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Introduction

LHC: pp collisions at vs=7, 10, 14 TeV

Goal: Higgs and new physics
Main challenge: Background suppression
Main background: QCD
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Introduction

LHC: pp collisions at Vs=7, 10, 14 TeV

Goal: Higgs and new physics
Main challenge: Background suppression .
Main background: QCD
o :
E, \Xla_ - 10
E, /X —~ 3
—2 X 10
Hard processes >80% gluon-gluon fusion -
Precision of the gluon density is essential ‘E’

Luminosity: e.g. ud=W*-/I*v

Precision of light quark densities is essential 1° |

Heavy quark treatment for the prediction

To understand LHC data 107 Lo

we need to understand proton
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Parton Distribution Functions (PDFs)

Nucleon is made up of point like constituents (partons)

Probability for a parton to carry the fraction x of proton momentum
— Parton Distribution Functions

Deep Inelastic Scattering (DIS) provides unique opportunity to study
the structure of the proton

o ot U Neutral Current (NC): ep- eX
’ Charged Current (CC): ep->vX

Kinematics:

Q? - virtuality of exchanged boson

X - Bjorken scaling variable

y - inelasticity

Q? = sxy (Vs centre-of-mass energy)

PDFs are intrinsic property of nucleon, i.e assumed to be process independent
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HERA Collider
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ep Scattering at HERA

DIS cross section can be decomposed in terms of structure functions:

Neutral Currents
e

+

d? vaéf 2w

Y_|_ﬁgj: F Y_$ﬁ3:t — y? }

i3

Charged Currents

R. Placakyteé, PIC 2011, Vancouver

drdQ?  xQ*4 X

dominant contribution ﬁ
important at high Q?

Yi=14(1-y)?

LO: F,= xZezq(q+§) (in NLO (a_g) appears)
XF, = xZZeqaq(q-q)



ep Scattering at HERA
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ep Scattering at HERA

DIS cross section can be decomposed in terms of structure functions:

Neutral Currents
e

+
d? vaéf 2w

:{/ |

Charged Currents
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ot ot 2
dzdQ?  xQ* [YM;Q FY-rky —v }
dominant contribution ﬁ
important at high Q?
Yi=1+(1-y)
_PDFs )
LO: F,= Xze2q(q+q) (in NLO (a_g) appears)

XF, = xZZeqaq(q-q)

In LO e*/e  charged current cross sections
are sensitive to different quark densities:

et ool =au+d+ (1 —y)?w[d+ 4]

e ond =alu+d+(1—y)x[d+7]



PDF Determination

Experimentally measured o(x,Q°) - F (x,Q°)

Q? dependence of F,is given in pQCD (DGLAP evolution equations)

x-dependence of PDFs is not calculable in pQCD

- parametrise PDFs at the starting scale Q°,

- evolve PDFs using DGLAP equations to Q°> Q7,

- construct structure functions from PDFs and coefficient functions:
predictions for every data point in (x, Q%) - plane

- x*-fit to the experimental data

R. Placakyteé, PIC 2011, Vancouver



Data in PDF fits

DIS:
ep (HERA) data: quarks and gluon at small x (F)), jets (moderate x),

CC - flavour separation, heavy quark structure functions

fixed target data: higher x
neutrino DIS: flavour decomposition, x>0.01

Drell-Yan:
quark-antiquark annihilation - high x sea quarks, deuterium target -
u/d asymmetry

High Pt jets at colliders:
high x gluon

W/Z production:
different quark contributions

R. Placakyteé, PIC 2011, Vancouver
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PDF Fit Groups

MSTW
- includes all type of data (not yet most recent HERA data). LO, NLO and NNLO

CTEQ
- includes all type of data (CT10 includes recent combined HERA data and

more Tevatron data). NLO

NNPDFs
- includes all type of data (except HERA jets). NLO, recently also LO and NNLO

