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1. MSHT PDF Overview

MSHT20 PDF Overview

o MSHT20 - New PDF set from MSHT group for precision LHC era
(2012.04684). More data, extended methodology, improved theory.

o Global fit = 61 different datasets, = 4500 datapoints - 10 Structure
Func., 6 neutrinos, 2 fixed target DY, 8 HERA, 8 Tevatron, 27 LHC.

@ Many developments since, only relevant ones shown: lphas.2022 workshop

@ Extraction of as(M2) at NLO and NNLO: 2106.10289. " Stowmass

@ Approximate N3LO (aN3LO) PDFs with theoretical uncertainties:
2207.04739. T word it

s ( )

aphas | @ Top mass determination in MSHT at NNLO: 2306.14885. - as-m; corelation

2022
workshop!| @) Impact of Jet, Dijet and Z p7 data at up to aN3LO in MSHT:

2312.12505. T Added new data
H H 2 Upcoming!
| @ Determination of as(Mz) at up to aN3LO. ———— =0 0 o

- Also QED PDFs, PDF experiment sensitivities, EIC study, PDF4LHC21, etc.
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1. MSHT PDF Overview

MSHT20 PDF as(M2) Overview
e MSHT20 NNLO ag(M3) extraction went

into Snowmass report (2203.08271) following ==z _i-
alphaS-2022 workshop. oot TH

@ Also in most recent PDG 2023 update o f o

as(M2) combination (2312.14015): 3
o as(M3) sensitivity in PDF fit comes from: : %
» Direct as(M2) dependence in coefficient i i
functions. ety s
Fa.@) = Y [Clan(@) @ £QY)] @) S

i s hadron

Clag) = ag[Co + asCy + a%Cg + a%C;; +..] e | : Soliger
» Indirect (M%) dependence through PDF e FoE o
evolution. FESNNN
g (2) (qu n,qu) (2 ) = st ot o

= = ® =P®
dinpg — dingg \ g Po Py g ! PDG 2023 Update - 2312.14015.

P(r,a,) = a,PO(x) + a’ PV (2) + > PO (z) + ! PP (z) + ...
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1. MSHT PDF Overview

MSHT20 Approximate N3LO PDF Overview

@ As experiments become more precise, need to improve accuracy
and precison of theoretical predictions.
@ In particular as PDFs become more precise we need:

@ Move to higher orders (N3LO) in QCD.
@ Inclusion of theoretical uncertainties.
=- we can address both in one go! = MSHT20aN3LO PDFs.

@ ldea is to include known N3LO effects already into PDFs and to
parameterise remaining unknown pieces via nuisance parameters.

@ Variation of these remaining unknown N3LO MSHT208NL0, 0 10 o’
pieces then provides a theoretical uncertainty .
within an approximate N3LO fit (aN3LO). 5

e Vary actual unknown higher order pieces to
get MHOU uncertainty, rather than rely on

scale variations as a proxy for this.
More information J. McGowan, T.C., L.A. Harland-Lang, R.S. Thorne: 2207.04739
Thomas Cridge DESY MSHT Qs(M%) determination




1. MSHT PDF Overview

What do we already know for N3LO PDFs?

@ Full N3LO PDFs need all N3LO pieces for both PDFs and included
cross-sections to be known, not yet possible as some pieces missing.
e Still, a lot of information is known already (schematic summary):

d
Theory Utility Or 'er What's known?
required
Mellin moments, leading small-x
1. Splitting functions P(z)(x) PDF evolution 4-loop behaviour, plus some leading large-x in
al
places. Plus new FHMYV results.
L R Transitions between Mellin moments, leading small-x
2. Transition matrix elements R . . .
A 3 x) number of flavours in 3-loop behaviour, plus some leading large-x in
ab,H PDFs at mass thresholds places. Plus new Ablinger et al.
Some approximations to FFNS (low
Combine with PDFs and Q%) coefficiemf functions at ag (with
3. DIS Coefficient functions Transition Matrix Elements exact LL pieces at low x, NLL
’ VF,( N3LO unknown), ZM-VFNS (high Q%) N3LO
(NCDIS) C/, to form Structure .. .
H,a Functions (NC DIS) coefficient functions known exactly.
Therefore GM-VFNS not completely
known.
4. Hadronic Coefficients Determine cross-sections N3LO Very little (none in usable form for
(K-factors) at N3LO PDFs)

@ Knowledge of lower orders can guide us for remaining unknown pieces.

Thomas Cridge DESY
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determination
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2. MSHT ag Depedence

MSHT ag Depedence

More information in articles:
T.C., L.A. Harland-Lang, A.D. Martin, R.S. Thorne: 2106.10289, Eur.Phys.J.C 81 (2021) 8, 744.
T.C., L.A. Harland-Lang, R.S. Thorne: Upcoming!
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2. MSHT ag Depedence

MSHT as dependence - NLO and NNLO  (previous)

o Default PDFs provided at standard fixed value of a.s(M32) = 0.118.
o Can also allow a5 to be a free parameter in the fit.

@ Global fit nature of PDFs =- can provide a precise, accurate

determination of asg.
o Individual datasets have different dependences on as, but robust
determination utilising all datasets. s, NNLO (M3) < s NLO (M)

as NNLO corrections +ve, so

@ The best fit values were found to be: fitting same data = lower as.

— X
agNLo(Mz) = 0.1203 A% WnLo(MZ) = 0.1174

7000 T

7500 T T

NNLO

'NLO

best it a (mg?) = 01174,
X2 = 5119.5 for 4363 points.

Nice Quadratic
X2 profile
v
Note we provide the
e+ sz changes with ag

best fit @ (mz?) = 0.1203,
X2 = 5772.9 for 4363 points

7000 - 6500

Shown at
alphas-2022
workshop and
in Snowmass

X2 6500 - X2 6000

5500
=> can use this info!

Loy

8500 R R [y S
0.105 0.110 0.115 0.120 0.125 0.130 0.135 0.105 0.110 0.115
as(Mz?)

More information in article: TC et al, 2106.10289, Eur.P

0.120 0.125 0.130 0.135
[

hys.J.C 81 (2021) 8, 744.
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2. MSHT ag Depedence

MSHT20 as dependence - NLO and NNLO (new)

Preliminary!

o New MSHT20 NNLO as(M2) determination - added data
(ATLAS 8 TeV jets), updated theory.

( agfeNVLO(Mg) = 0.1203 agngLo(Mg) =0.1171

7500 e
[ 5900

best it o (mz?) = 0.1171

total X2+

best fit ag (mz?) = 0.1203,
X2 = 5772.9 for 4363 points

X2 = 5525.6 for 4534 points

7000 — 5800 fit Nice Quadratic

2 .
rofile
Y2 6500 New X~ p
r Y2 5700 v
6000 - w00 Noge we provide the
t NLO i NNLO Ax* changes with ag
5500 (i PR R R B i i ; ‘ => can use this info!
0105 0110 0115 0120 0125 0130 0435 00 e o1e o118 0120 oo

(M) (M)
@ Very close to previous NNLO result of 0.1174, consistent well
within uncertainties. Also consistent with World Average.
T.C., L.A. Harland-Lang, R.S. Thorne (upcoming).
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2. MSHT ag Depedence

MSHT20 a5 dependence - NNLO and aN3LO (first evert)

e First PDF ag(M2) determination at aN3LO. Preliminary!
@ Consistent with NNLO determination within uncertainties.

@ Good perturbative convergence of as determination.

ag(,el‘(IVNLO(M%) =0.1171 ag?aWNZSLO(M%) =0.1170

5900 5600

best fit ag (mz?) = 0.1170,
X2 = 5313.1 for 4534 points.

New

best fit ag (mz2) = 0.1171,

total 2 +
fit

total X2+
X2 = 5525.6 for 4534 points
5800 fit

New 5500

Nice Quadratic
X2 profile
v

X2 5700

5400 -
5600

NNLO “aN3LO

. . L L 5300
0.112 0.114 0.116 0.118 0.120 0122 0.112 0.114 0.116
o(Mz?) a,

0.118 0.120 0.122
(M)

o Approximate N3LO as whilst splitting functions, DIS coefficient
functions, heavy quark transition matrix elements are largely

known (latter - see talk by J. Blimlein), N3LO xsecs still unknown.
T.C., L.A. Harland-Lang, R.S. Thorne (upcoming).
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2. MSHT ag Depedence

MSHT20 dataset as dependence - Fixed Target
o Perform fits for range 0.112 < as(M2%) < 0.122 in steps of 0.001,
and examine individual dataset aus dependence via fit quality.

. A
NMC deuteron ] Preliminary!

50 BCDMS proton

Consistent with ag pulls
seen in previous studies,
and between orders.

BCDMSp prefers “f NNLO

lower g to slow 4e* |
fall of structure aN3LO
function with Q“.

aN3LoY  +
NNLO x?

asLOX + sl Deuteron datasets often
NNLO X2+
4r prefer larger acs.
0 - - [
omz | om4  o1e oy o1 orz omz  oms  ome  oyw o0 | onz
asMz%) asMz)

20

. I .
SLAC proton . | SLAC deuteron
[

SLACp prefers :z ol SLACd prefers higher
lower acg, more 1l 1t as, unlike SLACp.
so at NNLO. 12

840 ¢y,

Perhaps evidence of
02 dependence of

aN3Lo x2

NNLO x2
EIC may further

. 2 deuterium corrections?
improve these 2} anNaLox?
b d . . NNLOX2  + I

ounds. 0.112 0.114 0.116 0118 0.120 0.122 0.112 0.114 0.116 0118 0.120 0.122

o Fixed target (e.g.‘l fI‘BCDMS, NMC, SLACQ) 'lhﬁigh X experiments are
dominated by non-singlet = cleaner means of evaluating ag.

