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MSHT20 2012.04684, NNPDF3.1/4.0 1706.00428/2109.02653 papers and references therein.

Thomas Cridge PDF4LHC21



1. Introduction

Introduction

Thomas Cridge PDF4LHC21



1. Introduction

Introduction - PDF Landscape NNLQ s defalt ATUASHDF. e
@ New data, methodological improvements + theoretical progress =
PDFs now known more accurately and precisely than ever before.
@ New PDF sets released - CT18, MSHT20, NNPDF3.1/4.0 and others.
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o PDF agreement of global fits generally good, however differences
exist in some areas = e.g. in the strangeness, high x gluon, charm.
@ Important to understand any differences as when we combine PDFs

to produce PDF4LHC21 set, any differences = extra contribution to
combined uncertainty.
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1. Introduction

PDF4LHC21 Approach

Aim: Compare 3 global fitting groups CT18, MSHT20, NNPDF3.1 PDF sets and produce a
single combined PDF set representing central values and uncertainties of 3 groups. J

PDFs
[Comparison of global fitsJ «—— CT18, MSHT20, NNPDF3.1

l Differences observed Investigate
PDF Benchmarking Reduced Fits
- I et | e o g
months Replica generation Global fits:
and Combination CT18', MSHT20, NNPDF3.1.1(’)
l Generate 300 replicas of each Combine

PDF set Compression | ¢—— PDF4LHC21 baseline (900 replica set)

Compress l Hessian reduction/
l + validate Monte Carlo Compression

PDF4LHC21_40 (Hessian)
PDF4LHC21_mc (100 replicas)
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2. Comparison of PDFs

PDF Comparison
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High x PDF Comparison

@ High x PDFs important for BSM searches, yet quite unconstrained.

e High x PDFs constrained by fixed target, asymmetries, LHC (e.g. jets,
top, Zpt). Use of high x low @? data limited by Q?, W? cuts.

@ PDFs at very large x and low @ are connected to collider
measurements at lower x and high @ by evolution.

21— CTI8

More detail in
/1 other talks, e.g.
1 Tim Hobbs,

" | Alberto Accardi.

U

@ Quite large spread of the PDFs at high x + uncertainties grow rapidly!
@ Both related to fact we have limited data in this region:

T Extrapolation

» Data differences/tensions can have a larger effect. /
» More sensitive to methodological differences + theoretical assumptions.
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2. Comparison of PDFs

High x PDF Comparison

Data effects

@ Strangeness raised by inclusion of ATLAS high
precision 7, 8 TeV W, Z data - not in CT18.

DY data with older NuTeV dimuon data.
° c_I/D raised at x ~ 0.4 by Seaquest data. Included
only in NNPDF4.0. Seaquest tension with NuSea?
@ Recent STAR data on W' /W~ may also be

relevant_ —> More detail in Tim Hobbs’ talk.

@ High x gluon affected by balance of LHC jet, top
and Zpt data 4+ treatment of correlated
systematics’' issues.— Extensive studies in PDF4LHC21 benchmarking.

@ High x at low Q? connected to lower x at higher Q"

by evolution = data at lower x may have indirect
effects. Sum rules connect different x regions.
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2. Comparison of PDFs

ngh X PDF Comparlson Observed in PDF4LHC21

benchmarking

i ) Diccucsed i
0 e wirioarsn VTl Methodology and Theoretical effects T Nobon etore
250 v Hemyt e oy 6o K . . talk.
f /J @ Error evaluation - CT/MSHT use “Hessian
Pl approach with tolerance (Ax? > 1). NNPDF uses
MC replicas. = Different uncertainty sizes.

i @ Deuteron and nuclear corrections - Constraint of
oms | reree et a1 10 high x d quark and flavour decomposition utilises
oo \ deuteron and nuclear data. —— More details in Tim Hobbs’ talk.
o \ S @ Positivity - PDFs may go negative at large x and

oo . low @>. NNPDF4.0 impose PDF positivity =

; raises high x antiquarks + reduces uncertainty.

— PDFaLHC21
=== MSHT20

al - @ | e "Fitted” charm - CT/MSHT generate charm purely
' ’ perturbatively from gluon splitting, NNPDF allow

non-perturbative fitted component, = enhances

NNPDF charm at high x + increases uncertainty.
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2. Comparison of PDFs

High x PDF Comparison

"SMMsr Methodology and Theoretical effects
1} MSHT20 reduced BR=0.092 (default)
MSHT20 reduced BR=0.099 ——
MSHT20 reduced BR=0.086 ——

Observed in PDF4LHC21
benchmarking

e Dimuon Branching Ratio (BR(D — 1) - Needed
for NuTeV, anticorrelated with total strangeness.

M @ Strangeness asymmetry - Set s~ =s—5=20in
= - CT18. MSHT, NNPDF observe s~ # 0 outside
=== cT18 N\ . . . N
== weoreo AR uncertainties. Allows s™ to increase. CT18As

(2204.07944)
o Correlated systematics - Increasingly dominate LHC

data. Several issues seen: ATLAS jets, top. May
L affect data pulls and limit uncertainty reduction.

zs~(z,Q)

@ Parameterisations - Given limited data, theoretical
assumptions applied e.g. in parameterisation can

L affect central values and uncertainties of PDFs,

e.g. Nuv = Ngv in CT18 = d/u larger at high x.

High x powers: (1 — x).
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2. Comparison of PDFs

PDF quantities relevant for PVDIS at SoLID: Aside

@ Several PDF combinations of interest for PVDIS on deuterons:

AePVDIS 3GFQ?2(1+ Re)Chy — (1+ Rg)Cia + Y[2Co,(1 + €c) — Caq(1 + €5)| Ry

RLd T 2y2ra 5+4Rc + Rs
where
Rels) = uy + dy Rols) = 2c+7) Ryla) = 2s+3) i 2Ac-¢) . 2s-5)
vV = — L) = — S\L) = : c = s =
wtd’ ut+d=’ ut +dt ut gt ut +dt
@ Plus d/u for PVDIS on protons.
== MSHT20 NNPDF4.0 o 08 T
= CT18 1.50] -
Sur 1w 1 Su ]
5 )5 : Q=viogew | "
< S 1 <
03t B 00 1 020 b
0B — - ‘v."
00 u‘l u‘_) u‘\ u‘| u", 5 0.7 0T 02 03 04 05 m - lu‘ 0 u‘] 02 03 04 ‘- 06 07
T T T
! e === PDF4LHC21-mc - NNPDF3.1
s 0.0000, 08 == MSHT20 NNPDF4.0
- PR
5 om & Sl j
S ool 5 oo Q=10 Gev B
7 ol T St 1
0.050 ( S
—0.075 ’"‘m‘\"\,’l 1 “r e
~0100G U‘I H‘.I n‘« U‘I u‘v u‘(, a7 0.0 u‘\ u‘z u‘x n‘\ m‘s u‘u 0.7 0.0 U‘l U‘.I u‘s U‘I u". n‘u 0.7

z @ €
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3. Benchmarking

PDF Benchmarking
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3. Benchmarking

PDF Benchmarking: Aim and Approach

@ Several known and understood differences due to input data and
other choices, e.g. charm, high x gluon, strangeness (already seen).

@ Desire to understand origin of differences:

» Are they due to variations of experimental input, different theory
settings, methodologies? Are these equally valid choices?

