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PDFs are essential for precision physics at the LHC:

" PDFs are one of the main theory uncertainties in Higgs production

" PDF uncertainties also affect theory predictions for BSM high mass production
PDF uncertainties arise from:

NNLO gg—H at the LHC (\s = 8 TeV) for MH =126 GeV
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crucial to understand the theoretical differences [G. Watt, Nov 2012]

important to provide accurate data for better PDF discrimination

HERAFitter provides an ideal framework for
 Investigation of different methodologies in PDF fits
» Assess the impact of data on PDF — improve the sensitivity
of new measurements to PDF
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Proton Structure

PDF determination relies on factorisation 10

theorem: S i ﬂ
cross sections: PDFs (X) hard scattering coefficients © I s S ) Wi
106]. =2 cor/oo centrar Jets vt T A
Main constraint on PDFs comes from DIS data at I i :
HERA which probes linear combination of quarks: 104 sy = 100 coy il
e(v1) R: _ 10° = 4
Fy~044z(u+u+c+c)+0.1lz(d+d+s+5+b+b) e A
No flavour decomposition of the sea 10°F i
o fp e
Measurement at LHC PDF sensitivity l
Jets high x quarks and gluons (alphas) 10 !
Inclusive W, Z and asymmetries quark flavour separation (u,d,s) 07 10° 10° 10° 1° 102 107 1
Low and high mass Drell-Yan quarks at low and high x (u,d) Coverage in X is essential '
W + charm Direct sensitivity to s-quark QCD evolution is in Q2
Isolated photons medium - x gluons
Single top u,d and b quark LHC provides new observables and
ttbar (total, differential) Medium-x gluon (alphas) precise. measurements to better
W,Z production with jets Medium-x gluon 'CO|I;\|Sat\I;2IUnI‘tdeC0mpOSition of the sea
Z+b production sensitive to b-quark « Gluon PDF - = <
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Schematics of PDFs determination

Flow diagram of PDF determination in QCD fit

Input parameters and flags || PDF parametrisation | PDF evolution (DGLAP)
‘ ~2000 iterations ‘
DATA ———— +* minimisation QCD calculation
DIS Error treatment DIS schemes
DY W,Z 'r APPLGRID interfaced to MCFM
Jets APPLGRID, FASTNLO interfaced to NLOjet++
top Output PDFs| |\ jatri0R
) H1 and ZEUS HERA I+I1 Combined PDF Fit
= I Q* =10 GeV? §
Data [ el
. T . Gluon 08 - —— HERAPDF1.5 (prel.)
* Important to provide uncertainties correlation led) b B o uncert. u val
L CI model uncert.
Th eow (sca q l:l parametrization uncert. 1 Xty ! E‘
. P 5
[ ) . r =0
Need fast tools to perform PDF fits: gbar sea f
APPLGRID, FASTNLO (scaled!
— grid techniques relying on factorisation theorem ~ £
02 E
:
==}

10
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HERAFitter Project

Dec 2013 — First Stable Release HERAFitter 1.0.0

. 10 Developers
Hfﬁ/ﬂ.,ﬁz"[‘gf
8
—— First HERAFitter Stable Release
—— Award winning poster at the conferences: 6
ICNPF and TOP2013
—— Third HERAFitter Beta Release 4
2013
—— First PDF School based on HERAFitter
Second HERAFitter Beta Release 2
—— First LHC paper using HERAFitter
2012 First HERAFitter Workshop 0 -
First HERAFitter Invited presentation E g 2 ‘£ r 3
Presented to the LHC Community W 0 =
— First HERAFitter Beta Release N l_ O 0o d
2011 g I-E <

* Unique framework to address PDF theoretical differences
* Provides means to the experimentalists to assess impact of new data
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HERAFitter 1.0.0 in a glance

4 experimental input ) (e A
“ i =— | experiments: 1 ==
-2 HERA, Tevatron, AN
LHC, fixed target

] processes: N >

NC, CC DIS, jets, diffraction, . oor

heavy quarks (c,b.t) Qo \PDF or uPDF or DPDF)

