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100 Years Ago...

Scattering experiments provide insight into the matter structure

herford oratory i “, ter™ a particle scattering off gold foil
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Philosophical Magazine ws0 Scattering angle

Series 6, vol. 21 May 1911, p. 669-688

The Scattering of a and 3 Particles by Matter and the Structure of the Atom

Considering the evidence as a whole, it seems simplest to suppose that the atom contains a central
charge distributed through a very small volume, and that the large single deflexions are due to the
central charge as a whole, and not to its constituents.

* Communicated by the Author. A brief account of this paper was communicated to the Manchester Literary and Philosophical Society in February, 1911.
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Atom : Electrons + Nucleus

Structure within
the Atom

Quark

Size < 10°19m

EIeCtron

Nucleus ,
Size <1078 m

Size = 10714m__
.

4 and
~—— Proton
-

. Size ~ 10715
Atom
Size = 10710m
If the protons and neutrons in this picture were 10 cm across,

then the quarks and electrons would be less than 0.1 mm in
size and the entire atom would be about 10 km across.

nucleons: protons, neutrons

mass My~ 1 GeV



Atom : Electrons + Nucleus }

v

nucleons: protons, neutrons
Strtf(;t:ftzvr:hm mass My~ 1 GeV
Quark l

Size < 10°19m

pY

partons (quarks & gluons)

Nucleus
Size = 107"4m__

2

.~ > valence quarks (u, d)

— most quantum properties
- Aton BUT:
Size = 10710m Mu~0_003 MN , Md~0'006 MN

If the protons and neutrons in .
then the quarks and electrons we.
size and the entire atom would be ab. .

Where does the mass of
the nucleon comes from?




[ Feynman’s Parton Model J

* The nucleon is made up of point-like constituents (partons)
* Partons behave incoherently
* Probability f{x) for a parton f to carry the fraction x of the nucleon momentum

is an intrinsic property of the nucleon, i.e. process independent

Learn about the nucleon structure via lepton-nucleon scattering



[ Feynman’s Parton Model ]

* The nucleon is made up of point-like constituents (partons)
» Partons behave incoherently
* Probability f(x) for a parton f to carry the fraction x of the nucleon momentum

is an intrinsic property of the nucleon, i.e. process independent

Learn about the nucleon structure via lepton-nucleon scattering

Electron-proton scattering in parton picture

et 1 etV

Electron scatters off a charged
constituent (parton) of the proton

|ldentify the charged partons with quarks




Hadron - Electron Ring Accelerator

HERA dellvered
< 600 [
-a LER/MER
— HERA Il e*
%500 -
£
E 4o [
- [ HERa Il &
Unique tool to study proton structure % a0 |
£ [
HERA: 6.3km circumference accelerator of 200 |-
electrons and protons. o ;
: £
L &
End of running 30/6/07 ol = et I I
4] 200 400 600 800 1000 1200 1400
days of running




[ HERA Collider Experiments

- | Collider experiments H1 & ZEUS
Vs, =318 GeV

Integrated luminosity
~0.5 fbl/ experiment




[ ep Scattering at HERA

Deep Inelastic Scattering

et etV

Scatter both electron/positrons
Neutral Current: v, Z° exchange

Charged Current: W* exchange



ep Scattering at HERA

Deep Inelastic Scattering

v, Z: Neutral Current ep - e X
k/ e:l:,(D)

| -

w

Isolated energetlc scattered et

Scatter both electron/positrons
Neutral Current: v, Z° exchange

Charged Current: W* exchange



[ ep Scattering at HERA ]

Deep Inelastic Scattering v, Z: Neutral Current ep - e X

etV

Scatter both electron/positrons

Neutral Current: v, Z° exchange

Charged Current: W* exchange



[ Kinematics of ep Scattering in Parton Model]

vy exchange

e+t etV

Kinematics:

x=-q°/2p-q Bjorken scaling



[ Kinematics of ep Scattering in Parton Model}

vy exchange

et etV

Infinite proton momentum frame:

partons do not interact,
move parallel to the proton,
massless, no transverse momentum

parton i carries fraction x; of P,

e

Kinematics: I \

x=-q°/2p-q Bjorken scaling o(P) .

O<xi<1, Y x; =1



[ Kinematics of ep Scattering in Parton Model]

vy exchange

e+t etV

Kinematics:

x=-q°/2p-q Bjorken scaling
Q? =-¢2 photon virtuality

10



[ Kinematics of ep Scattering in Parton Model}

vy exchange

4-momentum transfer O° defines
distance scale r at which proton is probed

Proton

QQ ~1.6 fm

r=fic/Q = 0.2[fm]/ Q[GeV]

Kinematics:
x=-q°/2p-q Bjorken scaling
Q? =-¢2 photon virtuality
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[ Kinematics of ep Scattering in Parton Model]

vy exchange

et %

Kinematics:

x=-q°/2p-q Bjorken scaling
Q? =g photon virtuality

4-momentum transfer O° defines
distance scale r at which proton is probed

HERA collider: r_. = Rp/1000

Resolved distance [m]
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107° = ® Hofstadter
107° = ® SLAC
a ® FNAL
B ® CERN
1077
18|
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year
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[ DIS Cross Section and Proton Structure J

E.g. for Neutral Current: etp — e* X

measured . S
dominant contribution

(14 (1 y)2@ y2Fy, F o Fy)

y : transferred photon energy fraction

Quark-Parton Model: Fs x x Z qf + gy
J

Parton Distribution Functions (PDFs):
probability to find a parton g in a proton carrying fraction x of it's momentum

Bjorken scaling: if partons do not interact, g=q(x); F2=F>(x)

11



[ QuantumChromoDynamics Picture J

Quarks do interact via gluon exchange. Probability via splitting functions:

5 a(x) q(x) glx)
q Aéé 7
q(Z)
q(z) q(z-x) g(z) gfz-%) 9(z) g(z-x)

9(zx)

Interpretation of PDFs: number of partons in the proton, carrying momentum
between xP and (x+dx)P, as resolved at Q°. F,(x)—F,(x,Q%), q(x)—q(x,Q?)

12



[ QuantumChromoDynamics Picture J

Quarks do interact via gluon exchange. Probability via splitting functions:

9(x) q(x) g(x)
P, ~at P, ,égé P, P,
q(z)
qz)  qzx) 97 gan) 9z gz)

9(zx)

Interpretation of PDFs: number of partons in the proton, carrying momentum
between xP and (x+dx)P, as resolved at Q°. F,(x)—F,(x,Q%), q(x)—q(x,Q?)

