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Hadrons

® The proton is a dynamical object; the structure observed depends on the
time-scale (Q?) of the observation

® But we know how to calculate this variation (DGLAP) (at LO, NLO, NNLO)
® \We just have to determine }hle starting points from fits to data

the higher the value of Q?,
the more detail we examine

fi(z, Q%) = number density of partons i
at momentum fraction 2 and probing scale ?



Parton distribution functions and global fits

® Calculation of production cross

sections at the LHC relies
upon knowledge of PDF’ s in
the relevant kinematic region

PDFs are determined by
global analyses of data from
DIS, DY and jet production...
now adding additional LHC
processes such as ttbar
production, W/Z/photon +c, etc
PDF fitting groups come out
with new PDF sets as new
data/technology warrants, at
LO, NLO and NNLO
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fraction of ATLAS & CMS papers that cite them
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PDFs are important

Papers commonly cited by ATLAS and CMS (2014-2016)

as of 2016-06-10, excluding self-citations; all papers > 0.2

The core of hadron-collider
QCD is parton distribution
functions (PDFs)

Piot by GF Salam based on cala lram nepirerid

G. Salam, Crete-ICNFP 2016

...at least to my citation index



Momentum carried by partons

CT14 NNLO

CT14 NNLO
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Fig. 6.10 The momentum fractions carried by the CT14 NNLO
quark and gluon distributions, as a function of (). The gluon distribution
in the right figure is shown without (with) the presence of a top quark PDF.

Don’t usually define top quarks as initial state partons, but could. May be
important for 100 TeV collider.



LHC

® \We can determine PDFs at LO (not very well), NLO and

NNLO nofllreliable at LHC
® These PDFs are evaluated in the relevant expressions

for the hard scattering cross sections we are interested
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How non-reliable are LO PDFs?
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Differences between NLO and NNLO PDFs

typically much smaller.




Lessons

® Don’t believe in predictions using LO
PDFs unless you have checked at NLO
or NNLO

® (Don’t believe)"” LO PDF error sets

*where n is a large number



LHC

® \We can determine PDFs at LO (not very well), NLO and
NNLO

® These PDFs are evaluated in the relevant expressions
for the hard scattering cross sections we are interested
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gQ PDF luminosity most important for VV

CT14 NNLO luminosities
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..but still have to pay attention to gg

CT14 NNLO luminosities

10 Gluon-Gluon ’ |
sme--Quark-AntiQuark R. Rontsch
1 0_1 | LoopFest 2016
10% Impact on pp - ZZ at NNLO
31 0}
810:: « gg contribution to pp — ZZ at NNLO increased by 80%
-218_6 at 8 TeV and 70% at 13 TeV
510-7 * This increases the NNLO corrections from 12% -
2108 18% at 8 TeV and 16% — 23% at 13 TeV
-9
o0 oNLo = T.369728% ph
hh ascioli et. al., '
11(())_12 TNNLO = 8. 284+g gg, bb (Cascioli et. al., 14)
- undecayed
10 13 ! L1 ONNLO+gg,NLO — 8.7 pb ved 22

* Beyond expected ~3% scale variation in NNLO results.



gluon-gluon and

gluon-quark

luminosities in
reasonable, but
again not perfect,

agreement
for CT10,
MSTWO08 and

NNPDF2.3 for full
range of invariant

Masses

HERAPDF1.5

uncertainties larger in

general

PDF luminosities: pre-history
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Figure 6: The gluon-gluon (upper plots) and quark-gluon (lower plots) luminosities, Eq. (2), for
the production of a final state of invariant mass My (in GeV) at LHC 8 TeV. The left plots show
the comparison between NNPDF2.3, CT10 and MSTWO0S8, while in the right plots we compare
NNPDF2.3, HERAPDF1.5 and MSTWO08. All luminosities are computed at a common value of

ag = 0.118.
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PDF luminosities

quark-antiquark
luminosities for
CT10, MSTWO08
and NNPDF2.3

overlap almost

100% in W/Z
range

ABM11 systematicajl
larger at small

mass, then falls
off more rapidly

at high mass
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Uncertainties have improved

...with additional data and in going from NLO to NNLO
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PDFs: the next generation

Gluon-Gluon, luminosity

g CT14NNLO' ]
............. MMHT2014
....... NNPDF3.0
/'S = 1.30e+04 GeV

NNPDF3.0 (arXiv:1410.8849)
MMHT14 (arXiv:1412.3989) 005 i
CT14 (arXiv:1506.07443)) 0.9 8
HERAPDF2.0 0.85

10? M, [GeV] 10°
NNPDF down by 2-2.5%, CT14 up by ~1%,
MMHT14 down by ~0.5%

partially data, partially corrections in
fitting code, partially changes
in fitting procedures

The gg PDF luminosities for the 08
first three PDFs are in good
agreement with each other in the
Higgs mass range

lead to new PDF4LHC recommendations



A comparison of ggF at NNLO

CT14 MMHT2014 NNPDF3.0

scale = my

8 TeV 18.66 pb 18.65 pb 18.77 pb
-2.2% -1.9% -1.8%
+2.0% +1.4% +1.8%

13 TeV 42.68 pb 42.70 pb 42 .97 pb
-2.4% -1.8% -1.9%
+2.0% +1.3% +1.9%

The PDF uncertainty using this new generation of PDFs (2-3%) is similar in
size to the NNNLO scale uncertainty and to the o (m;) uncertainty.
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Progress with recent PDFs

Quark-Antiquark, luminosity
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Progress with recent PDFs
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Other new sets out as well
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Three main uses of PDFs at LHC

1. Assessment of the total uncertainty on a cross section based on the available knowl-
edge of PDFs, e.g., when computing the cross section for a process that has not been
measured yet (such as supersymmetric particle production cross-sections), or for es-
timating acceptance corrections on a given observable. This is also the case of the
measurements that aim to verify overall, but not detailed, consistency with Standard
Model expectations, such as when comparing theory with Higgs measurements.

2. Assessment of the accuracy of the PDF' sets themselves or of related Standard Model
parameters, typically done by comparing theoretical predictions using individual PDF
sets to the most precise data available.