: | Drell-Yan, W production by
\__ ° e Y, # QS (MZ),mc,mb, mt, )
4 theoretical calculations/tools A ﬁ S,..
Heavy quark schemes: MSTW,CTEQ,ABM | L& ( - )
Jets, W, Z production: fastNLO, Applgrid Theory predictions
Top production NNLO (Hathor)
QCD Evolution DGLAP (QCDNUM) (Benchmarking )

KT factorisation

Alternative tools NNPDF reweighting
Other models Dipole model (Comparison of schemes )

+ Different error treatment models
\_ * Tools for data combination (HERAaverager) /
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Heavy Flavour Schemes in DIS

For the DIS process, several schemes are available for heavy quark treatments:
" VFNS (Variable Flavour Number Schemes):
v RT-VFNS schemes (RT STandard, RT Optimal) - as used by MSTW group
(as well as variants based on k-factors RT FAST, RT OPT FAST)
v Zero Mass VFNS [qcdnum, ACOT variant]
v ACOT Full, ACOT Chi, ACOT ZM, they are all based on k-factors - as used by CT
group
" FFNS (Fixed Flavour Number Scheme)
v via QCDNUM
v Via Openqcdrad-1.6 - as used by ABM

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

H1and ZEUS ,_, —H1 and ZEUS
E 750 Clunsn + HERA inclasis g 64 Ch;rmd-HERAlinclusive ' [Eur. Phys. ). C73 (2013) 2311]
S R — T { & ea| — movmses
o e o
700 e 60 VNS Spread in predictions for W and Z
) o l is reduced significantly when
6501 2% predictions are evaluated at the
% optimal Mc determined from
-_ F2 charm
600 — Vs=7TeV -
2 14 16 18
M, [GeV]
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Chi square definitions

Typical measurements sensitive to PDFs are precise, with statistical uncertainties

below 10%, so they follow normal distribution which allows use of chi square
minimization for determining optimal PDF parameters.

The HERAFitter package allows for various types of data uncertainty treatment:
v Various chi square representations:
o Simple form:

,, [ = % vmit; - |
exp (11, B) =
* ’ " Z (5!.5Lahﬂ } + {5e unwrﬂ
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o Scaled form:

tmp) = Y, I EE]
i 5"5111#: ( E_;- '}"}mfbj) + (5I'~Unuur m;}

S+ Z b + log penalty
j

o

Mixed form (covariance and nuisance parameter):

Xexp(m, b) = ) [m - Z Ti(m' )by -
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Experimental Uncertainties

HERAFitter provides various methods for the treatment of
experimental uncertainties
« Asymmetric Hessian errors

« Monte Carlo errors I
&MCErrors
1RAND = False

1RANDDATA = True

ISeedMC = 123456

! ——- Choose what distribution for the :

! STATYPE (SYS_TYPE) 1 gauss

! STATYPE (SYS_TYPE) 2 uniform

! STATYPE (SYS_TYPE) 3 lognormal

! STATYPE (SYS_TYPE) 4 poisson (ol

STATYPE 1

SYSTYPE 1 10 10° 107 10" |
&End

N A A IllllJl L -l
10 103

lLlJll A A llllllJ A d i i L iiil
10 10" 1

 Monte Carlo Method for error estimation compared to Hessian error
propagation:
« Benchmarking exercise with NNPDF group [arXiv:0901.2504]

* Regularisation methods: constrain PDFs with a flexible parametrisation style
« Data Driven Regularisation (as used by NNPDF) fit and control samples
« External Regularisation based on a penalty term in chisq
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Quantitative Comparison between data and theory