@ HERA has more limited as sensitivity (not shown) as it is lower x
= singlet-ag correlation. T.C., L.A. Harland-Lang, R.S. Thorne (upcoming).
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2. MSHT ag Depedence

MSHT20 dataset avs dependence - Drell-Yan Preliminary!

o Perform fits for range 0.112 < as(M%) < 0.122 in steps of 0.001,
and examine individual dataset as dependence via fit quality.

LHCb 7 and 8 TeV W,Z muons Consistent with ag pulls

seen in previous studies,
and between orders

ATLAS 7 TeV W,Z NNLO o}

ATLAS 7 TeV W, 2‘:
Z combined data 2

prefer slightly o168 a0} (NNLO and aN3LO).
. L aN3LOx2  + ] 8l aN3Loy?  +

higher acg. 12 NNLORZ  + ol NNLOX2  +
e al LHCb 7 and 8 TeV W, Z
4 2 to muons prefer slightly
Swe e we ain e e G om o om " am am  raised ag. Different to

: oiz) : ) Ll LHCb electron data.
28 ATLAS 8 TeV W 1 s CMS 8 TevW
N+

ATLAS 8 Tev W
(and also Z)
favour larger acg.

CMS 8 TeV W also

et favour higher as.

aN3Lox?  +
NNLO X2  +

aN3LOY?  +
NNLOXZ  +

2+

of
+

L ° — .
0120 o122 0112 o114 0116 0118 0.120 0122

o . " .
omz o114 o116 o8
aMz) (M)

@ High precision W, Z data have indirect sensitivity to aes through
their precision (via smaller effects in evolution and cross-sections),

often prefer higher s values.
T.C., L.A. Harland-Lang, R.S. Thorne (upcoming).

Thomas Cridge DESY MSHT Qs(M%) determination




2. MSHT ag Depedence

MSHT20 dataset avs dependence - Jets Preliminary!

e Perform fits for range 0.112 < ag(M32) < 0.122 in steps of 0.001,
and examine |nd|V|duaI dataset s dependence via fit quallty

2% af

z oM 7Tev jets NNLO zt ATLAS 7 TeV jets Consistent with ag pulls

18 18 seen in previous studies,

16 16

and between orders
CMS 7 TeV jets  ,." ol 2
X %% aN3LoOx?  +

prefers lower aus. 10 b NNLOKE 4 (NNLO and aN3LO).

5f 6 .
o P . ATLAS 7 TeV jets
2 NNLOX2  + 1 2- prefers lower acg.
S1z " orme  ome  oms om0 oz Stz ome  ome  ome om0 oz

M) oM7)
2
24+ CMS8TeVjets 60 ATLAS 8 TeV jets

CMS 8 TeV jets '° anaLox + ATLAS 8 TeV jets

! s NNLO 2 2
prefers slightly 6 prefer lower ag.
higher ag. N 10 aN3LOX2  +
2 NNLOY?  +
o = . LOXT_*+.
otz o1 oie  oje 0120 022 o112 oi4  oie  oje 0120 o022
a,Mz) a,Mz)

@ Jet datasets have direct sensitivity to as, generally prefer lower
«s, also favour lower high x gluon = some correlation.

o Generally weaker sensitivity at aN3LO due to unknown K-factors.

Thomas Cridge DESY MSHT Qs(M%) determination



MSHT20 Inclusive Jet or Dijet data? po A Hatand Lane.
@ Dijets may have some advantages here - 3D measurement now
possible, non-unitary nature of inclusive jets, etc
@ We have also investigated dijets instead:

» Obtain better fit quality at NNLO and aN3LO than inclusive jets.
» Moreover, dijet fit quality improves further slightly at aN3LO.

N Xz/Npts N Xz/Npts
Inclusive Jets pts NNLO aN3LO Dijets pts NNLO aN3LO
Total 472 1.39 1.43 Total 266 112 1.04
Total (+ATLAS 643 1.67 1.61 Total 266 1.12 1.04
8 TeV jets)

@ Limited effect on PDFs at aN3LO - gluon consistent between
dijets/inclusive jets. Dijets slightly more constraining on gluon.
@ Results here leading colour, full colour effects limited on PDFs.

. NNLO, PDF ratio at Q? = 10 GeV? 1.2 @ PDF ratio at Q? = 10! GeV? (.15 9 PDF errors at Q* = 10° GeV?

Dijets (aN°LO) — /
NULC

0
001 01

—
115

n=Hr -~
1} noEW -me I

08 [
o o) (i 01
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2. MSHT ag Depedence

MSHT20 as dependence - Jets vs Dijets s vromm:

R.S. Thorne: Upcoming!

@ LHC 7 and 8 TeV Inclusive Jet and Dijet pulls on as(M3):

Lo AX?: Jet fit ~o AX?. Dijet fit
0. LHC jets NNLO, LHC dijets X
60 C jet @ C dijet
o fjets X
0 FaN'LO. K, £l aNLO. K, x
x
10 10
30 x 30
x * 4 x
0 x 0
2 x 2 x x
0 x % 0 " . x
% % X x L X
0 X x of X x x x X x yx X
oI Ol Ol OUE TOUE ol oz ol Gz 0 Olg Tl ok oz
as(M3) as(M3)

@ Inclusive jet pulls consistent between orders, differences seen for
dijets. Pulls on a5 consistent at aN3LO (but not NNLO).
o Global Ax? profiles at NNLO and aN3LO in inclusive jet/dijet fits:

200 AX°, NNLO oo AXE, aN'LO
Jet fit, global O Jet fit, global ©
® Dit it globl -
120 2
o
S0 ° 80 *
o
° . 8
w0 0
o e ®
° s
0 Q [i 8

]
01l 0115 0116 0117 0118 0119 012 G s mie o7 TouE e on
as(M3) as(M3)

o At NNLO dijets result in larger ag(M3), by aN3LO both fits give
consistent aig(M32) determination, aS(M ) = 0.1170.

Thomas Cridge DESY MSHT QS(M‘




2. MSHT ag Depedence

MSHT20 dataset s dependence - Top

o Perform fits for range 0.112 < as(M%) < 0.122 in steps of 0.001,
and examine individual dataset as dependence via fit quality.

Preliminary!

Total top xsec prefer

Top total cross-section

10

Consistent with ag pulls

ATLAS 8 TeV top-antitop lepton+jet

X i i tudies.
g close to best fit aNaLox?  + 2 aNALOYZ  + seen in previous si ,
b ° Kd q NNLO NNLOX? -+ 10 NNLOX? -+ and between orders
o NaLo opendence e a® (NNLO and aN3LO).
unknown K-factor. A aN3LO ° Note: m dependence not included

.
2

oz gives NNLO: ? ATLAS 8 TeV top I+j
my = 172.1GeV, Sz oie ot oiw oo oz Sz ome  ome o oo o  Pprefer larger as.

and at aN3LO:
my = 171.5GeV.

ATLAS 8 TeV top
dilepton prefer acg
at best fit/lower.

oMz

ATLAS 8 TeV top-antitop dilepton

aN3LoO  +
NNLOX?  +

Note: m; dependence not included

<l
0118
aMz)

o
o112 o114 o.116 0.120 0122

112 0114

oMz

CMS 8 TeV top-antitop single diff.
aN3LoOY?  +
NNLOX?  +

Note: m, dependence ot included

CMS 8 TeV top single
diff. prefer lower acg.

o.116 0118 0.120 0122
axMz)

@ m; dependence not included in differential data, only in o,z data.

@ Top data do not set our strongest bounds on as, but do provide
slightly weaker bounds =- robustness of bounds from global fit.

7

Thomas Cridge DESY
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2. MSHT ag Depedence

MSHT20 Top mass as Correlation

e How much correlatlon between my and 045 is there |n a PDF f|t7

MSHT my 0y(M3) 10 top data 2 variation NSHT my 0,(M3) o * NSHT m,(M3) CMS 8 TV gy 12

o Without top data no ms sen5|t|V|ty and no m;-aug correlation.

o Total 0,7 data and rapidity differential data show significant m:-as
correlation. Reducing m; and as = cross-sections ~ unchanged.

o Data differential in pr or my much less correlated.

@ Overall at level of total fit, limited correlation seen (only done at
NNLO so far) = can extract m; at fixed cug.  TCand M.A. Lim: arXiv:2306.14885.

Thomas Cridge DESY MSHT a's(Mg) det



2. MSHT ag Depedence

MSHT20 ATLAS 8 TeV Z pr as dependence  Preliminary!
e ATLAS 8 TeV Z pr data with p% > 30 GeV is in the MSHT PDF fit.
o What bounds does it offer within the global PDF fit on ag(M2)?

ATLAS 8TeV Z pr dataset, prZ > 30GeV
best fit ag (mz?) = 0.1179,
%2 = 108.9 for 104 points

total 2+
fit

A2 -T2-7.25,

Preliminary!
.

L L
112 0.114 0.116 0.118 0.120 0.122
og(Mz?

o If you do individual dataset extraction you use Ax? = 1 for bounds.

