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HERAFtter Motivation

* Parton Distribution Functions are essential for precision physics at the LHC:
= PDFs are one of the main theory uncertainties in Higgs production
= PDF uncertainties also affect substantially theory predictions for BSM high ma.ss production

NNLO gg—H at the LHC (\'s = 8 TeV) for M, =126 GeV
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» There are several active PDF groups: E nf @ .
- MSTW, CT, NNPDF, HERAPDF, ABM, JR 0S|y e R
= Current benchmarking of PDFs > sk | o EN
» different treatment of heavy quarks 181.: : _ L : ;

* inclusion of various data sets and account 18 ;T e E

for possible tensions 755 ggh@nmlo (L4t =, =M, /2 B

» different alphas assumption Y112 0113 0114 0115 0116 0117 0118 0116 012

og(MP)
[G. Watt, Nov 2012]

On one hand it is crucial to understand the theoretical differences, on the other
hand it is important to provide accurate data with full information on correlations!
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Proton Structure

« PDF extraction relies on the factorisation theorem:
= cross sections: PDF's ® hard scattering coefficients
* Main information on PDFs comes from DIS data at

HERA which probes linear

ezvr )

combination of quarks:

Fy~04dz(u+a+c+e)+011z(d+d+s+3+b+Db)
No flavour decomposition of the sea

« LHC data is introducing new observables to be used for
PDF constraints to help provide flavour decomposition

and better understood gluon:

I

[

Measurement at LHC

PDF sensitivity

Inclusive jets and dijets

Inclusive W, Z and asymmetries

Off peak Drell-Yan at low and high mass
W with charm quarks

Isolated photons

Single top productoon

ttbar production (total, differential)

W,Z production with jets

Z+b production

high x quarks and gluons (alphas)
quark flavour separation (u,d,s)
quarks at low and high x (u,d)
Direct sensitivity to s-quark
medium - x gluons

u,d and b quark

Medium-x gluon (alphas)
Medium-x gluon

sensitive to b-quark
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Coverage in x is essential
QCD evolution is in Q2
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Schematics of extraction PDFs

A flow diagram of a PDF extraction in a QCD fit machinery (such as HERAFitter):

|

Input parameters and flags

-

PDF parametrisation PDF evolution (DGLAP)

{

{

~2000 iterations

DIS Error treatment DIS schemes

DY W,Z ! APPLGRID interfaced to MCFM

Jets APPLGRID, FASTNLO interfaced to NLOjet++

top Output PDFs HATHOR

H1 and ZEUS HERA I+I1I Combined PDF Fit
S
Important to provide correlation information 8 Q*=10 GeV?
Important to have fast tools to perform PDF fits Gluon s} —— HERAPDFLS (prel)
i.e. APPLGRID, FASTNLO » B oxp. uncert.
(scaled) C’ model uncert. u V?lllv

> grid techniques, rely on factorisation theorem

To determine PDFs a full coverage in x is needed

Differential measurements in rapidity provide
more sensitivity due to x coverage

|:| parametrization uncert.

qbarseaf
(scaled)

02

10
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Hfﬁ;,ﬁe, HERAFitter Project

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

-
\ /-/E/\’/jf/ﬁgf |

Coming soon

Developers

>
e
0
v
=
-

+ — First HERAFitter Stable Release
—— Award winning poster at the conferences:
ICNPF and TOP2013
—— Third HERAFitter Beta Release
2013
+— First PDF School based on HERAFitter
Second HERAFitter Beta Release
—— First LHC paper using HERAFitter
First HERAFitter Workshop

2012

o N N~ O 00 oO

Presented to the LHC Community I :
—— First HERAFitter Beta Release H

First HERAFitter Invited presentation - N 2
9

ALICE B

2011

ATLAS

HERAFitter:
* is aunique framework to address the theoretical differences
 provides means to the experimentalists to assess impact of new data
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HERAFitter in a glance

