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Motivation

PDF's are essential for precision physics at the LHC:

+ PDF's are one of the main uncertainties in Higgs production, Mw
- measurements etc

+ Affect theory predictions for BSM searches

Different PDF groups (CT, MSTW, NNPDF, HERAPDF, ABM, JR) use
different data and methodology to extract PDF's
+ Leads to differences in the cross section predictions

2 Crucial to understand theoretical differences.
2 Important to provide accurate data together with correlation
information for better PDF discrimination.
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Proton Structure

According to the factorisation theorem:
cross section: PDF's [J hard-scattering coefficients

Main information on PDFS comes from DIS

data at HERA

» Sensitive to light quarks and gluons

+ No information on flavour decomposition
of the sea

Atlas and CMS SCa|E M?' L’ 0'2

Atlas and CMS rapidity plateau
D0 Central+Fwd. Jets
CDF-D0 Central Jets

LHC data provide flavour separation and
better understanding of gluon:
+ Inclusive jets/dijets/trijets = gluon and

» W/Z production, asymmetry = q anti-q, A HT""""" "

flavour separation '!IF' = '“"||“'I|]|||”| ﬂ::'ﬁ qy
¢ W+charm - direct sensitivity to s-quark ”I‘HHI‘”IH‘ I “!': 5; Fixced >
+ Isolated photons = gluon at medium and _.,,..1||I1||| - I““ '
highx | R i
+ W/Z+jet production = gluon at medium x A"
* Top production — gluon, u and d
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HERAFitter Project

HERAFitter is an open source QCD fit platform with a continuing
and rapid development

'\"x‘_\_x HERA {E ;ﬁg r

Proton Structure in the LHC era event @ DESY HERAFitter provides a

-~ First paper by HERAFitter developers’ team framework for:
-~ HERAFitter plenary talk @ QCD Meriond + Addressing theoretical

_____ First HERAFitter Stable Release differences and
Award winning poster at the conferences benchmarking

Third HERAFitter Beta Release + Studying impact of new

2014

2013
- First PDF School based on HERAFitter - data on PDFs
— Second HERAFitter Beta Release - '
First LHC paper using HERAFitter

—— First HERAFitter Workshop
2012

First HERAFitter Invited presentation
Presented to the LHC Community

2% —— First HERAFitter Beta Release

——
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HERAFitter Structure

Modular structure of HERAFittE‘r:/ Initialization

"\;

“
Input Data Theory Predictions
Data Type: ' Factorisation Theorem:
+ collider ep <« > . PDF parametrisation
+ collider pp, ppbar + QCD evalution
+ fixed target : | * cross section calculation
Minimisation
+ Performance: 15min — 2h = B
+ Fast tools needed to perform \‘ 5 r;ajgziz;}f ::;zé:;:;zes. V
PDF fits: APPLGRID, C S :
+ Covariance matrix
FASTNLO + Monte Carlo method
w == 10 GeV?

R H1 and ZEUS (prel.) & o M1 snd ZELS prelianinary

-+ HERAPDF1.5¢

LHAPDF grids * | e % — HERAPDF1.6
+ alphas, mc, ... | ' :
+ data to theory comparison

— IE'JI-“.I*LU*‘I;-!:H\'
| KSR T

*

W
R MPOF St Fundion Wirllng Grag  Blwch S

¢ 2, shifts, pulls

0114 0.MEe 018 012 0422 0124 D126
:':sill)
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x> Definition and Experimental Uncertainties

HERAFitter package allows for various type's'_of data uncertainty treatment

* Y2 representation using:
— Nuisance parameters-

(11,10

S e )| Y
i O uncMy + O/ g LM, (] b E,r' ‘.':'b_:') J

: . . o 1 — i 3 T 0 FV3i
— Covariance matrix [FECIEDNC T erlC ey NN o TEy ol Clr+Gy -
i,j

— Mixed (covariance and nuisance)

+ Various types of uncertainty estimation:
— Hessian: uncertainties estimated by examining behavior of ¥? in the neighborhood
of the minima _ '
— Monte Carlo: MC replicas by shifting data points randomly within their
uncertainties. : |
— Offset: correlated sources accommodated in uncertainties

The platform is used in various benchmark exercises.