@ If you do do in a global fit, factoring in tensions with other data you
use Ax? = T2 = 7.25 for bounds.

o pZ > 30 GeV not very constraining on as(M2) in global PDF fit.

@ ATLAS Z pt s result used p% < 29GeV part of spectrum. Used
MSHT20 aN3LO PDFs to correspond to accuracy used in resummation.

Thomas Cridge DESY MSHT 05(M§) determination



2. MSHT ag Depedence

ATLAS 8 TeV Z pr as dependence (aside):  Preliminary!

@ Most sensitivity to ars(M2) comes from the Sudakov peak region.

— as=0.117 —— @s=0.118 —— as=0.119
1.02
1.01
b=l
4+ 1.00
©
—
0.99
N3LL'
0.98
ATLAS 8 TeV, pp ~ Z SCETLIB Preliminary
0.97

0 5 10 0 25 30

ar (EGV) ’
@ Need fine control (O(1%)) of effects in small g7 region:

» Missing higher order uncertainties. Meeting on theory
» Non-perturbative effects O(Anp/q7)?. Pr“e’;f:::':::ass;’r‘e;':fts
» Flavour thresholds O(mq/q1)?. Feb 26th, CERN.

» Power corrections O(q71/Qlog"(q7/Mz))>.
@ Also need to carefully propagate into ais uncertainty:
» PDF profiling and tolerance. » Theory uncertainties. ]

@ Results may be very sensitive to theory correlations across spectrum.

Thomas Cridge DESY MSHT Qs(M%) determination



3. MSHT as Bounds

MSHT a¢ Bounds

More information in articles:
T.C., L.A. Harland-Lang, A.D. Martin, R.S. Thorne: 2106.10289, Eur.Phys.J.C 81 (2021) 8, 744.
T.C., L.A. Harland-Lang, R.S. Thorne: Upcoming!

Thomas Cridge DESY MSHT Os(M%) determination



3. MSHT as Bounds

MSHT20 as bounds - NNLO

BCDMSp data
strongest constraint
upwards: Aas(Mé)
= +0.0014.

ag(Mz?)

SLACp and ATLAS 8TeV
ZpT both give upper bound:

Aag(M2) = +0.0018.

CMS/ATLAS (dilepton)
tt single diff. would

give lower/same upper ag
bound, but not used.

0.130

0.126

0.122

0.118

0.114

0.110

0.106

Consistent with g bounds
seen in previous studies,
and between orders

(NNLO and aN3LO).

T T T
Top  LHCb Gauge Boson
-

Jets.

ATLAS 8 TeV Z
data gives lower
bound: AaS(Mg)
= —0.0010.

NMC deuteron,
ATLAS 8 TeV High
Mass DY give lower

bounds of Aag(M%)
—0.0017, —0.0018.

Preliminary!

@ Therefore upper/lower bounds are +0.0014/-0.0010 at NNLO.

asnnLo(M%) = 0.1171 + 0.0014

of 0.1180 = 0.0009.

Consistent with World AverageJ

T as Cridge DESY

T.C., L.A. Harland-Lang, R.S. Thorne: Upcoming!
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3. MSHT as Bounds

MSHT?20 s bounds - aN3LO

BCDMSp data
strongest constraint
upwards: Aas(Mé)
= +0.0013.

ag(Mz?)

F5 provides
upwards bound of:

Aag(M2) = +0.0020.

CMS and ATLAS (dilepton)
tt single diff. would

give slightly higher upper
ag bounds, but not used.

0.130

0.126 -

0.122

0.118

0.114

0.110

0.106 -

Consistent with g bounds
seen in previous studies,
and between orders

(NNLO and aN3LO).

Preliminary!

BB T T T T T T
Top LHCb Gaugq Bpsgn Jets.
L -—=
SLAC deuteron
L ] data gives lower
J bound: AaS(Mg)
,IT._l.l.Tl . A TR o 0.0016.
A T P F T
R
- ' 1 NMC deuteron,
AR ATLAS 8 TeV Z
P bewosnl || we || [T e eveloner
i L L .
bounds of Aag(M%)
3 o€ D o o S QS EANLAN SCNAIN L0 0000 z
& S S SR E T INESE S degee = —0.0017.
D N S N B S
g 3 S & @
FEIFT ILLELF I g F P €
S L . o
@§ £ §5€°<¥§ & g¢ & Missing Higher Order Uncertainties
é N X . .
$ CF ¥ 5 &8 < now included, in particular causes
&

some LHC bounds to weaken
as unknown N3LO K-factors.

@ Therefore upper/lower bounds are +0.0013/-0.0016 at aN3LO.

aS,aNsLO(M%) = 0.1170 + 0.0016  Average of 0.1180 -+ 0.0009.

Consistent with (NNLO) WorIdJ

Thomas Cridge DESY

T.C., L.A. Harland-Lang, R.S. Thorne: Upcoming!
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4. MSHT PDF + as dependence

MSHT PDF a¢ Dependence

More information in articles:
T.C., L.A. Harland-Lang, A.D. Martin, R.S. Thorne: 2106.10289, Eur.Phys.J.C 81 (2021) 8, 744.
T.C., L.A. Harland-Lang, R.S. Thorne: Upcoming!

Thomas Cridge DESY MSHT Qs(M%) determination



4. MSHT PDF + as dependence

MSHT20 PDF as dependence Fore Kpsabov: 200104550

o Correlations between PDFs and ais = necessity of global fit.
1.10

— as(M2)=0.116
— ag(M2)=0.117
)=

— as(M3)=0118

1.05 - — as(M3)=0.119 1.05 -
— as(MZ) = 0120

Q = 100 GeV Q = 100 GeV

Lol Ll IENERETIn L L T T pnnl Lol Lol Ll
09 101 1073 1072 10°! -9 101 1073 1072 10°!
T T

o Changes generally within PDF uncertainties for Aas(Mz) ~ £0.001.

@ Gluon anti-correlated with as(M2) for x < 0.1 as maintains dFy/dQ@?
~ asg. Implies correlated at high x = 0.1 by momentum sum rule.

o Larger effect at low Q? as less evolution distance.

@ Smaller effects on quarks, reduced/increased at high/low x by
splitting. s less impacted, at high x may absorb some of change.

Thomas Cridge DESY MSHT 05(M§) determination



4. MSHT PDF + as dependence

MSHT20 aN3LO pieces as dependence Preliminary!

@ Technical aside - we have theory “nuisance” parameters for the few
unknown (at time of publication) theoretical ingredients at aN3LO.
- How do the posteriors change with as(M2%)?

@ Most change very little. Splitting functions show some change:

0127

-+ NLO 06
-=- NNLO
aN’LO Prior
aN’LO Posterior 04
== aN’LO best fit o3

0 08 06 o4 o0z

"l Aag = £0.001

@ Changes within Ljncertainties, well within for everything except Pgg -
shows most change, as expected it's the most correlated with as.
@ As seen in dataset x? profiles, unknown aN3LO K-factors weaken as

sensitivity. May obtain stronger bounds as these become known.
T.C., L.A. Harland-Lang, R.S. Thorne: Upcoming!
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4. MSHT PDF + as dependence

MSHT?20 Cross-section PDF + a5 dependence
@ Cross-section uncertainties at NNLO/aN3LO (left/right) at the LHC.

T
ime PDF errorbar = - +- - Aas(Mz) = +0.001 \/-;—14 TeV
goF Higgs LHC (13Te¥) 1=~ — = - - = Qgerorbar =« 1]l -
. PDF+ag errorbar +——+ ggH [
—_—
ZLHC (13TeV) I 7 ': """
—_—
........... TR,
W* LHC (13TeV) Fow-d wt RN
—_— ———
............ _ IEEEEREY RERTRRTRY
W LHC (18TeV) .W ) i
Preliminary!
0193 094 0.95 096 067 0.98 0,99 1.00 1,01 1.02 103 1.04 105 1.06 107 0.94 0.96 0.98 1 1.02 1.04 1.06

@ Direct aus uncertainty through xsec is small for DY. Total ag
sensitivity larger due to change of PDFs with as.

e Direct as uncertainty of ggF Higgs is larger (~ 2 — 3%), reduced by
anti-correlation of gluon with as.

@ Higher energies sample lower x quarks = larger a.s uncertainties.

@ Interplay of direct and indirect (through PDFs) effects = importance
of treating PDFs+as together.

Thomas Cridge DESY MSHT Qs(M%) determination



4. MSHT PDF + as dependence

Summary

More information in articles:
J. McGowan, T.C., L.A. Harland-Lang, R.S. Thorne: 2207.04739, Eur.Phys.J.C 83 (2023) 3, 185.

T.C., L.A. Harland-Lang, A.D. Martin, R.S. Thorne: 2106.10289, Eur.Phys.J.C 81 (2021) 8, 744.
T.C., L.A. Harland-Lang, R.S. Thorne: Upcoming!

MSHT Os(M%) determination
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MSHT20 PDF set availability

o All PDFs used, those relevant for a.s(M2) and many others
provided on LHAPDF and http://www.hep.ucl.ac.uk/msht/.