) 4

H1 and ZEUS HERA I+11 PDF Fit
1 -

-—==__experimental input
PP ET ST experiments
; / - [T experiments:
% el el HERA, Tevatron,
] il N LHC, fixed target

processes:

NC, CC DIS, jets, diffraction,
heavy quarks (c,b,t)
Drell-Yan, W production

HENATDF Sirpcture Punctior Woeking Groep

/
theoretical calculations/tools ) as (Mz), me,mo, mt, fs,..
Heavy quark schemes: MSTW, CTEQ, ABM
Jets, W, Z production: fastNLO, Applgrid
Top production NNLO (Hathor)
QCD Evolution DGLAP (QCDNUM)
kr factorisation

Alternative tools NNPDF reweighting
Other models Dipole model

+ Different error treatment models

+ Tools for data combination (HERAaverager)

HERAFitter

Theory predictions

Benchmarking

Comparison of schemes

_ J\ S\

NN

J
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HERAFtter Heavy Flavour Schemes

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 - runs 15min)
v Zero Mass VFNS [qednum, 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 ABM (openqcdrad-1.6) - as used by ABM
- used in FQ charm HERA combined paper [Eur. Phys.d.C73 (20138) 311]

H1 and ZEUS H1 and ZEUS
— : — g T —— T
=° 750} Charm + HERA-I inclusive 1L 64 charm + HERA-l inclusive 7]
:v; I T standard % —— RT standard
------- RT optimised ; ««+« RT optimised
ST ACOT A o 62 - == ACOT-full * M
700 ZM-VFNS mnse SARORX
7 * e Fa 60 ZM-VFNS

650

u Gs=7Tev | Spread is reduced significantly
S .. .+ .. .1 when predictions are evaluated

12 14 16 18 at the mc determined from F2 charm
M. [GeV]
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vttt Alternative formalisms

* As an alternative to DGLAP, HERAFitter includes also Dipole models:

# GBW (Golec-Biernat Wusthoff) parametrization Eur.Phys.J.C71 (R011) H1 Collaboration

F o ® V) [ @ [ < o o Q ©

| 0 4 = < n ] N <@ N s =] S XQ o <
.

=] o o o

- o o < v © - -

(r,x) = oo (1 — exp(—r?/R7)) R =4-(x/x)" GeV? -

0.3
» BGK (Bartels-Golec-Kowalski) parametrization [

| . . 0.2f T
olr.r) = og {l — exp _—77‘/":.,.(/1“)..r'y(.r./1');’(30..)]} [ -

® 1?is replacing by a gluon density with explicit DGLAP evolution 0.1 —
i — ACOT - IIM e H1 Data

(contribution of the valence quarks taken from the e et i ———
PDF fits can be added to the original BGK model) 2 10 50

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

(applicable only to NC ep scattering)

https://www.herafitter.ors/HERAFitter/HERAFitter/ HERAFitterMeetings/Meeting2012-0¢ct-29%
action=AttachFile8do=gettarget=updf.pdf

» Diffractive DIS PDF fits.
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Experimental Uncertainties

HERAFitter allows for various types of data uncertainty treatment:

Hessian and toy Monte Carlo error propagation
&MCErrors

1RAND = False
1RANDDATA = True
ISeedMC = 123456

--- Choose what distribution for th«

! STATYPE (SYS_TYPE) = 1 gauss
! STATYPE (SYS_TYPE) = 2 uniform
! STATYPE (SYS_TYPE) = 3 lognorma:
! STATYPE (SYS_TYPE) = 4 poisson |
STATYPE = 1
SYSTYPE = 1

&End

HESSIAN

Regularisation methods: to constrain PDFs in 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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) itter i i 1
writte Parametrisation Studies . ; os porr) 23

Cheb=9, Q% = 1.9. GeV- Cheb=9, Q2 = 1.9. GeV?
TTT TT IIII T IIIIIIII T T IIIIII]

xG(x)

Based on HERA | published data

Standard param.

