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THEORETICAL PREDICTIONS AT THE LHC
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Collinear factorisation: separate long-distance universal information on proton structure in terms of
partons (quarks, antiquark, gluons, photons...) from from short-distance parton interaction (hard scattering)

L
7
Parton o Hard
Distribution Scattering:
Functions it Perturbative
J o d OCD + EW

%d5'2‘74>a




#1: Theory uncertainty of SM predictions #2: Determination of SM parameters
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Ball et al arXiv: 2209.08115 DY @ 14 TeV with m,; > 3000 GeV
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#1: Direct searches: heavy Z' search in DY Forward-Backward asymmetry
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Discrepancy between QCD calculation and CDF jets data (1995)

At that time no information on PDF uncertainties and theory predictions strongly
depended on gluon shape at x>0.1. Once data included in the CTEQ fit, discrepancy
disappeared.

Deviations from SM predictions in high energy tails (>2023)

New physics or limited understanding of proton structure?
#2: Indirect searches




PARTON DISTRIBUTION FUNCTIONS ~ f; (<z, 1)

\ Perturbative QCD

Splitting functions P, known up to approximate
N

Pz] E’as (t) Pzg E’as(t) qJ (g’ t) N3LO [Blumlein, Moch, Gehrman, von Manteufel, Sotnikov, Yang,
- ia. q g] 5 ’as(t) ng %, as(t) g(g, t) Davies, Vogt, Bonvini, Marzani,... ]

First approximate N3LO sets MSHT20aN3LO
McGowan et al 2207.04739

NNPDF40aN3LO
Ball et al 2402.18635

dt gx,t - 27!'

12 - 1.2 s
MSHT20NNLO - zf(z, p* = 10" GeV?) -
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A WEALTH OF DATA FROM THE LHC  f; (' 1)
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IMPACT OF LHC DATA
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Ball et al, 2109.02653

HERA data crucial to constrain quark valence (up and to less extent
down valence) across intermediate to small x and gluon at small x

LHC high energy data crucial to provide additional constraints to PDFs,
in particular in medium- to large-x gluon and quarks.

Mild tension with older fixed-target Drell-Yan and DIS data visible in the
large-x region (especially gluon and anti-quarks)
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CONSTRAINTS FROM THE HL-LHC

Kinematics of a 100 TeV FCC
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* Thanks to luminosity upgrade, HL-LHC will go nearly two orders of magnitude higher in Q2, populating the high-
energy region, and this will allow to further constrain gluon and (anti)-quarks at large x [Khalek et al, 1810.03639]
» FCC-hh will go further up by two orders of magnitude in Q2 [Mangano et al 1607.01831]

Large x — Large E and/or Large Y




THE PRECISION VERSUS ACCURACY CHALLENGE

Now that PDFs are getting more and more precise, it is

crucial for them to be accurate.

Challenges:

* Genuine inconsistencies in experimental inputs
" Impertfect fitting methodology

" Inaccurate theoretical framework
= Missing higher order uncertainties & N3LO
= Other corrections (nuclear, non-perturbative
effects...)
= BSM eftfects - second part of the talk

PRECISION VS ACCURALCY

v/ Precision X Precision X Precision v’ Precision
X Accuracy v’ Accuracy X Accuracy v’ Accuracy
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AN UNEXPECTED INTERPLAY




® EFT is a well-defined theoretical approach for indirect searches
® Assumption: new physics states are heavy

® Write the Lagrangian with only light SM particles, BSM effects incorporated as a momentum
expansion

® SMEFT: assume SM field content and gauge symmetries (apart from accidental)

N e i o6 Nd8 3)
LSMEFT :LSM‘FZA—; )—I—Z 05 (9(

® Full dim-6 basis of operators under SMEFT assumptions includes 2499 operators [Grzadkowski et al,
arXiv:1008.4884]
® Current SMEFT fits make tlavour assumptions and restricted to a few observables/sectors & reduce
the number of operators.
® Huge progress N global dim-6 SMEFT fits [Ken Mimasu's talk]
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EXTRACTING PARAMETERS FROM DATA