@ Small selection (all already available):

PDF set as(M32) central value | as(M32) range QCD Order
MSHT20an3lo_as118 0.118 - aN3LO
MSHT20nnlo_as118 0.118 - NNLO

MSHT20nlo_as118 0.118 - NLO
MSHT20nlo_as120 0.120 - NLO
MSHT20an3lo_as_smallrange 0.118 0.114 - 0.120 aN3LO
MSHT20nnlo_as_largerange 0.118 0.108 - 0.130 NNLO
MSHT20nlo_as_largerange 0.120 0.108 - 0.130 NLO
MSHT20qed_an31o 0.118 - aN3LO (+NLO QED)

@ Many more PDF sets online! Please use them.

o We provide the Ax? values with as(M3).

Thomas Cridge DESY MSHT 05(M§


http://lhapdf.hepforge.org/
http://www.hep.ucl.ac.uk/msht/

5. Conclusions

Conclusions T.C., L.A. Harland-Lang, R.S. Thorne: Upcoming!

@ Analysed as dependence of global PDF fit using MSHT20 NNLO
and aN3LO sets.

@ Used PDF sensitivity to aes and global fit nature to extract
as(M3%) best fit value and uncertainty (via dynamical tolerance

procedure) é Ia PDF uncel’tainty. Consistent with World Average
B f 0.1180 4 0.0009.
@ Newly obtained: Preliminary! ¢
y Y "

s NNLO/aN3Lo(M2) = 0.1171 £ 0.0014 / 0.1170 + 0.0016

o Consistent central values, slightly larger aN3LO uncertainty due to
inclusion of MHOU theory uncertainty.

e Investigated dependence of different datasets on a.s(Mz) within
the global PDF fit and set bounds on as(M3).

@ Examined as-m; and PDF-ag correlations and latter effect on
13/14 TeV LHC cross-section uncertainties.

@ All PDF sets made available for use by community!

Thomas Cridge DESY MSHT as(Mg) determination
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MSHT20 as bounds - Constraining Datasets  Preliminary!

o The most constraining datasets on as(M2) within our global PDF

fit are:
) Y] Lower bound
Order | best fit ag(M2) - . pper/Lower o3un s
NNLO 0.1171 +0.0014 (BCDMS proton) +0.0018 (ATLAS 8 TeV Z pT) +0.0018 (SLAC proton)
’ -0.0010 (ATLAS 8 TeV Z) -0.0017 (NMC deuteron) -0.0018 (ATLAS High Mass DY)
.0013 (BCDM .0020 (FS .0024 (CMS 7 TeV W
aN3LO 0.1170 +0.0013 (BCDMS proton) +0.0020 (F7) +0.0024 (CMS 7 TeV W + ¢)
-0.0016 (SLAC deuteron) -0.0017 (NMC deuteron) -0.0017 (ATLAS 8 TeV Z)

@ Find similar results between NNLO and aN3LO and as previous
results:
» BCDMS proton data provides tightest upper bound, but other
datasets also bound.
» Deuteron data (SLAC, NMC) provide lower bounds, as do LHC
Drell-Yan data.
@ Top datasets do not provide strongest bounds, but offer further
slightly weaker bounds (though note m; dependence not

|ncorporated). T.C., L.A. Harland-Lang, R.S. Thorne: Upcoming!

Thomas Cridge DESY MSHT20 aS(Mg) determination
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o as(M2) bounds from NNLO fit where m; variation examined.

@ CMS 8 TeV y,; lepton+jet data provides competitive upper bound

TC and M.A. Lim: arXiv:2306.14885.

on «s (identical to BCDMS proton data), total cross-section o,z

also provides slightly weaker upper bound.
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6. Backup Slides

What do we already know for N3LO PDFs?

@ Full N3LO PDFs need all N3LO pieces for both PDFs and included
cross-sections to be known, not yet possible as some pieces missing.
e Still, a lot of information is known already (schematic summary):

Order
Theory Utility . What's known?
required
Mellin momentsjfs, leading small-x
1. Splitting functions Pgi)(x) PDF evolution 4-loop behaviour>:® ! plus some leading
large-x in places34 Plus new 2215,
. R Transitions between Mellin momentsi®:17, leading small-x
2. Transition matrix elements . . 18—19 .
A ) number of flavours in 3-loop behaviour , plus some leading
ab,H PDFs at mass thresholds

large-x in placeslg’zo. Plus new 21 =23,
Some approximations to FFNS (low

2 . . 3
Combine with PDFs and Q%) coe:flf;-ent. functltors at a’\iiwwh
3. DIS Coefficient functions Transition Matrix Elements exac 24_;2)|6eces e f 2
VF,(3) N3LO unknown) , ZM-VFNS (high Q<)
(NC DIS) CH a to form Structure N3LO coefficient functions known
' Functions (NC DIS)

exactly27. Therefore GM-VFNS not

completely known.
4. Hadronic Coefficients Determine cross-sections N3LO Very little (none in usable form for
(K-factors) at N3LO PDFs)

@ Knowledge of lower orders can guide us for remaining unknown pieces.

Thomas Cridge DESY MSHT20 as(Mg) determination
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How do we use this info.? - Splitting Functions !neredient1

o We need singlet - Pgg, Pgq, Pgg, Phq and non-singlet, e.g.
@ What do we know and how do we incorporate this information?:
» Even low-integer N Mellin Moments (4-8)now 510 known'?~1%)
- constrain intermediate and high x via fol dx xN=1P(x).
» Parameterise Pﬁ)( ) with functions f;__x where
k = No. of known moments and vary basis for uncertainty.
» Exact LL form at low x from resummation - included in fo(x, pap).
E.g. for P3,:

fe(x, pag) =

Pns ,+

C3 82 1In%(1/x In1/x
74<* f 2&3)7 ( ) Pag /
37481 2 X X

» Uncertainty on this through coefficient of leading missing low x log
as theory nuisance parameter (TNP) pp.
> Include relevant high x known pieces also in fo(x).

@ So overall:

(3) 1 TNP per Splitting
Z A f + fe(Xa pab) Function = 5 TNPs.
i=1 New results by Falcioni, Herzog, Moch, Vogt 2023

Thomas Cridge DESY MSHT20 as(Mg) determination
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Comparison of Splitting Functions

12,13 PS 14,15
@ Now 5 moments for Pgg, Pgq and 10 for qu v Pgg )
@ Largely good agreement with MSHT determinations in central values.
o Exception is Pgq, least well determined (one extra low x log unknown).
@ Reduction in Pg;s, Pgg uncertainties. Impacts reduced once in PDF fit.
o7 ”’« aN3LO prior 010 o
B | aN3Lo fit result S oo ]
am BN P
::n‘ : . ) ) : . I}INLQ exact | " . . : . . . . . )
N P 08
=0 - -
:5 05"’ f 02
o) N
02 5 s
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How can we incorporate N3LO knowledge into PDFs?

Theory Data Hessian matrix - contains uncorrelated (s )

@ Consider usual PDF fit probablllty 7\ 2 7\ and correlated uncertainties (8 )
P(T|D) o exp (—x2) o exp (_E(T — DY Ho(T = D))

Npt 1 Ncorr Ncorr
xexp (= kzl g(Dk — Tk — Zl ﬁk,aAu&)? + zl A(f)
= o= o=

Experimental Nuisance parameters
@ Include known N3LO pieces 4+ parameterise remaining unknown
pieces = theory nuisance parameters (¢) and allow to vary —
uncertainty.
» Probes precisely the missing higher order terms. v
» Allows inclusion of known N3LO information (a lot) without
needing to wait for remaining few pieces. v o4 e e
» Avoids scale variations - can underestimate MHOU, issue of
correlation between PDF fit and use, no need to raise Q2 cut on
data to enable downwards scale variations. v

» Exactly same data can be included at all orders. v
(Theoretical Nuisance Parameters more generally — F. Tackmann SCET Workshop 2019)

Thomas Cridge DESY MSHT20 as(Mﬁ) determination
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Perform aN3LO fit - PDF impacts:

@ Gluon enhanced at small x - due to 11004 Ratio to NNLO, Q* = 10" GeV?
. NNLO |
higher power large logs that appear. 173 NLO (1,4 ,)
1.0501 aN’LO (H))
@ Gluon uncertainty increased at small x = jg) S\ moeonsz
. s
due to theory uncertainty, largely on tovo
. . . 0.975 i
splitting functions. vsso]
H 0.925
@ Heavy quarks - c and b (perturbatively o ‘
generated) raised due to increase in b " 5 : b
gluon at lower x and raised Ay, at high
X. Ratio to N*LO, Q? — 10! GeV?
, Ratio to NNLO, Q® =10 GeV? 00— ’
1.20 ¢, Ratio ?vmn . Q= © Lo7s aN’LO (H;; + K;;)
s Lo+ KD) : aN'Lo (1))
aN’LO (H)) 1.050 aN’LO (no theory unc.)
Lo > NNLO (without HERA) Lo2s i
105 = 2
"~ - 1.000 =
1.00 P
0.95 0.950
0.90 0.925 —= aN’LO (NNLO K-factors)
0.85 -- aN’LO (no HERA)
0.80 099904 104 10? 101 10°
10 10° 102 x

Thomas Cridge DESY
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Perform aN3LO fit - PDF impacts:
@ Milder effects on other PDFs:

N «, Ratio to NNLO, @2 — 10! GeV? N d, Ratio to NNLO, Q% =10 GeV?
NNLO

1075 | voms L0 (4 )

1.050 f 10507 aNeLO (17}

- NNLO (without HERA) -
1.025 i

0975{ =

0.950 |- ! 0.950

0925 [ 0925 B

9 0.9 iy
1ot 10% 102 100 100 1ot 10% 102 107 100

«, Ratio to N°LO, Q2 =10" GeV? d, Ratio to N*LO, Q2=10" GeV?

| aN'LO (i + Ky}

0.8
~— aN'LO (NNLO K-factors)
0.96 - aNLO (no HERA) b
10 10% 107 1o 100

o Fit with no N3LO k-factors gives very similar PDFs to full aN3LO fit
= Effect of approximate N3LO fitted k-factors on PDFs is very mild.
@ Theory uncertainty from MHOUs enlarges PDF uncertainty at small x.