3. Input to the Monte Carlo event generators used to generate large MC samples for LHC
data analysis.

For 2), use individual PDF sets.
For 1), a more general uncertainty requires more than the use of 1 PDF set.

For 3), may want to use an average of PDF sets. This point seems to be confusing to
some, i.e. you can use PDF4LHC15 PDFs for MC generation.



What PDFs to use?

. The PDF sets to be combined should be based on a global dataset, including a large
number of datasets of diverse types (deep-inelastic scattering, vector boson and jet
production, ...) from fixed-target and colliders experiments (HERA, LHC, Tevatron).

. Theoretical hard cross sections for DIS and hadron collider processes should be evalu-
ated up to two QCD loops in ag, in a general-mass variable-flavor number scheme with
up to n‘}“a" = 5 active quark flavors.! Evolution of o, and PDFs should be performed
up to three loops, using public codes such as HOPPET [105] or QCDNUM [106], or a code
benchmarked to these.

. The central value of ag(m?%) should be fized at an agreed common value, consistent with
the PDG world-average [107]. This value is currently chosen to be as(m%) = 0.118 at

both NLO and NNLO.2? For the computation of a, uncertainties, two additional PDF

members corresponding to agreed upper and lower values of as(m2Z) should also be

provided. This uncertainty on as(mQZ) is currently assumed to be das = 0.0015, again
the same at NI.O and NNIL.O.

. All known experimental and procedural sources of uncertainty should be properly ac-

counted for. Specifically, it is now recognized that the PDF uncertainty receives several
contributions of comparable importance: the measurement uncertainty propagated from
the experimental data, uncertainties associated with incompatibility of the fitted exper-
iments, procedural uncertainties such as those related to the functional form of PDFs,
the handling of systematic errors, etc. Sets entering the combination must account for
these through suitable methods, such as separate estimates for additional model and
parametrization components of the PDF uncertainty [9], tolerance [6, 10], or closure
tests [11].




Monte Carlo representation

® So based on the criteria on the previous slide, we use
CT14, MMHT2014 and NNPDF3.0, with the option of
adding additional sets in future upgrades if they satisfy
the listed criteria

® In the previous recommendation, we used an envelope
of 3 PDF sets; envelope determined by outliers

® Given the level of agreement of the 3 PDFs that will be
used, try for a more relevant statistical approach

® Generate Monte Carlo replicas, equal numbers from
error PDF sets of CT14, MMHT2014 and NNPDF3.0
using Thorne-Watt procedure



...a different
opinion, basically
stating that all
PDFs should be
used for a general
estimate of the
total uncertainty

arXiv:1603.08906v2 [hep-ph] 8 Aug 2016

Aside

A Critical Appraisal and Evaluation of Modern PDFs

A. Accardi®®, S. Alkekhin®“, J. Blimlein®, M.V. Garzelli€, K. Lipkaf,
W. Melnitchouk®, S. Moch®, J.E. Owens?, R. Placakyte/, E. Reya®, N. Sato®, A. Vogt®
and O. Zenaiev!

@ Hampton University, Hampton, VA 23668, USA
b Jefferson Lab, Newport News, VA 23606, USA
© II. Institut fiir Theoretische Physik, Universitét Hamburg
Luruper Chaussee 149, D-22761 Hamburg, Germany
Institute for High Energy Physics
142281 Protvino, Moscow region, Russia
“Deutsches Elektronensynchrotron DESY
Platanenallee 6, D—15738 Zeuthen, Germany

I Deutsches Elektronensynchrotron DESY
Notkestrafie 85, D-22607 Hamburg, Germany

£ Florida State University, Tallahassee, FL 32306, USA
B Institut fiir Physik, Technische Universitéit Dortmund
D—4221 Dortmund, Germany
i Department of Mathematical Sciences, University of Liverpool
Liverpool L69 3BX, United Kingdom

Abstract:

We review the present status of the determination of parton distribution functions (PDFs) in the
light of the precision requirements for the LHC in Run 2 and other future hadron colliders. We
provide brief reviews of all currently available PDF sets and use them to compute cross sections
for a number of benchmark processes, including Higgs boson production in gluon-gluon fusion at
the LHC. We show that the differences in the predictions obtained with the various PDFs are due to
particular theory assumptions made in the fits of those PDFs. We discuss PDF uncertainties in the
kinematic region covered by the LHC and on averaging procedures for PDFs, such as advocated
by the PDF4LHCI35 sets, and provide recommendations for the usage of PDF sets for theory
predictions at the LHC.
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Figure 7: Comparison of central values and uncertainties for the MC combination of CT14, MMHT14
and NNPDF3.0 for different values of Nyep, 300, 600 and 900, denoted by MC300, MC900 and MC1800

respectively.
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note that here we
are trying for
precision

the accuracy is
another question.
that is outside
the realm of
choosing a given
number of
replicas
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GeV. Results are normalized to the central value of MC900.



Reduced sets

900 error PDFs are too much for general use

We would like to reduce this number while still maintaining as
much information on the uncertainties and on correlations between
PDF uncertainties as possible

We have settled on 3 techniques/outputs
¢ Compressed Monte Carlo PDFs (PDF4LHC15 nnlo(nlo) _mc)
a 100 PDF error sets; preserve non-Gaussian errors
+ META Hessian PDFs (PDF4LHC15_nnlo(nlo) 30

a 30 PDF error sets using METAPDF technique; Gaussian
(symmetric) errors

¢ MCH Hessian PDFs (PDF4lhc15_nnlo(nlo) 100

a 100 PDF error sets using MCH technique; Gaussian
(symmetric errors)

The META technique is able to more efficiently reproduce the
uncertainties when using a limited number (30) of error PDFs

The MCH technique best reproduces the uncertainties of the 900
MC set prior->precision, not accuracy



Some comparisons: Hessian sets

LHC 13 TeV, NNLO, a3(M,)=0.118
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Some comparisons for Higgs production