HERAPDF
- HERA (combined) data. NLO and NNLO

AB(K)M
- DIS and fixed target DY data. NLO and NNLO

GJR
- DIS, fixed target DY data and Tevatron jet data. NLO and NNLO (no jets)

R. Placakyté, PIC 2011, Vancouver 11



PDF Fit Groups

Main sources of difference between different PDFs:

- inclusion of different data

- methods of determining 'best fit'

- uncertainty treatment/sources

- assumptions in procedure (parametrisation)
- heavy flavour treatment

- PDF and o correlation

... lead to differences in the cross section predictions

R. Placakyteé, PIC 2011, Vancouver
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PDF Fit Groups: Benchmarking (PDF4LHC)

Different PDF lead to differences in cross section predictions

NLO gg—H at the LHC (s = 7 TeV) for MI-I =120 GeV
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PDF Fit Groups: Benchmarking

NLO W* — Fv at the LHC s =7 TeV)
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PDF Fit Groups: Benchmarking
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NLO WIZ ratio at the LHC (\'s =7 TeV)
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HERAPDFs

Now: closer look into HERA PDFs

« Parametrisation and uncertainties
« Recent improvements

« Comparisons with data (HERA, TEVATRON, LHC) and
other PDFs

R. Placakyteé, PIC 2011, Vancouver
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PDF determination in HERAPDF 1.0

DGLAP at NLO - QCD predictions

PDFs parametrised (at starting scale Q?;) using standard
parametrisation form:

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

Xg, XU,,

= Agx"(l - x)%, A: overall normalisation
= A, x%(1 — x)°w (1 - mez) ; B: small x behavior
| | C: x - 1 shape

= Ay xPe(1 = x)",

B- Cr The optimal number of parameters
= Agx ?(1—-x)7,

chosen by saturation of the x?

_ _Bprr1 _ A\Ch - central fit with:
= Apx?(l-x)"?. 10 free parameters for HERA | data
de’ xU, xD 14 for HERA | and Il data

where xU=xU and xD=xd+xs at the starting scale (xs=f.xD with f,=0.31)

Ay A

uv’

A,, are fixed by sum rules

extra constrains for small x behavior of d- and u-type quarks:
B,,=B4,, Big=Bg, AU=A5(1'fs) foru=d as x-0

R. Placakyté, PIC 2011, Vancouver 17



HERAPDF: Uncertainties

H1 and ZEUS
-1 - 1y
= Q= 1.9 GeV? R Q’= 1.9 GeV?
: 0.8 - 0.8 - — HERAPDFL0
C a2 L exp. uncert.
ex p erimen ta I 0L .I___,__,f;::;;:::" N g L] mc?del uncert.

I param uncert.

very small experimenta
uncertainties

model

model uncertainties
. 2
from: Q o fS, m., m,

parametrisation

from different
parametrisation assumptions =

L

10
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HERAPDF Fit

HERAPDF1.5: QCD fit to combined HERA I+1l data (H1 and ZEUS)
741 data points

H1 and ZEUS HERA I+II Combined PDF Fit H1 and ZEUS HERA I+II Combined PDF Fit

w0 = 5 =
Q=2 GeV? 3 Q*=10 GeV? B

s — HERAPDFLS (prel.) ’ os | — HERAPDFLS (prel.) )

i Bl exp. uncert. i B cxp. uncert.
E model uncert. ) R |:| model uncert.
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https://www.desy.de/h1zeus/combined_results/index.php
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Recent Improvement in HERAPDFs

High precision HERA Il high Q¢ data
released in summer 2010

HERA | + I

H1 and ZEUS HERA 1+II Combined PDF Fit

HERA |

H1 and ZEUS HERA I Combined PDF Fit

o 1 St 1 =
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I =
|
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0.6 - \ 0.6 - \ e
Q
- 2
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' E
3
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0.2 0.2 g
+ r -
g (005 - Z
10"

Reduced uncertainties (mainly valence quarks)
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HERA DIS Cross Sections vs HERA PDFs

Neutral Currents

H1 and ZEUS
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HERA PDF fit describes NC and CC data very well
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HERAPDF1.5f

