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Proton Structure Measurements

ol - | I lllllll 1 I llllllI I | lllllll 1 1 lllllll I 1 lllllll I I lllllll 1 LIRS
> i ) .
G108 [ Atlas and cs _| The cleanest way to probe Proton Structure is via
[ [ Atias and cus rapidity plateay Deep Inelastic Scattering [DIS]:
10 7 | =1 DO Central+Fwd. Jets
- CDF/D0 Central Jets » Neutrinos, muons, electrons
6 , ,
10" F M Ty
10° — —> probes linear combination
; of quarks
104 3
10°F .
E Precision of PDFs can be complemented by the Drell
102L Yan [DY] processes at the collider experiments -
[Tevatron and LHC]
10
| E— H|H!”I””””I'”””””””“““ —> Ccan pI'OVide flavour Separation
. - " |1||||||IIH | and more insight into gluons
: L1 111'1;| I “n Lol L vl Lol 1 |' h Serae-ggilol.;‘on l \r/:glie:r?e ;}zq _> pI'ObeS bilinear Combination Of

quarks

7 6 3 4 3 . F.
10 10 10 10 10 <JLAB"

0*=—¢*=—(k—k')* Photon 3 .
virtuality S 4 O
0’ X i}
x= ) Bjorken )
Pq variable
y= _IIZZ Inelasticity ° 04 05 os

An intensive QCD program in the past years to analyse all these data to extract
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Why more PDF precision?

- Discovery of new exciting physics relies on precise knowledge of proton structure.

- PDFs are one of the main theory uncertainties in Mw measurement
- PDFs are one of main theory uncertainties in Higgs production

o Factorisation theorem:

- Cross section can be calculated by convoluting short distance partonic reactions (calculable in pQCD) with
Parton Distribution Functions (PDFs):

1
do(hihy — ed) = / dz;dz, Zfa/hl(xla.u'%‘)fb/hg (xzaﬂi‘)d‘}(ab_md) (Q%, 13)

0 a,b

- PDFs cannot be calculated in perturbative QCD, however they are process independent (universal) and their
evolution with the scale is predicted by pQCD

PDF uncertainties can be controlled better by:
more targeted precision measurements
a comprehensive theoretical framework that can test various methods/models

HERAFitter Project: based on open source software code with regular releases www.herafitter.org
provides a unique QCD framework to address theoretical differences
provides means to the experimentalists to optimise the measurement and assess impact/

consistency of new data
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http://www.herafitter.org

HERAFitter Project at Glance:

Main Steps for a QCD fit:

- Parametrise PDFs at the starting scale
> multiple options for functional forms
. Standard Polynomial, Chebysheyv, etc

- Evolve to the scale corresponding to data point
DGLAP evolution codes [QCDNUM, APFEL]
.kt ordered evolution, Dipole models

- Calculate the cross section
various heavy flavour schemes:
RT, ACOT, FONLL, FFENS
fast grid techniques interfaced to DY:
> APPLGRID, FASTNLO

~ Compare with data via x2:
. multiple forms to account for correlations

© Minimize x2 with respect to PDF parameters
- MINUIT, data driven regularisation

HERAFitter: EPJC (2015), 75:304
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DGLAP (QCDNUM), APFEL

ep, Up

- Collider: pp,pp

Data
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QCD Analysis

— Treatment of the Uncertainties
— Fast x¥? Computation
— Minimisation (MINUIT)

~2000 iterations
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Results
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Results using
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List of analyses by HERAFitter

03.2015 HERAFitter team submitted to EPIC, arXiv:1503.05221

10.2014

04.2014

HERAFitter team EPIC (2015), 75:304,

HERAFitter team EPIC (2014) 74: 3039, arXi

List of analyses using HERAFitter

Number

Date Group

2015

MSTW
04.2014 HERA \&'%
04.2014 | LHC/AR 0
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f)/O) 2, M. Klein, V. Radescu (LHeC studies)

2013 A. Luszczak and H. Kowalski

2013 HC

2013 —c:‘ LHC

arXiv:1410.4412 . HERA
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accepted by Journal of Physics G
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CMS PAS SMP-14-022
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JarXiv:

arxiv:1405.1067

oreliminary

JHEP 06 (2014) 112, arXiv:14
JHEPO5(2014)068, arXiv:1402
arXiv:1401.1133

Nucl. Phys. 8 883, 1, PLBv736:28%
arXiv:1312.7875

arXiv:1310.5189

Phys. Rev. D 89, 074051 (2014), arXiv:131.2%

ATL-PHYS-PUB-2013-018

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

{2C13:‘53CHERA

Lett. 109 {2012) 012001
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2013 LHC/AT L - Phys.Rev {
2013 -ERA;‘-—’: ZEH ERAFItterm_ J.C73 (2013) 2311