Gluon-Fusion Higgs production, LHC 13 TeV Vector-Boson Fusion Higgs production, LHC 13 TeV
| B L L L B L L L L ) L L L L B | LA AL L L L L L L L LY BN L B B L LI
- " PDFALHC15_prior . " PDFALHC15_prior
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Fig. 6.32 A comparison of the predictions for Higgs boson production through gg fusion
(left) and vector boson fusion (right) is shown for a center-of-mass energy of 13 TeV,
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High mass for VV

® | ook at dominant qgbar initial e e I, o0

state

® Overlap of 3 global PDFs similar
to PDF4LHC15 combinations in
the precision mass regions, but at
higher mass, CT14 tends to go
low, NNPDF3.0 to go high, 3
leading to an overlap band larger
than PDF4LHC15 band

LHC 13 TeV, NNLO, a4(M,)=0.118
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Correlations

® Useful to look at correlations of PDFs or of
Cross sections

cos p =~ 1 cos i =~ () cosp ~ —1

5Y 4 §Y 4 Y ¢
4 > ! = \l >
/ L 0X \y(sx \\5}(
[ | |
I . I

Fig. 6.23 Correlations ellipses for a strong correlation (left), no correla-
tion (center) and a strong anti-correlation(right) [711].
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PDF Set _Correlation coefficient

ZW | Z it | Z,ggh | Z,htt | Z,hW | Z,hZ
PDFALHC15 nlo_prior 0.90 | -0.60 | 0.22 -0.64 0.55 0.74
PDFALHC15 nlo_me 092 |-0.49| 0.41 -0.58 0.61 0.77
PDFALHC15mlo_100 0.92 |-0.60| 0.23 | -0.64 0.57 0.75
PDF4LHC15 nlo_30 0.90 [ -0.68| 0.16 | -0.71 0.55 0.76

PDFALHC15nlo_prior | 0.89 | -0.49 | 0.08 | -0.46 | 0.56 0.74
PDF4ALHC15 nnlo_mc 0.90 | -0.44| 0.18 | -0.42 | 0.62 0.80
PDF4LHC15nnlo_100 091 [-048 | 0.09 | -0.46 | 0.59 0.74
PDF4LHC15 nnlo_30 0.88 | -0.63| 0.04 | -0.61 | 0.56 0.72

Table 1: Correlation coefficient between the Z production cross-sections and the W, tt, ggh, htt,
hW and hZ production cross-sections. The PDFALHC15 prior is compared to the Monte Carlo and
the two Hessian reduced sets, both at NLO and at NNLO.

Correlation coefficient

PDI Set W,tE | W,ggh | W, htt | W,hW | W,hZ | tF, ggh
PDFALHCI5nlo prior | -0.46 | 0.32 | 051 | 0.77 | 0.78 | 0.27
PDFALHC15.nlome | -0.35 | 049 | -0.46 | 081 | 0.80 | 0.27
PDFALHC15.nlo_100 | -0.47 | 032 | -0.52 | 077 | 0.79 | 027
PDFALHC15.nl0.30 | -0.52 | 028 | -0.56 | 0.79 | 0.81 | 0.32

PDF4LHC15 nnlo_prior | -0.40 | 0.20 -0.40 0.76 0.77 0.30
PDF4LHC15 nnlo_mc -0.44 | 0.26 -0.42 0.81 0.82 0.32
PDF4LHC151nnlo_100 | -0.40 | 0.20 -0.40 0.76 0.77 0.30
PDF4LHC15 nnlo_30 -0.47 ( 0.19 -0.47 0.77 0.76 0.31

Table 2: Same as Table 1 for the correlation coefficient of additional pairs of LHC inclusive cross-

———_



Correlation with gg->H

Correlations

probably only 1 Observable Correlation for MC900 NNLO
digit for the 7 ' |
correlations is
significant, so W
plot like on right is i
more relevant
g99H
Hit
HW
W*H Production HZ
[y =
1.5 msSTwo8as - - - VBF
MSTWO08 ------
1 L. Average —-— Z %4 tt g9H Htt HW HZ VBF
0.5
0 e e e —— correlations can differ
ST T ——> significantly for example
-05 - S S— o e . -
[ EEEEE S from the individual PDFs
-1

100 150 200 250 300 350 400 450 500 55(
My, (GeV ) from YR2



Correlation cosine
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(Relatively) New

® Photon PDFs

+ the photon is a constituent of
the proton just as quarks and
gluons are

+ it also evolves just as quarks
and gluons do, but with Abelian
splitting kernels

+ it's much smaller than the other
PDFs and there are fewer
experimental handles to try to
estimate its size

+ but as it has implications for
high mass physics, such as VV
(or for a hypothetical particle at
750 GeV which may be
produced by a yy initial state),
or EW corrections for just about
any LHC final state, it’s
something we have to
understand better

The evolution of the PDFs, f(z, pr), including QED contributions at leading order (LO)
and QCD contributions at higher orders, is described by the equations:

df, s
d_z = g(E(quqj"fq] + Py, 0 fg,) +qu°fg)

@ - ~
ot (ng) o fu+ PRo fv)

df’. Qg
d_: - %(E (P‘WJ o fg + Pyyg, °fqy) + Py °f9)
J

a ~ ~
s (ng) o fo+ P °f7)

E=%(ng°fg+ngq°(qu+qu)) @

xf(X,p1p)
xf(x,ur)

1 1 1 1 Al
107 102 10! 10° 1073 102 10! 10°

arXiv:1509.02905

FIG. 1: Plots of z f(z, ur) for pp = 3.2 GeV (left) and pp = 85 GeV (right). Three representative
photon PDFs are plotted: the “Current Mass” photon PDF (ycmM, red), and photon PDFs with
initial photon momenta fractions of pj = 0 and 0.14% (7o, blue, and 714, green, respectively).
The effect of the different initial photon PDFs on the quark and gluon PDFs is imperceptible in
these plots.



