gluons: evolved by complex dynamics

| At Leading Order (LO):
=2 e (g(x) + ()

F» dominates
o sensitive to all quarks

xF3
o sensitive to valence quarks

FL

o sensitive to gluons

o So, we can extract the structure functions experimentally by looking at the x,y,Q?

dependence of the double differential cross-section.
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Combination of Data Method

O Move 820 GeV data to 920 GeV p-beam energy
Swim all points to a common x-Q? grid
Calculate average values and uncertainties

o The combination of data uses the chisquare minimisation method

LIy
J

Additive error sources: xz, (m, b) = Z A2

i

Multiplicative error sources:
small biases to lower cross sections values avoided by a modified 2 definotion

L S
Xonp (M, b) = g
SR P e sy e o AR

Measured central values Jhi

Relative correlated systematic uncertainties Y, = I\
Relative statistical uncertainties Sisint = Dt/ 1
Relative uncorrelated systematic uncertainties Siance = Diocor it
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HERA QCD Analysis Settings

o DATA: Combined HERA | NC and CC e*p and e'p Data is a sole input in the fit:
Q2min>3.5 GeV?

o THEORY:

O PDFs are parametrised at a starting scale of

Qo=1.9

O PDFs are evolved using NLO DGLAP equations in

eV2<Mc?

MS scheme

strong coupling &s=0.1176 [PDG 2008]

O Structure Functions are calculated using an
improved theoretical treatment which takes into

account quark masses (GM-VFNY)

O Choices for heavy quark masses:
Mc=1.4 GeV and Mb=4.75 GeV

Scheme
Evolution
Order

Q3
fs =s/D

i Renorm. scale

Factor. scale

2
min

| as(Mz)

QCDNUM17.02

TRVFNS

NLO
1.9 GeV?

\‘ .
»@@i@ Voica Radescu
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Experimental Errors: Hessian Method

o The experimental errors are propagated to PDFs by Hessian method to calculate ¥ 2

O It allows the systematic uncertainty to vary in the fit so that the model prediction is not
fitted to the central values of the data, but it allows for the points to move collectively
according to their correlated systematic error:

3
op

o lEO T A - ErR
) A

o For HERA PDF fit:

O errors extracted using the tolerance criteria: A x 2 =1

O the experimental | 10 systematic errors are combined in quadrature with the statistical
errors and 3 sources of errors from the combination procedure are offset

Small effects are observed when errors are treated fully correlated vs uncorrelated
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Model/Theory Uncertainties

O Model/Theory uncertainties are evaluated by varying the input assumptions:

H1 and ZEUS

. . 1
O Variation of the minimum Q2 cut on data % f

=10 GeV?
Q% = 3.5 GeV2 = 2.5 - 5.0 GeV? Q@ =10Ge

—— HERAPDF1.0
O Variation of the heavy quark thresholds: xg (x0.05) MM total uncertainty

Mc = 1.40 GeV — 1.35- 1.65 GeV . U HERAPDELO ACOT scheme
o low bound varied with Qo%2 = 1.8 GeV? i

Mb =4.75 GeV — 4.30 - 5.00 GeV

04

O Variation of the sea fractions: XS (x0.05)

fs=s/D =031 = 0.23 - 0.38 02

0 [ | | I I | | I I I I I | |
10 107 1072 10" 1

O A cross check of the sensitivity to the heavy flavour treatment is performed by
comparing the TR-VFNS with the ACOT Scheme
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Q
PDF Parametrisation Uncertainty: Standard Method

ot

o
uropeat S

O Scanning the parameter space using PDF parametrisation of form:

xf(x) = Ax®(1 = x)°(1 + eyJx + Dx + Ex?)

variation of number of terms for each fitted parton distribution:
o all of the || parameter fits which have Euv # 0 and one of the D, E, € #0 are considered

an envelope is formed using these variants:
o mostly affects the high x region

o Variation of Qo? is regarded as a parametrisation uncertainty
Qo?=1.9 GeV2 = |.5-2.5 GeV?
o low bound varied with fs = 0.29 and upper bound fs = 0.34 and Mc = |.6 GeV

when lowering the starting point use a parametrisation form that explicitly allows for
negative gluon contribution at low x:

o subtract A;xB’g(l — x)Cé from the standard for with C’g =25 and A’g and B’g let to vary
mostly affects the low x region

O Allowing Buv # Bdv increases the uncertainty on the valence quarks at low x
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Event Topology at the

VE
E [T] H1+ZEUS

log Q°
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3_ ] BCDMS
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oL @ stac
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IERA Collider
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/
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electron
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quark
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o,,(m,=120 GeV) (pb)

o,(m,=180 GeV) (pb)
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DIS Cross Sections and Structure Functions

O General double differential cross-section for eN scattering;

NC efp — eTX

Pone _ 2O b oy ah - ytR] = Y.6%
dx dQ? N rQ* [ +H2 + X-Tf — Y L] o xQ? +INC
ij::lzt(l—‘y)2
cC efp —-vX
9  + O 9 2
_(l‘crcc‘_, = r [ ; T 5 ] [Y+ Wy FY_a2W, — yz‘f’i"'L]
dedQ®  dmx [ QF +my, At Leading Order (LO):

=2y €2 (glw) + a(a))

O Py, Fi, xF;3 are structure functions (hadronic part) which are F, — 9 _ s
related to the momentum distributions of quarks within the T = Z €qq (¢(z) — ¢(2))

nucleon: Parton Distribution Functions (PDFs):

F» dominates
o sensitive to all quarks

probability density that interacting parton carries a fraction xF3
x of the hadrons longitudinal momentum ° sensitive to valence quarks

o valence quarks: carriers of charge FL N
: o sensitive to gluons
o sea quarks and gluons: evolved by complex dynamics

O So, we can extract the structure functions experimentally by looking at the x,y,Q? dependence of t
double differential cross-section.
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