@ Seek to remove as many differences in input/approach as possible:
» Common input data - Small subset of datasets = reduced fits.
» Common theory settings wherever possible.
» Examine methodological differences in parallel as much as possible.

@ Reduced fits offer ease of comparison at expense of robustness.
@ To benchmark the reduced fits:
only for benchmarking!
» Compare PDFs directly to look for areas of difference.
» Compare x? to determine particular datasets showing differences.

» Compare cross-sections and point-by-point theory predictions.
— Rigorous cross-checks of data and theory implementations across all three groups.
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3. Benchmarking

PDF Benchmarking: Data and Theory Settings
@ Chosen subset of datasets fit by all 3 groups in (almost) the same way.
@ Ensure enough datasets and variety of dataset types are fit to have
some (but incomplete) constraints on all PDF flavours.
@ Choose common theory settings wherever possible.

Reduced Fit dataset: Reduced Fit theory settings:
» BCDMS p, d DIS data. » Same heavy quark masses, mc, mj and strong
» NMC d/p ratio in DIS. Fixed target coupling, 045(’\/@)-
» NuSea Drell-Yan pd/pp. » No strangeness asymmetry at input scale
» NuTeV dimuon data. (G s)(QO) =
» HERA I+l inclusive DIS. HERA > R CiEm,
DO Z rapidity distributi » Positive definite quark distributions (lack of
b TS QI (e, Tevatron constraint may allow negative fluctuations).
PR ANTASACIZATRIEVArdistributiont » No deuteron or nuclear corrections.
> G¥BTIRY WY emmmmsiy » Fixed branching ratio for charm hadrons to muons for
» CMS 8 TeV inclusive jet data. LHC dimuon data, BR(D — p).
» LHCb 7,8 TeV W, Z n distributions. » NNLO corrections for dimuon data. y
o

@ Note: These are not the chosen settings for any group, but rather are
a compromise to the least common denominator. Relevant for
benchmarking but we would not recommend them for a global fit.
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3. Benchmarking

PDF Benchmarking: Reduced Fits
@ Use fits to reduced common datasets and common theory settings.
Global Fits Reduced Fits

= crig
== NNPDF3.1 .

N 0 , — rzons

o Agreement improved relative to global PDFs.

@ Very good agreement within uncertainties, including gluon.

@ More similar sized uncertainties in data regions, differences outside
this, reflecting remaining methodological and other choices.

@ Same data and theory settings — more consistent PDFs.

o Remaining differences, e.g. in errors, reflect methodological choices.

Thomas Cridge PDF4LHC21



PDF4LHC21 Combination
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PDF4LHC21 Combination

o Differences in PDFs reflect genuine freedom in PDF determination
from data, theory, methodology = spread in PDFs should
therefore contribute to a combined PDF uncertainty.

e Continue with PDF4LHC21 combination of global PDF fits, with

common as(M2) = 0.118 and m., mp = 1.4, 4.75GeV. — MSljl/;l'Iudeifault

@ Each group determines their own settings and datasets for their
global PDF fit contribution to combination. Several known,
explained differences — high x gluon, (fitted) charm, strangeness.

e Combine 300 replicas of CT18’, MSHT20, NNPDF3.1’ (aka
NNPDF3.1.1) to give baseline PDF4LHC21 set of 900 replicas.

CT18’ MSHT20 NNPDF3.1’

- CT18 global PDF set - Default, public MSHT20 | - Update of NNPDF3.1.

but with m¢, mp, changed | global PDF set. - Common m¢, my, set.

to common values. - Global PDF set, version
in between NNPDF3.1/4.0.

PDF4LHC21 input global PDF sets.
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Global Fits Comparison: PDF4LHC21 input replicas

11

== MSHT20reps

Q =100 GeV'
~ NNPDF3.reps

ol == CT18reps

“| —— PDF4LHC21-900reps

9/ 9iret)
/S vty

L L L L L L L L L L L o N
R T T S T T 107 100 107 w0 10! 07 10 107 10 10t

2 v z v

@ Good consistency at level of global fits, gluon in good agreement
across most of x range. Similar for singlet, u, El, Uy.

@ See expected differences in high x gluon, in strangeness and charm.
Some difference in dy related to strangeness difference.

o Consistent within indicative PDFALHC21 900 replica baseline
combination uncertainties across all flavours and all x.




, Global Fits Uncertamtv Comparlson PDF4LHC21 input repllcas

Q =100 GeV —— MSHT20reps
NNPDF3.1reps
_ 031 —— CcT18reps

PDF4LHC21-900reps
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@ Good general agreement with differences largely in extreme regions.

o Compare also with indicative PDF4LHC21 900 replica baseline
combination uncertainties = see expected behaviour.

o Central value is average of those of the 3 global fits input.
@ Central values agree closely = uncertainty is average of 3 groups:

@ Central values spread = uncertainty has component from spread.
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PDF4LHC21
Compression /Reduction
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Compression /Reduction:

@ Baseline PDF4LHC21 900 replica combined set is impractical =
wish to reduce its size for pheno applications, 2 methods:
» Monte Carlo (MC) Compression - Extract subset of 900 replicas
that reproduces statistical properties of baseline distribution.

» Hessian Reduction - Convert 900 replica set to a Hessian set
reproducing Gaussian features of baseline distribution.

e Examined and validated effects of compression/reduction on PDFs,
PDF properties (mean, variance, correlations, etc) and on
cross-sections to ensure faithful reproduction of baseline 900
replica distribution.

@ Output is the PDF4ALHC21 PDF sets for general usage:

» PDFALHC21 mc - Monte Carlo set with 100 replicas.
» PDFALHC21_40 - Hessian set with 40 eigenvectors.
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5. Compression

Comparison with baseline 900 set: PDFs

o Central values (upper 2 rows) and uncertainties (lower 2 rows):

Q=100Gev |

— rorarca1 buseine
= Forarcata
L0 . PDF4LHC21-mc 1 .
= a = <
12 " K
1 1
J» . . .r
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Compression

Comparison with baseline 900 set: o, do/dO

pp = Z — 0+ X

pp = H+X

PDFALHC21 me. -y PDF4LHC21 mc —_—
PDF4LHC21 40 —— PDF4LHC21 40 B
PDF4LHC21 —_— PDF4LHC21 —_—
950 975 1000 32 33 34
o [pb] o [ph]
pp = HW* — Hiy + X pp > tE+ X
PDFALHC21 me PDF4LHC21 mc et
PDF4LHC21 40 _— PDF4LHC21 40 —_—
PDF4LHC21 ——t PDFALHC21
0.064 0.066 0.068 0.070 880 900 920
o [pb] o [ph]
pp = W~ = £y + X pp = ZW* = (ll'vy + X
PDF4LHC21 mc [ — PDF4LHC21 e e
PDF4LHC21 40 —_— PDF4LHC21 40 e
PDF4LHC21 _— PDF4LHC21 et
1900 5000 5100 0.042 0.043 0.04
a [pb] Vs =14 TeV a [pb]

@ Very good agreement of baseline

900 replica set with MC 100

replica, Hessian 40 member sets.

pp =L 4+ X pp > H+ X
B S — f=—t
i [ m—
S m—e

» P — vormca W — T
) 0
oof = — S =
o3| 02
g i Ca— i [ T T
My [GV] mw
pp — HW - Hiy + X pp = 4 X
B — —
E—
_—
—_—— _
&
L — T T —TT — o e
o
© - |y | —
[EgRY) = —— R Y S— —
01 05
[T T TR
w

Pull [o]

= I (e + X

oo W i X

o1

Pull o]

02

W0 3 0 15 20 25

g "
Pr (G

N.B. Can have small differences for Hessian 40 set as positivity imposed at large x (backup).
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N.B. PDF4LHC21_mc set
does not have positivity.