Thomas Cridge DESY MSHT20 as(Mﬁ) determi
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Impact of aN3LO evolution on PDFs:

@ aN3LO evolution benchmarking - use toy PDFs, no fit, no other
complications and check impacts, as in hep-ph/0511119 (NNLO).

o Difference relative to NNLO evolution:

00 ; : S 00
—
Q: 02 + 02
G —— MSHT prior ~
TS 04 == MSHT posterior c§1 04
8

PRELIMINARY

=S¢ FHWV 4 4 -
_06] PRELIMINARY NNPDF oo // PRELIMINARY 06 / Uncertainties are shown

4 as envelopes
=e— NNPDF 4 mom £

~08 4 - -0.
1071071000 100t 107 102 107

8 .
07 10°° 100 107t 1000 1002 107!

x x x
o Agreement between groups down to 1073, i.e. over data region.
@ Up to few percent level effects on PDFs here due to N3LO evolution.
o Differences outside this with larger uncertainties at (very) low x.

@ New information provides some additional constraints but still
consistent with previous determinations.

o Different groups agree when using the same splitting functions.

Thomas Cridge DESY MSHT20 aS(Mg) determination
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, Selection of some aN3LO references (others on slides)

M. Cepeda et al., 1902.
2 Duhr, Mistelberger, 2111.10379.

3s. Moch, B. Ruijl, T. Ueda, J. A. M. Vermaseren, and A.

Vogt, 1707.08315.
“ A. Vogt et al., 1808.08981.

5'S. Moch et al., 2111.15561.

6'S. Catani and F. Hautmann, Nucl. Phys. B 427, 475
(1994), hep-ph/9405388.

L. N. Lipatov, Sov. J. Nucl. Phys. 23, 338 (1976).

8 E A Kuraev, L. N. Lipatov, and V. S. Fadin, Sov. Phys.

JETP 45, 199 (1977).

ol Balitsky and L. N. Lipatov, Sov. J. Nucl. Phys. 28,
822 (1978).

10V, S. Fadin and L. N. Lipatov, hep-ph/9802290.

1 M. Ciafaloni and G. Camici, hep-ph/9803389.

12 G. Falcioni et al., 2310.01245.

13'S. 0. Moch et al., 2310.05744.

G, Falcioni, A. Herzog, S. O. Moch, A. Vogt,
2302.07593.

15 G, Falcioni, A. Herzog, S. O. Moch, A. Vogt,
2307.04158.

16, Bierenbaum, J. Bliimlein, and S. Klein, 0904.3563.
7). Ablinger et al., 1406.4654.

8 H. Kawamura, N. A. Lo Presti, S. Moch, and A. Vogt,
1205.5727.

19 ). Ablinger et al., 1409.1135.

20 J. Ablinger et al., 1402.0359.

2L J. Ablinger et al., 2211.05462.

22 T Gehrmann et al., 2308.07958.
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23 ). Ablinger et al, 2311.00644.
4s. Catani, M. Ciafaloni, and F. Hautmann, Nucl. Phys.
B 366, 135 (1991).
25 E. Laenen and S.-O. Moch, hep-ph/9809550..
26 H. Kawamura, N. A. Lo Presti, S. Moch, and A. Vogt,
1205.5727.
27y, Vermaseren, A. Vogt, and S. Moch, hep-ph/0504242.
28 W. Van Neervan, A. Vogt, hep-ph/9907472.
29 W. Van Neervan, A. Vogt, hep-ph/0006154.
30 A, Martin, R.G. Roberts, W.J. Stirling, R.S. Thorne,
hep-ph/0006154.
31 A, Martin, R.G. Roberts, W.J. Stirling, R.S. Thorne,
hep-ph/0201127.
32 C. Anastasiou et al., 1602.00695.
33 B. Mistlberger, 1802.00833.
34 FA. Dreyer and A. Karlberg, 1606.00840.
35, Baglio, C. Duhr, B. Mistlberger, R. Szafron,
2209.06138.
36 ¢, Duhr, F. Dulat and B. Mistlberger, 2001.07717.
37 ¢, Duhr, F. Dulat and B. Mistlberger 2007.13313.
38 X. Chen et al., 2107.09085.
39 C. Duhr and B. Mistlberger, 2111.10379.
40 N. Kidonakis, 2203.03698.
41 M. Bonvini, 1812.01958.
42 R.D. Ball et al, 1710.05935.
43 H. Abdolmaleki et al, xFitter, 1802.00064.
44 M. Bonvini, arXiv:1805.08785.
45 M. Cacciari et al, 1506.02660.
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Old Results from here onwards!
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MSHT20

@ MSHT20 - New PDF set from MSTW/MMHT /MSHT group for
precision LHC era. arXiv:2012.04684, very extensive paper.

@ Significant developments on all three fronts - theoretical,
experimental, methodological.

© Theoretical - Vast majority of processes included have full NNLO
QCD theory, with NLO EW where relevant.

@ Experimental - Many new datasets, more precise, more channels,
more differential.

© Methodological - Extended parameterisation to allow fitting
accuracy to < 1% if data allows, better knowledge of central values
(52 PDF parameters) and uncertainties (32 eigenvectors - 64
directions).

o Global fit = 61 different datasets - 10 Structure Function, 6
neutrinos, 2 fixed target DY, 8 HERA, 8 Tevatron, 27 LHC.

Thomas Cridge DESY MSHT20 aS(Mg) determination
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MSHT as dependence - NLO and NNLO  (previous)

o Default PDFs provided at standard fixed value of a.s(M32) = 0.118.
o Can also allow a5 to be a free parameter in the fit.

@ Global fit nature of PDFs =- can provide a precise, accurate

determination of asg.
o Individual datasets have different dependences on as, but robust
determination utilising all datasets. s, NNLO (M3) < s NLO (M)

as NNLO corrections +ve, so

@ The best fit values were found to be: fitting same data = lower as.

— X
agNLo(Mz) = 0.1203 A% WnLo(MZ) = 0.1174

7000 T

7500 T T

NNLO

'NLO

best it a (mg?) = 01174,
X2 = 5119.5 for 4363 points.

Nice Quadratic
X2 profile
v
Note we provide the
e+ sz changes with ag

best fit @ (mz?) = 0.1203,
X2 = 5772.9 for 4363 points

7000 - 6500

Shown at
alphas-2022
workshop and
in Snowmass

X2 6500 - X2 6000

5500
=> can use this info!

Loy

8500 R R [y S
0.105 0.110 0.115 0.120 0.125 0.130 0.135 0.105 0.110 0.115
as(Mz?)

More information in article: TC et al, 2106.10289, Eur.P

0.120 0.125 0.130 0.135
[

hys.J.C 81 (2021) 8, 744.
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MSHT20 dataset as dependence - Fixed Target/DIS
o Perform fits for range 0.108 < as(M2%) < 0.130 in steps of 0.001,
and examine individual dataset as dependence via fit quality.

MSHT2020 NLO and NNLO a(M72) HERA e* p NC 820 GeV 2 variation

180 -
160 -

BCDMSp prefers szz“
lower g to slow
fall of structure

function with Q<.

SLACp prefers
lower acg, more
so at NNLO. °

MSHT2020 NLO and NNLO a(Mz?) BCDMS pp F x? variation
T T T

BCOMSpNNLO ¥ +
BCOUSpNMLO Tt ——
BCOMSPNLOY?  +
BCOUSp MOt ——
0.120
ag(Mz)

0110 0115 0125 0130

MSHT2020 NLO and NNLO a(Mz?) SLAC ep F x? variation
S R —

SLCPNNLO R+

0135

HERA S pNCS20GEVINO @ +
HERA &* pNC 520 GV NNLO ft ——
HERAepNCS20GVNO X +
HERA " pNC 520 GeVNLO il ——

Xo° 39
20l ]
0l ]
0
1oLt —— L . -
0.105 0.110 0.115 0.120 0125 0.130 0135
ay(MZ)
MSHT2020 NLO and NNLO a(M2) SLAC ed F, y2 variation
0 * — -
35
wl
25 -
20
o
5

10F
5 [ sucanwor +

5
0.105

SLACP NNLO it —— SLACINMO it ——
SLACPNO X+ ol sucimoxr +
" — MOH —
I | 5
0110 0115 omn 0125 0130 0435 0105 0fl0 0115 0125 0130 0135

0120
M2

Broadly consistent
with ag pulls seen

in MMHT14 study for
older datasets.

HERA has limited
sensitivity to ag
compared to large
no. of points.

SLACd prefers

higher acg, more

so at NLO.

Perhaps evidence of
Q? dependence of
deuterium corrections

e BCDMS, SLAC hlgh x experiments, dominated by non-singlet =
cleaner means of evaluating as.
o HERA is lower x and dominated by as and gluon so correlation.