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

X2 i Z {,u: m; [1 + EJ cx];cxp + L fJ' ]} +Z(bcxp)2+z bm.,u

PDF set Central PDF Wlth PDF uncertainties
Ex: 30 points from ATLAS CT10 34.1 32.0
WZ 2010 vs NNLO predictions MSTWO08 72.0 49.7
HERAPDFI1.5eig 43.1 39.2
Used in ATLAS publlcatmns
g ' g O arias T
RN it ATLAS = E
; = . = :;ij uncertainty E_ 700 __ ¢| _Z
% 1EI = * - = Total uncertainty E 600 - _&,J_—i—_ﬁ_‘f__‘_ﬁp__%__‘_ "'b" 41 Ly |;|_:
= V5= 7TeV, | Lai it .-
C A fornis bl e 500F =
[ M8« C J L dt = 33-36 b W= I'y,
m [ 400 B8 Data 2010 ({5 = 7 TeV) ]
[ IR MSTW2008 with 68% CL (PDF + a) + = + Pl unc. E A MSTWoe e
% .1 300 :_ o :EE&EEFIa +Tf.1t=4IL.'1L;E|14|my -
=] r JAoe
i £ 1af
= 0.9 5
: == HERAPDF15 ====CTI10 =+=ABMT] === ‘I:;‘l-:-:fl-l-é__::::;l: %“
116 2tj0 300 100 500 E 0.5 1 15 2 25
m|
Phys. Lett. B 725 (2013) 223 Phys. Rev. D 85 (2012) 072004
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Determination of the strange quark in the proton

* Using W+, W-, Z (35/pb) inclusive cross [, "~ . " T TepWzfrees | ATLAS
sections - ATLAS [PRL 109 (2012) 012001] s ABKMO9 .
(kinematic region probed is at x~0.01) ® NNPDF2.1{ — m — % — NNPDF23
« NNLO QCD Analysis * MSTWO08 -
« ATLAS-epWZ-EIG.LHgrid available in lhapdf | ¥ ¢T10(NLO) d
total uncertainty
rs = 1.00 £ 0.20exp % 0.07mod 0 10ar 0% s + 0.08m.| | ZPerimentaluncertainty BN 1 B
' ' .02 0 02 04 06 08 1 12 14
rS
|0 1 CMS Preliminary HERA | DIS + CMS W production
:;: Q? = 1.9 GeV?
0.75 — CMS Prel. NLO free-s fit
B exp.unc.
0.5 _ model lll"l.f:. ]
| parametrization unc.
 Using W+charm (5/fb) and W 0.25 \
muon asymmetry (4.7/fb) - CMS  _ " -
[SMP-12-021] |'E 1.5 | ® ATLAS epWZ NLO, exp. unc.
« NLO QCD Analysis: 2
determination of Rs(x) > +
+
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More details in Mark and Georg's talks 0

PDF4LHC

Stefano Camarda 11




Sensitivity to gluon and strong coupling:

Study sensitivity to the gluon PDF:; ot " ATLAS
= Using ratio of jets at different beam o -
energies - ATLAS [EPJC (2013) 73 2509] 150 =

v. Compare the gluon for PDF fit using just s o car E

HERA | and a fit USing HERA | + ATLAS 2.76, 0.5i_ = HERAL i _ . E

7 TeV jet data (2010) - e HERAJATLAS jots 276 TV Re0 i E

0 i HERA+ATLAS jets 7 TeV R=0.6 fit 1

Using inclusive jet cross section at 7 TeV CMS 3.0CMS Preliminary ____ gluon. @ =1.9GeV.
data from 2011 (5/fb) [SMP-12-028]: 25l nenave O S

v PDFs are extracted and compared to fits
using just HERA | and fits using HERA | + CMS
7 TeV jet data

Extraction of the strong coupling: ¢ QoL
n : syl 8 a1 7 ; _.
From PDF and alphas S|multaneous+1l‘|]tc.m? ﬁ_ﬁég%/ /,%'ﬁfﬁﬂf¢?f/
ﬁb(Mﬂ) — 01192 EIEIEI].E E_D:E@I... R e , :
10 10~ 10 107

More details in Mark and Georg's talks
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PDF Sensitivity study on prompt photon

ref

g5 | _ $=20GeV? First result with stable release HERAFitter 1.0.0

Z [ — MSTW2008

F-S Hit ABM11_5N

% — NNPDF2S Assess:
« Compatibility between data and NLO
predictions
o i * Sensitivity to the gluon PDF

