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Make PDFs
Great Again




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 CT14NNLO(LH6) PDFs
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PDFs are important

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

as of 2016-06-10, excluding salf-citations; all papers > 0.2
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Momentum carried by partons

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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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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PDF luminosities

CT14 NNLO luminosities
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PDFs: pre-history dp3
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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
a, =0.118.



PDF luminosities

quark-quark and quark-antiquark
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Uncertainties had improved-de3>~

...with additional data and in going from NLO to NNLO
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Gluon-Gluon, luminosity

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

NNPDF3.0 (arXiv:1410.8849)
MMHT14 (arXiv:1412.3989) 0.95
CT14 (arXiv:1506.07443) 0.9
HERAPDF2.0 (arXiv:1506.06042 o0.85

The gg PDF luminosities for the 08

o ee POFsreingood  nNpDE doun b %, OT14 up by <1
greer | MMHT14 down by ~0.5%

precision physics mass range,

less so at very high mass partially data, partially corrections in
fitting code, partially changes
in fitting procedures
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lead to new PDF4LHC recommendations
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A comparison of ggF at NNLO~pd~

CT14 MMHT2014 NNPDF3.0

scale = m,

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.



Progress with recent PDFs~de3~
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Progress with recent PDFs~de3~

Quark-Antiquark, luminosity Gluon-Gluon, luminosity

The gg precision
has improved,
but the qQ has
not.

g CT10 NNLO i
7% NNPDF2.3 NNLO
3338 MSTW2008 NNLO

"""""" {S = 8.00e+03 GeV

s CT10 NNLO

1256 NNPDF2.3 NNLO
...... MSTW2008 NNLO

S = 8.00e+03 GeV

We hope (and
think) we are
making progress,
but next generation
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Other new sets out as welr~-de3~

LHC 13 TeV, NNLO, ag(M,)=0.118
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Figure 5: Comparison of the gluon-gluon (upper plots) and quark-antiquark (lower plots) PDF lumi-
nosities from the CT14, MMHT14 and NNNPDF3.0 NNLO sets (left plots) and from the NNPDF3.0,
ABM12 and HERAPDF2.0 NNLO sets (right plots), for a center-of-mass energy of 13 TeV, as a

function of the invariant mass of the final state Mx.



I'hree main uses of PDFs at LHG-IE>

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).

P § S

3 > < #L rr_»‘
1.

2. 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.

3. The central value of as(m2z) should be fixed 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(m2z) is currently assumed to be das = 0.0015, again
the same at NI.O and NNIL.O.

4. 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 representationded~

® 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

+ replicas generated from Hessian eigenvectors for CT14 and
MMHT14 assuming a Gaussian probability distribution

+ this will lead to a more statistical representation of the
uncertainty than the envelope procedure used previously




Aside Ap>

...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

A Critical Appraisal and Evaluation of Modern PDFs

A. Accardi®®, S. Alkekhin®“, J. Blimlein®, M.V. Garzelli€, K. Lipkaf .
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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 PDF4LLHC15 sets, and provide recommendations for the usage of PDF sets for theory
predictions at the LHC.



The result

Gluon-Fusion Higgs production, LHC 13 TeV
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Monte Carlo replicas™de>+
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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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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




LHC 13 TeV, NNLO, a(M,)=0.118
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Some comparisons: Hessian sets
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Some comparisons for Higgs productio

Gluon-Fusion Higgs production, LHC 13 TeV Vector-Boson Fusion Higgs production, LHC 13 TeV
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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,

As no one has been able to find any discernible difference between the 30 and 100
PDF sets in ATLAS, the 30 tend to be used for convenience.



® 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 could have
been produced by a vy initial
state), or EW corrections for
just about any LHC final state,
it's something we have to
understand better

(Relatively) New

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:
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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

Fyw(e, Qo) = (Auez%p’yq ou’(x) + Adegpvq © 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

ConStralnt on the total photon diagram whe:;the photon is emitted off the initial-state lepton or quark.
momentum \ fit constrains
100} the photon PDF;
® NNPDF2.3 used a more general v photen
. : Yom doesn't fit the

photon parametrization, allowing 0} data:

photon to be fit to data (W,Z, Drell- g data fit well for

Yan); this implicitly includes an elastic ° current quark

component as well ol prescription with y

*There is also an elastic component for the momentum fraction
photon in which the proton remains intact. = - (at Q,)=0.1%; 90%CL
See, for example, arxiv:1607.04635. = from 0 t0 0.14%
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Ratio - WW production @ LHC ys =8 TeV
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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 > Mg, plotted as a function of M, 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.