Additional dependence on Q° quantitatively described in perturbative QCD
via Dokshitzer-Gribov-Lipatov-Altarelli-Parisi (DGLAP) Evolution Equations

0q(z, Q? 'd |

dg(z, Q%) Ny tdz |

8an2 L 2 _Q(z7Q2)qu(§> + g(Z, Q2)ng (g)_

Quark and gluon distributions coupled in DGLAP equations
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[ Scaling Violations at Highest Precision J

JHEP 01 (2010) 109: combined H1 and ZEUS data from HERA |, £~115 pb-

1.6

O Q)

1.2

0.8

0.6

04

0.2

o, = Fz(xa QZ) -

1+ (1-y)°

H1 and ZEUS

F (x, QZ)

x=0.0002

x=0.002

-

o
S

e HERAINCe'p

0 ZEUS
o H1

H1 and ZEUS data averaged:
* global fit of 1402 measurements
* 110 sources of systematic errors

e account for systematic correlations
(cross calibration of experiments)

* total uncertainty: 1-2%
for O°<500 GeV~?

e covered kinematics:
107<x<0.65
0.05<0Q?<30000 GeV~
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[ Scaling Violations at Highest Precision J

JHEP 01 (2010) 109: combined H1 and ZEUS data from HERA |, £~115 pb-

1.6

O Q)

1.2

0.8

0.6

04

0.2

2

o, = F(x,0°) - —2>—F,(x,0%)

1+(1-y)

H1 and ZEUS

=0 002
<=0.0002 X e HERAINC e'p
0 ZEUS
O Hl
D ":F.h:;;
? & ] il
@ 3&§
e

small x : F, rises with Q?
gluon splits into quark pair

large x : F, falls with Q?
quarks radiate gluons
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[ Determination of Parton Density Functions J

Structure function factorization: for an exchange-Boson V (y, Z, W*)

@)= 5 [ e O QR rnas) % e

1=q,q,9

determined using calculable in pQCD PDF
measured
cross sections

x-dependence of PDFs is not calculable in perturbative QCD:

> parameterize at a starting scale Q?, : f{x)=AxB(1-x)°(1+Dx+Ex?)
> evolve these PDFs using DGLAP equations to Q?>Q?,,

» construct structure functions from PDFs and coefficient functions:
predictions for every data point in (x, Q°) — plane
> - fit to the experimental data

14



xf

HERA Parton Density Functions J

PDFs determined from the QCD fit to the NC and CC cross sections

H1 and ZEUS HERA I+II Combined PDF Fit

HERAPDF1.5 (prel.)
—— HERAPDFLS (prel) QCD@NLO DGLAP

“ B oo uncert. combined H1 and ZEUS data
L |:| model uncert.

- parametrization uncert.

Q*>=10 GeV?

July 2010

xu,

0.6

T~ Experimental uncertainty

orking/ Group

04 7
i Parametrization:
shapes of PDF at starting scale Qo

0.2
Model assumptions:

— masses of ¢, b - quarks,
X fraction of strange quarks, as(Mz)

-y
HERA Structure Functwn]/W

10*

Gluons and sea quarks: dominant partons at low x

15



HERA DIS Cross Sections vs HERAPDF

Neutral Current

H1 and ZEUS

Charged Current

10

10

10

® HERA I+II NC e*p (prel.)
O HERA I+II NC e'p (prel.)

o000 98=5=
SN Sy S
B A ——
e o000 00 0—o—3 o

x=0.02 (x300.0)

x=0.032 (x170.0)

=== HERAPDF1.5 e'p
=== HERAPDF1.5 ep

x=0.05 (x90.0)

x=0.08 (x50.0)

—'-._._‘_._e_c_‘_o_.ﬁﬁi x=0.13 (x20.0)

v\

x=0.18 (x8.0)

Q

ooGe o o f.\——u—"‘o/ x=025 (x24)

x=040 (x0.7)

10
Q% GeV?

0.5

0.6

04

0.2

August 2010

HERA Inclusive Working Group

H1 and ZEUS
EQ*=300GeV: [ Q*=500Gev: [ Q?=1000GeV’ [ Q?=1500 GeV>
:H‘ | \HHH‘ L L1l :H‘ | \HHH‘ L1l :H‘ | \HHH‘ L1l :H‘ | \HHH‘ L L1l
[ Q*=2000GeV> [ Q*=3000GeV: [ Q?=5000GeV> | Q*=8000GeV>
i - b i i
7\\‘ | \HHH‘ ) 7\\‘ | \HHH‘ L1l H‘ | \HHH‘ L1l H‘ | \HHH‘ L L1l
L - 22 -1 -2 -1
- Q*=15000 GeV: [ Q*=30000 Gev? |10 10 10 10 X
- - ®  HERA I+II CC ep (prel.)
- = === HERAPDF1.5
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o
=
8}

10° 10"

X

QCD using HERAPDF describes HERA NC and CC data very well
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PDFs From HERA to Tevatron and the LHC

Atlas and CMS

L]
[1 Atlas and CMS rapidity plateau
=

H1

DO Central+Fwd. Jets

CDF/DO Central Jets

BN

= 100'GeV

2

10 M= 10 GeV
K 1
10 g
HH 2 ]
1 HH ﬂﬂﬂﬂﬂ] Earg“at é
! E
10 ‘H\MH ]
| | \\\\;;‘ | | \\HH‘ | | \\\\H‘ | | \\\\H‘ | | \\\\H‘ | | \\\\H‘ | | “HHE*
07 10° 10° 10t 107 107 10
X

HERA coverage in x

PDFs obtained from data of
fixed target, HERA, Tevatron

HERA measurements:
covers most of the (x, Q%) plane,

best constrain at low, medium x
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PDFs From HERA to Tevatron and the LHC

('\]> F T \\\HH‘ T \\\HH‘ T T TTTIT T T TTTTTT T TTTTIT T T T TTTIT T \\\HH:
8 10 8; [ ] Atlas and CMS 7
N\ E [[] Atlas and CMS rapidity plateau
OIO 7; E DO Central+Fwd. Jets
% E== CDF/DO Central Jets
10°L ==
c [
105
B
4] p
107 = 100'GeV
- [ K
10°:
102% M= 10 GeV DGLAP E
E i
10 = VoS X NFE
* QN IBEE
b (T > argeté
: o |
-1 Ml
10 = ‘\“MH =
E | \\\H;;i | \\\HH‘ | \\\HH‘ | \\\HH‘ | \\\HH‘ | \\\HH‘ | \\\HHE’
07 10° 10° 10t 100 107 107

HERA coverage in x

i

PDFs obtained from data of
fixed target, HERA, Tevatron

HERA measurements:
covers most of the (x,Q?) plane,

best constrain at low, medium x

From HERA to kinematics
of Tevatron, LHC:

evolutionin Q° via DGLAP
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HERAPDF vs Jets at Tevatron

d*o/dy*dp, * [nb/(Gev/c)]
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Tevatron Jet Cross Sections

'\ ° DO RunlI

®e. Cone R=0.7 - fastNLO
\ e (+ non-perturbative corr.)