Large x behaviour and positivity:
Limited constraints on global fits at (very) high x.

Ongoing discussion of PDF positivity - Forte et al 2108.10774, Collins et al 2111.01170.

NNPDF3.1 impose positivity on physical observables but not PDFs. CT has

e . . . N.B. NNPDF4.0 now impose
positivity through parameterisation, MSHT less so. positivity directly on high x PDFs.

Also converting Hessian set into replicas can give some negative PDF replicas.

Negative PDFs can cause issues with negative cross-sections, uncertainty
bands stretching to negative values and with combination Hessian errorbands.
@ PDF4LHC_40 set has positivity criterion applied to ensure positive central
PDFs at large x by stretching parameterisation. “No positivity” set available.

@ Results in small difference in central values for (very) large x PDFs and
cross-sections much smaller than errorbands - as seen on last slide.

sbar

Scaled s (+,100 GeV)

3
2
IO O T T T ||
0
4
PDFALHC21_prior
2

cre '
PDF4LHC2
o | o B e
_004L PORALHCIS 30 ., . 004 4LHC21_me
MNPDFY M5z o4 06 08 R R VR Ta—T o2 04 08 08
10° 10% 10° 107 01 02 05 07 08 09" .
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6. Phenomenology

PDF4LHC21 Phenomenology
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6. Phenomenology

PDF4LHC21 vs PDF4LHC15*: PDF Central Values

Ratio to PDFALHC21

Ratio to PDFALHC21

g at 100 Gev

u at 100 GeV

d at 100 GeV

115 115 115
E=3 PDF4LHC21 (68% c.l.) =3 PDF4LHC21 (68% c.|.) =21 PDF4LHC21 (68% c.l.)
110 [==1 PDFALHC15 (68% c.l.) 110 [ PDFALHCIS (68% c.l.) 110 m= POFaLHCIS (68% c.1)
105 Sios{ S1os
1oof 5 100 SN S100f -
0.0 2095 So9s
2 2
0.90 0.90 0.90
05 05 0.5
10 10 10 10 10° 10 10 10 10 10° 10 10 102 10 10°
cat 100 Gev s at 100 Gev d at 100 GeV.
115 115 115 .
== POFALHC21 (68% c.) = POFALHC21 (68% c.) = PDFALHC21 (68% c.1)
110 PDFALHCIS (68% c.I.) 1104 =1 PDFALHCIS (68% c.1.) 110 [ PDFALHCIS (68% c.l.)
105 Sios C1os
1.00 WEBESESEEEZI T 7 QAN 5 1.00 R 5 1.00
0.05 2005 VA VAV aPa VAV a P2 N 2095
2
0.90 0.90 0.90
05 05 0.5

10 10-2 10-2 10-2

10°

Consistentxfor all ﬂaVOU rs and x VéerS. *Note this is a comparison of the baseline 900 replica sets.

Remarkable agreement for u, d, d, i, and also for x < 0.1 gluon.

High x gluon differs due to new data, lowered but within errorbands.

Strange quark notably raised for x > 1073 due to ATLAS
high precision W, Z data in NNPDF3.1" and MSHT20.

e Charm raised at (very) high x due to NNPDF3.1" fitted charm.

PDF4LHC21

In PDF4LHC15 all groups
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6. Phenomenology

PDF4LHC21 vs PDF4ALHC15: PDF Uncertainties

g at 100 GeV u at 100 Gev d at 100 GeV
0.14{ — PDFaLHC21 014 —— PDFaLHC21 01af —— porathc21
PDFALHC1S PDFALHCLS PDFALHC15

S o012 S o012 So012
S S S
£ o010 £ o010 £ o010
£ 008 5 008 5 008
2 006 £ 0.0 2 o006
2 o0s 2 00s 2 00a

0.02 —~— 7 0.02 — 0.02 ——

o. o. o.

To- To- 1o~ 1o 1o o 1o 10~ 1o 1o o 1o 1o 1o 1o
c at 100 GeV s at 100 GeV d at 100 GeV
01af —— poratnc21 01af —— poraLHc21 0141 —— PDFaLHC21
PDFALHCLS PDF4LHC1S PDFALHCI5

S o012 S o012 S o012
2010 £ o010 £ o010
5 008 T — 5 008
2004 2 00s £ oo0a

0.02 —— 0.02 0.02 m———

o. — — — o. o

@ PDF errorbands similar, reduced in some places, raised in others.

@ Uncertainties reduced relative to PDF4ALHC15 where three input sets
agree as their individual uncertainties have reduced.

@ Uncertainties increase where disagreement between three input sets
have worsened, e.g. for strangeness or for charm at x > 1072,

@ Uncertainties more clearly reduced relative to PDF4LHC15 for PDF
luminosities and cross-sections (backup slides).
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7. Usage and PDF sets

PDFALHC21 Sets + Usage
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7. Usage and PDF sets

. _ .
PDFALHC21 PDF Sets oo on CHARDE i5e ad000.057p0 e /parasme/ T

LHAPDF6 grid name Pert. order n;“ax ErrorType Nmem ozs(m2 )
PDF4LHC21 NNLO 5 replicas 900 0.118
PDF4LHC21 _mc NNLO 5 replicas 100 0.118
PDF4LHC21_40 NNLO 5 symmhessian 40 0.118

mem 0:100 — 0.118
PDF4LHC21_mc_pdfas NNLO 5 replicas+as 102 mem 101 — 0.117

mem 102 — 0.119
mem 0:40 — 0.118

PDF4LHC21_40_pdfas NNLO 5 symmhessian+as 42 mem 41 — 0.117
mem 42 — 0.119
PDF4LHC21 mc_nf4 NNLO 4 replicas 100 0.118
PDF4LHC21_40 nf4 NNLO 4 symmhessian 40 0.118
mem 0:100 — 0.118
PDF4LHC21_mc_pdfas_nf4 NNLO 4 replicas+as 102 mem 101 — 0.117

mem 102 — 0.119
mem 0:40 — 0.118
PDF4LHC21_40_pdfas_nf4 NNLO 4 symmhessian+as 42 mem 41 — 0.117
mem 42 — 0.119

List of PDF4LHC21 output PDF sets available in LHAPDF format.
- Main two for usage will be PDFALHC21 40 and PDF4ALHC21 mc.
- «g variations also provided so can determine PDF+4ag uncertainty.
- No NLO/LO sets provided, very poor fits observed = NLO no longer
able to describe precision LHC data. — use individual sets for NLO/LO.



https://www.hep.ucl.ac.uk/pdf4lhc/pdf4lhc21grids.shtml

7. Usage and PDF sets

PDF4LHC21 _mc vs PDF4LHC21 _40:

@ Both main PDF4LHC21 sets - PDFALHC21 mc, PDF4ALHC21_40 reflect
central values and uncertainties of three input PDF sets.