1 Ndat

= 5 D (B} {e}) — D) covy) (1,16}, {c)

1=1

T;(105,1¢y) = PDFs({05, 1c}) ® 0i(1c))

v

Parameters determining PDFs at initial scale

SMEFT WCs
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EXTRACTING PARAMETERS FROM DATA

1 Ndat

X© = N > (Ti({6},{c}) — Dy) coviy! (T;({6}, {c}) — D;)

1=1

T;(105,1¢3) = PDFs(10}, {c}) ® 0i(1c))

v

Parameters determining PDFs at initial scale

SMEFT WCs

v In a PDF fit typically
T;(10}) = PDFs({0}, {c = 0}) ® 6;({c = 0})
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EXTRACTING PARAMETERS FROM DATA

1 Ndat

= = D (G0} {e}) - D) covyy! (T({6}. {c}) - D))

1=1

T;(105,1¢3) = PDFs(10}, {c}) ® 0i(1c))

v

Parameters determining PDFs at initial scale

SMEFT WCs

v In a PDF fit typically

T;(10}) = PDFs({0}, {c = 0}) ® 6;({c = 0})
v In a fit of SMEFT Wilson Coefticients

T;({c}) = PDFs({0 = 0}, {c = 0}) ® 6;({c})



PDF AND SMEFT INTERPLAY
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® PDFs are low-scale quantities extracted from experimental data at all scales, without

considering any potential high-scale contamination due to new physics.

® (SM)EFT fits are performed by assuming a priori that P

DFs are SM-like.

® In principle low-scale physics is separable from high-scale physics, BUT the complexity of LHC

environment might well intertwine them
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PDF AND SMEFT INTERPLAY

Deep Inelastic Scattering

Fixed-Target Drell-Yan

Drell-Yan Rapidity Distribution

Drell-Yan Mass Distribution

Heavy Quarks Total Cross Section

Jet Transverse Momentum Distribution
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= Top pair production and single top data included in SMEFT analysis
[Hartland et al 1901.05965] [Ellis et al 2012.02779]

= Drell-Yan hlgh mass data [Farina et al 1609.08157, Torre et al 2008.12978]

= |nclusive Jets data [Alte et al 1711.07484]

- Dijets data [Krauss et al 1611.00767] [Alioli et al 1706.03068] [Bordone et al 2103.10332]

= Qverlap enhanced in HL-LHC projections [Abdul Khalek et al1810.03639]




PDF AND SMEFT INTERPLAY

® Deep Inelastic Scattering
v  Fixed-Target Drell-Yan
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® Naive solution: remove all data above Q > Qg
e Cutting away all high energy data would result in

dramatic uncertainty increase and loss of precision!

Ratio to Reference Fit

1.06 -
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CAN PDFS ABSORB NEW PHYSICS?

g at 1.65 GeV
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v NNPDF methodology routinely tested via closure test (in the data region) [Del Debbio, Giani, Wilson, 2111.05787] and
future test (in the extrapolation region) [Cruz-Martinez, Forte, Nocera, 2103.08606].

v Closure tests assess methodology robustness and efficiency & faithfulness of uncertainty estimate.

v Input the “true” PDFs, generate MC data according to the “truth” with exp. uncertainty and check if what you get
out of the fit corresponds to the truth

v" Can we test if we can “safely” add high M data using this statistical test?



CAN PDFS ABSORB NEW PHYSICS?

do-SMEFT/ dUUV dUUV / dUSM
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* Imagine that on top of the “true” PDFs one
inject the “true” BSM model in the MC data

* Generate artificial MC data assuming “true”
law of nature =

“true” PDFs + "true” BSM model
* Fit PDFs assuming SM
* Can PDFs absorb signs of new physics?