0.4 <1y <0.8 (x 10%)

08 <ly®<1.2

12 <y <16 (x 107%)

1.6 <1y <20 (x 10

20 <y <24 (x 10°)

100 200 300 400 500 600 700
jet
P [Gevic]

Prediction based on HERAPDF

in agreement with Tevatron
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W and Z Production at Tevatron

= 0.1 [ e e

09 T = - * CDF data -

- — HERAPDF1.5(prel.) ] — B —— HERAPDF1.5(prel.)-

0.8 = total uncert. = o 0.08 [ total uncert. —
- %415%"&068 . o) = — MSTWO08 central -

0.7 - - i SRR =N CTEQ66 vajue |
0.6 ;' CDF data —i N; 0.06 - ) B
Z 05 1z i ]
Sl i 5 i i
0.4 = © 0.04 7
03 e i ]
02 E 0.02 -
0.1 = - .

0 Ly \\‘\\\\‘ \‘\\\\‘\\\\‘\\ “ ““‘ : 0 \\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\
0051152253354 0 05115 225 3 35 4

y

Prediction based on HERAPDF agrees very well with Tevatron data
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o (Pb)

Benchmarking PDFs: LHC Cross Sections

NLO tt cross sections at the LHC (\'s =7 TeV)

190 —————— | | ———
1o HERAPDF .- 3
170 =
160 — =
- 68% C.L. PDF .
150 = ® MSTWOS -
- B CTEQ6.6 3
140 A NNPDF2.0 =
- Y HERAPDF1.0 |3

- ¢  ABKMO09 .
130 Inner: PDF onl —
C (r;:t;r: PDF+25y GJR08 ’

C L | L I | L L | | L . . [
%% oa1te o018 o012 0122 0.124

2
as( Mz)

NLO gg—H at the LHC ('s =7 TeV) for MH =120 GeV

13- | | | T T
1251 I { P
121 =
C 68% C.L. PDF _
11.5— ® MSTWO8 —
- W CTEQ6.6 .
- A NNPDF2.0 -
n= Y HERAPDFi.0 |
L. Vertical error bars ¢  ABKMO09 ]
- Inner: PDF only ]
10.5— | Outer: PDF+og GJRO08 —
L P P P P M
0.114 0.116 0.118 0.12 0.122 0.124
2
o(M

o(M?)

Dominant uncertainty on HERAPDF1.0 (parameterization) not accounted for in most PDFs

Differences between the PDF groups:

e different treatment of heavy quarks

e data used in the fit and estimation of uncertainties
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[ Heavy Quarks and PDF Fits ]

1
Factorization: F, (z,Q?) = g / dz X C;/’z(ganaﬂFa/iRaaS) X fi(z, pF, UR)
Cidna,g ™

i - number of active flavours in the proton: defines the factorization (HQ) scheme

21



[ Heavy Quarks and PDF Fits J

1
Factorization: F,' (z,Q?) = g / dz X C;/’z(gaQ27/iFaﬂR>aS) X fi(z, pF, UR)
Cidna,g ™

i - number of active flavours in the proton: defines the factorization (HQ) scheme

e ; fixed : Fixed Flavour Number Scheme (FFNS)
only light flavours in the proton: i = 3 (4)

c- (b-) quarks massive, produced in boson-gluon fusion

)

Q“» my,”: can be less precise, NLO coefficients contain terms ~ ln(m
HQ

21



[ Heavy Quarks and PDF Fits J

1
Factorization: F,' (z,Q?) = 2 / dz X C;/’z(gaQ2>/iFaﬂR>aS) X fi(z, pF, UR)
Cidna,g ™

i - number of active flavours in the proton: defines the factorization (HQ) scheme

e ; fixed : Fixed Flavour Number Scheme (FFNS)
only light flavours in the proton: i = 3 (4)

c- (b-) quarks massive, produced in boson-gluon fusion

)

Q“» my,”: can be less precise, NLO coefficients contain terms ~ ln(m
HQ
e ;variable: Variable Flavour Number Scheme (VFNS)

- Zero Mass VENS: all flavours massless. Breaks down at Q< ~my,,?

- Generalized Mass VFNS: different implementations provided by PDF groups
smooth matching with FFNS for Q2 = m,,,* must be assured
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[ Heavy Quarks and PDF Fits J

1
Factorization: F,' (z,Q?) = g / dz X C;/’z(gaQ2>/iFaﬂR>aS) X fi(z, pF, UR)
Cidna,g ™

i - number of active flavours in the proton: defines the factorization (HQ) scheme

e ; fixed : Fixed Flavour Number Scheme (FFNS)
only light flavours in the proton: i = 3 (4)

c- (b-) quarks massive, produced in boson-gluon fusion

)

Q“» my,”: can be less precise, NLO coefficients contain terms ~ ln(m
HQ

e ;variable: Variable Flavour Number Scheme (VFNS)

- Zero Mass VENS: all flavours massless. Breaks down at Q< ~my,,?

- Generalized Mass VFNS: different implementations provided by PDF groups
smooth matching with FFNS for Q2 = m,,,* must be assured

QCD analysis of the proton structure: treatment of heavy quarks essential
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Heavy Quark Mass Definition in PDFs }

Usually HQ coefficient functions use a pole mass definition

BUT: pole mass defined for free quarks

Corrections due to loop integrals receive large contributions ~ O(Aacb)
g large higher order corrections

m bad convergence of perturbative series

q

Another way of defining quark mass: via renormalization

22



Heavy Quark Mass Definition in PDFs J

Usually HQ coefficient functions use a pole mass definition

BUT: pole mass defined for free quarks

Corrections due to loop integrals receive large contributions ~ O(Aacb)
g large higher order corrections

m bad convergence of perturbative series

q

Another way of defining quark mass: via renormalization

% me (i) \ 4
_A_/q running coupling

— running mass

22



Heavy Quark Mass Meaning in PDFs ]

Massive HQ coefficient functions are calculated at NLO using pole mass
Smith. et al NPB 395,162 (1993)

Used by the global fit groups: MSTW, CTEQ, ABKM, GJR, HERAPDF

ZMVENS: mpo defines a threshold at which HQ appears as an active flavour

GMVENS: mao is also used as a parameter at which FFNS turns into VFNS

23



Heavy Quark Mass Values in PDFs

Massive HQ coefficient functions are calculated at NLO using pole mass
Smith. et al NPB 395,162 (1993)

