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PDFs and Higgs Physics
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Where we stand

Snowmass 2021 white paper [arXiv:2203.13923] PDF4LHC21 combination [arXiv:2203.05506]
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e Qverall agreement around Higgs mass between global PDF sets with some shifts and differences in PDF
uncertainties due to differences in methodologies and datasets included.
e PDF4LHC21 study [arxiv:2203.05506]; ONCe a common dataset is used, global fits agree in broad Mx range, different
uncertainties associated to different methodologies.
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CT updates

L2 sensitivity studies

arXiv:2306.03918v2 [hep-ph] 2 Aug 2023
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ANL-182798, DESY-23-068, FERMILAB-PUB-23-276-T, MSUHEP-23-016, SMU-HEP-23-02, PITT-PACC-2315
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Abstract

Parton distribution functions (PDFs) play a central role in calculations for the Large Hadron
Collider (LHC). To gain a deeper understanding of the emergence and interplay of constraints on
the PDFs in the global QCD analyses, it is important to examine the relative significance and
mutual compatibility of the experimental data sets included in the PDF fits. Toward this goal,
we discuss the Lo sensitivity, a convenient statistical indicator for exploring the statistical pulls of
individual data sets on the best-fit PDFs and identifying tensions between competing data sets.
Unlike the Lagrange Multiplier method, the Lo sensitivity can be quickly computed for a range
of PDFs and momentum fractions using the published Hessian error sets. We employ the Lo
sensitivity as a common metric to study the relative importance of data sets in the recent ATLAS,
CTEQ-TEA, MSHT, and reduced PDF4LHC21 PDF analyses at NNLO and approximate N3LO.
We illustrate how this method can aid the users of PDFs to identify data sets that are important for
a PDF at a given kinematic point, to study quark flavor composition and other detailed features
of the PDFs, and to compare the data pulls on the PDFs for various perturbative orders and
functional forms. We also address the feasibility of computing the sensitivities using Monte Carlo
error PDFs. Together with the article, we present a companion interactive website with a large
collection of plotted L9 sensitivities for eight recent PDF releases and a C++ program to plot the
L, sensitivities.

Two websites can be
used to explore L,
sensitivity for CT18,
MSHT20 (NNLO and
aN3LO) and
ATLASpdf21



CT updates

More flexible strange
parametrisation

Hou et al, arXiv:2211.11064

o e ~
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018, 1.e. mostly

 CT18 is the primary PDF; CT18A includes the ATLAS 7 TeV W/Z data (excluded
from CT18 due to very poor fit); CT18X includes scale to simulate effects of

low x resummation for DIS; CT18Z includes both effects
 CT18As (new) allows a more flexible parametrization for strange
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Since 2018, we have examined the impact of new LHC data, new parametrizations
as well as the impact of lattice constraints (especially on the strange quark).



CT updates

Boson V'8 Lumi Observable Ref.
ATLAS
W,Z | 276 | 4.0pb* olid;tot 1907.03567
W, Z 13 | 81.0 pb~* old 1603.09222
W,Z | 5.02 | 25.0 pb ! (e, yer) 1810.08424
A 8 20.2 fb~*! (myue, Yee) 1710.05167
W—npv| 8 | 202fb ! M 1904.05631
A 13 36.1 fb~! pf{f 1912.02844
CMS
A 13 2.8 fb~* mMyy 1812.10529
7 13 | 35.9fb ! (y,p7,0") 1909.04133
14 13 | 359t | oM, yw,(n,p5T) | 2008.04174
LHCb
W — ev 8 2.0 fb~* Ne 1608.01484
7 13 | 294 pb~t | o™, (y,pr,0*) | 1607.06495
Z—pup | 13 | 511 | o (y,pr,¢0*) | 2112.07458
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New Drell-Yan data [Phys.Rev.D 108 (2023) 3, 034030]

1.10 1.10

TG oy
---CT18A ---CT18A+nD
o CT18As  CT18As+nDY

y /

—CT18  —CTI8+nDY

-

- CTI18A ---CT18A+4nDY
CT18As  CT18As+nDY

.y

Vs = 14 TeV Vs = 14 TeV

0.90" NPV A
10! 102 103 10 10! 102 103 10

my [GGV] myx [GeV]

 The new Drell-Yan data increases
(decreases) the quark-related
luminosity at low (high) invariant
mass

» ...with a reduction in the size of the
error bands

* The more flexible strangeness
parameterization in CT18As can
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CT updates

New top-quark data,

Theory predictions:
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Differences related to different scale choices are

well within the CT18 PDF error band.

from ATLAS and CMS @13TeV
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ATLAS lepton + jets, ytt and stat. comb. {ytt, Mtt, yBtt, HTtt} have very

similar impact

ATLAS all hadronic, ytt
CMS dilepton

Optimal baseline consists of 1D

absolute Xsec from

ytt

’

CMS lepton + jets, Mtt

Reduction in scale uncertainty observed in ggF Higgs region
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MSHT updates

@Lucian Harland-Lang

 Range of projects being pursued post-MSHT20 release: (More later)

g, Ratio to NNLO, Q?=10* GeV?