HERAPDF1.5f - more flexible parametrisation
- gluon more flexible and low-x d-valence is freed from u-valence

HERAPDF1.5

H1 and ZEUS HERA I+II 10 parameter PDF Fit
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Small difference in total uncertainty
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HERAPDF at NNLO

NNLO HERAPDF1.5 fit is based on HERA | + Il inclusive ep data
— uses more flexible parametrisation form

H1 and ZEUS HERA I+II PDF Fit
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HERA PDFs can be used for NNLO predictions at LHC
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Proton-Proton Collisions

Same PDFs can be used to predict pp collisions

R
E, \Xl _—
A
o
"2 ppF X o
=

o - perturbative QCD cross section

Factorisation:

o= o0 PDF

R. Placakyteé, PIC 2011, Vancouver
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Proton-Proton Collisions

Same PDFs can be used to predict pp collisions

-~ PDF -
E, \Xl _—
/\
0)
"2 ppF X o
=

o - perturbative QCD cross section

Factorisation:

o= o0 PDF

R. Placakyteé, PIC 2011, Vancouver
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HERAPDF Predictions for Tevatron

Vs =1.96 Tev

Z rapidity
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Predictions based on HERA PDFs describe Tevatron data well
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HERAPDF Predictions for Tevatron

W and W(lepton) asymmetry V=196 Tev
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HERAPDF Predictions for Asymmetries at LHC

W lepton asymmetry is sensitive to differences between u and d:

Wt - WwW-—

Aw

T Wt - w-

in terms of

valence quarks:
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HERAPDF Predictions for Asymmetries at LHC

W lepton asymmetry is sensitive to differences between u and d:
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Newest results from LHC (LP2011)
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HERAPDF Predictions for Jets at LHC
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Inclusive jet cross section as a function ofjet p. in different regions of rapidity
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HERAPDF Predictions for Jets at LHC
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HERAPDF Predictions for Jets at LHC
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HERAPDF

Predictions for Jets at LHC
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Constraints on PDFs from HERA Jet Data

LO jet production in DIS:

Direct sensitivity to gluon and strong coupling constant

Reduce correlation of gluon and a_in PDF fit

HERAPDF fit with jet data:
- allow to constrain simultaneously a_and gluon

R. Placakyteé, PIC 2011, Vancouver
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HERAPDF Fits Including Jet Data
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HERA jet data allow to constrain simultaneously a_and gluon
- more see the talk by Thomas Schoerner-Sadenius

R. Placakyteé, PIC 2011, Vancouver
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HERA Charm Data: what Can we Learn?

Direct access to the gluon

Combined HERA FZCC measurement

cc
F2

0.2

Heavy quark (HQ) treatment in PDFs

is important
Different HQ schemes exist

(different treatment of mass terms
in perturbative calculation)

R. Placakyteé, PIC 2011, Vancouver
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Constraints on PDFs from HERA Charm Data

Z cross section@LHC
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HERA charm measurements help to reduce uncertainties
of predictions for the LHC
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PDFs with all HERA data

What if fit all HERA data?

- inclusive + jets + charm + low energy data - HERAPDF1.7

- important consistency check

xf

- flexible parametrisation
(as in HERAPDF1.5f)

- heavy flavour treatment as in

HERAPDF1.0
- motivates for RT optimised at
mcmodel(opt)

- rise strong coupling constant
from 0.1176 to 0.119 (as
supported by the jet data)

All the data sets are very compatible

R. Placakyteé, PIC 2011, Vancouver
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Summary

HERA provides unique determinations of the proton structure

Different PDFs lead to differences in cross section predictions
- Important to understand these differences! (PDF4LHC)

HERAPDFs describe Tevatron and LHC data well
— provides compatible NLO (and NNLO) predictions with other
PDF groups

Different HERA data used to obtain best precision in PDFs
- soon with final HERA data!