E. Hammou, Z. Kassabov, M. Madigan,
M. Mangano, L. Mantani, J. Moore, M. Morales, MU
2307.10370

/ /

Z W
Selection test: x Selection test: /

= Excluded from PDF fit = |ncluded in PDF fit

No impact on PDFs G’DFS contaminatecD




* The fit-quality of the global fit is unchanged even with signal from Mw’ = 13.8 TeV injected in all data
(mostly visible in HL-LHC NC and CC Drell-Yan data)
* Once we go beyond this point ,the fit-quality deteriorates due to the HL-LHC neutral current and

charged current Drell-Yan MC data.
* Already for Mw' = 13.8 TeV the gg~ luminosity shifts far beyond the PDF uncertainties because anti-

quark PDFs at large-x compensate or “fit away” the effect of New Physics and we would not know in a

real ﬁt- HL-LHC HM DY 14 TeV - charged current - e ch.

Ng
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without spoiling chi2 X

E. Hammou, et al 2307.10370
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CAN PDFS ABSORB NEW PHYSICS? THE W™ CASE AT HL-LHC

* The fit-quality of the global fit is unchanged even with signal from Mw’ = 13.8 TeV injected in all data

(mostly visible in HL-LHC NC and CC Drell-Yan data)
* Once we go beyond this point ,the fit-quality deteriorates due to the HL-LHC neutral current and

charged current Drell-Yan MC data.
* Already for Mw' = 13.8 TeV the gg~ luminosity shifts far beyond the PDF uncertainties because anti-

quark PDFs at large-x compensate or “fit away” the effect of New Physics and we would not know in a

real fit.

Y=0.000251 “ '
Consequence #1: Y =0.00015 - ; & :
Would not see indirect effect of new Y = 0.00005 - 95% C. |- : o

physics as we would find SMEFT

bounds compatible with the SM! W =0.00015 - ' s
W =0.00008 -

W = 0.00003 A . | | —
—-2.0 -1.5 —-1.0 —-0.5 0.0
Bounds minus truth x10~4

E. Hammou, et al 2307.10370



* The fit-quality of the global fit is unchanged even with signal from Mw’ = 13.8 TeV injected in all data
(mostly visible in HL-LHC NC and CC Drell-Yan data)

* Once we go beyond this point ,the fit-quality deteriorates due to the HL-LHC neutral current and
charged current Drell-Yan MC data.

* Already for Mw' = 13.8 TeV the gg~ luminosity shifts far beyond the PDF uncertainties because anti-
quark PDFs at large-x compensate or “fit away” the effect of New Physics and we would not know in a
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Cb on-shell at high rapidity data do not help as quark probed at Iarge x, antiquark at small x

o Need more accurate low-energy/large-x constraining measurements to really disentangle such effects

* Strong motivation for synergy with ep experiments (FCC-eh, EIC and Forward Physics Facility) probing lower
energies (hence no “contamination” from heavy new physics) and large-x

Low energy fixed target Drell-Yan data

; : _ Inclusion of FPF
constrain antiquarks at large x, if they were

pseudo-data

more precise, tension with new-physics HLLHC HMDY_CC EL (FASERv, FASERV2
. . . ' ' : y . y
contaminated HL-LHC data woul be evident! SN VWESPRCAN 2dvSNDv) along with
1.0} —  sMm IN HL-LHC (DY NC and
Data-theory comparison '
e [ Omorciories 1 I DY CC) pseudo-data
mss Weighted on FTDY data oal would prevent new
physics
M —~ contaminations!
N 0.6}
3 . i
- Hammou, Madigan, MU,
0.4kt | In preparation
2
0.2}
1F
0.0~ 1 1 L —_ _1
0 0 1 2 3 4

FTDY HMDY HLLHC X?



A GLOBAL INTERPRETATION OF THE LHC DAITA
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GLOBAL INTERPRETATION OF LHC DATA

Overview of m  Measurements
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TR - e m
JHEP 01, 036 (2022) | I
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Extremely precise LHC data & advances in
theoretical predictions and statistical
techniques allow to extract SM (and BSM)
parameters to a great level of precision

* 0s(M,)

° |\/|W

e Parton Distribution Functions
e SMEFT Wilson coefficients

While huge progress made in determining each of these key ingredients of theoretical

predictions from the data, not yet evident how to combine all these partial fits into a

global interpretation of the LHC data. Simultaneous fits are pivotal step in this direction.