RMS of 400 replicas
represents the exp.
uncertainty estimated

using MC method

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

* Flexible Chebyshev parametrisation to study the effect of parametrisation bias:
= Study of adding explicit smoothness prior for external regularisation
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HERAFitter Chi square definitions

* Typical measurements sensitive to PDF's 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: . o 12

: [’ — 25 7imib; - ]
chp (m! b) = Z w2 A2

i (&.statﬂ‘) + (6i.uncor #l)

+Zb§.
J

. . 12
mt — z ~'y‘.m’b- _ #l
ngp("hb)=z : l : j_J : ! J .2+Zb§+logpenalty
i (szz.stat”’ (ml - Zj Y}m’bj) + (6i,uncor m') J
o Mixed form (covariance and nuisance parameter):

Xop(m,b) =y [m" — ) Tiem"b: - p‘] Cone i(m' m’) {mj - > TJon)br - ;zf] + b}
[ /

ij [

o Scaled form:
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wniiner 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

12

=)

Ex: 30 points from

WZ 2010 vs NNLO predictions MSTWO8

[pb/GeV] (Born)

do
dm,,
=

10

Theory/Data

1O‘P

10°F

Ui — m,[l +Z_1 ij CXP + Z_] bthco thco]

} +Z(beXP)2 +Z( bth00)2

Phys. Lett. B 725 (2013) 223

A;
PDF set Central PDF Wlth PDF uncertainties

ATLAS CT10 34.1 32.0

72.0 49.7

HERAPDF1.5¢ig 43.1 39.2
B T oy 80071 L L S B BB R
e AllAS S = ATLAS ;
—o- : = 700 1
== [ sys. uncertainty § . LA ﬂi ﬁ o7
; ‘ ‘ e Total uncertainty - _g 600 -i-- : ’ ! ]
VS=7TeV, [Lat=491 QY h
3L electron p, > 25 GeV. p| < 2.5 4 ]
1.8 % luminosity unce ptainty not inchaded B et 500 -
116 GeV < m,, < 500 GeV : jl-dt=33-36pb' W = |“\;I ]
= MSTW2008 with 68% CL (PDF + «,) + scale + Pl unc. 400 T 3:?;?)180 (E‘ 7TeV) B

O HERAPDELE —} Uncorr. uncertainty
300 O ABKMoo [ Total uncertainty i
5> JR0D .
‘g 11 Iy l . 04,0 . 1 ] [:;
o 1
== HERAPDF15 ====CTIO == ABM1I == NNPDF23 g 0.9 ) ) X
200 300 400 500 '.°5’ 0 0.5 1 15 2 25
my

Phys. Rev. D 85 (2012) 072004
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m}mg Determination of the strange quark in the proton:

L L S E S B S E S B B

= Using W+, W-, Z (35/pb) inclusive cross | Q°=1.9GeV’ x=0.023
A ABKMO09 —A—

‘epWZfrees  ATLAS

sections — ATLAS [PRL 109 (012) 012001] | 4 NNPDF2.1 - NNPDR23
(kinematic region probed is at x~0.01) * MSTWO08 —o-
v CT10 (NLO) —

= NNLO QCD Analysis:

total uncertainty

7s = 1.00 % 0.20exp + 0.07mod* (1 2par ) 09s + 0.08h.| | ~experimentaluncertainty —— F= f o
-02 0 02 04 06 038 1 12 14
v NLO result is in agreement with NNLO o . s
| @ 3 CMS Preliminary HERA | DIS + CMS W production
x | Q%= 1.9 GeV?
0.75 - — CMS Prel. NLO free-s fit
_ B exp.unc.
4‘ 0.5 model unc.

- | parametrization unc.