@ Both carefully checked to ensure they reproduce excellently the
baseline 900 replica combination, nonetheless small differences exist:

PDF4LHC21 mc PDF4LHC21_40
» Monte Carlo set of 101 members » Hessian set of 41 members (40
(100 replicas + central value) symmetric eigenvectors + central value)
» Reproduces non-Gaussian features of » Reproduces Gaussian features of
combination as well as mean, combination - i.e. mean, variances,
variances, correlations, etc. correlations.
> Central value and replicas “n'"i‘t:dfec":;es » Positivity imposed, central value
may go negative at large x. ’ remains positive, although errorband
Note this occurred also in PDF4LHC15. may include negative values.

@ Non-Gaussian features more relevant in regions where there are
disagreements or lack of data, includes at high x.

@ Positivity may be useful in certain applications, e.g. event generation.

@ For each PDF4LHC21 40. .. set there is also a ‘nopos’ set.

N.B. See backup slides for more on positivity at large x.
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7. Usage and PDF sets

PDF4LHC21 Usage Recommendations

N.B. As well as PDF4LHC21
paper, please cite individual
groups' input PDF papers.

@ Guidance largely follows PDF4LHC15, examples not exhaustive:

Case

Recommendation

Rationale

Comparison
between data and
theory for SM

Individual sets
(and use several of

If measurements have potential to constrain PDFs then best to compare with
individual sets, particularly given high precision of some measurements. Same

casurements them) applies to extraction of precision (SM) parameters.
measuremen
s hes f Reduces computational burden and provides estimates of central val-
earches for o . . . .
BSM ues/uncertainties that agree with the 3 input PDF sets. May wish to consider
phenomena or Use extra individual PDF sets if particularly sensitive to PDFs or PDF uncertainties.

measurements of
SM observables

PDF4LHC21_40 or
PDF4LHC21_mc

Hessian set PDF4LHC21.40 - Advantage when speed is desirable as 40 mem-

bers, Positivity in x — 1 limit also may be beneficial for some applications.
Monte Carlo set PDF4LHC21.100 - Reproduces also non-Gaussian aspects of

of lower " - . .
. baseline 900 replica set, however can go negative at very large x. Non-Gaussian
precision - K . . -
features more likely in extrapolation regions so MC set may be beneficial here.
PDF4LHC21.40 )
. PDF4LHC21 combination includes information from all 3 input global fits and
Theoretical and R . . L .
. combines PDF uncertainty before theoretical calculation is done. Its uncertainty
Computations PDF4LHC21_mc X N .
can be used is moderately conservative and encloses the predictions of all 3 groups.

o Key point — PDF4LHC21 doesn't preclude use of individual PDF sets.

@ Also if large discrepancies are observed =- we advise exploring wider
range of individual PDF sets.
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8. Conclusions

Conclusions
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8. Conclusions

T Available at https://www.hep.ucl.ac.uk/pdf4lhc/,

S u m m ary and also on LHAPDF, IDs 93000-93700.

e PDF4LHC21 PDF sets now available for use by the community!.

@ Extensive PDF benchmarking as key first stage of combination.

@ Combined 300 replicas of CT18', MSHT20 and NNPDF3.1" global
NNLO PDF sets to form combination.

PDF4LHC21 combination is consistent with all three input PDF sets
and with PDF4LHC15.

o PDF4LHC21 uncertainties reflect both those of the 3 groups and
offsets in their central values where there are differences.

Formed compressed sets for general usage — PDFALHC21 mc,
PDFALHC21 40. Extensively checked and validated.

@ PDF4LHC21 has generally mildly reduced uncertainties relative to
PDF4LHC15, particularly clear for luminosities and cross-sections.
High x PDFs have differences in central values and uncertainties,
reflecting limited data + data, methodology, theoretical differences.
= May suggest using several different PDF sets and PDF4LHC21.
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9. Backup Slides
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Introduction - New Datasets (MSHT20)

Data set Points | NLO x*/Nys | NNLO x*/Nyis
DO W asymmetry 14 0.94 (2. 53) 0.86 (14.7)
LHCb W7 Z data at o - 17 1.34 (1.39) 0.85 (0.87)
high rapidity ——— LHCb 7+8 TeV W'+ Z 67 171 (2.35) 1.48 (1.55)
LHCb 8 TeV Z — ee 17 2.29 (2.89) 1.54 (1.78)
CMS 8 TeV W [9 22 1.05 (1.79) 0.58 (1.30)
| 5 CMS7TeVW+ec @ 10 0.82 (0.85) 0.86 (0.84)

—

CMS W+-c ATLAS 7 TeV jets R = 0.6 140 | 1.62(1.59) 1.59 (1.68)
TLAS 7 TeV W + Z [20] 61 5.00 (7.62) 1.91 (5.58)
CMS 7 TeV jets R = 0.7 - 158 1.27 (1.32) 1.11 (1.17)
Precision DY data ATLAS 8 TeV Z pr 104 | 226 (2.31) 1.81 (1.59)
CMS 8 TeV jets R = 0.7 [1 174 1.64 (1.73) 1.50 (1.59)
/_5ATLAS 8 TeV = I+ j sd [102] 25 1.56 (1.50) 1.02 (1.15)
= Flavour ATLAS 8 TeV £ — I+~ sd 5 0.94 (0.82) 0.68 (1.11)
ATLAS 8 TeV high-mass DY 48 1.79 (1.99) 1.18 (1.26)
Decom position ATLAS 8 TeV WHW ™+ jets 30 1.13 (1.13) 0.60 (0.57)
1S 8 TeV (dog/dpr.idy)/ow 15 2.19 (2.20) 1.50 (1.48)
ATLAS 8 TeV WHW~— 22 3.85 (13.9) 2.61 (5.25)
~ CMS 2.76 TeV jets 81 1.53 (1.59) 1.27 (1.39)
LHC Jet, ZpT, tt — CMS 8 TeV o/ dy, 0 | 143(1.02) | 147 (2.14)
data ATLAS 8 TeV double differential Z [ﬂl 59 2.67 (3.26) 1.45 (5.16)
Total, LHC data in MSHT20 1328 | 1.79 (2.18) 1.33 (1.77)
= ngh 3% gluon Total, non-LHC data in MSHT20 3035 1.13 (1.18) 1.10 (1.18)
Total, all data 4363 | 1.33 (1.48) 1.17 (1.36)

@ Lots of new information constraining PDFs.

Thomas Cridge
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Effect of new LHC data in MSHT?20

Q(NNLO) PDF ratio to MSHT20 at Q= 10% GV

4, (NNLO) POF rato to MSHT20 01 02 - 10 G2

e e —
MSHT20 NNLO a (m?) = 0.118 MSHT20 NNLO a, (m7?) = 0.118
140 MSHT20 NNLO a, (%) = 0118 no new LHG data 140 = MSHT20 NNLO a, (m;2) = 0118 10 new LHC data
120 | 120
2 ! o
2 1w} £ o
080 - 4 080
060 060 | |
Q2= 10000 GeV? Q? = 10000 GeV?
10° 104 08 102 107 10° 104 103 B 102 107
O e e e, 2000 Pa(NNLO)POFat@2-19GeV2
MMHT14 NNLO a, (m73 - 0.118 Q2210000 GeV2 T MVHT14 NNLO a, (mg?) - 0118
150 MSHT20 NNLO a, () =0.118 1780 MSHT20 NNLO a (m7?) = 0118
140 MSHT20 NNLO a, (m?) = 0.118 no new LHC data MSHT20 NNLO @ (m?) = 0.118 no new LHC data
1500 |
1250
1000 A
0750
0500 N
0250
7 0,000 Q2= 1.9 GeV2
050 AT RO R R E I .
10° 104 ¢ 102 107 10 104 w102 107!