® How to perform simultaneous fits of PDFs and SM/BSM parameters?
® SimuNET yields simultaneous fit of PDFs and SMEFT coefficients, it does not have limit in number of parameters
that can be fitted alongside PDFs at the initial scale! Extendable to SM parameters!

Input Hidden Hidden PDF Convolution SM SMEFT Linear dim-6 o oerator

layer layer 1 layer 2 flavours step Observable Observable

N
T(0) = £({cn}) - L°(6) = TM(9) - (1 + Z CnRglelEFT
n=1

Quadratic dim-6 operator

N
T)=T(0) |1+ Z CnRgﬁ/)IEFT + Z CnngIUITE%‘T :
n=1 1<n<m<N

S. Iranipour, MU - arXiv: 2201.07240, M. Costantini, E Hammou, M. Madigan, L. Mantani, J. Moore, M. Morales, MU (arXiv: 2402.03308)




SIMUNET: A TOOL FOR SIMULTANEQUS FITS

SimuNET released open-source with detailed documentation & allow users
https://github.com/HEP-PBSP/SIMUnet

v PDF only fits

v SMEF

only fits - linear SMEF

v Simultaneous SMEFT & PDFs - linear SMEFT

[

|

dataset_inputs:
- {dataset: NMC, frac: 0.75%}
- {dataset: ATLASTTBARTOT7TEV, cfac:

- {dataset:

QCD], simu_fac:

"EFT_NLO"}

use_fixed_predictions:

Truel}

|

CMS_SINGLETOPW_S8TEV_TOTAL, simu_fac: "EFT_NLO",
- Higgs
- Top A
8 8 1,1
Cro Ctw  CtG  Cy Cut CGq  Cou
Crep Ctz  Cy C%u ng Cle Ct
Cto Cot  CQu ng’; ‘322’2 Cqt Cut
Cbe e Diboson ~
Ceyp (f—— EVVFK) *\ \
B eop o cpu )
C(pG 0Q ¥ pu ¥Yq CWWW
o S cown €l coa b Y,
CoWw c c
ve Copl
CoO k J
k \_ J J
—

40 SMEFT operators can be fitted alongside PDFs
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SimuNET released open-source with detailed documentation & allow users
https://github.com/HEP-PBSP/SIMUnet

v PDF only fits
v SMEFT only fits - linear SMEF
v Simultaneous SMEFT & PDFs - linear SMEFT

'dataset_inputs:

- {dataset: NMC, frac: 0.75%}

- {dataset: ATLASTTBARTOT7TEV, cfac: [QCD], simu_fac: "EFT_NLO"}

:- {dataset: CMS_SINGLETOPW_8TEV_TOTAL, simu_fac: "EFT_NLO", use_fixed_predictions: True}

v Inject any new physics model in the data and check robustness against PDF absorbing it

Zdataset_inputs:
- {dataset: LHCB_Z_13TEV_DIELECTRON, frac: 0.75, cfac: [’QCD’]}
- {dataset: CMSDY1D12, frac: 0.75, cfac: [’QCD’, ’EWK’], contamination: ’EFT_LO’}

M. Costantini, E Hammou, M. Madigan, L. Mantani, J. Moore, M. Morales, MU
arXiv: 2402.03308



Y/107

250 - qq luminosity
' VS =14 TeV
0 T T T | T T 1.10 - [ HLLHC Baseline (68% c.l.)
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-
- i = 1.06 A
1.0 %
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W/10~4
S. Iranipour, MU - arXiv: 2201.07240

v Simultaneous analysis of PDFs and Drell-Yan sector Wilson coefficient in the context of universal parameters of DIS
+ DY (including HL-LHC projections) using simuNET method shows that at HL-LHC the effect of interplay becomes
important: WCs bounds broaden and PDF uncertainties change significantly once SMEFT effects allowed in theory

predictions entering PDF fit
[Greljo et al 2104.02723] [Iranipour, MU 2201.07240]


https://arxiv.org/abs/2104.02723

gg luminosity

Vs =13 TeV
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= 95% CL Fixed-PDF EFT analysis, full top dataset