NNLO

1.100 1—

* MISHTaN3LO - first global PDF fit at

approximate N3LO order.

* Combines known N3LO info with

unknown pieces + theory uncertainty.

J. McGowan et al., Eur.Phys.J.C 83 (2023) 3

2/N Npts NNLO aN3LO
X /4¥pts  TATLAS 7 TeV jets | 140 | 1.54 1.46
CMS 7 TeV jets 158 1.29 1.32
* Fit quality better for dijet ~ Jet fit: ATLAS 8 TeV jets | 171 | 1.96 1.90
: : CMS 8 TeV jets 174 1.83 1.80
case Irrespective of order Total Jets 643 1.67 1.63
(NNLO vs. aN3LO). N NNLO O
. ATLAS 7 TeV dijets 90 1.06 1.12
In preparation - stay tuned. DIJEt fit: CMS 7 TeV dijets 54 1.43 1.39
CMS 8 TeV dijets 122 1.05 0.82
Total Dijets 266 1.13 1.04

1.075 -
1.0501 >«
1.025+

1.000

aN’LO (H,; + K;)

- aN’LO (H.)

NNLO (without HERA)

-
-

>

0.975 -
0.950{ .-

0.925 -

 —

......

0.900

0 . 10

3

101!

e Follow up study. Impact of LHC inclusive jet vs. dijet data at up to aN3LO:




MSHT u dates * Some difference in PDFs at NNLO...

@Lucian Harland-Lang

* ...but more stable at aN3L.O.

* Dijets somewhat more constraining.

g, PDF ratio at Q% = 10% GeV?

T
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® Other datasets being looked at, e.g.

Seaquest:

* Sensitive to high z quark flavour

decomposition.

* Find it raises the © d/% . Some tension

with other data.

—> Some preference for diyjet data.

g, PDF ratio at Q% = 10% GeV?
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MSHT updates

@Lucian Harland-Lang
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¢ Combining aN3L.O OCD with QED effects in MSHT fit.

* Question: what 1s effect of QED DGLAP/photon PDF on aN3LO fit? Same
as NNLO?

* Include both in MSHT fit.

_ & (O 1) aas 5(1,1) (0,2)
Fij = 27rP (27r)2P” + (27r) Fij”

g (32 A+ (32 A

’&j zg
=5) " pla0)
+ (27r) R

* Effect on PDFs very similar to NNLO case. E.g. some (further) reduction in

gluon due to momentum sum rule.

* Leads to further mild reduction 1n e.g. ggH.
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g, ratio to NNLO (QCD), Q% = 10% GeV?
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In preparation - stay tuned.
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NNPDF updates

® [wo main changes required to account for QED effects in PDF fits: modified DGLAP
equations including O(asa) and O(a2) terms and mixed QCDxQED sum rules implemented
In new theory pipeline given by EKO [candido, Hekhorn, Magni arXiv:2202.02338] and YadiSm [Candido,

Hekhorn in preparation]

e NNPDF4.0QED: PDFs and photon determined such that they satisfy sum rules :
e Photon iteratively computed during the fit using structure function input
a la LUXQED manohar, Nason, Salam, Zanderighi [arXiv:1607.04266,1708.01256]
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NNPDF updates

e NNPDF4.0MHOU: First NNLO PDF set including Missing Higher Order ol

Uncertainties (MHOU) via theory covariance matrix approach Bali et al fariv: _ Y
1905.04311,1906.10698, 2105.05114] = 12D

e MHOUs estimate by varying pur and pr in parton evolution and in the b 10.0f
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Higgs production in gluon fusion (PDF + MHOUs)

NNPDF updates

¥ NNPDF4.0 NLO/NNLO (published)
e NNPDF4.0N3LO: Approximate N3LO PDFs built by 5o f NNPDF4.0MHOU NLO/NNLO/N"LO -

using available N3LO theory ingredients and =)
estimating Incomplete Higher Order Uncertainties — : { {
(IHOUs) associated to unknown N3SLO ingredients "? 40T ! )
Hekhorn, Magni [arXiv: 2306.15294] + NNPDF in preparation - S |

S .