103 102 10"

automatic tools for:
 x* comparison with and

—_— ATLAS Preliminary -g F  ATLAS Preliminary
= 10% a 1.2F
G pp—y + X ¥f5=7 TeVJ-L=4.6fb'1 > 5
< 10 o T
o @
L S 0.8f
HERAFitter 1.0.0 wyg S
stable release provides S 10 b3 —
1Eaete—t—¢ -¢-¢'{'}“*}--%' ——
8

Theory +shifts
Data

(=]

5
0K o patap<137 << CT10

- ABM11_5N
 PDF p|OtS 107 Eﬁntg;ﬂ — HERAPDF1.5 -
e Data p|OtS 108 [ - - - MCFM + shifts -= NNPDF2.3
200 300 400 1000
E; [GeV]
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Successful releases of the HERAFitter package - an open source QCD
Framework designed to help address the theoretical differences, but
mostly provides means for various tests within experimental data
analysis
= HERAFitter platform has grown into a multi-functional QCD platform:

v Various treatments for heavy flavours;

v Various options for data uncertainties treatment;

v Various parametrisation techniques;

v Various physics cases.

Stable release available: herafitter-1.0.0

= www.herafitter.org
* herafitter-help@desy.de

We welcome new developments!
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HERAFitter perspectives

A list of planned developments:

Theory (short and long terms):
= QED PDFs
" Nuclear + proton PDFs.
"= Heavy Flavour scheme in QCDNUM, using fast convolution engine.
" Improvements in Hathor cross-section calculation for fits, other ttbar codes
= Addition of DiffTop - program to calculate differential cross sections
= EW corrections.
= DYNNLO in APPLGRID.
= Photon‘s PDF.
= Different evolution schemes:
v e.g. matched to MC showering, mixed Dipole-DGLAP fits.
Data treatments:
= Alternative to MINUIT minimization package
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Results using HERAFitter

Following PDF grids have been generated since the start of the project:
= HERAPDF1.0, HERAPDF1.5, ATLAS-epWZ12, LHeC-NLO

HERAFitter has been used in the following publications:

“ Determination of the strange quark density of the proton from ATLAS
measurements of the W and Z cross sections” [PRL 109 (2012) 012001]

“ Measurements of the inclusive jet cross section in pp collisions at 2.76 TeV and
comparison to the inclusive jet cross section at 7 TeV using the ATLAS detector”
[EPJC (2013) 73 2509]

“ Measurement of the high-mass Drell-Yan differential cross-section in pp collisions
at 7 TeV with the ATLAS detector” [PLB 725 (2013) 223]

“ Measurement of the muon charge asymmetry in pp W production at 7 TeV”
CMS, [SMP-12-021]
= “ PDF constraints and extraction of the strong coupling constant from the inclusive
jet cross section at 7 TeV” [SMP-12-08]

“ Combination and QCD Analysis of Charm Production Cross Section
@ g5 Measurements in Deep Inelastic ep Scattering at HERA” [EPJC (2013) 73 2311]

“Inclusive Deep Inelastic Scattering at High Q2 with Longitudinally Polarised”
[JHEP_.1209 (2012) 061]

I.LH .C LHeC impact studies [Journal of Phys. G 39 (2012)]
Theory “Parton Distribution Uncertainties using Smoothness Prior” [PLB 695 (2011) 238]
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Impact studies of LHeC on PDFs

HERAFitter provides the possibility to perform impact studies using simulated data:
= LHeC can provide a complete PDF set with precise gluon, valence, and strong coupling:

LHeC promises per mille accuracy on alphas - using HERAFitter  [Journal of Phys. G 39 (2012)]