Theory

oT

® Other

of Charm

HERAFitter

+ LHC experiments provide
the main developments and
usage of HERAFitter platform

+ 3 HERAFitter publications
carried out by HERAFitter

developers [~30]
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o,

Highlighted Results using HERAFitter

» HERAFitter platform can be used for quantitative assessment in level of agreement between measurements and SM
theoretical predictions, accounting for all uncertainties:

+  Low Mass DY (ATLAS) data [arXiv:1404.1212] t-channel single top-quark production
cross sections (ATLAS) [arXiv:1406.7844]
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» HERAFitter platform can be used for QCD fits to extract PDFs or to study the impact of new data on PDFs
+ HERAPDF2.0 (H1 and ZEUS), ATLASepWZ2012, CMS PDF fits using W+c, W asymmetry, CMS PDF+alphas from jets
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Potential impact of 13TeV data on PDFs

PDF4LHC studies accepted by JPG, arXiv:1507.00556

HERAFitter provides possibility to study the potential impact of Run II data on the current precision of PDFs
using profiling method:

#  Profiling method uses the minimisation of the x2 function that includes both data and PDF uncertainties

7 exp exp h ~th 2 ¢ ‘ .
X2 (IB ,Bth) \E,: ((71 +3 05 Biexp — 01" — 34 1 5,,.11..”1) + } : ‘,31_?“]) + E ( gl-’ . - nuisance parameters
exp» 2 S h
P i—1 J k

A7 I" - influence on data/theory

Using global PDFs: CT10, MMHT, NNPDEF3.0 and benchmark measurements: inclusive W, Z and tt production
generated pseudo data: uncertainties are based on Run 1 results as published by ATLAS and CMS:
baseline scenario: data uncertainties are taken to be similar to those of the Run I measurements
conservative scenario: data uncertainties are scaled up by factor of two
aggressive scenario: data uncertainties are reduced by factor of two.

Rw,;z Rz Ay Yz
Kinematic range P > 25GeV, |ng| < 2.5
Number of bins 1 1 10 12
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Correlations of PDF uncertainties at LO, NLO, NNLO

Eur. Phys. J. C (2014) 74:3039

Ratios of cross sections are used to reduce common uncertainties, however the theoretical calculations
sometimes are not available at the same order of accuracy in pQCD:
how to minimize theory error on predictions of cross-section ratio?

ANLO@PDFNLO PDF uncertainties cancel 63-02PDFnLo PDF uncertainties cancel
~ NLO | | : ANNLO PDF improved scale uncertainty
®PDFpy o large scale uncertainty ® NNLO  not clear definition in pQCD
X NLO ' ' v,‘_, NL 2 e, PN RSO AN NG AR I SN YR )
6x ®PDFnio  improved scale uncertainty ] O®PDF/(\:/% PDF uncertainties cancel §
6 WO PDFyN o  NO cancellation of PDF uncertainty i 6 “NNLO®PDF,%%£O improved scale uncertaint

HERAFitter provides a possibility to account for correlations between PDFs at different orders which can lead
to reduction of overall theoretical uncertainties:

—> PDFs extracted using HERA I data with syncronised uncertainties
at NLO and NNLO using MC method with synchronised seeds
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[binned 1-100(NLO), 101-200(NNLO)].
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Correlations of PDF uncertainties at LO, NLO, NNLO

Eur. Phys. J. C (2014) 74:3039

+  Ratios of cross sections are used to reduce common uncertainties, however the theoretical calculations
sometimes are not available at the same order of accuracy in pQCD:
»  how to minimize theory error on predictions of cross-section ratio?