S 30 ' ¢ N

COVl:]' — Covij,EXP -+ COVij,MHOU + CovijJHOU
20 "1" | |

NLO NNLO N3LO

e PDF sets with MHOUSs vs MHOUs and IHOUSs Perturbative Order (ME)

contributions test perturbative convergence 2
— . d —
CMS Jet 13 TeV R = 0.4: ap_rgV y =1.75
®  Data

®  NNPDF40
PDF4LHC21

-
(@)
|

e NNPDF4.0pheno: A systematic exploration of the
data-theory agreement between predictions obtained
with NNPDF4.0 and other global data sets with
plethora of new and precise datasets that the LHC
experiments have provided since the release of the

latest PDF - future test [J. Cruz-Martinez et al, Acta
Phys.Polon.B 52 (2021) 243]

Ratio to Data
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aN3LO PDFs theory benchmark




Approximate NSLO PDFs

Several ingredients required to perform NSLO PDF fits, many available some missing

= 4-loop DGLAP Splitting Functions to evolve PDFs
non-singlet - large nr limit (neB 915 (2017) 335; arxiv:2308.07958]

singlet

- small-X Her 08 (2022) 135) and large-X Hep 10 (2017) 0411 [IMILS

- lowest 8 Mellin moments [uHep o6 (2018) 073]

- large nr limit (neB 915 (2017) 335; arxiv:2308.07958, arXiv:2310.01245]
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o

Q2 Pij(x9 as) ®f;'(x9 QZ)

dQ?

- smalll-X [Hep 06 (2018) 1451 @aNd large-X [NP. 832 (2010) 152; JHEP 04 (2020) 018; JHEP 09 (2022) 155] [IMItS

- lowest 5 (10) Mellin moments [pLs 825 (2022) 136853; ibid. 842 (2023) 137944; ibid. 846 (2023) 138215]

= PDF matching conditions to change number of PDF flavours at heavy-quark matching scales
- all kKnown [NPB 820 (2009) 417; NPB 886 (2014) 733; JHEP 12 (2022) 134] €XCEPt for complete AL g [arxiv:2311.00644]

= DIS Structure

-unctions
DIS NC (mass|ess) nps 492 (1997) 338; PLB 606 (2005) 123; NPB 724 (2005) 3]
DIS CC (massless) np. 813 (2009) 220]
Massive from param. combining known limits and damping functions nes se4 (2012) 399

= HadroniCc Cross section

Dre
ore
Dre

-Yan (inclusive)
-Yan (differentia
-Yan (differentia

JHEP 11 (2020) 143]

IN PT) [PLB 845 (2023) 138125]

IN rapidity) (PRL 128 (2022) 052001]

i
E Y cCa)efco) Kl

i=—ny




Approximate NSLO PDFs

® The only public available aN3LO PDF determination is from the MSHT collaboration arxiv:2207.04739.
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e NNPDF has presented preliminary aN3LO results and paper is in preparation - to be released before Christmas

e All available theory input at the time of publication
included (impact of new ingredients being explored)

e |ncomplete N3LO terms added as variation in the prior
and estimated by fitting nuisance parameters to the
data (hence posterior determined by fitting data)

e No MHOU associated with NNLO contributions

More theory inputs published in between and included,
in particular 6(1) extra momentum for Pqg, Pag (Pga, Pgg),
some terms in the large n¢ limit, sub-leading small-x and
large-x terms.

Only theory inputs and their variations added to an
additional theory covariance matrix associated with [HOU

MHOU associated with NNLO included via theory
covariance matrix
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Approximate Splitting Functions

® How to combine the different limits?
In Mellin space, for each power of nf

- 0 3) (3)
yl” - ij,nf3 T yij,N—)OO T yij,N—)O @

7= ), alG(N)
[

e [or example, in NNPDF fit, for the Pqq splitting function

G1(N) M([(1 — z)In*(1 — z)] = |arge-N contribution
G2(N) ~mer t e = Small-N contribution
1 1
7, 33, M[(1—z)In(1 —z)] _ ' -
vég?ps(N) {Gs.. s(N)} DY = Sub-leading §ma!l N and
M[(1-z)?°In(1 — 2)?], 75 — +, M[(1 —z)In(z)] large-N contributions

M1 - z)(1 + 2z)], M[(1 —z)z?],
{G (N)7 G1 (N)} ) .
: : M[1 —-z)x(1+ z)], M[(1—z)] = Sub-leading

e \arying the sub-leading basis produces different candidates =» Incomplete Higher Order Uncertainty (IHOU)
e Different choice of basis and approaches in constraining it between NNPDF and MSHT (extra prior parameter)