»
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Heavy Flavour Schemes

Several schemes for heavy quark treatment in DIS processes:

m Variable Flavour Number Schemes (VENS)
+ RTVFNS (Standard, Optimal) as used by MSTW group

¢ Zero Mass VFNS

¢ Various ACOT (Full, Chi, ZM) schemes, based on kfactors as used

by CT group.

s Fixed Flavour Number Scheme (FFNS)

+ via QCDNUM
+ via OPENQCDRAD (ABM)

Variety of scheme options was
studied in F2 charm HERA
combined paper

(BEur. Phys. J. C73 (2013) 2311)

H1 and ZEUS

H1 and ZEUS
Charm + HERA inelusive

Charm + HERAs| inclusive (a) & FF (ABM)
—— RT standard rrt,{m=}=1.zﬁ + 0,05 GeV
----- AT aptimised

- = ACOT=full
—m- BRACOT=;

ZM-VFHNES

* M

1.6

M, [GeV] m(m ) [GeV]
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Other recent results from HERA

o Hlprelim-14-042, .+ Hl-prelim-14-071,ZEUS- ~ + DESY-14-083
ZEUS-prel-14-007 prel-14-006 and S. Moch arXiv:1405.6915

HI and ZEUS preliminary

H1 and ZEUS preliminary

-
1]

u=10 GeV’

) *  Inclusive DIS + beauty QCD fit
HERA (prel.)

PDG with evolved uncertainty

-
=

HERAPDFL0 (prel) NNLO qF_ =35 GeV

2
e,
I.-__l..‘-.
=

-
ha

35 36 AT 38 315 4 41 42 43 44 45

m, (m,) {GeV]
Combined HERA charm Beauty data measured by
: data used to determine ZEUS used to determine
Combined HERA data are .
charm quark running mass  beauty quark mass

used as input to QCD

analysis to determine sets Talk by V. Radescu | Talk by V. Radescu
of PDFs HERAPDF2.0

Talk by H. Abramowicz
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HERAFitter Application at LHC: Data vs Theory

HERAFitter provides a quantitative assessment of level of agreement
between data and theory by taking into account theoretical and
experimental uncertainties.

Used ih ATLAS publications:
Phys. Lett. B 725 (2013) 223 JHEP 06 (2014) 112

. _ ATLAS
+-Daia Ldt=16fb"
Sys, uncertainty - E=TTeV
Total uneertainty |TI'|'='2-4=. p;_:- 12 8 15 GeV

[pbiGeV] (Barn)

(%= 7Tev, [ Lt =481
olectran ;I = 25 GeV, hl 25
1.8 % lumingsity uncestainty mat included

118 GeV < m,, « 500 GeV

dmee

— Theory — NLO-fit
Theory + shifts  —— NNLO-fit

e
£
£
=

=

400 S00
m,, [GeV]

——
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Strange Quark at LHC

¢ : : : Q° = 1.9 GeV°, x=0.023
+ W= and Z inclusive cross section was

a ABKMOS .
used by ATLAS to determine strange »NWDFE1 —a =9

) e MSTWO8 IS
quark fraction in the sea v CT10 (NLO)

(Phys. Rev. Lett. 109 (2012) 012001). W total uncertainty

experimental uncertainty

02 0 02 04 068 08 1 12

+ W+charm data including W asymmetry
was used to probe strange quark

distribution (arXiv:1312.6283). * Wicharm data was used by ATLAS to

_ determine the ratio of the strange to down sea
s quark distributions (JHEP 05 (2014) 068).

CM5 NLO free-s fit

&Xp. UNC.
model unc.
parametrization unc,

2 v
Q*=mj,
HERAPDFL 5 + ATLAS We-jetWD'*' dats
B ATLAS-epWZ12
B HERAPDFLS

0.5 (s+ 5)/d
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]
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=
+
=
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SenSitivity to Gluon and Strong Coupling

——

» Inclusive jet cross sections at different center-of-
mass energies was used to study sensitivity of .
gluon density at low and high x regions. Q' = rase

= HERA|f

(EUJ‘. PhVS. J C 73 (2013) 2509) ' —— HERA+ATLAS jets R-0.6 fi

HERALATLAS jais 2,70 TaV R=08 M
HERA+ATLAS jots 7 TeV R=0.6

ral. uncert.

+ PDF are extracted and compared to fits
using HERA I data only and fits using
HERA I + CMS jet data.