Photon PDFs

® MRST were the first

+ parametrize inelastic* contribution to

the photon at initial scale Q, as
a

fyp(z, Qo) = (Auez%p’yq © uo(;z‘) + Adﬁ%p‘rq © d0<1’))

27

s P.fo(x) is the convolution of the quark
to photon splitting function with the
primordial quark distribution

» define A=In(Q?%/Q?), and setting Q; to
current quark masses; alternatively
use constitutent quark masses

® (CT14q9ed followed a similar approach, @) (b)
but fitting to DIS data with isolated

photons from ZEUS that a”owed a FIG. 3: Amplitudes for the process ep — ey + X. For each diagram shown there is an additional

diagram where the photon is emitted off the initial-state lepton or quark.

constraint on the total photon "
momentum \

® NNPDF2.3 used a more general !
photon parametrization, allowing 10
photon to be fit to data (W,Z, Drell- Z
Yan); this implicitly includes an elastic

component as well 103}
*There is also an elastic component for the
photon in which the proton remains intact. o -

See, for example, arxiv: =

fit constrains

the photon PDF;

Yom doesn't fit the
data;

data fit well for
current quark
prescription with vy
momentum fraction
(at Q,)=0.1%; 90%CL
from 0 to 0.14%



Evolution of photon PDF

Elastic component of photon PDF shrinks as Q increases. Elastic does not evolve.
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Evolution of photon PDF

Elastic component of photon PDF shrinks as Q increases. Elastic does not evolve.
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Figure 25: Photon-induced and quark-induced Born-level contributions to the production of a W
pair with mass My w > M§",, plotted as a function of Mg, at the LHC 8 TeV (top) and LHC 14
TeV (bottom), computed with the code of Ref. [64] and NNPDF2.3QED NLO and MRST2004QED
PDFs.



® ATLAS fit to Drell-Yan data
prefers photon distribution at
lower end of NNPDF2.3qged
uncertainty band, << central
value

® Also, arXiv:1603.04874
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How bright is the photon?: arXiv:1607.04266

Can define the MS photon PDF in terms of proton structure functions, resulting in
a constraint of the photon PDF at the level of 1-2% over a broad range of x.

ratio with respect to LUXqed LUXqged

1.1;' ——
1

0.9 - comes closest to LUXged
0.8 [ CT14ged_inc (0,5)

PP

[ elastic compone
0.5 F CT14qed (0,14)

02 b 100TeV

15 - MRST2004 (0,1)
B 103 | only 8 and 100
10.0 P——————————y . TeV shown for
S'OF NNPDF2.3 | NNPDF
:)'g 104 F
DR [| —— LUXqed
3.0 | === NNPDF30
1.0 10-5 L L a T 1 1 11l a2\ 2\ ) N
03| p=100Gev, 0~ CEEW 100 1000 10000
10° 104 103 102 0.1 3 5 7 9

X M [GeV]



Next-to-leading order electroweak corrections

pp — 202y @ 13 TeV

PP = et N Vel @ 13 TeV

%
% 1073
o 1074
5
s 1075 — LO
=== NLOQCD
105 “~— NLOEW
=== NLO QCD+EW
1077
——— NLO QCD+EW + LO, (CTEQ14qed)
10-% ——— NLO QCD+EW + LO, (LUXqed)
~
3
g
é
%
~
% 0.8 1 | L1 11 |
50 100 200 500 1000 :

Marek Schénherr

Electroweak corrections in particle-level event generation

LoopFest last week

Kallweit, Lindert, Pozzorini, MS in prep.

pp — et v, ©13TeV

= H#—ep = > pLit+Hr
ic{e,n}

analyses impose jet veto to
control tt-background
— also reduces QCD corr.

usual behaviour of NLO EW
~v-induced LO large at high-x

~vPDF depedence huge
similar in all obs.
— ideal to measure vPDF

Electroweak corrections to V + jets production

Conclusions

16/20



Next-to-leading order electroweak corrections

Electroweak corrections in particle-level event generation

NLO EW predictions for AR(s, j1)

g V2=8TeV, 203" ATLAS Preli .
= 220E ' Tpgn Loadng Jet > 200 G Data comparison
T 200F- — ALPGEN+PYTHIAG Wsjets
T 1g0F- — FYTHIAS We & Frwoakchower | e ALPGEN-+PYTHIA
'8 160 —Vl+z1ptummto

140 ]

120 very good agreement with

100 sherpa and NNLO :F

80 e PYTHIA 8

m —

40 4

20

2

&
Q 15 o
g | i s
a

05
g 2
Q 15
® 1
a

0.5 e

VX B B - B SN ¥ B S ¥ R ®
AR(u, closest jet)

Marek Schénherr

M. Wu ICHEP'16

pp — W + jets MLM merged

Mangano et.al. JHEP07(2003)001

pp — Wj + QCD shower
pp — jj + QCD+EW shower

Christiansen, Prestel EPJC76(2016)39

SHERPA+OPENLOOPS
NLO QCD+EW+subLO

pp — Wj/Wjj excl. sum

Kallweit, Lindert, Maierhofer,
Pozzorini, MS JHEP04(2016)021

NNLO QCD pp — Wj

Electroneak corrections to V + jets production

Boughezal, Liu, Petriello arXiv:1602.06965

Conclusions

14/20




Next-to-leading order electroweak corrections Electroweak corrections in particle-level event generation Conclusions

NLO EW predictions for AR(u, j1)

Measure coll. W emissions, simplified from

Angular separtion of keading jet and muon

%qz "ﬁ"..l"f.“.s.l.. o E Krauss, Petrov, MS, Spannowsky PRD89(2014)114006
‘ famw. }  LHC@8TeV, p/i > 500GeV, central ; and jet
.-, '_ e LO pp — Wj with Ad(p,j) ~ =
| : . e NLO corrections neg. in peak
o : large pp — Wjj component opening PS
ol f i : e subleading Born (vPDF) imp. at large AR
I o : e restrict to exactly 1, no p? > 100 GeV
g e describe pp — Wjj @ NLO,
i use p2 > 100 GeV
g o | e pos. NLO QCD, neg. NLO EW, ~ flat
;-a e subleading Born contribs positive
gf . e sub?leading Born (diboson etc) conts. pos.
PaassssssS x — possible double counting with BG

PP PR PR £ . .
* N wd e merge using exclusive sums
Marek Schénherr Electroweak corrections to V + jets production 13/20