...but
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NNPDF2.3ged uncertaint 0.025~— — =
i\ y 0.02F T~ E
band, << central value < ~~o E
0.015F ~ o
. C ~ -
® Also, arXiv:1603.04874 0.01F > 3
0.005F =
== CMS 7TeV s
—a— CT14QEDO0.00 e - TS 1
—»— CT14QEDO0.09 _
—m— NNPDF23(scale) o) 0.1'K ATLAS | |02=1O4 Gev? 1
—— NNPDF23(PDF) = N\ %““ggg.gqeg 68;/'?&3 high DY data
ogeda + Ign-mass ata -+
—5— MRSTO X 0.08MN\ \\ —_ MRST2004(z1ed, currentqugrk mass —
—e— MRST1 i hCA$1aT2%Og§3dbionstituentquark mass ]
B N VA ge %o _
—— 0.06 N incorrect evolution at low x;
q ‘ fixed in NNPDF3.0ged ]
K- 0.04 F s ]
o - ) ]
0.02|— ]
ol bl v b b b b v | : e :
5 0 5 10 15 20 25 30 0: e ;
o(yy—=W'W sptefvy) [fb] 10 10 10 1

Parton momentum fraction x



1607.04266

IV

arX

?.

ht is the photon

I9

Fu
O
=
O
-

Can define the MS photon PDF in terms of proton structure functions, resulting in
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Impacts of fitted charm at LHC

® Can you fit charm with the same arxiv:1707.00657
freedom as up, down, gluon, etc? 120 ,

® Suffers from lack of data to 1°°:' irpéifﬁlév
constrain it (similar to the photon sor
case) or

+ EMC data potentially sensitive
but lack the kind of correlated | -
error information present in O [\ BHPS with EMC BHPS no EMC |
modern-day experiments |

. . . -40 s L P " l?. . N ]
® No factorization theorem for fitted ’ . .

charm, i.e. fitted charm
determined from one process 20—
may not be valid for another 1001 ;

| mPo=13GeV

® Impacts for any charm-related
cross section but potentially also
for cross sections like Higgs ggF

® CTEQ PDF fits have traditionally
found a modest improvement in
¥? by inclusion of intrinsic charm

| CT14HERA2 SEA

Ayx©

&8 o8 & 3 8

[ CT14 SEA

..............




Further investigations ~de>

19.7fb" (1s = 8 TeV)
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Z p, (arXiv:1605.04295)0p>~

® ATLAS, CMS Z p; data seem to be above NNLO prediction
+ better agreement if normalize to the Z cross section

® These distributions are very precise at both the experimental and
theoretical levels

® The data is being included in the next round of global PDF fits, and will
be sensitive to the gluon distribution in the range for ggF Higgs

NNLOJET pp—Z+=0jet (pf>20GeV) ATLAS v5=8TeV NNLOJET Pp—Z+=0jet (pf>20GeV) CMS v6=8TeV
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"5 16<lyA4<20 09 09 04<lyii<08 16<lyf<2 09
~ L. Il L 1 1 1
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Dijets

® One of key processes for

: Process State of the Art Desired
pertu rbatlve QCD tt oot (stable tops) @ NNLO QCD do(top decays)
. . do(top decays) @ NLO QCD @ NNLO QCD + NLO EW
¢ covers largest kinematic range do(stable tops) @ NLO EW
: : : : tt +j(j) do(NWA top decays) @ NLO QCD | do(NWA top decays)
with jets produced in the multi- _ @ NNLO QCD + NLO EW
TeV range tt+7Z do(stable tops) @ NLO QCD do(top decays) @ NLO QCD
+ NLO EW
range < dijet ’ do @ NNLO QCD (g only) do @ NNLO QCD + NLO EW
do @ NLO EW (weak)
[ Only process cCu rrently included in 3 do @ NLO QCD do @ NNLO QCD + NLO EW
. v+ do @ NLO QCD do @ NNLO QCD + NLO EW
global fits not known at NNLO dr @ NLO EW

+ now it has been calculated \
® Current experimental precision on IPPP/16/110, MPP

the Order Of 5_1 O% fOI‘ JetS from 200 NNLO QCD predictions for single jet inclusive production at the LHC

G V/ t 1 T V/ J. Currie?, E-W.N. Glover?, J. Pires?
e C O e C @ Institute for Particle Physics Phenomenology, University of Durham, Durham DH1 SLE, England
® Maz-Planck-Institut fiir Physik, Féhringer Ring 6 D-80805 Munich, Germany

. WO u Id | i ke bette r preCi Sion for th eOry We report the first calculation of fully differential jet production in all partonic channels at next-

to-next-to leading order (NNLO) in perturbative QCD and compare to the available ATLAS 7 TeV

¢ SON eed N N LO QC D an d N LO dat_a. We discuss thg size and §ha.pe of the perturbative corrections along \?nth their assoclz?tec_l scale
variation across a wide range in jet transverse momentum, pr, and rapidity, y. We find significant
EW effects, especially at low pr, and discuss the possible implications for Parton Distribution Function

fits.