R. Placakyteé, PIC 2011, Vancouver

39



Back-up slides

R. Placakyteé, PIC 2011, Vancouver
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Deep Inelastic Scattering (DIS)

Structure function factorisation:

each structure function can be written as a convolution of a hard-scattering
coefficient C and non-perturbative parton distributions:

1

4 2 v
Fy (2,Q%) = Y / dz x Cy ?’( Q% pr, iR, as) X fi(z pp, pR)
. T
. - 1=4.7.9
determined using calculable in PDFs
measured cross perturbative QCD

section

PDF scale dependence is calculable in perturbative QCD
(DGLAP evolution):

Balr 02 Ldz [ - : ”)
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dg(z, Q%) /1 dz | - T 5 ]
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g(x) qu 1{%3 qu q(x) ng g(x; /\
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Hu"” e 000000 00000055,

Probability via splitting functions:

e

| 8

gﬂ,r x} ( ra'(hf x) qly—x) gly—x) @‘J

R. Placakyteé, PIC 2011, Vancouver
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PDF Fit Groups

MSTW

- 28 parameters, 20 eigenvectors; inflated Ay* to 5-20 for eigenvectors
(data incomparability)

CTEQ

- 26 eigenvectors; inflated Ax* to ~40 for eigenvectors
NNPDFs

- minimises x* and expand about the best fit
HERAPDF

- 10 eigenvectors (now more flexibility added to PDFs); Ax* = 1, model
and parametrisation uncertainties

AB(K)M
- 21 parameters, Ay* =1

GJR
- 20 parameters, use Ay’ to ~20, strong constrains on input form of PDFs

R. Placakyté, PIC 2011, Vancouver 47



Combination of HERA data

H1 and ZEUS neutral and charged current data from HERA | period
were combined
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- ultimate precision
(experiments cross calibrate
each other)

- good consistency of the
data: x*/ndf = 637/656

QCD analysis of combined data -~ HERAPDF 1.0

R. Placakyteé, PIC 2011, Vancouver
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HERAPDF 1.5

HERAPDF1.0: combined inclusive HERA | arXiv:0911.0884[hep-ex]
HERAPDF1.5: combined inclusive HERA | and HERA |l data
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HERAPDF1.0 NNLO vs HERAPDF1.5 NNLO

2011,/03/18 17.40
H1 and ZEUS HERA I+II PDF Fit
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HERAPDF1.5NNLO has a harder high-x gluon than HERAPDF1.0
- hence, would give a better agreement with Tevatron data

HERAPDF1.5 NNLO uncertainties
are comparable to NNPDFs

R. Placakyteé, PIC 2011, Vancouver
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HERAPDF Predictions for Tevatron

R. Placakyteé, PIC 2011, Vancouver
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Predictions based on HERA PDFs describe Tevatron data well
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HERAPDF Predictions for Tevatron: Z rapidity

o 01 710V [T T T e 20 0 T Hezd T
= - CDF data - B i 0Z .
> -  HERAPDFLS(rel)] = i —— HERAPDFL5(pprel),  The description of CDF and
= 0.08 3 total uncert. - & 0.08 - == total uncert. -1 DO Z rapidity by HERAPDF1.5:
a2 = — MSTWO08 oM Bt i
e e~ CTEQ66 1 : i
N 0.06 - T 0.06 - without fitting these data (not
154 - i S 4 taking into account PDF uncert):
i i i x2/dof=23/28 DO
0.02 b 0.02 N After fitting these data:
TUF . ’ . x2/dof=27/28 CDF
i Z ] x2/dof=16/28 DO
0 e b b b b b boa ba g 0 L | | | Ll |
0 051 15 2 25 3 35 4 0 05115225 335 4
\ y
L } 1
¥ Q=10 GeV? E] Q=10 GeV’ - ,
el —— HERAPDFLS (pral.) 08 —— HERAPDF LS (prel.) fit including
0.6 = 0.6 = N TEVATRON data
f.4 e ]“ includding CDF Z0 0.4 Fit including D0 70