Used by the global fit groups: MSTW, CTEQ, ABKM, GJR, HERAPDF

PDF group me my  HQ scheme

MSTW 1.4 | 4.75 |GMVFNS
CTEQ 1.3 /4.5 |GMVFNS
JR 1.3 /4.2 |FFNS
ABKM 15 /45 |FFNS
HERAPDF 14,000 | 475 |GMVFNS

PDG values: 1.66+0.18 /4.79

PDF fits assume pole mass definition for heavy quarks

Values of m. as used by most PDF groups too low wrt. PDG
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Heavy Quark Mass Values in PDFs }

Massive HQ coefficient functions are calculated at NLO using pole mass
Smith. et al NPB 395,162 (1993)

Used by the global fit groups: MSTW, CTEQ, ABKM, GJR, HERAPDF

PDF group me mp HQ scheme
MSTW 1.4 | 4.75 |GMVFNS
CTEQ 1.3 /4.5 |GMVFNS
JR 1.3 /4.2 |FFNS
ABKM 15 /45 |FFNS
HERAPDF 14,000 | 475 |GMVFNS

PDG values: 1.66+0.18 /4.79

PDF fits assume pole mass definition for heavy quarks

Values of m. as used by most PDF groups too low wrt. PDG

HQ treatment in PDF fits, meaning and values of HQ masses non trivial..
Heavy quark data can help!
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Heavy Quark Production at HERA ]

Heavy quarks in ep scattering produced in boson-gluon fusion

e ,C
4 Contribution to total DIS cross section:
¢ (b)

charm: ~ 30% at large Q°

¢ (b)

™

[ Gluon directly involved:
cross-check of g(x) from NC and CC DIS cross sections

beauty: at most 1%

W

[ HQ contributions to the proton structure function F2: (e.g. charm)
2

O,cc o cmC(x’Q2)_1+(f/_ y)z FLCC(X,QZ)

—3 Direct test of HQ schemes in PDF fits
25



[ Heavy Quark Tagging Methods at HERA J

charmed mesons

H1 Preliminary
HERA Il
¢ K; T nilow
fit
N(D*) = 20803 + 282
L]

6000 —

Entries / 0.5 MeV

'S
o
o
S
|

.
o’
o
B
o
o

5 < Q%< 100 GeV?
0.02<y<07
i (D*) < 1.5
Py (D% > 15 GeV

2000 —

O [T T S S ST T
0.14 0.15 0.16 0.17

M(Knr) - M(Kn) [GeV]
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[ Heavy Quark Tagging Methods at HERA J

charmed mesons

H1 Preliminary
HERA Il
° e

N(D*) = 20803 + 282

Entries / 0.5 MeV
2
3
\
%

I 500 um

D+ vertex

Primary vertex .-~
/'l

e ]
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Heavy Quark Tagging Methods at HERA

charmed mesons

H1 Preliminary
HERA Il

* Knt Toow
fit

N(D*) = 20803 + 282
°

6000

Entries / 0.5 MeV

4000

2000 5 < Q< 100 GeV?

0.02<y<07
n(D*) < 1.5
P, (D%)>1.5GeV

P R R
0.14 0.15 0.16 0.

M(Knm) - M(Kn) [GeV]

17

+ vertex reconstruction

ZEUS
> e T e e e T
u * N(D)=13995:156 3
E 2500 |- + (DY) 5 5 3
— . D— ¢ ¢ Decay-length significance, S > 3 -
~ - v 1 a
500 um « C ]
E 2000 — ¢ -
= C . ]
+ =4 -
D vertex % £ 3_"..000.,0..0 ot =
.E 1500 - ¢ ..........0 ....0
. u N Y
Primary vertexﬂ 3 a epoe+D +X ]
EX 1000 [— -
C * ZEUS (133.6 pb?) ]
300 3 Gauss™ + Background E
Covv v b by v by v v b by g by g g 1y ]
El %7 175 18 185 19 18 2 205 21

M(Knm) (GeV)
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Heavy Quark Tagging Methods at HERA

properties of c-,b- hadrons:

E, L H1 Preliminary
o L D* HERA_II
o 6000 — * K'mtw,,
~ o fit
8 L N({*) = 208031282.
= L
L 4000 —
2000 — 5 < Q? < 100 GeV?
- 0.02<y<0.7
n (D*) < 1.5
P, (D¥)> 1.5 GeV
X ‘o.[15‘ — ‘o.;s T o7
M(Knr) - M(Kn) [GeV]
+ vertex reconstruction
ZEUS
> e R R AR
s E $  N(D)=3995:156 3
o 00 -+ ) — ]
- F —— ¢ ¥ Decay-length significance, S >3
500 um > C . T
£ 2000 ' .
D*vettex 7§ faas \
[ Frrwgeoboytyee ) b
i .E 1500:— ¢ e tu.o.o‘..'... ""—.—
Primary vertex . 8 . poesD'+X ¢ ]
& 1000 - 3
[ ZEUS(1336ph?)
0 E Gauss™ + Background E
:III\IrlII‘I\III\I\Ill\l\l\l\l‘l\lll\l\l_
[ | %7 s 18 185 19 195 2 205 21

M(Kmm) (GeV)

Displaced tracks

- track multiplicity
- long lifetime

/
Decay lifetime /Q;' Secondary vertex
Lxy , /

/ /
Primary vertex /

9

¢

4

~

Prompt tracks
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Heavy Quark Tagging Methods at HERA

Entries / 0.5 MeV

4000

2000

charmed mesons

6000

...............

H1 Preliminary
HERA Il

F okt
*  K'ming,,
—_— fit
N(D*) = 20803 + 282
o

5 < Q%< 100 GeV?
0.02<y<07
in (DY) < 1.5
P, (D¥)> 1.5 GeV

0.15 0.16 0.17

M(Knm) - M(Kn) [GeV]

>
H
s 2500
500 pm . r
£ 2000
D* vertex 3
% :-E 1500
Primary vertex . S E

(]

+ vertex reconstruction

1000

500

ZEUS
S

LI L e

X)

R
4 N(D)=3995£156
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Heavy Quark Tagging Methods at HERA

charmed mesons track displacement
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Heavy Quark Tagging Methods at HERA
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[ Understanding Beauty Production

Beauty production in DIS

H1 Beauty Jet Cross section
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Understanding Beauty Production

Beauty production in DIS
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Understanding Beauty Production

Beauty production in DIS
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Understanding Beauty Production
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HERA measurements of beauty in DIS

described well by NLO QCD




Beauty Contribution to Proton Structure
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[Understanding of HQ Production Mechanism}
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Understanding of HQ Production Mechanism
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[Understanding of HQ Production Mechanism]
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Understanding of HQ Production Mechanism

do /dQ? [pb/GeV?]