L X4
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«  HERAFitter provides a possibility to account for correlations between PDFs at different orders which can lead
to reduction of overall theoretical uncertainties:

—> PDFs extracted using HERA I data with syncronised uncertainties Propagated to use case scenario of Z boson
at NLO and NNLO using MC method with synchronised seeds and WW diboson production at the LHC.
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16 1.8 2 22 24 - S +  mixed-order calculations with correlated PDFs help
¥?/Ny; NLO High correlations for PDFs at similar x values to reduce PDF and scale uncertainties
[binned 1-100(NLO), 101-200(NNLO)]. = total theoretical uncertainty is reduced by 30-40%
HERAFZﬁef
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(QCD Analysis of W and Z production at Tevatron

submitted to Eur. Phys. J. C, arXiv:1503.05221
In proton-antiproton collisions at Tevatron, DY processes of W and Z production are valence-quark dominated

—> they can be used to improve quark valence PDFs - especially the d-quark type
However, long history of tensions between CDF and DO W asymmetry
HERAFitter team examines the compatibility of the Tevatron data with QCD for:
Z rapidity distributions [CDF and DO0]
Lepton charge asymmetry in W—>1,v [DO]

W charge asymmetry [CDF and DO]
Ref: arXiv:0702025, arXiv:0908.3914, arXiv:1309.2591, arXiv:0901.2169, arXiv:1312.2895, arXiv:1412.2862

A QCD Fit analysis is performed at NLO, using HERA I data as a reference and adding Tevatron data on top:
a revised correlation model is used by treating the uncertainties of data-driven corrections as bin-to-bin

uncorrelated: lepton ID, trigger, and charge efficiencies
it required a more flexible parametrisation wrt to fits to HERA I data:

ﬁ e 5 T [ Q’=17GeV?
f(l‘) - ACIZ (1 - $) "k s 1 T Dz T bz ) % 0.5? -:Eg:LTevatron W,Z Large imPaCt on
) d-valence PDF
Data set Experiment  y?/points
DIS H1-ZEUS 516/550
Z do/dy DO 23/28
Z do/dy CDF 32/28
W p-asymmetry DO 12/10
W asymmetry CDF 14/13
W asymmetry DO 8/14
Total x%dof 606/628

Good x2 (partial and overall) for the QCD analysis

|
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(QCD Analysis of W and Z production at Tevatron

submitted to Eur. Phys. J. C, arXiv:1503.05221

In proton-antiproton collisions at Tevatron, DY processes of W and Z production are valence-quark dominated
—> they can be used to improve quark valence PDFs - especially the d-quark type
However, long history of tensions between CDF and DO W asymmetry
HERAFitter team examines the compatibility of the Tevatron data with QCD for:
Z rapidity distributions [CDF and DO0]
Lepton charge asymmetry in W—>1,v [DO]
W charge asymmetry [CDF and DO]
Ref: arXiv:0702025, arXiv:0908.3914, arXiv:1309.2591, arXiv:0901.2169, arXiv:1312.2895, arXiv:1412.2862
A QCD Fit analysis is performed at NLO, using HERA I data as a reference and adding Tevatron data on top:
a revised correlation model is used by treating the uncertainties of data-driven corrections as bin-to-bin

uncorrelated: lepton ID, trigger, and charge efficiencies

it required a more flexible parametrisation wrt to fits to HERA I data
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Good agreement between latest CDF and D0 W asymmetry data!

-
HERAFitter

11

Original CT10 and MMHT PDFs Profiled CT10 and MMHT PDFs
o | Q% =1.7 GeV? o [ ) @?=1.7GeV’
S qab %4+ 15-parameters fit 3_ 1.4 ## 15-parameters fit
s CT10nlo z CT10nlo profiled
g | MMHT2014 g 0 MMHT2014 profiled
S g |
S %
X 12f _ 3 12-
J / Hessian * | /
profiling S i
0.8f- { o.aF \
F " e | — aaaaal P i a g gl PR Iy R
10° 102 107 10° 10?2 10"

X X

The inclusion of the the Tevatron W asymmetry

data improves the agreement between
CT10 and MMHT

Voica Radescu |EPS 2015



Summary

HERAFitter project is based on a multi-functional open source QCD software package that
provides a framework for scrupulous interpretations of the QCD analyses.
www.herafitter.org
herafitter-1.1.1 latest release

HERAFitter provides state-of-the-art calculations for LO,NLO,NNLO predictions and fast
minimisation tools to perform a complete QCD fit analysis.

HERAFitter is actively used by the LHC experiments and theory community.

Highlighted in this talk most recent studies by HERAFitter developers:
Correlated PDFs for different orders allows to reduce theoretical uncertainties for cross-section ratios,
calculated at different order.

Fits and profiling studies of the recent Tevatron W, Z data show importance of them to constrain d
valence, which is essential for the W-boson mass measurement at the LHC

Profiling techniques as implemented in HERAFitter can be used in assessing the impact of future data.