Benchmarking Splitting Functions

rP,(x), as =0.2ny =4

MSHT prior = pre-fit
MSHT posterior = MSHTaN3LO

NNPDF = NNPDF40aN3LO
Moch at al = theory paper

Benchmarking
exercise started
before Summer in Les
Houches to check the
impact of the aN3LO
splitting functions

Write-up In
preparation for Les
Houches proceedings

0.12

0.30

0.25

—— MSHT (prior)

0.05 - R —— MSHT (posterior)

=== Moch et al.
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Benchmarking Splitting Functions

= Relative difference to NNLO

—0.1 -

109

| —0.6F
_|_

~ 0.8 -

1.0 -

Y
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@Giacomo Magni
@Tom Cridge

S 0.2+ {
0.3 -
¥ NNPDF
—0.4 - I Moch et al.
05 - i MSHT (posterior)
10~° 10~ 102 100
i

e Non-Singlet: variation in parametrisation is phenomenologically negligible as x — O PDFs vanish
® Singlet: difference due to poor knowledge of small-x logs (extra momentum improves constraint on small-x log in Pgyq, Pgg)
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Benchmarking Splitting Functions

@Tom Cridge
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Non-Singlet: variation in parametrisation is phenomenologically negligible as x — O PDFs vanish

Singlet: difference due to poor knowledge of small-x logs (extra momentum improves constraint on small-x log in Pyq, Pgg)
Inclusion of new momenta by Moch et al iIn MSHTaN3Lo results in a ~1.5% rise in the gluon at x~10-2 [preliminary]

Next: massless coefficient functions, matching conditions, and massive DIS to conclude benchmark of theory ingredients.
Benchmark between PDFs is more involved (methodology, kinematic coverage, kinematic cuts)...
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Effects of cuts on PDFs

1.04 \ ——— N3LO/NNLO ratio _ @Tom Cridge
® —— N3LO/NNLO Q2 > 13.96GeV? ratio
—

. 1.02 —
Zm Q — 100 GeV
~_ 1.00 _
Q
= 0
~ 0.98
=) PRELIMINARY
0.96 —
lllllll | | lllllll | | lllllll | | llllllI | 1 51 L1l
10~ 102 102 101

L

Non-Singlet: variation in parametrisation is phenomenologically negligible as x — O PDFs vanish

Singlet: difference due to poor knowledge of small-x logs (extra momentum improves constraint on small-x log in Pgq, Pgg)
Inclusion of new momenta by Moch et al iIn MSHTaN3Lo results in a ~1.5% rise in the gluon at x~10-2 [preliminary]

Next: massless coefficient functions, matching conditions, and massive DIS to conclude benchmark of theory ingredients.
Benchmark between PDFs is more involved (methodology, kinematic coverage, kinematic cuts)

Raising the Q2 cut (in line with NNPDFaN3LO) also increases the gluon around x~10-2 [preliminary]
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Impact on phenomenology

Higgs production in gluon fusion (PDF + MHOUSs)

@Giacomo Magni
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Impact on phenomenology

Over-conservative measure of
mismatch between NNLO PDFs and
N3LO partonic cross sections
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Conclusions

® | ots of progress from PDF collaborations tackling needs dictated by new precision frontiers at the LHC
® Some extremely relevant for Higgs physics

= QED PDF sets - EW corrections especially relevant for large invariant mass final states

= aN3LO PDF sets - remove over-conservative theory mismatch uncertainty

= |nclusion of MHOUS - more accurate PDF determination

= More data from the LHC - increase precision of PDF determination

® On Friday PDF4LHC meeting
https://indico.cern.ch/event/1311146/

More on the aN3LO benchmark (Robert Thorne)
News from CT & L2 sensitivity (Joey Huston)
News from MSHT (Lucian Harland Lang)

News from NNPDF (Juan Rojo)

= Talks on replicability of the PDF4LHC exercise (Pavel Nadolsky), Implications of NNPDF40 for LHC physics
(Juan Cruz-Martinez) and how PDFs might fit away New Physics (James Moore)

1111



https://indico.cern.ch/event/1311146/

Extra material
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Where we stand
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e QOverall agreement around Higgs mass between global PDF sets in gg channel with differences in PDF
uncertainties due to differences in methodologies and datasets included.
® |n ggbar channel similar trend with slightly larger tension around Higgs mass.
e PDF4LHC21: once a common dataset is used, global fits agree in broad Mx range, different uncertainties.