case cut [@Q* in GeV| relative precision in %
HERA only (14p) Q*>35 | 1.94
e i HERA +jets (14p) Q*>35 0.82
0.3 pIERA Iélﬁﬁ‘ﬁiﬁﬁé _> LHeC only (14p) Q*>35 0.15
. HERA I+LHeC mmmmm LHeC only (10p) Q*>3.5 0.17
% LHeC only (14p) Q* > 20. 0.25
I LHeC+HERA (10p) Q? > 3.5 0.11
g 0 LHeC+HERA (10p) Q*>170 | 0.20
. LHeC+HERA (10p) Q%> 10. | 0.26
E NNLO pp—Higgs Cross Sections at 14 TeV
m0.2 ~ 60
-0.3 3 r iHixs1.3
g 58 - M = 125 GeV
o . 2 [ NNPDF2.1(0.121)
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 ‘}'{ 56 -
- g . ] _ NNPDF2.1(0.119)
14 TeV gg — H total cross section at the LHC N . Z : 110 MSTWOS HERATS
calculated for a variety of PDFs at 68% CL [ e 24 cev
 precision from LHeC can add a very significant constraint 0 - e
on the mass of the Higgs 48
* LHeC-NLO. LHgrid available since lhapdf v5.9.1 | JROSVF
44 -
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Low X Physics

As an alternative to DGLAP, HERAFitter includes also Dipole models:
= Studied by the H1 collaboration in comparing different models on FL:

v Dipole Models implemented in HERAFitter:

Eur.Phys.].C71 (2011) H1 collaboration

F A= o] @ @ @ <
L 048 ¢ & & & 8 3
* o o

=] - -

4.02
4
8
0.
4

— GBW model: first model I
— |IM (based on BK-equation) 0.3
— BGK (based on GBW, but gluon evolved

using DLGAP)

v DGLAP Models: 0.20 [ 11771
— RT as used by MSTW group 0.1 _ |
— ACOT as used by CTEQ group [ L acor M o H1 Data
ob ot b RT BSAT |

2 @ 10{} 50

2 2
DGLAP  Dipole @ /GeV

Unintegrated PDFs based on the kT-factorisation (CCFM) evolution.

= applicable only to NC ep scattering

https://www.herafitter.org/HERAFitter/HERAFitter/HERAFitterMeetings/Meeting2012-Oct-29?action=AttachFile
&do=get&target=
updf.pdf

Diffractive DIS PDF fits.
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uPDFs in HERAFitter

e do A
dde2 - /dmg [dkimg“&& (mga k’i,p)]ﬂ'(iﬂg, ki: Z, Q2)

o 6(zg,k7,z,Q°) is (off-shell, k dependent) hard

scattering cross section

@ uPDFs for gluons and quarks needed:

= @ Until now: only gluon uPDF determined

@ valence quarks: use starting distribution CTEQ6

@ method: .
0-7‘('7;: Qz) — / deA(mga kJ_:p)&(ma Lg, Qz)
1
o calculate / de" A(z"  k, ,p)-6(z, 2’ 2”,Q%) in a grid of x",Q?
x/xz’

o starting distribution:  Ao(z) = Nyz~P9(1 — )% (1 — D,yx)
o calculate o, (z,Q?) by 1-dim Gauss integration (fast!)

@ external input: ‘

@ kernel evolution grid for gluon
» evolved valence quark distribution (as uPDF)

@ convolution of kernel with off-shell ME done in herafitter
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HERAFitter Perspectives

HERAFitter has a modular structure facilitating fast developments
« Many new developments are planed to be implemented in future
releases:

Initialisation
Data Theory

Theoretical Predictions
Factorisation Theorem [P

PDF parametrisation: Standard, flexible, hilog_T

Experimental Data
Data Type:
+ Collider ep
Collider pp, ppbar
* Fixed Target data

!

PDF evolution approaches:
DGLAP formalism (QCDNUM) <

> Heavy Flavour Schemes: YFNS and FF
Non-DGLAP formalism:

> uPDF (kt-factorisation)
> Dipole models

> Chi2 Minimisation
Treatment of the uncertainties:
* Nuisance parameters

* Covariance Matrix

* Monte Carlo method

Cross section calculations for processes:
> MINUIT package * DIS in ep collider and fixed target

* Jet Production in ep, pp, ppbar colliders:
(APPLGRID, FASTNLO)
Results * Drell-Yan in pp and ppbar colliders

PDFs, alphas, LHgrid, » Top production in pp and ppbar collider
comparisons,impact studies (HATHOR)

<..—-—
AN

\

We welcome more ideas!
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