Z. Kassabov, M. Madigan, L. Mantani, J. Moore, M. Morales, J. Rojo, MU - arXiv: 2303.06159

v Simultaneous analysis of PDFs and more than 20 operators in the top sector using simuNET method shows that
W(Cs are stable, while PDF uncertainties broaden and PDF fitted simultaneously alongside WCs site nicely between
PDF-only fit without top data and PDF fit including all top data - sign of partial NP absorption (!)



® |nterplay between indirect new p
relevant as we move to the High-

® Can PDF absorb new physics?

nysics searches via (SM)EFT fits and PDFs is going to be more and more

_Luminosity LHC phase

= |dentified a naive UV scenario such that the high-mass HL-LHC invariant mass can absorb NP and quantitied effect

= |[mportant to disentangle large-x from high-energy / low-energy (SeaQuest, JLAB, EIC, FPF..)

= More realistic scenarios to explore, especially large-x gluons (jets, top)

® Simultaneous fits
= General simuNET methodology
operators has been developed
= Open source code

for simultaneous fits linear SMEFT + PDFs for an arbitrary number of SMEFT

= Effect of simultaneous fits on PDFs and SMEFT depends on the sector

= Top: shift and larger uncertainty in PDFs, unchanged SMEFT bounds

= Drell-Yan: unshifted PDFs and large uncertainties, broader SMEFT bounds

= Quadratic SMEFT corrections: need a new methodology to determine joint probability distribution beyond Monte

Carlo sampling (Bayesian PDFs)



EXTRA MATERIAL



THE TOP SECTOR

* After testing methodology on small number of WC, stress-test on large SMEFT parameters space.

* Huge amount of Run Il top quark data from ATLAS and CMS

® Four basic processes: inclusive tt~ and asymmetry (inclusive and differential), single top (inclusive and
differential), associated ttV production, associated single top production

i a i ) _
q b q
! Oy, ’
14
t q t
Y

q t g

. b
. &Q_QQ_QQ_Q.QW\t s-channel t-channel

inclusive tf single top

” 25 (21) dim-6

associated 7 o associated single top operators at the

t

W

quadratic (linear)
SMEFT

Z. Kassabov, M. Madigan, L. Mantani, J. Moore, M. Morales, J. Rojo, MU - arXiv: 2303.06159



THE TOP SECTOR

25 (21) dim-6 operators at the

quadratic (linear) SMEFT

DoF Definition (Warsaw basis)
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€QQ 2cqg " — 3Cqq
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POF-ONLY FIT
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Z. Kassabov, M. Madigan, L. Mantani, J. Moore, M. Morales, J. Rojo, MU - arXiv: 2303.06159



SMEFT-ONLY FIT

'nop c
i .
Oott (¢/A%) = osm+ ) Oettipg Linear SMEFT
i=1
40 -
20 -
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© =20 -
—40 -

F 88 & 3 & % FT T 88 ST T T 858

= S S S

i — = SM —

== 95% CL new dataset
- 95% CL old dataset

Z. Kassabov, M. Madigan, L. Mantani, J. Moore, M. Morales, J. Rojo, MU - arXiv: 2303.06159



SMEFT-ONLY FIT
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SMEFT AND PDF CORRELATIONS

Correlation cg - Fixed SM PDFs Correlation c8, - Fixed SM PDFs
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SIMULTANEQUS PDF-SMEFT FIT

gg luminosity
Vs =13 TeV Linear SMEFT
‘7, SMEFT PDF (all top data) (68 c.l.+10)