D* production in DIS

Open charm production in DIS
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Understanding of HQ Production Mechanism

-t
Q

do /dQ? [pb/GeV?]
QU . 3

—h
Q
N

&
>
S
re]
&
N
(e
R
)
°

Open charm production in DIS

D* production in DIS

: * o Hidata
E H1 D A H1data (prel)
EN"bl-m'_A_. HVQDIS (MRST2004FF3nlo)
L -
E =
=
et
E —
==t
E —e—i
F002<y<07
E InDYI<15 —
F p, (D*)> 15 GeV
Lol Ll L
10 102 10°
2 2
Q° [GeV1]

H1 Charm Jet Cross section

® H1 Data

SENLO MA/(QZ+p$+m2)/2 i
~— NLO u2/Q%+4m?
—

MSTWO8FF3

do/dn (nb)

NI
N N B

o O o [ G G Yy
B O O a N A O

ep—e+D'D’+X

e ZEUS (133.6 pb’))

ZEUS D* (prel.) 323 pb™ F EENLO QCD (HVQDIS)
P

ZEUS D* 133.6 pb™!
—— HvVQDIS

HERA measurements of charm in DIS
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Massive or Massless Scheme? J

do,, /dp*; [nb GeV']
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Charm Structure Function at HERA
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Combined Charm Data of HERA

0.2

H1 and ZEUS
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October 2009

HERA Heavy Flavour Working Group

HERA Charm Measurement:

H1 + ZEUS

9 measurements

different charm tag methods
51 systematic error sources

correlations accounted for

Precision 5 - 10%

Very precise F,* measurement
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Charm at HERA: Test HQ Schemes in PDFs

0.2

H1 and ZEUS

Q’=2GeV? |

Q’=4GeV? |
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HERA Heavy Flavour Working Group

HERA Charm Measurement:

H1 + ZEUS

9 measurements

different charm tag methods
51 systematic error sources

correlations accounted for

Precision 5 - 10%

Different
HQ
schemes

Data help understanding differences in HQ schemes
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| Charm at HERA: Test Choice of m_ in PDF |

0.2

H1 and ZEUS
L Q’=2GeV? | Q’=4GeV? | Q%= 6.5GeV?
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October 2009

HERA Heavy Flavour Working Group

F¢2 not included in HERAPDF1.0

but is well described

charm quark mass value varied

in the PDF Fit:

— m =1.4 GeV

m.=1.35vs 1.65 GeV

N
PDG pole mass

PDFs obtained from inclusive data sensitive to the choice of me.
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Charm Data in the PDF Fit

Charm production probes gluon directly. Do charm data influence the gluon?

e y H1 and ZEUS (prel.)

i 1

w4 L .

— & ] PDFs using Q?=10 GeV?
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April 2010

ol

HERAPDF1.0
[ total uncertainty

........ +F,(charm), m =14 GeV
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N ;

0.6

Consider 2 values of me 04

m_=1.65 GeV: better fit b
steeper gluon distribution 7

HERA Inclusive Working Group

0 \\\\\3 | | [ | T, A\
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PDFs and PDF fit using charm data is sensitive to the value of mc
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[ Charm Mass as a Model Parameter in PDF J

o, 680
x

660
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Study the sensitivity of the PDF fit to the value of m.

PDF fit to inclusive DIS
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Weak dependence on m,
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[ Charm Mass as a Model Parameter in PDF J
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Study the sensitivity of the PDF fit to the value of m.

PDF fit to inclusive DIS

H1 and ZEUS (prel.) F2
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[ Different HQ Schemes in PDFs

Value of m_ : how different for various HQ schemes in PDF Fits?

C
F2+F®2  H1and zEUS (prel.)

Test different HQ schemes o,

CcC e
. 1200~ HERAPDF1.0 + F, (prel.) é
(used by different PDF groups) —  RTstandard >
------- RT optimised 3,
LR ACOT-full I

i —rimiims S-ACOT-y

1 000 ZMVFNS

800 -

HERA Inclusive Working Group

600 | o
1.2 1.4 1.6 1.8

mz> / GeV




[ Different HQ Schemes in PDFs

Value of m_ : how different for various HQ schemes in PDF Fits?

Test different HQ schemes

(used by different PDF groups)

RT : MSTW PDFs

w?

ACOT: CTEQ PDFs™""~

ZMVENS: NNPDE -

NB: ZMVFNS does not describe

charm data even at O?>>m.?

N
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800
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mr* / GeV

August 2010

HERA Inclusive Working Group
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[ Different HQ Schemes in PDFs

Value of m_ : how different for various HQ schemes in PDF Fits?

H1 and ZEUS (prel.)

Test different HQ schemes o, -
_ B HERAPDF1.0 + F¥(prel.) =
(used by different PDF groups) 1200 —  RTstandard %
------- RT optimised 3,
LR ACOT-full I
I mtimims S-ACOT,
1 000 ZMVFNS

Different HQ schemes prefer

ifferent optimal* R
different optimal* m. 800l -

HERA Inclusive Working Group

600 | ST
1.2 1.4 1.6 1.8

mz> / GeV
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[ Different HQ Schemes in PDFs

Value of m_ : how different for various HQ schemes in PDF Fits?

H1 and ZEUS (prel.)

Test different HQ schemes o, -

CcC e
. 1200~ HERAPDF1.0 + F, (prel.) §
(used by different PDF groups) —  RTstandard >
------- RT optimised 3,
LR ACOT-full Z

i —rimiims S-ACOT-y

1 000 ZMVFNS

Different HQ schemes prefer

ifferent optimal* R
different optimal* m. 800l -

parameter of a specific

HERA Inclusive Working Group

600—|||||||||I
HQ scheme in PDF fits 1.2 1.4 1.6 1.8
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[ What is the Meaning of m_ in PDF Fits? ]

0.2

Recent theory developments: (ABKM group, DESY, arXiv:1011.5790)
HQ coefficient functions provided in MS scheme using running muo

HERA Heavy Flavour Working Group November 2010

H1 and ZEUS
Q=2 GeV? Q%=4 GeV? | Q2=6.5 GeV?
\\ }\‘\'\ I \
H‘ 11l \HHH‘ | \HHH‘ | \HHH‘ 11l
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\\ - —— ABKMNNLO,, ., MS
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- 3 - - 3 2
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X

Perturbative series converge better
Consistent treatment of HQ in PDF fits

mc(mc) determined using DIS data

What happens if HERA charm data

are included?