Main effect on details of flavour, i.e. dy shape, increase in strange
quark for 0.001 < z < 0.3 and d,u details, though also partially from

parameterisation change. Decrease in hi
*MSHT20 2012.04684.

gh-z gluon.
Slide from R. Thorne
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Known Differences: Central Values and Uncertainties

o Several known, understood differences between 3 PDF sets - e.g.
strangeness, high x PDFs - charm, gluon, d/u, and elsewhere.

Strangeness ,
12f == MSHT20 == NNPDF4.0 ]

o In global PDF fits, largely driven by older dimuon _f — —
NuTeV DIS data and new precision LHC DY, :{
W + c less important currently. “ e

e Differences in approach/data:

@ Inclusion of ATLAS 7, 8 TeV W, Z data - raises ooz w0, w260
strangeness fraction, reduces uncertainty. vt
@ Different branching ratios BR(D — p) for NuTeV. "

B, (NNLO) PDF 1 O - 1.9 GeV? 5 + 5(NNLO) PDF ratio to MSHT20 at Q¢ = 10" GeV<
2250 [ ! ! MMHT14 NNLO a (m7?) = 0.118 ——— MSHT20 —— =
2000 - MGHT20 NNLO &, (g =0.118 —— | 120 MSHT20 reduced BR=0.092 (default) s 9
MSHTZ0 NLO &, (mg?) =018 n0 ATLAS 7T W,z —— vl ISHT50 raducad B0 066 =
1o | MSHTZ0 NNLO o, (mg?) - 0.116 o ATLAS 8ToV W2 —— | ooy rece B0 oas 2
MSHTZ0 NNLO a, (m) - .16 10 ATLAS TToViaTeV W2 —— o =0 s
1500 - 4 2
8" 10|

1.000
0750
0500

0250 B

Q2-19GeV2 | 2

T ATLAS 7 TeV W, Z

10 107 001002005 0.1 02 0507

0000 - ; |

10° 104 00 102 1071
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Known Differences: Central Values and Uncertainties

@ Several known, understood differences between 3 PDF sets - e.g.
strangeness, high x PDFs - charm, gluon, d/u, and elsewhere.

Strangeness asymmetry L
P (ll71>_ = NNPDF4.0
@ In global PDF fits, limited constraints on R P
strangeness asymmetry s~ = s — 5. F R -

o Different assumptions made and results seen. o Q=100Gev
@ MSHT20 and NNPDF3.1/4.0 allow non-zero z

_ 2 . 1 _ Non-zero Strangeness asymmetry -

s~ (x, @), but require [ s~dx = 0. favoured by NuTeV' dimuon data

= observe s~ # 0 outside uncertainties. and LHC DY data.

. N.B.s™ 0 d NNLO

@ CT18 fix strangeness asymmetry to 0. D et e e t
Bs (NNLO) PDF at OF = 1.9 GeV? \‘ 5-5(NNLO) PDF a1 O - 10! GeV2 :

T
MSHTZ0 defaut
2250 MSHT20 with s =5 ——=|

] CT18As (2204.07944)

examined s~ # 0.

MSHT20 Wit s =& —— |

s~ # 0 raises total
1 ¢—— strangeness as can
raise s without 5.

Q= 19Gev? el
2
108 104 0 102 107 x 1 o
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Known Differences: Central Values and Uncertainties

@ Several known, understood differences between 3 PDF sets - e.g.
strangeness, high x PDFs - charm, gluon, d/u, and elsewhere.
d/u f G at30 Gev

2007

Q = 100GeV £ NNPDFA.0 (68 C..+10) il
0.8] B T N

@ In global PDF fits, limited data on § Sl e S
x 2 0.5 satisfying Q?, W2 cuts. ; TR s ¢

o Constraints from: fixed target p,d, .| ]
Tevatron asymmetries, etc.

I === MSHT20 (new)
@ Former rely on nuclear corrections. '| ST = st
e Good agreement in d/u here. - . N
@ Recent data on high x sea quarks - omar | @=100GV  preiminary |

. : . sl 00 0. 0.4 06 08
STAR, Seaquest. NuSea tension? = = ©=. = p

o Different data/treatments of d/@i at high x in CT, MSHT, NNPDF.

@ High x at low Q? connected to lower x at high Q2 via evolution.
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Global Fits Luminosities Comparisons:

@ Compare global fits* at the level of the parton-parton luminosities:

qq luminosity

qd luminosity

Vs =14 TeV

g luminosity
Tev

125 125 125
#. MSHT20 (68 c.|.+10) #. MSHT20 (68 c.|.+10) #7 MSHT20 (68 c.l.+10)
120 CT18 (68 c.l.+10) 120 CT18 (68 c.l.+10) 120 %! CT18 (68 c.l.+10)
115 s NNPDF3.1 (68 c.l.+10) 115{) #5, NNPDF3.1 (68 c.l+10) 115 =, NNPDF3.1 (68 . +10)
£ 110 £l i
110 Er10f g
g g
3108 S108
£ 1,004+ 21004
g . g —
0954 0954
090 090
085 0.
10 10% 10° 1 02 10° 107 10°
my (GeV) my (GeV) my (Gev)
qq luminosity uncertainty qd luminosity uncertainty 9g luminosity uncertainty
Vs =14Tev Vs=14Tev Vs =14Tev
.08 0.08
| MsHT20 \ WSHT20 MsHT20
0079} cng o079} cTis cTg
Eoosy | Foosq |
2 00 Zo0a{ \
2003 L 2003
e \ & N\
0.02 X 0.02 N\
001 ; — = 001 ~X— —
X o
10* 100 10t

100
my (Gev)

100
my (Gev)

10
my (Gev)

@ Very good agreement for all mx for qq, qq, gg luminosities.

o Exception is CT18 slightly lower for qq for mx 2,

100GeV'.

Plots from E.
Nocera

@ Differences in uncertainties reflect differences in methodology and

data used.
*Global fits have slight modifications in input sets of CT and NNPDF to PDF4LHC21.
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Reduced Fits: CT18 reduced fit vs CT18A global fit

T T - 110 T T

: T T
: T18A global fi | Q =100 GeV
“[1== cT18 reduced ,',' 108

y

L L
1072 1074 10°* 1072 107! 1077 1074 10-% 1072 107!
xT xT

o Good compatibility with change in high x gluon shape and some
increase in u. Some changes in flavour decomposition.

@ Some increase in nominal PDF uncertainties, particularly at low x.
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Reduced Fits: NNPDF reduced fit vs NNPDF3.1 global

| Q = 100 GeV

T e 110
i
'
'
'

L L
1072 1074 10°* 1072 107!

L
1077 1074 10-% 1072 107!
xT

e Good compatibility, changes in strangeness (see later) and change
in large x gluon (removal of top data, addition of CMS 8 TeV jet).

@ Generally slightly increased uncertainties, particularly at low x.



9. Backup Slides

Reduced Fits: MSHT reduced flt VS MSHT2O global fit

110

Z:/Z(r('l)

I I L I I I
1077 1074 10°* 1072 107! 1077 104 107% 1072 107!

e Good compatibility,zchanges in strangeness (rgmoval of 8 TeV
ATLAS W, Z data), flavour decomposition and large x gluon.