T

as Cridge DESY
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MSHT?20 dataset as dependence - Jets/Zpt

o Perform fits for range 0.108 < as(M2%) < 0.130 in steps of 0.001,
and examine individual dataset as dependence via fit quality.

MSHT2020 NLO and NNLO ay(Mz?) CMS 7TeV jets x? variation

MSHT2020 NLO and NNLO as(Mz?) ATLAS 7TeV jets 2 variation
T T +

o I 100
60 [ — 90
50 - — 80 |
CMS 7 TeV jets w0l 1 »
prefers lower g, :g ©
better quadratic x| X0 30
. 20
profile at NNLO. 0 by
-10 CMS 7TeV jets NNLO X2+ 0 ATLAS 7TeV jots NNLOx?  +
-20 CMS 7TeV jets NNLO fit —— -10 ATLAS 7TeV jots NNLO fit ——
w0 ousTijes O + 20 ATLAS Tov s O XE +
: s TTovjos MO B — Wf I ATLAS 7oV ot MO 1t ——
40 e A
0105 0110 0115 0120 0425 0130 013 0105 010 0115 0120 0425 0130 0435
M) aMz)
MSHT2020 NLO and NNLO a,(M72) CMS 8TeV jes 2 variation MSHT2020 NLO and NNLO (M) ATLAS 8TeV Zpy y? vrialon
90 120 T T
& 100 i
70 A
. 50 ]
CMS 8 TeV jets 6
so|- 1 60 1
prefers ag near
3 Xoxe? 40 - 1 ]
best fit. Weak wl ]
dependence around 20 20 b
. w0l AP — o ALASSTeVZprinLOX  + |
min, perhaps gluon QS STV et NLO it —— ATLAS 8ToV 290 NLO Tt ——
° - ATASSTOV Zpr MO Y2 +
moderates. © CHS BTeV ot MO 1 —— 20 e
0.105 0.110 0.115 0.120 0.125 0.130 0.135 0.105 0.110 0.115 0.120 0.125 0.130 0.135
(M2 ag(Mz)

ATLAS 7 TeV jets
prefers lower acs.

ATLAS 8 TeV Zpt
prefers lower acg,
allows increased
high x gluon.

o Jets, Zpt datasets have direct sensitivity to ag, prefer lower as.

as Cridge DESY
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MSHT20 dataset s dependence - Top

o Perform fits for range 0.108 < as(M2%) < 0.130 in steps of 0.001,
and examine individual dataset avs dependence via fit quality.

MSHT2020 NLO and NNLO ag(Mz2) CMS BTeV single diff. f x? variation
T

0 MSHT2020 NLO and NNLO a,(Mz?) oy x? variation
— e

50 60

W0 50 .

“ w0 oz gives NNLO:
- w my = 172.9GeV,
X0’ o2 1

» X but at NLO:

20
10 my = 169.9GeV.
CMS STV A ENNOXE  + 10
o OMIS 8ToV s.d. 1L NNLO fil —— aMO +
+ CMSBTVSd HNOE  + o Losnmon —
-10 FHE awMO@ +
|

CMS BTeV 5.4, 1 NLO it
I I

oy MOt —— \ \ \ \

0105 0110 0115 0120 0125 0130 0135 0105 0110 oi15 0120 0125 0130 0135
as(Mz%) aM?)
MSHT2020 NLO and NNLO a(Mz?) ATLAS 8TeV single dift. fidilepton x variation
70 T T T T T

ATLAS STV O+ @ Top data generally prefer lower ag, but:
AASETo s g WO ——
ATLAS 8TeV s.d. tidilep. NLOX?  +

ks o . e W —— @ Total o poor fit at NLO (+
unrealistic m;), large NNLO

R corrections = NLO less relevant.

o Q m dependence not included in
0130 013 differential data, fixed at 173.3 GeV.

0.105 0410

N N
0115

0.120
as(Mz?)

o Top data will not used to set global bounds on as(M2).

N
0425
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MSHT20 dataset as dependence - W, Z

o Perform fits for range 0.108 < as(M%) < 0.130 in steps of 0.001,
and examine individual dataset aus dependence via fit quality.

MSHT2020 NLO and NNLO at(Mz%) CMS BTe W variation

MSHT2020 NLO and NNLO a(M;2) ATLAS 8TeV High mass Drell-Yan y2 variation
2 &0 : . T
» + usemwwLoR + 50 ATLAS BTV High mass DY.NNLOXE  +
ot ! ATLAS 8T High mass DY.NALO 1l ——
L ATLAS 8TeV massDY.NLOY?  +
CMS 8 TeV W " . oSBTV WO R —— i J “or AILAG o T e D1 e ATLAS 8 TeV High
prefers slightly a0 ++* 1 ex or Mass DY prefers
25 25
raised acg, likely + 2 raised acg.
through its effects ° NLO 1 10}
on q evolution and o 1 [
isati NNLO ethe ’
xsec normalisation. f . o . : .
0105 0M0  OM5 0420 0125 0130 013 0105 0110 0M5 0120 0425 0430 013
as(Mz?) as(Mz?)
0 MSHT2020 NLO and NNLO a,(Mz?) ATLAS 8TeV Z x variation 50 MSHT2020 NLO and NNLO a(Mz?) LHCb 2015 W,Z x variation
140 T T T T
¥
120 * 70
100 L
80 50
ATLAS 8 TeV Z w0 LHCb 8 TeVv W, Z
. 0 .
prefers raised ext Xoxo? 30 prefers raised g
asg, particularly for 20 at NLO, but at
10
NLO, but NLO has | ssmzmor + o o miswzmnion NNLO prefers near

poor fit quality.
0120 0125 0130 0135
aMz)

0110 0115

@ High precision W, Z data have

as Cridge DESY MSHT20

(M%) determination

o [LmmENoE — L best fit as.
g0 L IHGOSWINOR = | | R NG il ok SN
0105 0110 015 0120 0125 0130 013

(M)

indirect sensitivity to ag through
their precision, generally prefer higher s values (but not always).
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MSHT20 «s bounds

@ Can use these fits at fixed ag in steps of 0.001 to determine
bounds each dataset places on as(M3).

@ Apply Dynamical Tolerance Method - apply to as in same way as
to PDF eigenvectors.

@ Hypothesis testing criteria - determine point at which Ax? exceeds
that set by 68% CL.

(x?)(N/2=D) exp(—x?/2)

Pn(x?) =
() 2N/2[(N2)
2 &4 gives N corresponding to
2 < X’70 568 fractional (x/100) cumulant
b 650 of distribution, e.g. 68 2 Npts-
@ Sets Tolerance T; = X,Z which determines bounds from dataset i.

o Tightest bounds around best fit as then sets overall global fit

uncertainty bounds on as.
Thomas Cridge DESY MSHT20 aS(Mg) determination
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MSHT20 as bounds - NNLO

MSHT2020 NNLO o(Mz2) bounds of datasets

TTTTTTTTTTTTT FrTT T T T T T T T T T T T T
1 1 |

0.130 [ .
BCDMSp data r
strongest constraint 0.126 |-
. 2 C CMS 8 Tev W
upwards: AO‘S(Mz) C data gives lower
= +0.0012. 0.122

bound: AaS(Mg)

aM?) 0118 { = —0.0013.

o
i
o
_
TR I T

Ll
il

0.114
ATLAS 8 TeV Z,
SLACd, ATLAS

8 TeV High-mass DY
give lower bounds

SLACp data provides  0.110
upwards bound of:

Aag(M2) = +0.0018.

7
——

0.106

IR R B 1

Fixed target HERA' Tevat H 2y —
IO o TRl Lol LA™ °f0A(;ﬁ§Mz()) 0018
S Ny NI Y —0.
L S T SRS IS S35 —oome’ ’
COOLIN TG YIS TNISN R FRRL e FFT o200
CMS and ATLAS (dilepton) Q@ig“e“ § @‘?ﬁs}‘ﬁﬁ@’%ﬁﬁ 9 %§$§§§$§?§Z§Z§%§’,ﬁ§ $
_ 8 IS SES o 9 A
tt single diff. é’s} 5‘:;-”’8 QQ}Y‘{‘?W A o@ < ;;'?@j?g NSO Corresponds to:
3 5 :
prefer lower ag S & & $ & Lo ¥ Ar? —17
& & F & T & Xglobal = /-
but bound not used. § < <

@ Therefore upper and lower bounds are +-0.0012 and -0.0013.

Consistent with World AverageJ

aS,NNLO(M%) =0.1174 £ 0.0013  of 0.1179 = 0.0009.

MSHT20 (M%) determination
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N.B. More variation in preferred values than

MSHT2O ags bounds - NLO at NNLO due to worse fit at NLO.