1.05 - ‘. NNPDF4.0-notop (68 c.l.+10)
' ‘===, fit H (SM, all top data) (68 c.l.+10)
o
% \\L{-_
- 1.00 y m—.
<
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=
=
@)
+J
o 0.90 -
= Simultaneous PDF fit nicely
ad sits between PDF only fit
w/out top and with top data
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* Methodology for simultaneous fit is similar to the one adopted in 20°

W

ANALYSIS METHODOLOGY

e We performed a similar analysis as in Torre et al, now with emphasis

on PDF and their interplay with bounds on oblique operators
[Greljo, Iranipour, Kassabov, Madigan, Moore, Rojo, MU, Voisey: 2104.02723]

fits of as from a global fit of PDFs

[ Rqat )
Z (D; = T) (cov™1),;(D; — T))

ndat i i
\_ J= _J

. Take data, make theoretical predictions accounting for

operator in partonic cross section with fixed SM PDFs.

. Compute chi2 as a function of WCs (Wilson Coefficients)
. Minimise chi2 and find best-fit and C.L.s of WCs
. Extract bounds

T =fl,SM ®f2,SM X 5BSM

SM PDFs

W

—— SMEFT/PDFs

50 - +
o]\

30 +

10 -

~20 =15 =10 =5 0 5 10 15
W (x10%)

Greljo et al, 2104.02723

. Take data, make theoretical predictions accounting for

operator in partonic cross section and PDFs.

. Compute chi2 as a function of WCs (Wilson Coefficients)
. Minimise chi2 and find best-fit and C.L.s of WCs
. Extract bounds

I =f1,BSM ®fz,BSM X 6-BSM

SMEFT PDFs / Simultaneous fit



INTERPLAY @ RUN | AND RUN |

10 10
---- SM PDFs
—— SMEFT PDFs
8 - g -
6- 6 -
) )
4- 4-
2 . 2 1
, ---- SM PDFs
—— SMEFT PDFs ~
1 1 I 1 I 1 O ' ' ls ! ' !
—010.0 -75 -50 -25 00 25 50 75 10 —100-75 -50 =25 00 25 50 75 100
W (x10%) Y (x10%)

e With current data, PDFs are moderately affected by inclusion of
non-zero W and Y coefficients in the fit, mostly quark-antiquark
luminosity within uncertainties

* Broadening of individual bounds on W and Y once SMEFT PDFs
are used (i.e. PDFs that have been fitted with consistent values of
W and YY) is not negligible, but still within PDF uncertainties

e |f SMEFT PDFs are used in determining bounds from ATLAS

search same mild broadening (larger than PDF uncertainties)

201

10

—10

Farina et al (1609.08157)

()
@  this work, SM PDFs
()

this work, SMEFT PDF's
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Kinematic coverage

RESULTS: DRELL-YAN DATA @HL-LHC

L, to;;-quark pair HL%-LHC 14 TeV, pseudo dataé ...; -..-
e Add HL-LHC projections for both NC and CC in PDF fit 107} > highmasspy R
e« forward W, Z . . .‘:ﬁ il
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INTERPLAY @ HL-LHC

e Compare Wilson coefficients bounds from HL-LHC projections assuming SM PDFs (that include NC+CC data) to
the bounds on the same Wilson coefficients obtained from a simultaneous fit of PDFs and Wilson coefficients

* Not accounting for interplay (using PDFs as a black box) leads to over-constrained bounds
* PDFs do absorb effect of new physics in this case!

2.0
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10- r \
Y
1 A~
0.5 '
e
=
X 0.0 -
<D~
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—1.0-
— SM PDFs
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SMEFT PDFs
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Greljo et al, 2104.02723
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INTERPLAY @ HL-LHC

e Compare Wilson coefficients bounds from HL-LHC projections assuming SM PDFs (that include NC+CC data) to
the bounds on the same Wilson coefficients obtained from a simultaneous fit of PDFs and Wilson coefficients

* Not accounting for interplay (using PDFs as a black box) leads to over-constrained bounds

* PDFs do absorb effect of new physics in this case!
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Greljo et al, 2104.02723