@ Marked increase in uncertainties of reduced fit, particularly outside
of regions where there are data.
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Reduced F|ts PDF Comparlson

T T 0101 J T T T
— NeHTaored N Q=100GeV ] — VsHT20red ] L) Q=100GeV
— NNPDF:Hved T - - NNPDF3.1red f oasd
CT18red : 1 o015 -~ CTigred 14 !
: ‘ T N | >0 1 1a
- = ' = S & o (

005\

a/alel)

PR S |

L L L L L L L .
L T T TS T T T TE T o=

L L L L WS T =S fl
F R T T T L T R T T

o Very good agreement within uncertainties, including gluon.

@ Similar size uncertainties in data regions, differences outside this,
parallel study into differences in uncertainty bands ongoing.

@ Agreement much improved relative to global PDFs.
@ Same data and theory settings — consistent PDFs. Smaller

remaining differences, e.g. in errors, reflect methodological choices.
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Reduced F|ts Lum|n05|ty comparlson

V5 = U Tey
i

° Verym‘g{g:;d agreement |n (T\L\l]minosities, gg]”;;})ees across whgl\em‘(\))f my.

o Differences in uncertainties, particularly at low masses and in gg.

@ Same data and theory settings — consistent PDFs. Reduced fits well
understood, benchmarking successful!

@ Benchmarking with reduced fits has shown valid differences between
PDFs from data, theory, methodology = should enter combination.
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PDF4LHC15 in Predictions Datasets x> Comparison
o First make predictions with PDF4LHC15 PDFs, identifies any
differences in theory/data between groups with fixed PDFs.

ID Expt. Nt X%/Npt (CT)  x?/Npt (MSHT)  x2/Np¢ (NNPDF)
101 BCDMS FY 320/163T T /325T 135 12 151
102 BCDMS F¢ 246/1511 T /2441 0.97 127 124
104 NmC Fg /P 118/117% 0.92 0.93 0.94
1244125 NuTeV vpp + opp 38+33 075 073 0.84
160 HERAIII 1120 127 1.24 1.74
203 E866 7 g/ (20pp) 15 045 0.54 0.59
2454250  LHCb 7TeV & 8TeV W,Z 29430 15 134 1.76
246 LHCb 8TeV Z — ee 17 135 1.65 125
248 ATLAS 7TeV W,Z(2016) 34 6.71 7.46 6.51
260 DO Z rapidity 28 0.61 0.58 0.61
267 CMS 7TeV electron Ay, 11 0.45 0.5 0.73
269 ATLAS 7TeV W,Z(2011) 30 121 123 131
545 CMS 8TeV incl. jet 185/1741 T 153 1.89 178
Total Nt — 2263 7991 2256
Total X2/ Npt — 131 136 162

PDF4LHC21 reduced fit dataset x2/Np¢ with PDFALHC15 PDF inputs, i.e. before fitting, TTMSHT TNNPDF.

e Similar overall quality of fit for MSHT and CT in x2/N, NNPDF
significantly larger x2/N.

@ Differences in some datasets:

» Difference in NNPDF HERA 2 - flavour scheme, disappears in fit.
Table from T. Hobbs
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D Expt. pts Npts ( §/Npt5 (MSHT)  x2/Npts (NNPDF)
101 BCDMS F; 329/1637 T /3257 1. 06 1.00 121
102 BCDMS FY 246/1511 T /2441 1.06 0.88 1.10
104 NMC Fd/Fp 118/1177 0.93 0.93 0.90
1244125 NuTeV vpup + opp 38433 0.79 0.83 122
160 HERAI+HI 1120 123 1.20 122
203 E866 0 /(20 pp) 15 1.24 0.80 043
2454250  LHCb 7TeV & 8TeV W,Z 29430 115 117 1.44
246 LHCb 8TeV Z — ee 17 135 1.43 157
248 ATLAS 7TeV W,Z(2016) 34 1.96 1.79 233
260 DO Z rapidity 28 0.56 0.58 0.62
267 CMS 7TeV electron Ay, 11 1.47 1.52 0.76
269 ATLAS 7TeV W,Z(2011) 30 1.03 0.93 1.01
545 CMS 8TeV incl. jet 185/1741 1 1.03 1.39 1.30
Total Npts — 2263 1991 2256
Total xZ/ Npts — 1.14 1.15 1.20

PDFA4LHC21 reduced fit dataset x2/Npts after fitting, TTMSHT TNNPDF.
o Similar overall quality of fit in x2/N. Table from T. Hobbs
e Differences remaining in some datasets (as expected), investigated
in benchmarking (backup slides) = reflect theory settings and
methodological choices.
@ Differences remaining in some datasets:

» NuTeV agreement improved but difference remains, seen in s + 5.
» Some differences in NNPDF fit quality to small datasets.
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Flavour Decomposition - Strangeness and NuTeV
@ One of the main differences between the first reduced sets was in

the flavour decomposition and strangeness.
@ NuTeV dimuon data key driver of this, complicated dataset:
» Requires knowledge of charm hadron — muon branchlng ratio (BR)
» Non-isoscalar nature of target.
> Prefers non-zero strangeness asymmetry.
» Acceptance corrections required.

e BR(c — p) anti-correlated with 0O POF ot IO 0
strangeness, 3 groups have different I "" z(’:
values: glli\r /\

» NNPDF 0.087 + 0.005 =\
» MSHT 0.092 + 0.01 variable. ot

» CT 0.099, normalisation uncertainty.
@ Choose same BR fixed at 0.092 = better strangeness agreement,
largely within uncertainties between all 3 groups.
@ Also aids reduction in flavour decomposition differences.
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Strangeness in Reduced Fits

@ Reduced Fits offer an environment to verify and benchmark the
behaviour seen by different groups against one another.

o E.g. Strangeness constraints in reduced fits - pulls of different
experiments observed via L; sensitivity as consistent between CT
and MSHT reduced fits.

PDFALHC21 benchmarking: 2203.05506, App. D

MSHT20 reduced NNLO CT18 reduced NNLO
s(x, 100 GeV) s(x 100 GeV)

(common tolerance, theory choices)

(L sensiviy)

o oae0

I ot 001002605 61 02 0507 e Y

Figures from Tim Hobbs.
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High x gluon

@ High x gluon of interest to both reduced and global fits.

@ 3 main datasets play a role o MO EmENSTOYC 0000,
here - jet data, top data, o
Zpt data, different pulls: 105 T4 o

@ Not straightforward to fit A
some of them:
» Difficulties fitting all bins.
» Possible tensions.
» Issue of correlated P t0000Gev?

090 L il

systematics. 108 104 103 102 107
X

1.00

ratio

@ Global fit is a balance between these different pulls.

e MSHT, CT, NNPDF observe differences in the relative importance
of these datasets and the quality of their individual fits
- does the same hold in reduced fits and can we understand this
better in this context?
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High x gluon - Jet tensions

@ Not only tensions between different dataset types at high x, also
tensions within dataset types, e.g. between different jet
measurements.