Charm

The charm quark distribution is
generated perturbatively through
gluon splitting

So normally no charm below
ccbar threshold

But what if there is an intrinsic
charm present in the proton at
low Q

This has been Stan Brodsky’s
dream for some time

BHPS PLB93B (1980) 451
Brodsky et al: arXiv:1504.06287
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Intrinsic charm

® ...and has been studied by

CTEQ in, for example, arXiv:
1309.0025 and in proceedings
of DIS2014

+ these analyses carried out at
NNLO

Two types of models:
Brodsky-like (valence-like) or
Sea-quark like

One Brodsky-like model,
BHPS1 actually leads to a
modest reduction in 2, but as
we said in the paper, it’s
interesting, but not enough to
claim the discovery of intrinsic
charm

XC(X)

BHPS1

0.1

0.01

0.001 f

0.000(‘)1

0.01 0.02 0.03
<X>Ic

Q =285.0 GeV
—— BHPS2
BHPS1
—— SEA2
—— SEA1
CT10 NNLO

001 0.01 0.1




New NNPDF paper

Fit charm with flexibility present in EE epammSiysice fupclons

other PDFs s } ExpermentaiData || 1 1 1 o
« this analysis carried out at NLO H 1 Fitted Charm .
« this can be dangerous for a PDF I S | | | | k=

that's poorly constrained, as we =~ § | @rwo | o | cmnoca | chaon hosout e onr 3
saw for the photon 8 & 1 : | , E

Use EMC charm structure function g N N

data in global fit B T N g | -
+ EMC data has not been used in 15*{‘[*‘ ;’4‘}** ls. =

PDF fits for several decades due - | R -
to known problems with the data 0;_ T T T T
a pointed out by the iR N Pl W B

experimenters themselves

+ NNPDF argumentis that datais arXiv:1605.06515 + Richard Ball

pr?Cise enoqgh. to.prov'de at LoopFest last week
evidence of intrinsic charm

+ enchanced charm without the
EMC data, but with much larger
uncertainty

+ reduction in global %2 with
inclusion of fitted charm



Charm - Anticharm Luminosity

LHC Impact

NNPDF3 NLO, LHC 13 TeV
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Impacts at LHC

|mpacts for any charm-related Gluon-fusion Higgs production, LHC 13 TeV
cross section but also for . TE e cram | T
[ ] [l LL . n ]
cross sections like Higgs ggF & "™[| == riteacram ]
£ 1.089 = Fitted Charm (no E
Noticeable change in central g #7070 E
value gnd envglope, e e
especially for fitted charm with 5 F E
no EMC & F .
2 0.98— -
If true, this would reflect on 5 oos E
the accuracy of the previous T T T T TS T T
25 —2 -1.5 —1 -0.5 0 05 1 1.5 2 2.

error band Higgs rapidity

NNPDF3.1 plans to use
intrinsic/fitted charm as part of
their baseline formalism

So uncertainty for ggF will
change for next PDF4LHC
update



Further investigations

Z+Charm production, LHC 13 TeV

Ratio to Baseline

Ratio to Baseline

Z+Charm production, LHC 13 TeV
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Figure 27: The Z bosorf rapidity (l¢ft) and transverse momentum (right) distributions for Z productior

in association with cha
fitted charm, and the
perturbative charm sef.

fitted charm BHPS1

at the LHC 13 TeV, computed using the NNPDF sets with perturbative o
T14 IC PD¥s shown in Fig. 16. Results are shown as a ratio to the NNPDI

no discrimination
in LHC data so far,
nor in Tevatron
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® Also, I'm working with J. Winter, F. Siegert and J. Krause on
inclusion of photon+charm at NLO into Sherpa

+ need Sherpa-like framework since fixed-order is not sufficient
+ data from 2016 should be enough to discriminate



LHC jet data

In global PDF fits, we assume that
fixed order (with non-perturbative
predictions) is sufficient to describe
the data, as long as the cross
sections are sufficiently inclusive,
such as the inclusive jet cross section

There seems to be some difference
between Powheg+parton shower and
Powheg+fixed order

This is not seen with Sherpa
...and needs to be better understood

In Les Houches 2015 study for Higgs
+jets observables, all ME+PS
programs devolve to underlying fixed
order predictions in non-Sudakov
regions, i.e. the parton showers
have little effect on either the
normalization or shape of these
cross sections

So far ATLAS and CMS jet data seem
to be pulling the high x gluon in

different directions
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We eagerly await the final NNLO
predictions for the inclusive jet cross section.
only qqg not published. NNLO corrections

are small for all published sub-processes.

I L dt=37 pb’
\s=7 TeV

1 anti-k, jets, R=0.4

Data with
statistical error
Systematic
uncertainties
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tT differential data

> = L L e
® (T differential cross 125 [ e e S - ATLAS _ Fiducia phase-space -
sections provide a great 7 = T 107 1emBTV 20317 o b E
- TR I A
handle on the hlgh X % N o 10»2; ----- MC@NLO+HW AUET2 |
. . . g 075 i © E —— MadGraph+PY6 P2011C 5
gluon distribution 2 AR ¢ frn WG AUET2
. may Settle the g 0.5 B— NSNS ::;7‘;'_:‘;"%‘7 Tt Stat:+Syét. unc. =
© g ALQ MSTH2008 C 3
struggle between o5 ThR L i ook .
ATLAS and CMS jet . ; i
data g 128 — N E
+ More | o T Az g 14T -
P I I I I 3] P B | S ——— E
L] S 1a [ < -OD 0.8 S :
® Recent calculation by g 12 tSnesnss SRSREN 9% &3 500 1000 1500 2000 2500 3000
Czakon, Heyes and - 400 500 llGO(;l - ‘710:) 80‘01 I\91]0:: 1000 mﬂ [GeV]
Mitov; arXiv:1511.00549 e g 18—
o 100 mw% = 16:_ATLAS . Fiducial phase-space_:
® How can the predictions o E e o D pectTeVE0IDT . ows -
. . 0 - 2 14 T PWGHPYE Ny
differ by so much at high s 5 = MCONLOAWAUET2
mass, rapidity? If it's the NN 3 B o I T Pwoimeavers
. 3 . B a/mi€{0.5,1,2) - __ Stat. unc. -
PDFs, then this should be N Cl 3 Stat +Syst. unc, E
clearly labelled . 5 o6k E
g - 0.4} {
. 0.2F 3
é 85 og ﬂ
o o5 : 2 s @ -0 0.5 1 15 2 2.5