Impact of Tevatron Z

rapidity data on PDF shape

is within uncertainties of
HERAPDF

([ ! i
X
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HERAPDF Predictions for Tevatron: W asymmetry

0.9 [T T A 0.3 [T :
- — HERAPDFI R(prel) ] L i
0.8 —l:l total uncert. 5 — - D0(elec) data -
- MSTWOS [ - 0.2 — E
0.7 [ CTEQ66 \\ E - -
0.6 £ CDF data AN = 0.1 E
- - ;o m - -
Z 050 E 0r ]
< = . - .
0.4 E 0.1 - — HERAPDFL5(prel) \ \
0.3 = = - [ total uncert.
= E . - — MSTWOS .
E - 0.2 = . CTEQ66 i
0.2 E C ]
0.1 = 03 1 E
0 _III|IIII|IIII|IIII|IIII|IIII|I II|III: _0 4 :| L1 | Ll | | | I | | L1 1 |:
0 05115 2 25 3 35 4 0 0.5 1 1.5 2 2.5
y y
Even without fitting the asymmetry data the agreement is quite good
After fit:

e x2/dof=19/13 CDF
e x2/dof=25/11 DO

— the resulting PDFs lie within the HERAPDF1.5 error band

R. Placakyteé, PIC 2011, Vancouver

48



HERADF Predictions for Asymmetries at LHC

W lepton asymmetry is sensitive to differences between u and d:

1 W+ —W~—
W p—
W+ 4+ W-
:3.035 L L Y L O B B N L B T 7T
< | —4— Data 2010 (/s=7 TeV) ]
- %4+~ MC@NLO, CTEQ 6.6 !
0.3 S MC@NLO, HERA 1.0 N
T A MC@NLO, MSTW 2008‘F %’
0.25- W — v i _
0 2_ //j/ \és%q=ﬁ ]
. B %ﬂ#% ]
e i ]
0_153¢1 _ ﬁﬁ ATLAS B
!l ILdt=31 b’
| | | | | | | | | | | | | | | | | | | | | | | i
0 0.5 1 1.5 2

um

Lepton Charge Asymmetry

o
—

in terms of
valence quarks:

o
w

o
N

Uy + dy + 2Ugeq

~
~

36 pb! at Vs=7TeV
1 | 1 1

CMS-EWK-10-006-003 / CERN-PH-EP-2011-024 (arXiv:1103.3470) —

pTe’ > 25 GeV/e

% ’g'/." HERAPDF1.5 (prelim.) |
-- ==== MSTW2008NLO )
—— CcTioW T

-----

Lepton Pseudorapidity Il

Predictions based on HERA PDFs describe LHC data well

R. Placakyteé, PIC 2011, Vancouver



HERADF Predictions for Asymmetries at LHC

Early LHC data are described fairly well

— if these data are fit, the PDFs lie within
the HERAPDF1.5 error band

Before fit After fit
- W asymmetry CMS: y?/dof=6.5/12 3.7/12
- W asymmetry ATLAS: x?/dof=30/11 16/11

ATLAS and CMS pull u valence quark
in opposite directions

R. Placakyteé, PIC 2011, Vancouver
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Proton-Proton Collisions: W/Z production

2 r
18 | wr
16 [
1.4 F
1.2 F
1 Ef— ud = cs - for W u and d quarks
OE pp=us &= e dominate
06 |
0.4 ;—
02
O "4 2 0 2 4
y
>
v
l_ [}
= - all flavours contribute to Z
=
g
0 Precise parton distributions
v are needed for LHC analyses
2
o

R. Placakyteé, PIC 2011, Vancouver
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Impact on the LHC predictions

z =

mcm"de' = 1.65 GeV

15 |- - variation of m_m*' changes

predictions of Z/W cross
sections at LHC by ~3%

W-

1 E

05

od
0.05
0
005
0.1

A.M.Cooper-Sarkar,
PDF4LHC, March 2010

- sensitivity to charm of the LHC cross section predictions comes
from flavour sensitivity of the inclusive DIS data

xU=xu+xc xU=xu+xc xD=xd+xs xD=xd+xs

- where U is fixed by F_ data
larger m ™' _, less c in sea — more u (= d)