® \\Ve also need a better understanding
of the impact of parton showers on  ———>  topic for Les Houches
the fixed order cross section




How to distribute the
calculation?

For calculations like W/Z+ n
jets, Higgs+ n jets, all at NLO,
use ROOT ntuples

Processes at NNLO, such as
H+jet, and W/Z+jet, use
MCFM?

Inclusive jet production not
amenable to above
techniques, so may use
applgrid/fastNLO grids

Such an approach useful/
needed for global PDF fits

+ right now we are using
NNLO/NLO K-factors

NNLOJET (and APPLfag~

Semi-automated calculation of cross sections at
NNLO from the IPPP, Zurich, ETH and others

« Gehrmann-De Ridder et al _arXlv: 1607.01749
« See talk from Alex Huss tomorrow

APPLfast-NNLO

« Developers from NNLOJET, APPLgrid and |
fastNLO

« Asingle, combined interface for NNLOJET
with both APPLgrid and fastNLO

Many processes implemented in NNLOJET

« Developing a generic interface for all avallable
processes

« Concentrating on Z + jets at NNLO for the
initial development and proof-of-concept

M Sutton - Reocent developments with fast caloulations beyond Leading



Basically only process included

in NNLO PDF fits not (until now)

at NNLO

Scale dependence greatly
reduced...but sizeable

differences between p/¢t and
pTIeadjet

Which scale choice is
preferable? Difference larger
than the nominal factor of 2
variation

Religious wars: my opinion is
that since this is an inclusive
calculation, you should use an
inclusive scale

+ this is not a classical Monte
Carlo

+ NB: ATLAS uses p'eadet

NNLO Ratio to data
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ATLAS 7 (and 8) TeV jet data

® Impossible to get a good x? when fitting all rapidity intervals
simultaneously, although each rapidity interval by itself gives a good ?
->correlations? 8 TeV data has the same problem

® |If only one y interval is chosen, which one? Do the other rapidity intervals
provide the same constraint? If not, then how can the data be used?

® |n general, ATLAS jet data prefers a weaker gluon at high x

© ©
< F 1 & o5F ' 7 ATLAS
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MS 8 TeV jet data ~ed>~
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tT differential data
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Top distributions

® There are several distributions measured by ATLAS and CMS that have
information on the high x gluon

¢ My, Y directly
¢ Y1, pr'T indirectly

® Only one distribution should be used, unless a correlation model can be
developed

+ Wwhich one?

+ do they give the same answer? if not, do we understand why? how can
you claim a decrease in uncertainty if you pick and choose the variables
that give the answer (and constraints) you want?

® ATLAS and CMS have different trends; in this case, ATLAS favors harder
gluon (than NNPDF3.0) at high x, CMS weaker gluon

® |n general, the ATLAS and CMS top results are in tension internally, and with
each other (the latter more so in the case of normalized distributions where the
experimental errors are smaller)

® This is similar to the tension that exists between the ATLAS and CMS jet data,
although there the tension is in the opposite direction

® |[f tension, then gluon PDF uncertainty may not decrease and may even
increase
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arXiv:1611.08609

Fit ID
1 2 3 4 5 6 7 8 9 10

ATLAS do /dpk 237 230 199 236 224 223 209 218 234 224
ATLAS do/dy; 093 08 074 1.09 076 076 086 0.69 0.76 0.66
ATLAS do/dy; 244 203 196 259 1.32 232 211 174 126 1.80
ATLAS do/dmy; 4.27 447 468 414 492 4.02 434 4.99

ATLAS (1/0)do/dpl, 293 397 329 436 522 435 2.96
ATLAS (1/0)do/dy, 500 317 247 636 155 293 3.94
ATLAS (1/o)do/dy;; 969 559 589 895 268 573 6.73
ATLAS (1/0)do/dm,; 230 280 331 267 396 421 3.09
ATLAS oy 012 0.10 021 0.10 0.10 0.12 0.36

568 1 final fit
1.10 |,
373 | Includes

2.98 | only these

010 'cross

CMS do/dpt. 350 3.46 2.60 350 3.03 300 285 % 324 292 |sections
CMS do/dy, 348 371 405 2.66 418 349 338 423 443 4.99

CMS do/dy,; 136 113 1.00 1.32 0.89 086 1.00 1.01 1.04 1.24

CMS do/dmy; 707 627 579 633 500 5.11 6.00 431 | ...and not
CMS (1/0)do /dph, 431 400 339 428 365 359 3.56 348 | these (for
CMS (1/0)do/dy, 366 4.10 445 3.10 498 4.06 3.65 609 | oxample)
CMS (1/0)do/dy; 159 120 1.06 1.73 094 1.01 1.20 1.32

CMS (1/0)do/dm,;; 120 108 981 11.1 872 872 10.3 7.27

CMS o 0.10 0.35 026 0.19 032 021 0.11 0.35

Table 7: Same as Table 6 for the global fits.