NB

® Modern technology for ME+PS programs allows the underlying event
to be calculated (and tuned) using one PDF and the matrix element
evaluation and parton showering to be done with another
+ can think of it as an effective factorization
® That UE PDF can even be LO...in fact usually better/easier if it's LO

® Thus, a lot of work that is carried out by LHC experiments on
creating tunes for new versions of PDFs can be avoided



Can also re-weight on the fly
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8 is enough

PDF4LHC15 30 is a general purpose

LHC set

Can re-diagonalize eigenvector set to

look for directions most sensitive to a

particular class of physics, for
example Higgs physics

In that case, 8 PDFs are sufficient

2-dim (i,j) rendition of d-dim (~16) PDF parameter space

(a)

contours of constant y2 global
u;: eigenvector in the l-direction
p(i): point of largest a; with tolerance T

§o: global minimum

diagonalization and

rescaling by
the iterative method

o Hessian eigenvector basis sets

(b)

Could also do the same for VV
production

O PDF4LHCI15_mnlo_30 00 META_Higgs_8 0 PDF4LHCI5 nnlu_ivv

Original parameter basis

Fig. 6.13 A schematic representation of the transformation from the pdf

Orthonormal eigenvector basis

parameter basis to the orthonormal eigenvector basis.
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FIG. 1: Predictions on the total PDF uncertainties comparing NNLO PDFs of PDFALHC15 30 set, reduced set (with 8

eigenvectors). and PDF4LHC15 100 set.




Summary

First, let me summarize what | didn’t talk about

*

*

the combined HERA1+2 data set was released after this last generation of
PDF sets

all PDF groups have included the data in a new round of (private) fits, and find
that it doesn’t change the results obtained with using HERA1 data alone

...and this

*

sometimes data is included in PDF fits not directly, but by re-weighting; | think
this is typically not done correctly, and over-estimates the effect of the data-
>work in progress

It appears that the photon PDF is fairly-well constrained now, and fairly small
The idea of a large intrinsic charm component still needs more study, both

theoretical and experimental

*

*

LHC data should be able to tell us
Stan will have to keep dreaming for a bit longer

PDF fitting continues to grow in sophistication and in the amount of LHC data
included in the fits

4

4

still hard to fight the precision of the DIS data

ATLAS, CMS, LHCb data have to agree in order to reduce the current size of
PDF uncertainties

some PDFs, such as charm, strange, photon, and the high x gluon still have
large uncertainties, but with further data/improvements, should improve



We don’t have the 750 GeV any more, but we still
have ...

Because you know it's all about that
Higgs, 'Bout that Higgs, no SUSY




YWinter Les Houches is coming

The topics in this talk, and many others, will be investigated.



Ciaran Williams presents his vision of British
HEP after Brexit




Extras




Some pre-

® [n 2010, we carried out an exercise to
which all PDF groups were invited to
participate

® A comparison of NLO predictions for
benchmark cross sections at the LHC
(7 TeV) using MCFM with prescribed
input files

® Benchmarks included

o W/Z production/rapidity
distributions

o ttbar production

+ Higgs production through gg
fusion

Ao masses of 120, 180 and 240
GeV

® PDFs used include CTEQ®6.6, 1.

MSTWO08, NNPDF2.0, HERAPDF1.0
ABKMO09, GJRO08

W A W
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The PDF4LHC Working Group Interim Report

Sergey Alekhin'2 Simone Alioli', Richard D. Ball’, Valerio Bertone*, Johannes Bliimlein', Michiel
Botje”, Jon Butterworth®, Francesco Cerutti’, Amanda Cooper-Sarkar”, Albert de Roeck”,

Luigi Del Debbic®, Joel Feitesse'”, Stefano Forte'!, Alexander Glazov'?, Alberto Cuffanti®, Claire
Gwenlan®, Joey Huston'?, Pedro Jimenez-Delgado', Hung-Liang Lai*®, José I. Latorre®, Ronan
McNulry'®, Pavel Nadolsky'”, Sven Olaf Moch', Jon Pumplin'?, Voica Radescu'®, Juan Rojo'',
Torbjérn Syéserand'®, W.J. Stirling™®, Daniel Stump"®, Robert 5. Thorne®, Maria Ubiali*', Alessandro
um-" Graeme Warr™, C.-P. Yuan"

! Deutsches Elektronen-S DESY, Pl llee 6, D-15738 Zeuthen, G
2 Instinate for High Energy Physics, IHEP, Pobeda 1, 142281 Protvino, Russia
3 School of Physics and A y, U y of gh, JCMB, KB, Mayfield Rd, Edinburgh
EHY 31Z, Scotland
4 Physikalisches Insarut, Albert-Ludwigs-Ul itit Freiburg, Hi Herder-Straie 3, D-79104
Freiburg i. B, Germany
© NIKHEF, Science Park, A The Netherland

‘DWMWMWLMWC&KMWCIEGBTLK
i Consti de 1a Matéria, Universitat de Barcel Di 1647,

E-080.8 Bm'elau. Spain
¥ Department of Physics, Oxford University, Denys Wilkinson Bldg, Keble Rd, Oxford, OX1 3RH, UK
9 CERN, CH-1211 Genéve 23, Switzerland; Antwerp University, B-2610 Wilijk, Belgium; University

arXiv:1101.0536v1 [hep-ph] 3 Jan 2011

of California Davis, CA, USA

10 CEA, DSM/IRFU, CE-Saclay, Gif-sur-Yvetee, France

! Dipart di Fisica, Universita di Milano and INFN, Sezione di Milano, Via Celoria 16, 1-20133
2 Deutsches Elekan DESY Notkestralie 85 D-22607 Hamburs, Germany