\2
< Using W+charm (5/fb) and W muon
asymmetry (4.7/fb) - CMS [SMP-12-021]

0.25

[ Q. s . ~ OF ‘
NLO QCD Analysis: Rs(X) is determined T s o ATLAS epWZ NLO, oxp. une
13
@
+
(see R. Placakyte’s talk) % 0.5
Im

o
-l
o
-
o
-
o
ey
o
-
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Hfﬁﬁﬁex Sensitivity to gluon and strong coupling:

Study sensitivity to the gluon PDF: 2% E
2 =
= Using ratio of jets at different beam energies - = -
ATLAS [EPJC (2013) 73 2509] "F & __ E
v Compare the gluon for PDF fit using just HERA I 17 Q2= 1.9 GeV? E
and a fit using HERA I + ATLAS 2.76, 7 TeV jet o5 e ERAATLAS et Reo N
data (2010) ey N
® o9t NS
= Using inclusive jet cross section at 7 TeV CMS "’4 - " X
data from 2011 (B/fb) [SMP-12-028]: 3 0CMS Preliminary __gluon, Q =1.9GeV?
v PDFs are extracted and compared to fits using 5 sl nemaoe o
just HERA T and fits using HERA I+ CMS 7 TeV _ , ot
jet data ? 1.508
¥ 1.0p7
Extraction of the strong coupling: 0.5
;0.0
=  From PDF and alphas simultaneous fit: § 02
N +0.0017 = o3
as(Mz) = 0.1192 755015 s oM
“ 10¢ 10° 107 107

(see G. Sieber‘s talk)
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unc. xg(x)

rel.

15

14 TeV gg - H total cross section at the LHC
calculated for a variety of PDFs at 68% CL
precision from LHeC can add a very significant constraint

HERA I

t HERA I+LHC(Wasymm)
HERA I+BCDMS iz
HERA I+LHeC IS

on the mass of the Higgs

Impact studies of LHeC on PDF's

[Journal of Phys. G 39 (2012)]

HERATFitter 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

case cut [Q? in GeV| relative precision in %
HERA only (14p) Q*>35 1.94
HERA +jets (14p) Q?> 3.5 0.82
LHeC only (14p) Q%> 35 0.15
LHeC only (10p) Q?*> 35 0.17
LHeC only (14p) Q? > 20. 0.25
LHeC+HERA (10p) Q> 35 0.11
LHeC+HERA (10p) Q%> 1.0 0.20
LHeC+HERA (10p) Q? > 10. 0.26

NNLO pp—Higgs Cross Sections ot 14 TeV

60
58 -
56

54 [

Cross Section (pb)

50_—
48 [

46 [

44

iHixs1.3
M = 125 GeV

NNPDF2.1(0.121)

] NNPDF2.1(0.119)

JROSVF

cT10 MSTWO8 HERA15

124 GeV
——— 125 GeV
LHeC

co MK
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HERAFjtter Results using HERAFitter

* Following PDF grids have been generated since the start of the project:
= HERAPDF1l.0, HERAPDF1l.5, ATLAS-epWZ12, LHeC-NLO

- HERAPFitter has been used in the following publications:

P “ 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
M5 TeV” [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 Measurements in
@ g“_s_ Deep Inelastic ep Scattering at HERA” [EPJC (2013) 73 2311]

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

ILH C LHeC impact studies [Journal of Phys. G 39 (2012)]

Theory <“Parton Distribution Uncertainties using Smoothness Prior” [PLB 695 (2011) 238]

16 Voica Radescu %¢ | Helmholtz Alliance "Physics at the Terascale"



venster 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

Experimental Data
Data Type:

* Collider ep

Collider pp, ppbar

Fixed Target data

PDF parametrisation: Standard, flexible, bilog

PDF evolution approaches:
. DGLAP formalism (QCDNUM) e
Chi2 Mini - Heavy Flavour Schemes: VFNS and%NS\

Treatment of the uncertainties: - Non-DGLAP formali.sm:'
* Nuisance parameters > uPDF (kt-factorisation)

* Covariance Matrix = Dipole models

* Monte Carlo method c - lculations -
ross section calculations for processes: ¢ —
MINUIT paCkage * DiISin ep collider and fixed target

* Jet Production in ep, pp, ppbar colliders:
(APPLGRID, FASTNLO)
* Drell-Yan in pp and ppbar colliders
* Top production in pp and ppbar collider
(HATHOR)

Results
PDFs, alphas, LHgrid,
comparisons,impact studies

We welcome more ideas!
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HERAFtter Summary

18

PDF groups are active and eager to include new avalanche of data to better
constrain PDFs that still represent one of the dominant uncertainties.