MSHT2020 NLO ag(Mz?) bounds of datasets LHCb 7 and 8 TeV
W, Z data gives

ET T T T T TET T T T TTT T 1T TTTTTT |
0.134 . ' \ \ 1 lower bound of:
L I 1 ] 2
BCDMSp data 0.130 |- 1 I - Aas(M3)
strongest constraint r ! ! 1 = —0.0017.
upwards: Aas(Mé) 0.126 |- ! ! E
- r T ' ' 1
= 40.0013. r T . i H 1 SLACd provides
0.122 ETT .F 11 '—l-— |- - 1T ]-— - 1 T— T— 111 T1TI almost identical
2
as(Mz) E1 T _J- T T _:J__ INNEREEEN J__ 1 TT1 13 tower bound of
0.118 [ X B L LT Aag(M2) =
ATLAS 8 TeV Zpr, r * S e et - 1 ot o oorr
ATLAS 7 TeVjets  0.114 |- o Sy | 4
provide upper bounds r 1 ' ' ] _

2 0.110 | ' ' | ] CMS 8 Tev tf
of Aag(Mz) = ’ N ' ! 1 1 single diff. data
+0.0018, 0.0019. F Fixed target 1 |HERA\ Tevatroni LHC 4 gives upper bound

(O LS e T T Y A A S I A Sl A A A B ¢ Aac(M2)
3 o X o, A0 00 FNPN L PN O LO™ g w A o «@ =
o7 gives lower bound §é‘ :gggag n:g"}«:én q; fﬁé) ,éff;’i'\: i&'\«{% g{“y*}{”?%f; s"\igéf‘gbs +0.00f4 eropped
2y _ N O I S S S N g ) '
Aag(M2) = —0.0014, S8 SE7F S S S e S L e g R S S0 O SIS EFLSE as fixed m;.
dropped as poor fit 9 éﬁ;@{‘f‘? E.Qoq“ o°§'$§ SN °§§§§ {Y\oéf’é%@
with low m¢ and missing $ éf}? $ £ 5;’3@@ € 3 3“? Corresponds to:
large NNLO corrections. § < N To € 2 _
€ K v A AXglobal = 19-

@ Therefore upper and lower bounds are +0.0013 and -0.0017.

asnLo(M2) = 0.1203 £ 0.0015 J

MSHT20 as(Mg) determination
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Procedure for combining PDF and as dependence

@ Within Hessian approach to PDF uncertainties, correct manner to
determine combined PDF+as(M32) uncertainty for any quantity,
including correlations between PDFs and as is:

© Take PDFs determined at as(M32) &= Aas(M2) and treat as
additional pair of eigenvectors.

© Determine quantity to obtain Ao,,. Quadrature as whilst
central values correlated

© Combine uncertainties in quadrature: errors uncorrelated.
CT: 1004.4624.

Ao = \/(AUPDF)2+(AUZS(M§)) J

o Works provided central PDFs are best fit PDFs with ag(M32) free.

o Choice of Aas(M2) up to user but recommended to be close to
our 1o bounds, e.g. +0.001 for simplicity and near that of world

average.

Thomas Cridge DESY MSHT20 aS(Mg) determination
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MSHT20 o as dependence - W, Z

o Larger PDF uncertainties at Tevatron than LHC as samples larger x.

@ Direct avs uncertainty only fraction of % as NLO correction is ~ 20%.
W,Z o (nb) at NNLO with MSHT20 NNLO

W Tevatron (1.96TeV) [

PDF errorbar =
ag errorbar F——i
PDF+ag errorbar +=——

Z Tevatron (1.96TeV) —

N.B. “Direct” acg uncertainty
W* LHC (8TeV)

= direct effect of ag on xsec.

W- LHC (8TeV) “Indirect” g uncertainty

ZLHC (8TeV) = effect of ag on PDFs and

—
PR — —— N
—_—
—
W* LHC (13TeV) o through them onto xsec.
—_—
—_——
—_—

W~ LHC (13TeV)
Z LHC (18TeV)

W+ FCC (100TeV)

—_—

W- FCC (100TeV) —]

Z FCC (100TeV) —_—

045 0% 0.5 096 0.7 0.9 0.9 100 107 62 165 164 108 106 167

@ Indirect s uncertainty is larger from change in PDFs with ag -
quarks increase below x < 0.1 with increasing as.

@ Higher energies sample lower x quarks = larger a,g uncertainties.

o Conclusion: «s uncertainty smaller than PDF uncertainty, Total PDF

+ as uncertainty only ~ 20% larger than PDF uncertainty.

Thomas Cridge DESY MSHT20 as(Mg) determi
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MSHT20 o as dependence - top
@ At Tevatron main production is qq - O(a%) and samples x ~ 0.2.

@ Direct avs uncertainty ~ 2%. Indirect part small as transition region.

tto (pb) at NNLO with MSHT20 NNLO
T T T T T

tiTevatron (1.96TeV)

HILHC (8TeV)

PDF uncertainties reduce
with energy as sampling

HLHC (13TeV, P
5TeY) lower x gluon, which is

Il

more constrained.
PDF errorbar +——

ag errorbar ——
PDF+ag errorbar +=———

FCC (100TeV)

S S e s s s s
0.93 0.94 0.95 0.96 0.97 0.98 0.99 1.00 1.01 1.02 1.03 1.04 1.05 1.06 1.07

@ At LHC have gg fusion, and samples lower x, gluon fixed point of
evolution is x ~ 0.1 with increasing as below this decreasing gluon.

@ Indirect ais sensitivity cancels across fixed point for 8 TeV, but larger
for 13 TeV - increasing «s increases o,z but reduces gluon so
anti-correlation and reduced net as uncertainty now ~ 1.5%.

@ At 100 TeV more anti-correlation therefore as uncertainty ~ 1.2%.

Thomas Cridge DESY MSHT20 aS(Mg) determi




6. Backup Slides

MSHT20 o a5 dependence - Higgs

o gg fusion is O(a2) with large +ve NLO and NNLO contributions =

direct arg uncertainty contribution is 2-3%.

Higgs in gg fusion o (pb) at NNLO with MSHT20 NNLO
L e e e e e A e B

Higgs Tevatron (1.96TeV) et

—_—

Higgs LHC (8TeV) —_—
_—

—_—

Higgs LHC (13TeV) —_—
_—

—_—
PDF errorbar +——
Higgs FCC (100TeV) _— Qg errorbar =——

PDF+ag errorbar +=——

L L L L L L L L L T T T T T
0.93 0.94 0.95 0.96 0.97 0.98 0.99 1.00 1.01 1.02 1.03 1.04 1.05 1.06 1.07

PDF uncertainties reduce
with energy as sampling
lower x gluon, which is

more constrained.

@ Tevatron, LHC and FCC probe x ~ 0.06,0.01 — 0.02, 0.001, in all

regions gluon anti-correlated with as.

@ Also some correlated contribution from high x poorly constrained g.
@ Therefore indirect ag sensitivity reduces o as gluon reduced, more so

at LHC and FCC.

Thomas Cridge DESY MSHT20 as(Mg) determi

@ Net conclusion: Total PDF+as uncertainty is factor of 1.6-1.7x PDF.
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BCDMSp data

T T
x=0.35
B
2 e,
02 - L) —
1 1
3
10 @ (GeV? 10
02 T T
x=0.45
o1 = |
1 1
10 Q? (GeV? 10
T T
o1 O@T x=0.55 -
.
vo iy
B
005 - 7
1 1
1o Q*(GeV?) 10
1 :
004 - bl
© SLAC (x1.025)
4 BCDMS (x0.98)
002 L = Fig. from MRST paper: hep-ph/9803445.

10 Q" (GeV) 10

o BCDMSp data spans large Q? range, even within itself it needs fall
in structure function with Q? to be flatter = reduced a5 favoured.
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MSHT20 PDF as dependence - quarks

Changes of PDFs generally within PDF

o Correlations between PDFS and as uncertainties, certainly at larger scales
2y
for AuS(MZ) = 40.001.
d (NNLO) PDF % diff. to MSHT20 NNLO o, (m7?) = 0.118 at Q2 = 10* GeV? s (NNLO) PDF % diff. to MSHT20 NNLO @, (mz?) = 0.118 at Q2 = 10* GeV?
6 T MSHT20 NNLO u!‘(mzz) o116 20 — T T\MSHT20 NNLO u,‘(mf) =0.116 ——
MSHT20 NNLO a (mz?) =0.117 —— MSHT20 NNLO a, (mz?) = 0.117 ———
MSHT20 NNLO a (m;?) = 0.118 —— | MSHT20 NNLO a (m;?) = 0.118 ———
4 MSHT20 NNLO a (m;?) = 0.119 —— 1 MSHT20 NNLO a, (m;?) = 0.119 ———
MSHT20 NNLO a (m;?) =0.120 —— " 10 - MSHT20 NNLO a, (m;?) = 0.120 ———

£ gLy £
5o =— 5 0 =
® — R e ® [ —— =N
B N
2 E
10 — .
4L
6~ . . Q2 = 10000 gevf - 2L ; ; ; Q2 = 10000 GeV2 \
10 104 108 N 102 107 10 104 102 N 102 107

@ High x quarks reduced with increasing a5 as increases splitting.
@ Small x quarks increase with a as reinforced by gluon splitting.

@ Strange relatively insensitive to «g, partly due to compensation in
BR B(D — p) which can change normalisation.

@ High x strange raised as poorly determined and compensates for
reduction in u,d. Low x strange raised by gluon splitting with as.

Thomas Cridge DESY MSHT20 aS(Mg) determi
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MSHT20 as(M32) effects on global fit y?

as(MZ) Axélobal(NLo) Axélobal(NNLo)
0.108 1188.6 909.6
0.109 991.0 715.0
0.110 813.6 553.1
0111 654.8 405.4
0112 556.5 290.0
0.113 4344 192.6
0.114 3245 118.2
0.115 230.2 61.8
0.116 151.7 218
0.117 913 26
0.1174 - 0
0.118 50.3 27
0.119 107 21
0.120 11 61.1
0.1203 0 -
0.121 33 119.3
0.122 27.1 197.9
0.123 56.1 296.1
0.124 110.8 4144
0125 1775 553.8
0.126 257.8 715.0
0.127 351.2 902.0
0.128 469.0 1107.8
0.129 602.0 1344.6
0.130 748.6 1596.7

The quality of the global fit versus as(Mg) at NLO and NNLO relative to the best fits at as(Mg) = 0.1203,0.1174
respectively. The number of data points in the global fit is 4363.