13 physics and A D Michigan State University, East Lansing, MI 48824, USA
“lnmnﬁi‘l‘ ische Physik, Universitit Ziirich, CH-8057 Ziirich, Switzerland

15 Taipei M ] University of Education, Taipei, Taiwan
1°SdndanImLmvmuyCd]cgeDnbh\SmmCmmNmL@Bdﬂ1Dnﬂm4kdmd
7 Dep of Physics, Southern Methodist University, Dallas, TX 75275-0175, USA

18 i Institut, Universitit Hei Philosophenweg 12, D-69120 Heidelberp, Germany
Y p of A and Theoretical Physics, Lund University, Sélvegatan 144, 5-223 62
Lund, Sweden

2 Cavendish Laboratory, University of Cambridgy CB3 OHE, UK

2! Instimt fiur Theoretische Teilchenhysik und Ki ie, RWTH Aachen University, D-52056
Aachen, Germany

”Mmmwm,m—lzllmllsm

All of the benchmark processes were to be calculated with the following settings:

at NLO in the M S scheme

2. all calculation done in a the 5-flavor quark ZM-VENS scheme, though each group uses a different

treatment of heavy quarks

. at a center-of-mass energy of 7 TeV
. for the central value predictions, and for +68% and +90% c.1. PDF uncertainties
. with and without the s uncertainties, with the prescription for combining the PDF and «; errors

to be specified

. repeating the calculation with a central value of a,(myz) of 0.119.



PDF4LHC recommendations(arXiv:1101.0538)

So the prescription for NLO is as follows:

e For the calculation of uncertainties at the LHC, use the envelope provided by the central values and
PDF+a§ errors from the MSTWOS, CTEQ_6.6 and NNPDEF2 .0 PDFs, using each grouE’s ErescriE-
tions for combining the two types of errors. We propose this definition of an envelope because the
deviations between the predict-ions are as large as their uncertainties. As a central value, use the
midpoint of this envelope. We recommend that a 68%c.1. uncertainty envelope be calculated and
the ¢ variation suggested 1s consistent with this. Note that the CTEQ6.6 set has uncertainties and
g variations provided only at 90%c.1. and thus their uncertainties should be reduced by a factor
of 1.645 for 68%c.1.. Within the quadratic approximation, this procedure is completely correct.

So the prescription at NNLO is:

e As a central value, use the MSTWOS prediction. As an uncertainty, take the same percentage
uncertainty on this NNLO prediction as found using the NLO uncertainty prescription given above.

So basically, this is a factor of 2.

At the time of this prescription, neither CTEQ nor NNPDF had NNLO PDFs.



More benchmarking

2 studies in 2011 Les Houches proceedings(1203.6803)

® Benchmarking for inclusive DIS cross sections
+ with S. Alekhin, A. Glazov, A. Guffanti, P. Nadolsky, and J.
Rojo
+ excellent agreement observed
® Benchmark comparison of NLO jet cross sections
+ J. Gao, Z. Liang, H.-L. Lai, P. Nadolsky, D. Soper, C.-P. Yuan
o compare EKS results with FastNLO (NLOJET++)

+ excellent agreement between the two if care is taken on
settings for jet algorithm, recombination scheme, QCD scale
choices



arXiv:1101.0593v3 [hep-ph] 20 May 2011

Higgs Yellow Reports

CERN-2011-002
17 February 2011

ORGANISATION EUROPEENNE POUR LA RECHERCHE NUCLEAIRE

CERN EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH

Handbook of LHC Higgs cross sections:
1. Inclusive observables

Reportof the LHC Higgs Cross Section Working Group

paralleled 2010 PDF4LHGuiws: s. piumaier

C. Mariotti

re port G. Passarino

R. Tanaka

GENEVA
2011

arXiv:1201.3084v1 [hep-ph] 15 Jan 2012

Handbook of LHC Higgs cross sections:
2. Differential Distributions

Report of the LHC Higgs Cross Section Working Group

Editors: S. Dittmaier
C. Mariotti
G. Passarino
R. Tanaka

more extensive use of PDF and cross
section correlations



Followup

® Study of NNLO PDFs from 5 PDF groups (no new updates for JR)

+ drawing from what Graeme Watt had done at NNLO, but now including
CT10 NNLO, and NNPDF2.3 NNLO

o HERAPDF has upgraded to HERAPDF1.5; ABM09->ABM11

+ using a common values of o (0.118) as a baseline; varying in range
from 0.117 to 0.119)

+ including a detailed comparisons to LHC data which have provided
detailed correlated systematic error information, keeping track of
required systematic error shifts, normalizations, etc

a ATLAS 2010 W/Z rapidity distributions

a ATLAS 2010 inclusive jet cross section data

A CMS 2011 W lepton asymmetry

a LHCb 2010 W lepton rapidity distributions in forward region

® The effort was led by Juan Rojo and Pavel Nadolsky and has resulted in
an independent publication

® The results from this paper were utilized in a subsequent PDF4LHC
document(s)

® .. .andare in YR3



Now on LHAPDF

LHAPDF6 grid Pert order ErrorType Nmem | @s(m%)

PDF4LHC15 nnlo_mc NNLO replicas 100 | 0.118

PDF4LHC15 _nnlo_100 NNLO symmhessian 100 | 0.118

PDF4LHC15 nnlo_30 NNLO symmhessian 30 0.118

PDFALHC15 nnlo_mc_pdfas NNLO replicas+as 102 | mem 0:100 — 0.118

mem 101 — 0.1165
mem 102 — 0.1195
PDF4LHC15 nnlo_100_pdfas NNLO symmhessian+as [ 102 | mem 0:100 — 0.118
mem 101 — 0.1165
mem 102 — 0.1195
PDF4LHC15 nnlo_30_pdfas NNLO symmhessian+as 32 mem 0:30 — 0.118
mem 31 — 0.1165
mem 32 — 0.1195
PDFALHC1i5 nnlo_asvar NNLO - 1 mem 0 — 0.1165
mem 1 — 0.1195

Table 5: Summary of the combined NNLO PDF4LHC15 sets with n* = 5 that are avail-
able from LHAPDF6. The corresponding NLO sets are also available. Members 0 and 1 of
PDFALHC15_nnlo_asvar coincide with members 101 and 102 (31 and 32) of PDFALHC15_nnlo_mc_pdfas
and PDFALHC15 nnlo_100_pdfas (PDFALHC15 nnlo_30_pdfas). Recall that in LHAPDF6 there is always
a zeroth member, so that the total number of PDF members in a given set is always Nyem + 1. See
text for more details.