RESULTS: DRELL-YAN DATA @HL-LHC

S. Iranipour, MU - arXiv: 2201.07240

True PDFs = MMHT2020

550 f True value of (W,Y).105=(-10,10) g at 1.6 GeV
: - Underlying Law
] <7 Fitted PDF (68% c.l.)
0-— | : 2.5 -
o
0.0
—-0.5 2.0 -
- x
I —1.0 - 2
o 1.5 -
> o
—-1.5 .
—2.0 - ® o 1.0 -
—2.5 1 . ' : |
—0.25 0.00 0.25 10 10 103  10-2  10~! 100

v Simultaneous analysis of PDFs and W&Y SMEFT coefticient of DIS + DY (including HL-LHC projections) using
simuNET method shows that at HL-LHC the effect of interplay becomes important as WCs bounds broaden and PDFs
change significantly once SMEFT eftects allowed in theory predictions entering PDF fit

v Stress-tested and shown robustness with closure tests



FLAVOUR-SPECIFIC 4-FERMIONS OPERATORS COUPLING MUONS AND B-QUARKS

e Consider a scenario with a single non-zero WC
among gauge invariant four-fermion operators built
from the SM quark and lepton SU(2). doublets

e |f the observed deviations in R(K(x) ) due to new

physics, generically expect |CPr33 | = 0.001

D
cDr
33 /73 13\(~
Lsmerr = Lsm + — 5 (dLyudL) (ALY pL)
SM PDFs | SMEFT PDFs | best-fit shift | broadening
Cit x 102 (68% CL) | [-0.1,1.1] | [-0.3,1.2 0.06 25%
Cat x 102 (95% CL) | [-1.0,1.2] | [-1.2,1.4 0.06 18%

20/ ---- SM PDFs
——— SMEFT PDFs
35 -
\
\\
07 1.0
254 1
N \
F20{ 0.54
\\
15“ \\ )
\ 0.0 L ——=— .
10- 0.005 0.010
5-
O ---------

—0.02 —0.01 0.00 0.01 0.02

. cLu
Greljo et al, 2104.02723 33

* From PDF point of view, new physics only in
Drell-Yan muon data and PDF constrained by
Drell-Yan electron data

* Measurements in separate leptonic final states
is of utmost importance to test BSM scenarios

that account for violations of Lepton Flavour
Universality.



DISCOVERY THROUGH PRECISION: A DARK PHOTON EXAMPLE

g [X]susy

9 [XlcTEQEM

14 L

12 |

0.8 |

06 |

02 |

Q=15 GeV

Berger et al hep-ph/0406143

04 | = — — my=15GeV, as=0.118

—  My=co, 25=0.127

my=15 GeV, a;=0.127

® Pre-LHC studies: what is there was a light SUSY coloured partner?
® A light SUSY Parton would modity DGLAP equation and running of «;

® Comparison to data excludes any light coloured parton on increasing
mass range as more (and more precise) data are included in the global

PDF fit
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DISCOVERY THROUGH PRECISION: A DARK PHOTON EXAMPLE

M. McCullough, J. Moore, MU, arXiv:2203.12628

® |dea: now PDFs are known very precisely, and their uncertainties will continue to reduce in the near future with

the HL-LHC, could we do the same tfor a colourless particle too?

® |f there was a lepto-phobic dark photon weakly coupled to quarks via effective Lagrangian

1
Ling = 598484 my € [2,80] GeV

it would appear among the partons of the proton.

® To include the dark photon as a constituent of the proton: compute the dark photon splitting functions, and add
them to DGLAP evolution. Starting from an appropriate initial-scale ansatz (dark photon generated dynamically
off quarks and antiquarks at threshold) and a reference PDF set, evolve using the modified DGLAP equations

~ 2w/ Y + 27T *J + 27 tJ
B =——q K (%) (g)PLl,O)
/ 27 o) Y
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10 { M. McCullough, J. Moore, MU, arXiv:2203.12628
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———————

Anomaly cancellation
— Y-decay
— Z- XY
——— CMS ISR+dijet
—— This work, optimistic
—— This work, conservative
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DISCOVERY THROUGH PRECISION: A DARK PHOTON EXAMPLE

®The presence of the dark
Parton would modity the
evolution of standard quarks
and gluon.