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.

Next release is a stable release (coming soon)

Next User’s Meeting is on the 10'™ of December, 2013 (mnonthly meetings)
» www.herafitter.org
= herafitter-help@desy.de

We welcome new developments!
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HERAFitter HERAFitter perspectives in a list

A list of planned developments:

* Theory (short and long terms):

= Consistent implementation of scale variations.

= ACOT NNLO

= Nuclear PDFs.

= ACOT in QCDNUM, using fast convolution engine.

= Improvements in Hathor cross-section calculation for fits, other ttbar codes

= EW corrections.

= DYNNLO in APPLGRID.

= Photon PDF.

= Different evolution schemes:

v e.g. matched to MC showering, mixed Dipole-DGLAP fits.

* Data treatments:

= Additional tools to transform covariance matrix to nuisance parameter
representation

= Alternative to MINUIT minimization package

Voica Radescu %. | Helmholtz Alliance "Physics at the Terascalgg



uPDFs in HERAFitter

P do .
dCL‘sz = /dxg [dkixQ‘A’L(xQ7kiap) O'(l'g,kﬁ_,il:,Qz)

o &(zq,k7,7,Q%) is (offshell, 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: )
or(2,Q%) = / dzy Ay, k1, p)5(, Tg, Q)

T
1

o calculate / dz"" A(z", k. ,p) - 6(z,z' ",Q2) ina grid of x",Q?
x/x’

® starting distribution:  Ap(z) = N,z B(1 — 2)% (1 — Dy2)
o calculate o,.(z,Q?) by 1-dim Gauss integration (fast!)

o 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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ko 0—

H, Jung,

HERAFitter Us “f
meeting Oct [}

uPDFs in B

HRAFitter

from herafitter output

NC cross section HERA-I H1-ZEUS combined e+p. — output/
ok Q'=65GeV | Q' =85GeV? | Q= 100GV | 0 = 12 GeV? Q? = 15 GeV? Q% = 18 GeV?
“-\\ ] \ ] ]
" - - -
:, Linpts=232/14 :l‘mu.ium : Linpts=97/8 :flapu.u.om :x'mm.zum : L inpts=66/10
4 Tartszcev | 0 = 27 GeV? Q% = 35 GeV? \0'-“0«' %0 =60 Gev? Y0t 270 w2
I : . N N
" :
G g - S . 3
wF inps=83/7 L o Inpts =126/ 11 L ' /npls=126/8 L o Inpts=134/8 L P npts=14.2/6 L A /npis=86/5
T
LE o x -, 3
b Q% =90 Gev? 02 =120 GeV? Q?=150GeV? | Q7 =200 GeV? Q7 =250 GeV? Q2 = 300 GeV?
t N g \ t “ "
b
o
: 2 inpts=203/6 Linpts=42/7 Limpts=11/5 Linpts=50/6 Linpts=17/4 Linpts=11/5
3 10¢ 10* 10¢ 10° 1 10* 10° 107 10" 1 10* 107 10* 10' 1
Gk Q% = 400 GeV? Q? = 500 GeV? Q? = 650 GeV? %
3 x ‘ !
Linpts=54/3 : inps=21/3 ] iopts=12/2

10¢ 10* 10% 107 1

10¢ 10° 107 10" 1

 Fit performed in

104

10° 107 107 1

Q? > 5 GeV, z < 0.01