@ ATLAS 7 TeV jets pulls gluon down at high x, whereas CMS jets
(mainly 8 TeV) pull gluon up.

o Global fit is a balance between these different pulls and those of
Zpr, tt datasets here.

g (NNLO) PDF ratio to MSHT20 at Q2 = 10* GeV?
! MSL]TZU default
1,050 = MSHT20 no ATLAS jets il
MSHT20 no CMS jets
MSHT20 no 7TeV jets
1.025 |- MSHT20 no LHC jets

ratio

1.000 == ——

0975

0.950 Q2 = 10000 GeV? t
PR | PR | ol sl "

10 104 103 « 102 107!

t MSHT20, TC, S. Bailey, L. Harland-Lang, A. Martin, R. Thorne 2012.04684
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ATLAS 8 TeV multi-differential tt lepton—+jets

o Comes differential in 4 variables with correlations - my, yi, yit, ptT.

e MSHT*, CTT difficulties fitting all 4 distributions simultaneously.

e MSHT, CT, ATLAS™ cannot get good fit to y; or y: individually.

o NNPDF3.0 however able to fit all 4 distributions well individually?.
Benchmarking:

@ Adding to reduced fit, what happens? Before Fitting
D .
Distribution/N p;r/B yt/5 yit /5 mee /7 Total All groups x° in agreement, same pat-
- tern - poor x“ for rapidity data.
MSHT PDF4LHC15 in 3.0 10.6 17.6 43 355
. Y
NNPDF PDF4LHC15 in 3.4 9.5 16.2 4.1 &2 et
After Fitting (Uncorrelated)
CT PDF4LHC15 in &l 10.1 153 4.2 32.7 _ n —
- MSHT and CT see poor fits to rapidi-
MSHT fit uncorrelated 38 8.4 125 6.4 312 ties ye, vt but NNPDF see good fits
CT fit uncorrelated 3.4 12.9 17.3 6.1 39.7 to rapidities, as in global fits.
NNPDF fit uncorrelated 7.2 3.9 5.1 25 18.7
MSHT fit correlated - - - - 1306 After Fitting (Correlated)
NNPDF fit correlated - - - - 122.7 MSHT and NNPDF both see very poor
MSHT fit decorrelated N _ ~ ~ 35.3 fit to all 4 dls’(nhu'rmns' with correla-
tions, as in global fits.

@ Same behaviour as in global fits after fitting....

* S. Bailey & L.Harland-Lang 1909.10541. + Kadir et al 2003.13740.
T Czakon et al 1611.08609. ~ ATL-PHYS-PUB-2018-017.
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Benchmarking ATLAS 8 TeV tt lepton+jets

@ How can we explain these differences in global and reduced fits?

o Global fits have different fit environments - different weights and
other datasets included, tensions may affect fit quality for this
dataset:

» NNPDF3.0 had little jet data - perhaps tensions cause issues in y;,
¥tt- NNPDF4.0 sees similar behaviour to other groups.

» NNPDF reduced fit up-weights this dataset by putting all data in
training (as small dataset) - perhaps up-weighting causes difference.

@ Investigate weights and tensions in reduced fit environment:

Dataset MSHT reduced NNPDF reduced MSHT reduced MSHT reduced MSHT reduced MSHT reduced (CMS8;,
(N) (default CMS8j) (default CMS8j) (CMS7j) (ATT)) (no jets) double weight t)
XZ/N 1.15 1.20 111 1.17 112 1.15
pl (8) 38 7.2 4.0 4.6 15 12
vt (5) 8.4 43 6.4 55 5.2 5.8
yet (5) 12,5 5.7 7.2 5.2 6.6 7.4
myt (7) 6.4 2.4 6.4 6.4 7.4 6.5
tt total 31.2 19.6 24.0 21.6 23.8 23.9

@ Weights and tensions with other datasets notably affect fit quality,
removing these differences = similar behaviour can be observed.
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Global Fits Specific Comparisons: PDF4LHC21 input replicas
@ Central value is average of those of the 3 global fits input.

@ Central values agree closely = uncertainty is average of 3 groups:
= il 900 combmed reps
300 MSHT2(

180 900 combined replicas 180 0 reps
300 MSHT20 replicas 300 NNPDF3.1 reps
160 300 NNPDF3.1 replicas 160 300 CT18 reps
- 300 CT18 replicas e
Z 120 Q=100 GeV 120 Q=100 GeV
§ o 00
g

o 24 126 128 _ 130 132 134 136 138 140 780 790 800 a0 820 830 840
2(0.001,100GeV) 9(0.01,100GeV)

@ Central values spread = uncertainty has component from spread.

200

180 900 combrned reps 180 900 combined reps
300 MSHT20 reps 300 MSHT20 reps
160 300 NNPDF3.1 reps 160, 300 NNPDF3.1 reps
300 CT18 reps. 300 CT18 reps
140 140
Z 120 Q=100 Gev 120
e
S 100 100
z
2

40 40

20 20
——_ s BN 01 L —
i 045 050 055 080 055 070 075 © 4010° 60707 6007 10M0% 12102 14107 16107 18107 200107

$+5(0.02,100GeV) +&(0.3,100)

o Combination has expected properties in central values and errors.
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Replica generation:
@ The PDF4LHC21 baseline combination is a set of 900 replicas,
constituted of 300 replicas from CT18', MSHT20 and NNPDF3.1".

o CT18" and MSHT20 must therefore be transformed into Monte
Carlo representations to generate their 300 replicas.

@ Existing methods already available - basic idea is to sample
probability distribution described by the eigenvectors randomly
whilst preserving the central value as the average of the replicas.

e Watt-Thorne Method (MSHT20):

Neig
1 _
- B o) o e

j=1

@ CT (Hou et al) Method (CT18'):

Neig <x (sf+)) _x (sf—)) o X (sl_(+>) X (sf—)) — 2X (So) (R k))2> A
i i N

x5 = x(S0) + E +

2 2
i=1
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Monte Carlo Compression:

@ 100 replicas determined to be optimal number to recover
properties of full 900 replica distribution.

o Left: PDFs for 50, 100, 150 replicas. Right: Replica distribution
100 replicas vs full 900. Cross-secs and correlations in backup.

gg luminosity qq luminosity o
Vs=14TeV Vs=14TeV

ForwsCa
115 115 W m ocom
[Z7) PDFALHC21(68% c.l.) [Z7) PDF4LHC21 (68% c.l.)
110 £ CMC150 (68% cl) || 110 9 CMC150 (68% c.l.)
o = CHC100 (68% c1) o = CHC100 (68% c.1)
%105 N I CMC50 lﬁ?%(\) g 1.05 (I CMC50 (68% c.l.)
5100 = — 51000 — .
2 — o H o B t
2095 X 2095 £
& R £ S0
090 L 0.0 ‘ l ‘
o A | [] C L | 7
10" 107 100 10! 107 10° 9010 011 012 013 004 015 016 009 0.10 [ 013 0l 015
my (GeV) my (GeV) d-d{0.00977, 100) (0.1, 100)
g luminosity d luminosit 02 020
e Tey uglumivosly L “ e
115 15 . : f=r
=3 POFALHCL (66% c.) 23 POFALHC21 (68% cl)
1,104 B CMC150 (68% c.L) 110 £ CMC150 (68% c.l)
4 | = cvcoo st 4 1 CMC100 (68% c.1)
8105 ) e cvicso vl 8o 5 CHCS0 (66% c1)
i - H Seraren =
Sroofpm—————— 5100 o2V N S A
e - o e — Fr |
Sossi “ 2095 -
H A 2
os0 00 ‘ ‘ |
085 1 s il NSS! , [
) T s 3 s e ) w283 w0 0 om0k am m onoun om 0w
my (GeV) my (GeV) g(0.00977, 100) 9(0.2006, 100)
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Hessian Reduction:

e META-PDF approach (MP4LHC package) used. Parameterises
replicas with common form then produces Hessian matrix of this
and removes least constrained eigenvectors.