Work in progress...
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[ Heavy Quarks in PDFs and W/Z at LHC ]

Prediction of W* cross section @ LHC: dominant uncertainty due to PDF

2

Vs=14 TeV  NLO® HERAPDF1.0 Prediction using m,=1.4 GeV

1.5 Error band: PDF uncertainty

Experimental error

W+

llllllllllll
III|IIIIIIIII

Parametrization variation

0.5

91111|11||11111111|1111|1|1111|l|1111|11|111
0 =
-
=
e ———————————————————————

0.05 |

Model assumptions

— including mc variation

-0.05

rapidity

m. variation in PDF: significant uncertainty on W@LHC in central region

39



[ Heavy Quarks in PDFs and W/Z at LHC ]

Vary the charm mass in the PDF. Use resulting PDFs for LHC predictions

(5W+/ nb

64
B o
[ WP (s=7TeV) 2
62~ HERAPDF1.0 + F<(prel.) g
60|
B o
- 3
58 - ‘é
i =
56 2
| [}
7 2
i 3
54} —— RT standard E
- <
i i
52 | | | | | | | | | I

Il Il Il |
1.2 1.4 1.6 1.8
m* / GeV

Larger m_,— more gluons, less charm — more light quarks — larger o,
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[ Heavy Quarks in PDFs and W/Z at LHC ]

Vary the charm mass in the PDF. Use resulting PDFs for LHC predictions

(5W+/ nb

58

54

Only one HQ scheme

64

[ WP (s=7TeV)
HERAPDF1.0 + F%(prel.)

62}

60

56

52l

—— RT standard

1.6

18
mre / GeV

August 2010

HERA Inclusive Working Group

mc variation in PDF
1.4 < m.<1.65 GeV

3% uncertainty on W prediction
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[ Heavy Quarks in PDFs and W/Z at LHC J

Vary the charm mass in the PDF. Use resulting PDFs for LHC predictions

Several HQ schemes me variation in PDF

o 64
< : W* (s =7 TeV) z
% 62l s=r7e S 1.4 < m.<1.65 GeV
o | 2
B < . oo
60 3% uncertainty on W prediction
: 3
98- %
- £ Using different HQ schemes:
56 :
: o RToptimised |3 + 7% uncertainty
547 -=-=-=- ACOT-full TC;
- mrimiee S-ACOT- £
, ZMVFNS =
527 | 1 1 1 | 1 1 1 | 1 1 1 | %
1.2 1.4 1.6 1.8

my> / GeV

Large uncertainty on o, prediction due to HQ treatment in PDFs
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[ Charm at HERA and W/Z at LHC ]

Use the optimal m. for HQ schemes in PDFs fixed by HERA charm data

o 64
c - +
~ [ WT (s=7TeV)
= 62 HERAPDF1.0 + F¥(prel.) -
5 [ HERAPDFLO+Fi(prel)
i 40/
60l l’l o .
58 __* P LI
56 .02
L — RT standard
It — RT optimised
B == ACOT-full
54 - e S-ACOTu-x
i ZMVFNS
52 [ S R S SR B S R
1.2 1.4 1.6 1.8
mg> / GeV

August 2010

HERA Inclusive Working Group

* Optimal m, using F,+F,°

ZMVFNS not considered

Uncertainty on o, prediction due to HQ treatment in PDFs reduced to 1 %
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HERAPDF vs first LHC Data

Asymmetry

o
o

o

T ] T T l 1 T ] T I Ll T T ] l T Ll L}

[ —4— Data 2010 (s=7 TeV)
" “4# MC NLO, CTEQ 6.6
- 33 MC NLO, HERAPDF 1.0

T

L

[ —4— Data 2010 (s=7 TeV)

| 4~ MC NLO, CTEQ 6.6

4 S MC NLO, HERAPDF 1.0
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HERAPDF vs first LHC Data

E.O.5_--"|""|""|""|"‘ g.0.5_"--|""|""|""|"'
T | monocrats B | mnoceass”
g. 0.4 S5 MC NLO, HERAPDF 1.0 1 E o4f s MCNLO, HERAPDF 1.0 ]
< I
. o =
i Q. - e CMS data from Phys. Lett. B. 695 (2011)
2 = 300 —  3.1:03pb’atVs=7TeV
L “ —
af 1 |
I Q. L
(0] P | &
0 0.5 1 5 L
200 |- !
100 —
i 7 MCFM ® HERAPDF1.0
- e MCFM ® MSTW08
0|||||||||||||IIII|IIII|II
-2 -1 0 1 2
n(lepton)




HERAPDF vs first LHC Data

2 05 T
® L —— Data 2010 (Ns=7 TeV)

E [ “4% MC NLO, CTEQ 6.6 ]
g. 0.4 3% MC NLO, HERAPDF 1.0 B
< [ %42 DYNNLO, MSTW 08 ]
o3k W—ev ]
: NN
0.2z > n
o.1i ___________________________ : aTias |
[ det: 315nb" ]
] P PR RSP B S

0 0.5 1 15 2

[n |

Asymmetry

o(pp = tt) [pb]

0.5
L —4— Data 2010 (s=7 TeV)
. ~4#~ MC NLO, CTEQ 6.6 ]
0.4 =3 MC NLO, HERAPDF 1.0 .
| £ DYNNLO, MSTW 08 ]
oaf W—uv .
0.2k > §
'-‘-‘-:-.-:-’-:-:-:-:-:'7.-:_;:-:7:1517i:;:fz;-:-:-:-:-:-:-:- -------- :
0.1F | ATLAS
f det: 310nb"
(0] | [P ! -

15 2

In |

300

200

100

e CMS data from Phys. Lett. B. 695 (2011)
3.1z0.3pb™ atv s=7 TeV

@ MCFM ® HERAPDF1.0
MCFM ® MSTWO08

-2 -1 0 1 2

n(lepton)

So far the LHC data not very precise, but this will change very soon

= best understanding of PDF is a must.
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[ Summary J

» Understanding of the LHC data demands precise PDFs
HERA DIS data provide highest precision

» Heavy quarks: important, but quite some issue in QCD analyses
HERA charm data provide severe constraints

Example: PDF uncertainties on predictions for W and Z at the LHC

PDFs from HERA to the LHC is a success

Common effort of experiments and theory needed
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[Ultimate precision DIS: combined HERA Data]

Published in JHEP 01 (2010) 109 : complete HERA | data, £ ~115 pb-’

e.g. NC cross section vs Q?: 6 bins in x
H1 and ZEUS

H1 and ZEUS data averaged:

o H1

NS: 7
< w L x=0.0002 x=0.002 ﬁ * HERAINCe'p |
I @gﬁ " ZEUS « global fit of 1402 measurements

» 110 sources of systematic errors

 account for systematic correlations
(cross-calibration of experiments)

« total uncertainty:
1-2% for Q?< 500 GeV?

e covered kinematics:
7
02 - d’c SarSEL: %% 107<x<O0. 65,
O T 2na’Y, dxdQ? % 0.05<Q?<30000 GeV~?