Recommendations

1. Comparisons between data and theory for Standard Model measurements

Recommendations: Use individual PDF sets, and, in particular, as many of the
modern PDF sets [5-11] as possible.

Rationale: Measurements such as jet production, vector-boson single and pair pro-
duction, or top-quark pair production, have the power to constraining PDFs, and this
1s best utilized and illustrated by comparing with many individual sets.

As a rule of thumb, any measurement that potentially can be included in PDF fits falls
mn this category.

The same recommendation applies to the extraction of precision SM parameters, such
as the strong coupling as(m%) [75,124], the W mass My [125], and the top quark mass
my [126] which are directly correlated to the PDFs used in the extraction.

2. Searches for Beyond the Standard Model phenomena
Recommendations: Use the PDFALHC15 mc sets.

Rationale: BSM searches, in particular for new massive particles in the TeV scale,
often require the knowledge of PDF's in regions where available experimental constraints
are limited, notably close to the hadronic threshold where z — 1 [127]. In these extreme
kinematical regions the PDF uncertainties are large, the Monte Carlo combination of

PDF sets is likely to be non-Gaussian. c.f. Figs. 10 and 11.



3. Calculation of PDF uncertainties in situations when computational speed is
needed, or a more limited number of error PDFs may be desirable

Recommendations: Use the PDFALHC15_30 sets.

Rationale: In many situations, PDF uncertainties may affect the extraction of physics
parameters. From the point of view of the statistical analysis, 1t might be useful in some
cases to limit the number of error PDFs that need to be included in such analyses. In
these cases, use of the PDFALHC15_30 sets may be most suitable.

In addition, the calculation of acceptances, efficiencies or extrapolation factors are af-
fected by the corresponding PDF uncertainty. These quantities are only a moderate
correction to the measured cross-section, and thus a mild loss of accuracy in the deter-
mination of PDF uncertainties in these corrections is acceptable, while computational
speed can be an 1ssue. In these cases, use of the PDFALHC15_30 sets 1s most suitable.

However, in the cases when PDF uncertainties turn out to be substantial, we recommend
to cross-check the PDF estimate by comparing with the results of the PDFALHC15_100
sets.

4. Calculation of PDF uncertainties in precision observables

Recommendation: Use the PDFALHC15_100 sets.

Rationale: For several LHC phenomenological applications, the highest accuracy is
sought for, with, in some cases, the need to control PDF uncertainties to the percent
level, as currently allowed by the development of high-order computational techniques
m the QCD and electroweak sectors of the Standard Model.

Whenever the highest accuracy 1s desired, the PDFALHC15_100 set 1s most suitable.



Pedagogical text about their use has been added

6.2 Formulae for the calculation of PDF and PDF+a. uncertainties

For completeness, we also collect in this report the explicit formulae for the calculation of
PDF and combined PDF+a; uncertainties in LHC cross-sections when using the PDFALHC15
combined sets. Let us assume that we wish to estimate the PDF+a uncertainty of given
cross-section o, which could be a total inclusive cross-section or any bin of a differential
distribution.

First of all, to compute the PDF uncertainty, one has to evaluate this cross-section Npem,+
1 times, where Njem is the number of error sets (either symmetric eigenvectors or MC
replicas) of the specific combined set,

a(k)a k=0,..., Nmem, (19)

so in particular Npye,, = 30 in PDFALHC15_30 and Npenm = 100 in PDFALHC15_100 and
PDFALHC15 mc.

PDF uncertainties for Hessian sets. In the case of the Hessian sets, PDFALHC15_30 and
PDFALHC15_100, the master formula to evaluate the PDF uncertainty is given by

Nmem
o= 3 (0® — o), (20)
k=1

This uncertainty is to be understood as a 68% confidence level. From this expression it

1s also easy to determine the contribution of each eigenvector k to the total Hessian PDF
uncertainty. ...continues with discussion of MC PDFs



LHC data in global PDF fits

LHC data will become increasingly
important in global fits

Not just inclusive jet data but for
processes such as inclusive photon
production, Drell-Yan, W/Z rapidity, ttbar
mass and rapidity

For any process to be used in a global
PDF fit, correlated systematic errors
must be provided

2010 inclusive jet data from ATLAS
provides no discrimination

Data from 2011/2012, with increased
statistics and improved systematics may

Note that LHC data is competing against
HERA data where two experiments

have been combined and statistical and
systematic errors are a few percent

+ may be difficult to compete in the
precision physics range a la gg-
>Higgs

+ but definitely will contribute in the
discovery physics range

2010 ATLAS data lies below NLOJET++
prediction using CT10 at high p./y
 difference if Powheg used instead of fixec
order? extra radiation?
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® ...but consider the 2012
Inclusive jet
measurement from CMS
(8 TeV) where CT10
seems to provide a good
description

® ...with much higher
statistics and improved
systematics

® Errors aren’t public yet
so don’t know the impact
on global PDF fits
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Figure 3: Ratio of data over theory at NLO times NP correction for the CT10 PDF set. For
comparison the total theoretical (band enclosed by dashed red lines) and the total experimental
systematic uncertainty (band enclosed by full magenta lines) are shown as well. The error bars
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correspond to the statistical uncertainty of the data.



® ... whereas
NNPDF2.3 (or

MSTWO8) seems to
be below the data at

high py
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Figure 7: Ratio of data over theory at NLO times NP correction for the NNPDF2.1 PDF set.
For comparison predictions employing four other PDF sets are shown in addition to the total
experimental systematic uncertainty (band enclosed by full magenta lines). The error bars
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