@ Nz = 40 observed to be optimal balance of reducing number of
members and representing PDF baseline distribution with
comparable accuracy to PDF4LHC21 mc.

pp = Z = 00+ X ) ) )
Difference of correlation cosine

ME2H 100 : META40-PDF4LHC21 900 MC,Q= 2. GeV
ME2H50 s 1 -0.10 -0.08 o 0.05 0.10
MC2H 10 _— i -

META 40 —_— <
PDFILHC21 . i
e T — s(x)
o [pb]
op — H + X

MC2H 100 »“—1 u(x)
MC2H 50
MC2H_40] d(x)
META 40

PDFALHC21 —_— o a(x)
32 33 34

o [pb] _
pp — HW* — Hiv, + X ax)

MC2H_100
MC2H 50 —_— T(x)

MC2H 40 —_—

META 40) —_— (%)
PDF4LHC21 | e——
0.066 0.063 0070 () ) dx 9 dx) ux) s(x)

o [pb]
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Large x behaviour:

@ PDF4LHC21 combination set can have a fraction of replicas at
large x that become slightly negative for g, u, d,s, i, d, 5.

@ g and u central value is < 0 at large x for @ = 100GeV.

@ Results from NNPDF imposing positivity on physical observables
but not PDFs.

° AIso converting Hessmn set into repllcas can glve some -ve repllcas

PDF()

PDF()

PDF()

sbar

dbar ubar

0.02

0.00

-0.02

FOFaLHC21 0

FDFaLHC21 40 POFaLHC21 40
o1
r

_0.04 b PREALIGET i —0.04 L PDFALHCET me FREALIG
oz 04 o6 o8 o3 04 o6 > o CX3 o8
x x x
luon u a
0.04 9 0.04
0.02
o.
~0.02 X X
POFaLHC21 40 POFALHC21 40 POFALHCET 40
_0.04 L PDFALHCET m _0.04L_PRFALHCE _o.04lPDFALHCAT
oz 04 X3 o8 oz o4 CX3 o8
x
0.04
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Large x behaviour:

@ Same occurred in PDF4LHC15.

@ As well as issues with negative PDFs in some applications, it can
cause Hessian errorband to be reduced.

o PDF4LHC21 40 set has positivity criterion applied to ensure
positive central PDFs at large x by stretching parameterisation.

@ Results in small difference in central values for (very) large x PDFs
and sensitive cross-sections (e.g. sensitive to high x gluon), much

smaller than errorbands.
sbar
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2 ®
g [T
L 000 g 000 — e
o o
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_ _ PDF4LHC15 30 | . _0.04_PDF4LHC21 mc._, ‘
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Large x behaviour:

@ Small differences in central

values for (very) large x PDFs

and sensitive cross-sections.

Resulting differences much
smaller than errorbands.

No positivity imposed in MC
100 replica set.

Extra Hessian set without
positivity is also provided
PDF4LHC21_40_nopos.
Errorband can still extent to
negative values (as in MC
case), in this case truncate at
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Negative cross-sections:

@ As PDFs can go slightly negative at large x, one can obtain
negative cross-sections in a few extreme cases.

@ For MC replica set individual replicas can give -ve cross-sections.

o For Hessian reduced set (with default positivity) then central value
is necessarily positive and gives positive cross-sections but
uncertainty may stretch to negative values.

@ In these cases simply truncate the lower uncertainty at 0.

@ Extra Hessian set without positivity is also provided
PDF4LHC21_40_nopos.

@ Example case is High mass Drell-Yan:

4TV < My <

a6
oMy b/GeV)]
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PDF4LHC21 vs PDF4LHC15: PDF Luminosities

aq luminosity
4Tev

gg luminosity

ad luminosity
4T

125 125 125
= PDFALHC21 (68% c.l.) = PDFALHC21 (68% c.l.) =) PDFALHC21 (68% c.l.)
120 (5 PDFALHC1S (68% c.l.) 120 (9 PDFALHC15 (68% c.l.) 120 (9 PDFALHC15 (68% c.l.)
o 1as s m1as
110 3110 Z 110
S 105 5105 S1os{
L e == _ IR O R 2 100 2SR R A e A
2o9s{ 2 o095{ 2o9s{
0.90 0.90 0.90
0.85 0.85 085
100 107 10 100 107 10 100 107 10
mx (Gev) mx (Gev) mx (Gev)
qq luminosity uncertainty gg luminosity uncertainty ad luminosity uncertainty
VS =14 Tev Vs =14 Tev VS =14 Tev
0.08 0.08 0.08
PDFALHC21
0.07 PDFALHC15 o0.07 007
= 0.06 =4 0.06 =4 0.06
g g g
S o005 I o005 o005
g 0.0a £ 0.0a £ 0.0a
£ o003 2003 2003
2 002 __~ 2002 2002
- PDFALHC21 PDFALHC21
0.01 0.01 0.01
PDFALHC1S PDFALHC1S
o. o. o
100 107 00 100 100 100 107 100

mx (Gev)

Central values agree,

qg luminosity shows greatest change, PDF4LHC21 over(under-)shoots

mx (Gev)

mx (Gev)

PDF4LHC15 central value always in errorband.
qq luminosity particularly stable, as are gg and gq for mx < 1 TeV.

PDF4LHC15 for mx ~ 100 GeV(mx 2 1 TeV).

Uncertainties reduced relative to PDF4LHC15, gg luminosity now
systematically more precise over all mx.
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@ Shows 1o error ellipses for pairs of inclusive cross-sections.

@ In all cases error ellipses of PDFALHC21 and PDF4LHC15 overlap
with central value of latter (almost) within ellipse of former.

@ Error ellipses of PDFALHC21 systematically reduced in size cf
PDF4LHC15 = more precise for LHC cross-sections.

@ Also demonstrates correlations of processes.
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PDF4LHC21 and NNPDF4.0:

o NNPDF4.0 appeared relatively late in the PDF4LHC21
benchmarking/combination effort, therefore now included.

o Instead NNPDF3.1" (aka NNPDF3.1.1) is included which is
intermediate between NNPDF3.1 and NNPDF4.0.

o Comparison of NNPDF3.1', NNPDF4.0 and PDF4ALHC21 PDFs:
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Deuteron and Nuclear Corrections in MSHT?20
@ Several older DIS datasets use deuteron or heavy nuclear targets.
@ Deuteron data required to fully separate u, d at moderate-large x.

@ Heavy nuclear data, via C.C. scattering, required for more
constraints on flavour decomposition and strange (dimuon data).

@ Deuteron correction is 4-parameter prefactor to usual average of p

and n:
Fl(z,Q% = c(x) [F”(JJ, Q%) + F(x, Qz)} /2,
c(z) = (1+0.01N) [1+0.0Lc;In*(z,/z)], z < @,
c(z) = (140.01N) [140.0lcoln’(z/z,) + 0.01esin™ (z/z,)], = > zp,
@ Nuclear correction is prefactor*: *de Florian et al arXiv:1112.6324.

fA(ZaQZ) = Rf(I,QZ,A) f(QO2)
@ This is multiplied by a 3-parameter modification function to allow
penalty-free change in shape and/or normalisation.

@ Both deuteron and nuclear corrections prefer modifications of 1%.
More details on all of this in MMHT14 1412.3989, MSHT20 2012.04684.
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