0 \\H‘
1 10 10° 10° 10

06 —

04 —




Combination Procedure

Minimized value:

' -3 vim'b, —u')

D e T

u' measured value at point i
9, statistical, uncorrelated systematic error

y] — correlated systematic error
b, — shift of correlated systematic error sources

mi - true value (corresponds to min y2)
Measurements performed sometimes in slightly different range of (x, Q%)

swimming to the common (x,Q?) grid via NLO QCD in massive scheme



xf

HERA Parton Density Functions J

H1 and ZEUS HERA I+II Combined PDF Fit

0.6

04

02

—— HERAPDF1.5 (prel.)

- exp. uncert.
|:| model uncert.

- parametrization uncert.

Q*=10 GeV?>

July 2010

roup

e,

ing

HERA Structure Functi(k Work

10* Z/ 10°

102 10! 1

Model assumptions:

Q,°=1.9 GeV?, a (M,)=0.1176

m.=1.4 GeV;

m,=4.75 GeV; £.(0,2)=0.31

10 parameter fit, NLO DGLAP

Heavy quarks: massive

Variable Flavour Number Scheme
Scales: u, = u,= Q°

Experimentally very precise

Parameterization at starting scale:
xg(x) = Angg 1 - x)Cg

xu (x) = Auva”V 1 - x)c”v 1+ Euvxz)
xd,(x) = A, x" (1 - x)“
xU(x) = AUxBU 1 - x)“
xD(x) = AExBD (1 - x)?



x - distribution function

Modern Understanding of the Proton J

H1 and ZEUS HERA I+II Combined PDF Fit

08 -
0.6
04

0.2

10*

Q*=10 GeV?

—— HERAPDFL1.5 (prel.)

- exp. uncert.
E model uncert.

- parametrization uncert.

xg (x 0.05)

July 2010

HERA Structure Functions Working Group

HERA PDF:
use consistent data set: H1+ZEUS

proper treatment of error correlations

Global PDF Fit Groups:
(ABKM,CTEQ,GJR,MSTW,NNPDF)

use more data sets from different

experiments

error correlations sometimes unclear

not all include combined HERA data

all treat heavy quarks differently

16



x - distribution function

[ HERA PDFs vs global QCD analysis ]

1 T T T T TTTT T T T T T 1717 T T T 11717 10 T T T T TTTT T \\\\\\\‘ T \\\\\H‘ T T T TTTT
, Q*=10 GeV? | Q*=10000 GeV> |
CCJ i
0.8 L2 3
(@) |
c
HERAPDF1.0 = HERAPDF1.0
c
0.6 MSTWOS 68% CL o ¢ - MSTWO08 68% CL
2
S5
9o
o "ub: . g (x 0.05)
'_6 L
N
0.2 2
xS (x 0.05)
- e — - [N} Il Il Ll L1l ﬁr"\_—»\ 0 : : “HH‘ ‘ ‘ ‘ ‘ — = = — —
%0 10 10° 102 10" 1 10° 10° 10° 10°? 10

HERAPDF compared to oﬁe of the global PDF Fit results:
* much better precision in gluon and sea

 differences in valence




[ ep Scattering in Quark-Parton Picture ]

Think of scattering of longitudinal and transverse polarized photons:
y (or Y:=1%(1-y)?) related to photon polarization

et 1 etV cross section:
o ~ or t+2(1-y)/Y+ 0oL

|

transverse longitudinally
polarized y polarized y
helicity 1 helicity O

Kinematics:

x=-q°/2p-q Bjorken scaling variable
Q° =-q° photon virtuality
y=p-q /p-k transferred y energy fraction



[ ep Scattering in Quark-Parton Picture ]

Think of scattering of longitudinal and transverse polarized photons:
y (or Y:=1%(1-y)?) related to photon polarization

e . etV cross section:
o ~ or t+2(1-y)/Y+ 0oL

|

transverse longitudinally
polarized y polarized y
helicity 1 helicity O

Parton Model: scattering off a quark (s=%%):

Kinematics: —_— P
x=-q?/2p-q Bjorken scaling variable YAVAVAVAVA — A
Q° =-q° photon virtuality ‘

=p-q /p-k transferred y energy fraction . -
y=pq/p v 24 helicity conservation = 0.,=0



[ Proton Structure Functions ]

Cross Section of ep scattering expressed via proton structure functions

et v [do\ 2mo’ l l l
1d0?) 20 A= DIF =y F, = aF)

measured

Kinematics:

x=-q°/2p-q Bjorken scaling variable
Q° =-q° photon virtuality
y=p-q /p-k transferred y energy fraction



[ Proton Structure Functions J

Cross Section of ep scattering expressed via proton structure functions

et v [do\ 2mo’ l l l
dde2 = xQ4 [(1 + (- y)z)F2 — y2F + xF3]

measured

Quark-Parton-Model:

Fr~or =0
F, =y xe;(q(x) +g(x))
7 L

Kinematics:

T, . .
x=-q°/2pq Bjorken scaling variable Parton Distribution Functions (PDFs):

probability to find a g in a proton
carrying x fraction of its momentum

Q? =-¢° photon virtuality
y=p-q /p-k transferred y energy fraction



[Another way to access the gluon directly: F,_J

Remind of photon- scattering: F,~(©,+0,),F, ~0,

Angular momentum conservation: spin %z quark absorbs spin-1 photon

QCD

quark helicity £ 2, F;=0 off-shell quarks may absorb longitudinal photons
o dz|16 X
acD: F, = %s 52 f o SV e2 (1-3)zg(2)
47t xz°| 3 = z
quarks gluons

radiating a gluon  splitting into quarks



Extraction of F_

,(x,Q%y)
>

1.4¢

1.27

1.6}

1.4+

1.2¢

2 2
Q°=32 GeV H1 and ZEUS
X=0.00060 X=0.00067 X=0.00074
o
]
I | +
X=0.00084 X=0.00097 X=0.00129
HERA prel.
I W E =920 GeV
* E =575 GeV
31;' " $ i ® E =460 GeV
$ *$¢ Linear fit

0.5

0.5

05
yo/(1+(1-y))

—

March 2010

HERA Inclusive Workging Group

measurements @ same Q2,x

E,=920 GeV
E,=575 GeV
E,=460 GeV

Intercept: F,

Slope: F;



HERA PDF Fits at NNLO

QCD using NNLO PDF predicts different F, shape
/' H1and ZEUS

L g g g T 3% 23 8 2 3 2 §F g §3eglRRE2
s § 8§ £8 88 888 5888 8 8 8818 sT8EESA
o o o o o o o O o o©o o o o o o o o o o o o —_
i -l &
0.4 $ ® <
[oX
® o
0.2 S
" (@)}
=
-
L o —
L \\hg
O R L i T q>)
| ® HERA preliminary =
® =
[&]
L =
-0.2+ — NNLO 04=0.1176 -
L - = w
NNLO 0.4=0.1146 L
II| 1 1 1 1 1 1 II|
10 102
2 2
Q°/ GeV

First HERA PDF Fits at NNLO:
Ihapdf grids available https://www.desy.de/h1zeus/combined_results/
NNLO has impact on F; at low Q%




[ HQ Contribution to the Proton Structure

Can be determined experimentally: e.g. “charm structure function”:

i 2o Ndx ;
F, sz Sfx xxC(...)