Thomas Cridge DESY MSHT20 S(Mﬁ) determination



MSHT20 as heavy quark mass link

o Correlations between m. and as(M3).

More information in article: TC et al, arXiv:
2106.10289, Eur.Phys.J.C 81 (2021) 8, 744.

me (GeV) Xglobal Xf—,cz O‘S(Mg)
4363 pts 79 pts
1.2 5134 153 0.1172
1.25 5123 143 0.1172
1.3 5118 137 0.1173
1.35 5117 133 0.1173
1.4 5119 132 0.1174
1.45 5125 132 0.1175
1.5 5136 135 0.1175
1.55 5150 140 0.1176
1.6 5168 144 0.1177

The quality of the fit versus the quark mass m¢ at NNLO with as(Mé) left free.
o Preferred value of as(M2) when fit as free parameter at fixed m.
increases as m. is increased.

@ Occurs as large charm mass suppresses charm, increased s speeds
up evolution and compensates for this to therefore still fit the data.

Thomas Cridge DESY MSHT20 as(Mg) determi
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MSHT20 m. dependence

e Default charm (pole) mass m. = 1.4 GeV, vary in steps of 0.05GeV
in range 1.2GeV < m. < 1.6GeV and examine fit qualities.

@ Assume all perturbative heavy flavour, i.e. no intrinsic
non-perturbative component = neither fitted nor intrinsic charm.

MSHT2020 NNLO m Total 2 variation
T

MSHT2020 NNLO mg HERA F, 0% %P2 variation
50 T T | T T T

HERAF, 000+
HERA Fy oFF Hofit ——

At fixed ag(M2)
=0.118

11 12 13 14 15 16 17 11 12 13 14 15 16 17
me (GeV) me (Gev)

@ Overall global fit dependence (left) centred on m. ~ 1.35GeV.

@ HERA heavy flavour combined charm and bottom (right) prefer
charm mass very close to our default m. = 1.4GeV.

@ Very low values of m. clearly disfavoured, in contrast to MMHT14.

Thomas Cridge DESY MSHT20 aS(Mg) determination




MSHT20 m, dependence

e Default bottom (pole) mass my, = 4.75 GeV, vary in steps of
0.25GeV in range 4.0GeV < my, < 5.5GeV and examine fit
qualities.

MSHT2020 NNLO m;, Total X variation MSHT2020 NNLO my, HERA F 0% B2 variation
T I i

1 T T 1 T T I T
50

40

30

X2 - X0"20 X*Xo .
10| | At fixed ag(M2)
1 1 50 4 =o0.118
0 o B
+ T Total 2+ HERAF, 0% thy2 4
0 b Total fit 5 HERA F, 0% bofit T
L I L I L L I L L I L
3.75 4.00 425 4.50 4.75 5.00 5.25 5.50 575 3.75 4.00 425 4.50 4.75 5.00 5.25 5.50 575
my (GeV) my (GeV)

@ Overall global fit dependence (left) centred on mj, ~ 4.5GeV.

@ HERA heavy flavour combined charm and bottom (right) prefer
bottom mass very close to our default m, = 4.75GeV.

@ Very low values of my, clearly disfavoured, in contrast to MMHT14.

Thomas Cridge DESY MSHT20 as(Mg) determination
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MSHT20 PDF m. dependence

g (NNLO) PDF % diff. to MSHT20 m, = 1.4 GeV at Q = 5 GeV? g (NNLO) PDF % diff. to MSHT20 m, = 1.4 GeV at Q2 = 10* GeV2
2 MSITZ0 m, - 1260V —— MSHT20m. - 1.35.GoV — — NSHTZ0m, - 15 Gl —— HSHT20 . 135 GV WSHT20m - 1.5 Goll
MSHT20 m, 125 GaV ——— MSHT20m, - 1.4 Gal —— MSHT20 m, - 1.95 Gell —— MSHT20 m, - 1,55 Gel ——
MSHTZ0mo - 13GaY  MSHTZDm, 145 Gall —— NSHTZ0m, - 16 Gel —— MSHT20 m, - 15 e ——
20 -
10 [ -
£ E]
5o — 5 —
10 -
20 - il
s
30 Q2 =5GeV?, ag (mz?) = 0.118, NNLO 8- Q2= 10% GeV2, ag (mz?) = 0.118, NNLO
I 1 I L
104 102 WXO'Z 107 109 104 109 « 102 107
3 (NNLO) PDF % diff. to MSHT20 m, = 1.4 GeV at Q2 = 10* GeV? c 1NNLO) PDF % diff. to MSHT20 m,. = 1.4 GeV at Q? = 10° GeV2
MSHTZ0 = 12GoV —— USHT2O m, =135 Cal —— MSHTZD mi= 15 Gl " MSHT20m, - 156V
51 wswm o 1zGa 4 Gell —— MSHTZ0 m, - 155 GeY ——= st
ot s WSHTZ e~ 139GV MSHT20m. - 145 ol —— MSHTZO me- 1.6 GeV
0 -
3
. \
\ il
£ =
o 5
®, ®
. I
sl 1
) }
S Q2 = 10* GeV2, ag (mz?) = 0.118, NNLO 7 15 — Q2 = 10% GeV2, ag (mz?) = 0.118, NNLO
I N h ! I L
105 104 102 N 102 107 10 104 102 « 102 107

More information in article: TC et al, arXiv:2106.10289, Eur.Phys.J.C 81 (2021) 8, 744.
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MSHT20 PDF m,, dependence

g (NNLO) PDF % diff. to MSHT20 my, = 4.75 GeV at Q = 50 GeV2 g (NNLO) PDF % diff. to MSHT20 my, = 4.75 GeV at @ = 10* GeV?
MSHTZ0 my -4 GaV | MSHT20 my - 5 GeV L MSHTZ0 m, - 5 GV
a4 MSHT20 m, = 4.25 GeV MSHT20 m, = 5.25 GeV. o 4 - MSHT20 my, = 5.25 GeV' |
MISHT20 m, = 4.5 GeV MSHT20 m, = 5.5 GeV MSHT20 m, = 5.5 Ge/
MSHT20 m, = 4.75 GeV ——
2 2
£ =
So 5o
2 2
\
4 _
Q2 = 50 GeV?, ag (mz?) = 0.118, NNLO Q2 = 10% GeV2, ag (mz?) = 0.118, NNLO
| ! I I !
104 102 wxv? 107 104 10 10'7 107
3 (NNLO) PDF % diff. to MSHT20 my = 4.75 GeV at Q? = 10¢ GeV2 b (NNLO) PDF % diff. to MSHT20 m,, = 4.75 GeV at Q2 = 10* GeV?2
sl MSHT20m, ~4 GaV —— MSHT20 - 5 GeV 1 MsHTRom, -4 GeV |
MSHT20 m, = 4.25 GeV. MSHT20 m, = 5.25 GeV/ L MSHT20 m, = 425 GeV'
MISHT20 m, = 4.5 GoV MSHT20 m, = 5.5 GoV. MSHT20 m, = 4.5 GoV
2 MSHT20 m, = 4.75 GeV il 10 MSHT20 m,, = 4.75 GeV/
1
£ =
L — = 5
s i
2 L - w0
3 Q2 = 10* GeV2, ag (mz?) = 0.118, NNLO 5 Q2 = 10% GeV2, ag (mz?) = 0.118, NNLO
I | I | |
104 102 10 2 107 104 102 |X0'2 107

More information in article: TC et al, arXiv:2106.10289, Eur.Phys.J.C 81 (2021) 8, 744.
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MSHT20 PDFs in 3- and 4- Flavour Number Schemes

@ In MSHT20 we use GM-VFNS with maximum of 5 active flavours.

@ Could instead keep info. about heavy quark in coefficient functions
only, i.e. only generate heavy quarks in final state = FFNS.

@ Can determine 3- and 4- flavour scheme PDFs from our default
GM-VFENS but with evolution of b (4-)/ b and ¢ (3-) turned off.

@ Turn off also contribution of heavy quark to running coupling as
relevant = coupling runs more quickly above mc .

13(x,Q%)/15(x.Q?) PDF ratios at Q? = 10* GeV?2 14(x.0%)/15(x.Q?) PDF ratios at Q2 = 10* GeV?2
Gluon ! ! = 130 Gluon ! =

W I Ratios of 3- (left) or
oun oun
st su i
o S | S _ 4 (right) flavour
Ao Aniap number scheme PDFs

Antl-down

to default PDFs with

. 5 active flavours

ratio
ratio
T
|

Q2 = 10000 GeV2, ag (Mz?)=0.118 4 090 - Q2 = 10000 GeV2, ag (Mz?)=0.118 4
! !

105 104 102 102 107 10 104 102 102 107
o Fewer active quarks = less gluon branching to quarks.

@ Also slower evolution so less quarks at small x and more at high x.
More information in article: TC et al, arXiv:2106.10289, Eur.Phys.J.C 81 (2021) 8, 744.
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