- important at low Q% and low x

R. Placakyteé, PIC 2011, Vancouver
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Impact on the LHC predictions

- similar effect was observed by CTEQ collaboration
General-mass CTEQ6.6 vs zero-mass CTEQ®6.1

o+ooppr in units of -(CTEQ66M)

LHC,NLO
. Knnio At the LHC
A m CTEQ6.6 _
W™t === % CTEQS6. ozw (CTEQ6.6) =
Z°f — %< % | A|C-Sea 1.060,,,(CTEQ6.1)
W*h°(120) | e WA '
W~h°(120) | — A
. ;}%8;8 Sk Pavel Nadolski (MSU),
h*(200) | | _" | p DIS08, April 7, 2008
0.9 1 1.1 1.2 T

Significant variation of W,Z cross sections at the LHC while changing
HQ schemes and/or changing m "%

- try to vary BOTH models and m-""" under the condition that they fit
the HERA charm data

R. Placakyté, PIC 2011, Vancouver 53



Heavy Quark treatment in QCD analysis

Factorisation:

E(x Q) = Z de CV{{ g ﬁ055(# )jfl./h(z,,uF,,uz)
@f,z_”,g Z ILI H

| - number of active flavours in the proton m.=1.5, m =4.7 GeV

QCD analysis of the proton structure: treatment of HQ essential
Different prescriptions how to treat heavy quarks in PDF fits (HQ schemes):

Fixed Flavour Number Scheme (FFNS) i-fixed
c(b) quarks massive, only light flavours in the proton i=3(4)

General-Mass Variable Flavour Number Scheme (GM-VFNS) i-variable
matched scheme, different implementation used by fit groups - m_m"

Zero-Mass Variable Flavour Number Scheme (ZMVFNS)
all flavours massless (breaks at Q* ~ m4?)

R. Placakyte, PIC 2011, Vancouver 54



QCD analysis of F_°“ data

- different implementations of general mass variable flavour number
scheme for heavy flavour treatment used in this study:

RT standard used by MSTWO0S8

RT optimised [arXiv:1006.5925]

ACOT-full used by CTEQ4,5,6HQ
S-ACOT-x used by CTEQ6.5,6.6,CT10
ZMVFNS used by NNPDF2.0

- the optimal value of parameter m_™' is determined for each of these
schemes (m_m°%! (opt)), which gives the best description of the HERA

data

- PDFs are used in MCFM to calculate Z/W* cross-section predictions

R. Placakyteé, PIC 2011, Vancouver
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Constraints on PDFs from HERA Charm Data

~  680r
P
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Inclusive ep data
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— ] N == RT optimised
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— RT standard 1 1.1 B = ir:\?Fcr)“TSx
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+1.05 [
- o0®
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© oo o000 : 800 ™.
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_‘Illlllllllll‘Illlllllllllllllllll_; '9 600_' | | | | | | | | | | 1 |
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mg> | GeV mee | GeV

Different HQ schemes have different optimal mCmOde'

R. Placakyteé, PIC 2011, Vancouver

Different HQ schemes are tested

August 2010

HERA Inclusive Working Group
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Z/W cross sections at LHC
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- comparison of Z cross sections
as a function of ag(M,?)

G.Watt, PDF4LHC 07.03.2011

HERA Inclusive Working G

L
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mg | GeV

(symbols indicate value of m_"(opt))

R. Placakyteé, PIC 2011, Vancouver
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HERAPDF 1.0 vs 1.5

HERAPDF1.0 HERAPDF1.5

Q’ =10 GeV" Q’=10 GeV*

illTIlIIII

Prediction based on HERAPDF1.5 have smaller experimental
uncertainty in the u/d ratio

R. Placakyté, PIC 2011, Vancouver 58
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