C

» use and combine different charm tagging methods

measure cross sections of charm and beauty production in DIS:
2

0" cmc(xagz)_ 1+();_y) FLcc(xan)

* Direct test of different schemes of HQ treatment in PDF fits

» Can be included in the full QCD analysis of DIS cross sections
additional constrain on the gluon density in the proton

reduce parameterization uncertainty



PDFs From HERA to Tevatron and the LHC

(o\] F T \\\HH‘ T \\\HH‘ T T TTTIT T T TTTTT T T TTTTT T T TTTIT T \\\HH:
g 10 8; [ 1 Atlas and CMS ]
N\ E [[] Atlas and CMS rapidity plateau
OIO 7; E= DO Central+Fwd. Jets
% == CDF/DO Central Jets
106;, 1 H1
- [ zEUS
105é NMC
E BCDMS
4| .
0 E =0 — 100Gev
103,
2:
1 -~ M=100eV
B e i
10 = <X i
L H ‘\ ]
E i ﬂ]ﬂﬂﬂ arget -
% o |
@ =1 i m“‘”m B
E | \\\H;;“‘ | \\\HH‘ | \\\HH‘ | \\\HH‘ | \\\HH‘ | \\\HH‘ | \\\\H%
w07 10° 107 10t 107 107 10
X

HERA coverage in x

Kinematics in pp collisions

X X
El E2
Center-of-mass energy:
s=4- E1 . E2

2-parton interaction:
S=x1-x9-5>M

Energy scale M = Q

M
19 = —= - exp(Ly)
N

/

rapidity
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Proton collisions at the LHC

LHC: p-p collisions atVs =7, 10, 14 TeV
Goal @ LHC: Higgs and new physics

Main challenge: Background suppression
Main Background: QCD

Hard processes > 80% gluon-gluon fusion

Cross section ~ |g(x) |2

Precision of the gluon density essential!

Luminosity: e.g. ud »W* —I*v,

Precision of light quark densities essential!

Key issue: understanding of the proton

Rate and cross sections of pp collisions

Vs TeV

| | | | 1
1
= O_tOt—_.._M 109
UA4/5 .
B ; |
1
1 mb [ :
1 b
= O (
1 nb [
= Ogg (mg = 500 GeV)
Ot -1
[ (e, = 175 GeV 10
1 pb O H
W= e EEYy e
Orn -3
B m_.=1TeV = 10
O Higgs
[ m,, = 500 GeV ™
| | | »
0.001 0.01 0.1 1.0 10 100



[ Proton-Proton Collisions at High Energies J

proton structure  hard interaction

0, Structure: £(x,Q%) = g; (x,Q%), g(x,Q?),
Ell Qx/l)& . fi - beam parameters, process independent
\ / Hard 2-parton interaction calculable in pQCD
s=4EE, a;(as)




[ Proton-Proton Collisions at High Energies J

proton structure  hard interaction

ﬁ% Structure: fi(x,Q%) = q; (x,0?), g(x,Q?),

:ﬁ fi - beam parameters, process independent

1 N /<
z,P,
/
\\ iy / Hard 2-parton interaction calculable in pQCD

s=4FE a;(as)
/P/——\\ Factorization: PDF® hard sub-process ME
()
i (z,)) |.
E, \L&s =TS8 = X1X2S Z/ dt dLZ] MF) 3| 64
dL;;

‘ 1
o [ dmidza(on o, i) - wafy(aa i) + (1 D8(r - 21y
0



[ Proton-Proton Collisions at High Energies J

proton structure  hard interaction

P, //h\%/ StrUCture: ﬁ(X, QQ) = qi (x) QQ)) g(x) QZ))
:Eﬁf\(xi fi - beam parameters, process independent
! ] z,P,
Y
\\ / Hard 2-parton interaction calculable in pQCD
S = 4E1E2 &J(O(S)
L\
5 N\ Factorization: PDF® hard sub-process ME
P, {{j{ Sk
—2{f(z,)) |.
E, \JV&SZTSZCIHZUQS Z/ dr dLZ] 'uF) §(3'w

L;; :
T dd j oc/ d:lildxz(l’? -az2) + (1 < 2)8(1 — z122)
T 0

Precision of PDFs essentiall!




d*o/dy”'dp,. ™ [nb/(Gev/c)]

HERAPDF vs Jets at TEVATRON

—_
(=]
o

—_
S
=

—
(=]
w

—

—
S

10

'
w

Tevatron Jet Cross Sections

Tevatron Jet Cross Sections

C S 2.5 B B
— Cojet E jet

| t\\ DO RunlIl Ls 2 Iy < 0.4 - 04<ly"1<08
- .. HERAPDF1.0 Zraa 3

] D C 5 &
SRR P Cone R=0.7 - fastNLO N — T
- \ e + non-perturbative corr. | F

\ e Q'“‘y an e - -

L} Rt 2 s 7 -
— . -q‘:. R ) o U7 . L
O e 3“«,‘ im\voﬁ’x g 25 F | L _ B
e . xb‘X“‘m }zy@% (a7 . g B
C ‘\C 4‘“&.{% ‘i 2 . [

o X‘ X 6 — —
— e, ‘“%&% Iy < 0.4 (x 10% B -
£ ‘\*Q))‘\{ \2%% 1.5 — —
— . e C C
r e XQK\Q( ) 1B r
= . R 04 <1y < 0.8 (x 10%) : :
= . L 05 —
- 08<lyl<12 B g
- @ 25 [ - ‘
B 12 <y < 1.6 (x 107) 2 - 20<ly® <24
= B - >
1.5 — E L.
i 1.6 <y <20 (x 10 F L 23] HERAPDF1.0
- O < < 2 X - L
L L E ® DO Runll
F jet, -9. 05 } }
B 20 <y <2.4 (x 10°) - B (
C [ e e e b b Ly 0 N N T T P P PR
100 200 300 400 500 600 700 0 200 400 600 20! 400 600

P, [Gevic]  only PDF uncertainties shown P;* [Gevic]

Predictions based on HERAPDF in agreement with TEVATRON data
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