+ The same inclusive jet cross section is also

used to extract the strong coupling constant
(CMS-PAS-SMP-12-028). .

r'.v!_:..;.'.'I )
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Sensitivity Studies

Platform can be used fo_r sensitivities studies of the”
potential of future colliders:

+ LHeC ep simulated data was used for to + The output in LHAPDF format can
study sensitivity to PDF's: be usqd for Higgs predictions:

HERA I

HERA I+LHC(Wasymm)
HERA I+BCDMS EEFES
HERA I+LHeC N

iHixs1.3

M= 125 GeV
NMPDF2.1(0.121)

NNPDF2.1(0.119)

Cross Section (pb)

cTi0 MSTWOE HERA1S

124 GeV

-
o
»
4]
=
a
-4
L]
1]

(Journal of Phys. G 39 (2012)) ' (Mod.Phys.Lett. A28 (2013) 16, 1330011)

——
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List of analyses by HERAFitter

LList of Results Using HERAFitter
https: | |www.herafitter.org | HERAFitter | HERAFitter | resul

NEW (04,2014 HERAFitter team arXiv:1404.4234 | @ pParton distribution functions at LO, NLO and NNLO with correlated uncertainties between orders  Material

| List of analyses using HERAFitter

Date

MEW
05.2014

MEW
05.2014

MEW
04.2014

02.2014

01.2014

01.2014

12,2013

12,2013

12,2013

12.2013

12.2013

2013

Group

HERA/ZEUS

ggH benchmark HERAPDF, CT,

NNPDF, MSTW

LHC/ATLAS

LHC/ATLAS

R. Sadykov
F. Hautmann and H. Jung

M. Klein, V. Radescu (LHeC
studies)

A. Luszczak and H. Kowalski

LHC/ATLAS

LHC/CMS
LHC/CMS

LHC/ATLAS

LHC/ATLAS

LHC/ATLAS

HERA/H1 and ZEUS

HERA/H1

LHeC

Reference

arxiv:1405.6915

arxiv:1405.1067

arXiv:1404.1212

arXiv:1402.6263

arXiv:1401.1133

arXiv:1312.7875
arxiv:1310.5189
arxiv:1312.4060
ATL-PHYS-PUB-2013-018
CMS-SMP-12-021 /
arxiv:1312.6283

CMS-5MP-12-028

Phys. Lett. B 725 (2013) pp.
223

EPJC (2013) 73 2509
Phys.Rev.Lett. 109 (2012)
012001

Eur. Phys. J. C73 (2013)
2311

JHEP 09 (2012) 061

J.Phys. G39 (2012) 075001

Title

@ Measurement of beauty and charm production in deep inelastic scattering at HERA and measurement of the beauty-quark mass

@ Les Houches 2013: Physics at TeV Colliders: Standard Model Working Group Report

@ Measurement of the low-mass DrellYan differential cross section at sqrt(s)=7 TeV using the ATLAS detector

@ Measurement of the production of a W boson in association with a charm quark in pp collisions at sqrt(s)=7 TeV with the ATLAS
detector

@ Impact of QED radiative corrections on Parton Distribution Functions

@ Transverse momentum dependent gluon density from DIS precision data
@ Report of the Snowmass 2013 energy frontier QCD working group

@ Dipole model analysis of high precision HERA data

@ A study of the sensitivity to the proton parton distributions of the inclusive photon production cross section in $pp$ collisions at 7
TeV measured by the ATLAS experiment at the LHC

® Measurement of the muon charge asymmetry in pp W production at 7 TeV
@ PDF constraints and extraction of the strong coupling constant from the inclusive jet cross section at 7 TeV
© Measurement of the high-mass Drell*¥an differential cross-section in pp collisions at sqrt(s)=7 Tev

@ Measurement of the inclusive jet cross section in pp collisions at sqrt(s) = 2.76 TeV and comparison to the inclusive jet cross
section at sqrt(s) = 7 TeV using the ATLAS detector

@ Determination of the strange quark density of the proton from ATLAS measurements of the W -> | nu and Z -> Il cross sections

@ Combination and QCD Analysis of Charm Production Cross Section Measurements in Deep-Inelastic ep Scattering at HERA

@ Inclusive Deep Inelastic Scattering at High Q2 with Longitudinally Polarised Lepton Beams at HERA

@ A Large Hadron Electron Collider at CERN: Report on the Physics and Design Concepts for Machine and Detector
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Motivation

+ Various processes at LHC are calculated at dlfferent QCD orders
+ LO - used in parton showers MC

+ NLO - bulk of predictions
+-.NNLO - available only for few processes

+ Uncertainties rise from PDF's themselves and from missing higher orders usually
determined by varying factorisation and renormalisation scales.