!
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extra (not necessarily useful)



Observable Experiment Integrated Kinematic Used in the

luminosity requirements nominal fit
do(Z)/dy DO 0.4 fb~! 71 < m, < 111 GeV yes
do(Z)/dy CDF 2.1 b1 66 < m,, < 116 GeV yes
A, DO 737" ph>25GeV, pl. > 25 GeV yes
AW—ey CDF 1.0 fb~! none yes
AW_sev DO 9.7fb~!  EZ >25GeV, py. > 25GeV yes
A, DO 9.7fb"!  ES>25GeV,pl>25GeV  no
Data set (partial) x*/dof partial ¥*/dof vs PDF set
CT10 MMHTI4 NNPDF3.0
DO do(Z)/dy 23 /28 - - -
CDF do(Z)/dy 32 /28 - . -
DO A, 12 /10 13/10 - 12/10
CDF Ay, 14 /13 14/13 — 15/13
DO Aw_ ey 8/ 14 8/14 5/14 2/14

Total x2. (incl. HERA) / dof 606 / 628 — — _




HERAFitter Program at glance

+  HERAFitter code is a combination of C++ and Fortran 77 libraries with minimal dependencies and

modular structure with interface to external packages:
QCDNUM for evolution of PDFs

--enable-openmp enable openmp support
+  DIS inclusive processes in ep and fixed target enable—cherkiounds  sod ~fbounda_chack flag For compilaticn (default=no)
. . -—enable-nnpdfWeight use NNPDF weighting (default=no)
« Different schemes of heavy quark treatment —-enable-Lhapd use lhapdt (default=no) |
-—-enable-applgrid use applgrid for fast pdf convolutions (default=no)
o . --enable-genetic use genetic for general minimia searc efaults=no)
** VFNS, FFNS. --enazte-gath;r use ?\athsr f:r tzbar c}'oss section pr:d.(igtzonlt
OPENQCDRAD (ABM) -—enable-updf f::zfz:;;_zszﬂution (default=no)
TR’ (MSTW) --enable-doc Build documentation (default=no)
ACOT (CT)
KX lefr a Ctive PDFS g:i):rimental Process Reaction cT:llz::E ﬁs;:::mai
+  Dipole Models HERA, DIS NC eX TR, ACOT,
P Fixed Target :t,;)_—: ux ZM (QCDNUM),
+  Unintegrated PDFs (TMDs) FEN (CPENGCDRAD
+ Jet production (ep, pp, ppbar) TMD (uPDFevolv)
. HERA DIS CC ep— V. X ACQI‘. ZM (QCDNUM),
*  FastNLO and APPLGRID techniques FEN (CPENQCDRAD)
DIS jets ep—rejetsX | NLOJet++(fastNLO) |
+ Drell-Yan processes (pp, ppbar) DIS heavy | ep—eciX, | TR’, ACOT,
. quarks ep — ebbX ZM (QCDNUM),
+ LO calculation x NLO k-factors FEN (CPENQGDRAD,
+  APPLGRID technique Tevatron, Drell-Yan | pp(p) —1IX, | MCFM(APPLGRID)
. . LHC pp(p) = IvX
+ Top pair production wppar | pplp) >#X | MCFM (APPLGRID),
. . . HATHOR, Dif£Top
+ total inclusive ttbar cross sections (HATHOR) singletop | pp(p) —tlvX, | MCFM (APPLGRID)
. . . . . pp(p) —1X,
= differential (DiffTop approx NNLO via fastNLO grids) pp(p) > WX
jets pp(p) — jetsX | NLOJet++ (APPLGRID),
NLOJet++ (fastNLO)
LHC DY heavy pp — VhX MCFM (APPLGRID)
quarks
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Transverse Momentum Distributions

QCD applications to multiple-scale scattering problems and complex final-state observables require in
general formulations of factorisation which involve transverse-momentum dependent (TMD) - or known

also as unintegrated PDFs.
a convolution in both longitudinal

1 .
. —> and transverse momenta of TMD with
oi(z, Q%) =/ dz/kot 6i(z, Q% 2z, k) Az, ki, )

off-shell partonic matrix elements

Fits to combined measurements of proton's structure functions from HERA using transverse momentum
dependent QCD factorisation and CCFM evolution is performed using HERAFitter platform