Resultant fit

NNLO, global fits, LHC 13 TeV NNLO, global fits, LHC 13 TeV
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Figure 15: The gluon-gluon (upper) and quark-antiquark (lower) NNLO luminosities (left) and their

relative 1-6 PDF uncertainties (right) at the LHC with /s = 13 TeV. We compare the global baseline
fit with the fit including the optimal combination of LHC top-quark pair differential data.



arXiv:1706.00428

® NNPDF3.1

1 LHC 13 TeV, NNLO LHC 13 TeV, NNLO
claims a

significant
reduction in PDF
uncertainty,

mostly due to - o
inclusion of fitted _
COIIlder data LHC 13 TeV. NNLO LHC 13 TeV, NNLO
.NNPDF3.1 T l. 23 ) .NNPDF3.1 o
® Because of the ‘§1.11§ £ NNPDF3.0 e -i1.11: 288 NNPDF3.0

tensions § 1 s £ 1 :
mentioned 5 o 5 e
earlier, | don't go.os go.gs
know if CT17 (or - 0o

085 1 a2 a3l L a2 a3 aaal 1 L o.w 1 A a3 sl 1 A a3 sl
the new MMHT) 10 10y (Gev) 10° 10 104 (Gev)  10°

will come to the  Figure 5.8: Comparison of parton luminosities with the NNPDF3.0 and NNPDF3.1 NNLO PDF sets

. for the LHC 13 TeV. From left to right and from top to bottom quark-antiquark, quark-quark, gluon-

same CO”C' usion gluon and quark-gluon PDF luminosities are shown. Results are shown normalized to the central value
of NNPDF3.1.



CT17

Included experiments:

. Combined HERA1+2 DIS + Previous LHC data included in
LHCb 7 TeV Z, W muon rapidity dist. CT14 are superseded by updated
LHCb 8 TeV Z, W muon rapidity dist. Run 1 or Run 2 results.

+ adding new data, especially on Z

. ATLAS 7 TeV inclusive jet boson pr and top quark differential
CMS 7 TeV inclusive jet (extended y range) distributions.
ATLAS 7 TeV Z pT dist.

. LHCb 13 TeV Z rapidity dist.
CMS 8 TeV Z pT and rapidity dist. (double diff.)
CMS 8 TeV W, muon asymmetry dist.
ATLAS 7 TeV W/Z, lepton(s) rapidity dist.
CMS 7,8 TeV tT differential dist.
ATLAS 7,8 TeV tT differential dist.
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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/fitted charm component still needs more study, both
theoretical and experimental

+ LHC data should be able to tell us
+ Stan may 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

+ 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




® There's a wealth of new data from the LHC along with new calculations
at NNLO that should allow more detailed knowledge of PDFs and of
cross sections at the LHC

® One problem is the use of such calculations in global PDF fits where
thousands of iterations are required

+ for CT, we are using a combination of applgrid and fastNLO for the
NLO matrix elements, with NNLO/NLO K-factors, along with
parallelization of the computations

+ It will be possible to directly use applgrid/fastNLO such as what
NNLOJET is working on

® |n any case, the impact of the LHC data on global PDF fits requires a
great deal of study and interaction with the experimenters, especially in
cases where the experiments disagree and where different observables
(or even rapidity regions) within the the same experiment disagree

® Next PDF4LHC meeting March 7, 2017 at CERN

updates of PDF fits, data sets

discussion of incorporation of scale uncertainties in PDF fits
correlations among data sets

* & o o

Summary
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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
PDFALHC15 nnlo_asvar NNLO - 1 mem 0 — 0.1165
mem 1 — 0.1195

Table 5: Summary of the combined NNLO PDF4LHC15 sets with nf* = 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.



. 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.

. 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 add

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

Nm@m
opdfy — Z (ok) — 0(0))2, (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
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Inclusive jet production: Les Houches project

Sherpa MC@NLO seems to do a good job
parton showers on the fixed order in describing ATLAS data (but PDF dependent

cross section statement) _ _
. Inclusive jet transverse momenta in different rapidity ranges Com pare to flxed order Wlth same PDF

understanding of the impact of
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