+ To reduce uncertainties ratios of two processes cross sections can be used. Assume
that for the first process both NLO and NNLO calculations exist, while for the second
process only NLO. Theoretical predictions can be constructed in several ways:

Oivw (PD FNLO) NNLO( PD FNNLO) O}IVNL0< PD FNNLO) NNLO( PD Fij:fO)
012VLO<PDFNLO> NLO(PDFNLO> .OéVLO(PDFNNLO) | NLO(PDFiVOLV?>
Cancelation of PDF unc. do not PDF unc. cancel PDF unc. cancel
PDF unec. cancel Scale unc. improves Scale unc. reduces

Large scale unc. Scale unc. reduced LarW
g

Sets of PDFs with correlated uncertainties between different orders required

s— —
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QCD Analysis Details

arXiv:1404.4234

QCD fit to inclusive HERA I data using HERAFitter _
+ additional constraints and model assumptions (HF scheme, quark masses, etc.)

MC replica method used to preserve the correlations:

+ ~1300 MC replicas are created by fluctuating
input data within its uncertainties

» consistent PDF fit to each replica in different
orders

+ central PDF set corresponds to.the average over
replicas
+ PDF uncertainty is the RMS of the replicas

+ additional uncertainties on model and
parametrisation, following HERAPDF
prescription. Those are treated correlated between
the orders.

06/08/14
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Predictions vs Data arXiv:1404.4234

+ Predictions of the ratio WW to Z production cross.sections are compared to the CMS
measurement (EPJC 73 (2013) 2610)

+ Usage of the mixed-order NLO — NNLO predictions, allows reduction of the total
- uncertainty due to the reduction of the scale uncertainty for Z production prediction

B8 Exp. @ Mod. @& Scale [ZICMS Vs=7TeV
Exp. @ Mod.
I Exp.

NLO ; _NNLO __ [1‘51?+U.ﬂ51] > 10—3

Oww/O9z = —0.047] GO/ GHNLO 22

NLO ; _NLO _ 1 =49+0.073 n—3
oww /07~ = [1.543T5065] x 10 GNLO | GNLO

]
HEFR -I}f'_. f ﬁ;ﬁ' i

the total theoretical uncertainty is
reduced by 30-40%
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Future Developments

————————hew and ongoing developments ——
v _

Initialisation Intrinsic charm

_ Data Theory FONLL
Experimental Data

Inclusion of Data Type:
More data Collider ep isation: ible, bilog ‘

Collider pp, ppbar
_ 2 QED PDF
Fixed Target data PDF evolution approaches: o (modified
. DGLAP formalism (QCDNUM) &4 QCD evolution)

- Heavy Flavour Schemes: YFNS and FFNS

> Treatment of the uncertainties: + Non-DGLAP formalism: Evolution from
= uPDF (kt-factorisation) HOPPET
- Dipole models AFPFEL

*  Nuisance parameters
different, * Covariance Matrix

minimisation |+ Monte Carlo methed c = T [
MINUIT package ross section calculations for processes: Improved EW

* DISin ep collider and fixed target code
* et Production in ep, pp, ppbar colliders:
(APPLGRID, FASTNLO)
LHAPDFvE Results * Drell-Yan in pp and ppbar colliders Interface to
interface PDFs, alphas, LHgrid, * Top production in pp and ppbar collider Top++
p . g (HATHOR)
comparisons,impact stu dies r—
cross sections
BNNLO

Initiated the integration process of HERAFitter within HepData

« Stable release available since winter — new release is expected in autumn
+ A PDF school and workshop is planned at DESY:
http:/ /indico.desy.de [ conferenceDisplay.pyovw=True&confld=9388

——

06/08/14



Summary

+ HERAFitter is an open source QCD framework and it has proved to be a

successful platform that is well integrated in the high energy physics
community

2 Open to everyone and everyone can contribute.
2> Stable release: herafitter1.0.0, can be found at www.herafitter.org

+ Sets of LO, NLO and NNLO PDFs with correlated uncertainties at
different orders were extracted using HERAFitter arXiv:1404.4234

2 the total theoretical uncertainty is reduced for the mixed-order
calculation by 30-40% due to reduced scale uncertainties

06/08/14
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