First Jet p, (W+ = 2 jets)
Flllllllllllllll']llll]lllllll

[Nucl. Phys. B 883, 1] e ATLASdata

22 2w ]

— 102 il . - K == JH 2013 set2 |
2 2 2_ 2 : T on: JH-2013-0 -1 P > 30 Gev E

a K=10GeV' | o i corq | Ki=30GOV : - Spuon: JH-2013-ee - :
™ 10! --JH-2013-set2 4 102 = - gluon: CTEQ66 N . ]
--set AD F I 1

xg(x,p’)
|
[pb/GeV]

kd

do/dp

-1 4
10 — T —
E E

xA(X,

102
F

1.6 = LI B B B N B B B B NN B B N N B B L B B B

1.4 F
1.2 |

- — — g

MC /Data

-s PETETTTT BT TTIT BEPErTTTrTT Ry lAA" TR BT AT "
10 -4 3 1 3 10
10* 10~ 102 10" 9* 10

0.6
0.4 lllllllIlllllllllllllllllll

100 150 200 250 300

[PLB736:293, 2014.] p. [Gev)

KX 10 10" ¥
The extracted gluon TMD with experimental and theory uncertainty [JH-2013-set1] is then used as
prediction to vector boson+jet production process at the LHC [Phys. Rev. D 85 (2012) 092002.]

This process is important both for SM physics and for new physics searches at the LHC

Results compare well with the measurements of jet multiplicities and transverse momentum spectra

weniter Within the pdf uncertainties
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(OCD interpretation of W production at CMS

* Impact on valence PDFs from W asymmetry is investigated within the HERAFitter
framework through a QCD fit analysis

arXiv:1312:6283
CMS, L=47fb"at\s =7 TeV . CMS NLO 13 parameter fit

™17 T T T T7 T TT T =] L 2
[ | | | | ) A W+_W uv_dv x 03 i Q—m@
~ (@) p,>25GeV 1 = ~ -

i 4 Y W+W u,+d +2u,, - f

0.2

. 0.1

©
w

—e— Data

Charge asymmetry
o

°
N
] [ L

NLO FEWZ + NLO PDF, 68% CL -

= 2
f;j;‘-z:a:voorzz = 15 ¢
HERAPDF15 m
53 MsTw2008 R 1
. ’ : . l 72 Mslmfzooscpowll .
0.10 0.5 1 1.5 2 0.5 — (HERAIDIS + CMS A,) / (HERA1DIS)
Muon = """'I. : ""“'l_ : ""'"I_ —t
il 10 10° 107° 10"
X
o . . . . —— .
* In addition, W+charm data provides direct sensitivity to the strange quark
CMS L=50f"atys=7TeV arXiv:1312:6283 15
'E! T L | LA L LA T T T 0 3 CMS, L s 47 1b1 al\—s il 7 TeV |U . Q2 m2
2 » L | [ | e [ | I e [l e ] ] | [ | \ -
2100 pk>25Gev W= lv g ] o | N
— | (I=pn) | 2 (@ p, >25 GeV I (] HERAPDF1.5 + ATLAS Wc-jetWD data
= p; > 25 GeV £ L0125 arxiv:1402:6263
= | 8 —+— Data Phys.Rev.Lett.109(2012)012001
4 F I + i GE)’ 1]
0 P j’r ¢ : - @© |
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Studies of theoretical uncertainties of Mw mass at the LHC
ATL-PHYS-PUB-2014-015

The measurement of the mass of the W boson provides a stringent test of the SM
At the LHC, the best experimental precision on Mw might be achieved from the pT distribution of the
charged electron/muon from leptonic decay of W:
A quantitative study of the theoretical uncertainties due to the incomplete knowledge of the quark PDEF, and to
the uncertainties on the modelling of the low-pT region of W/Z bosons, was performed using HERAFitter
platform.

Theoretical predictions is based on MCFM and CuTe (interfaced to APPLGRID)

A PDF set is generated using simply HERA I data to study the model variations (mc, strange) and

propagated via chi2 profiling method to study the effect of PDF uncertainties
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Running beauty mass from F2b

#  The value of the running beauty mass is obtained using HERAFitter (via OPENQCDRAD):
+  chi2 scan method from QCD fits in FFN scheme to the combined HERA I inclusive data +
beauty measurements, beauty-quark mass is defined in the MS scheme.
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The extracted MS beauty-quark mass is in agreement with PDG 2 10 10°
u [GeV]

average and LEP results.
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