®|nteresting that dark photon
effect in PDFs is dominant but
was not taken into account in
recent publication about
evidence for dark photons in

DIS data [N. T. Hunt-Smith et al
arXiv:2302.11126]

Precise HL-LHC data can indirectly constrain parameter space of the dark
photon in a competitive way compared to direct searches



EXTRACTING FUNCTIONS FROM DATA filx, 1)

* Given a finite number of experimental data points D want a set of functions f with errors

~» Data

* Want to find a infinite-dimensional object from a finite number of information
- Mapping D into f is mathematically ill defined, nobody knows the true f, say f
* Best we can do it to find best t given the data.

* In Bayesian terms

P(D|f) ~ exp(—x*[f]/2)
P(f|D) o P/('Df)P(<) X°[f] = (D —TI[f]) (cov) " (D — T[f])

v Likelihood ? Prior l
Covariance matrix: experimental
errors and correlations, cov ~ precision

Two ways of finding the prior:

» Explicit parametrization (parametrical modelling)

* Non-parametrical inference (NNs, functional space sampling): use data to also infer probable ‘smoothness’ of f(x)
and thus infer P(f) throughout the space of functions



EXTRACTING FUNCTIONS FROM DATA

1 o ——
a’ « 20Gev? (e) MRS(D,)

* Explicit parametrisation:

f(x, no) = apx™ (1 —2)**P(x,{as,...,an,,, })

No.r: not too many, not too few

» Assume that P[f] has uniform support in this particular space
of functions

* Maximise P(f|D) by maximising P(D|f) - maximum likelihood

* Gives best fit PDFs by minimising x2 in {aj} space and

uncertainties by setting C.L.s on y2 contour
Martins, Roberts, Stirling (1993)

20 free parameters Ay2=1<=>68% C.L.
Problem: precision << accuracy Solution: inflate experimental uncertainties by
Possible reasons: data inconsistencies or a factor T such that Ay2 =T2 until (T~5-10)

over-constraining modelling precision ~ accuracy



EXTRACTING FUNCTIONS FROM DATA

» Alternatively, choose parametrisation so large that in principle can t any conceivable f.

* One OptiOﬂ Is to use NNs [Forte, Latorre 2002]

* NNDF4.0 parametrisation involves 763 free parameters

* Hessian approach not applicable. Use Monte Carlo - or bootstrap - error propagation by importance sampling
[Giele, Kosover 1993] [Forte et al, 2006]

f(@, po) = 2%(1 — 2)"NN(x)

X X

In
[Ball et al, arXiv:2109.02653] e o
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EXTRACTING FUNCTIONS FROM DATA

» Alternatively, choose parametrisation so large that in principle can t any conceivable f.

* One option Is to use NNs [Forte, Latorre 2002]

* NNDF4.0 parametrisation involves 763 free parameters

* Hessian approach not applicable. Use Monte Carlo - or bootstrap - error propagation by importance sampling
[Giele, Kosover 1993] [Forte et al, 2006]

f(@, po) = 2%(1 — 2)"NN(x)

NN model exhibits smaller uncertainty in

£ Inx data region compared to other sets but
[Ball et al, arXiv:2109.02653] i Y SRS larger uncertainties in extrapolation region.
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THE PRECISION VERSUS ACCURACY CHALLENGE gt

1.25 -
71 PDF4LHC21 (68% c.l.)
. : .o : 1.20 - o
Now that PDFs are getting more and more precise, it is crucial for them to E=S PDFALHCIS (68% c.l.) |
. . . . . ~ 1.15 - |
* Genuine inconsistencies in data O
- 5 1.10-
" Imperfect fitting methodology S
. o +V9 | |
" Inaccurate theoretical framework 2 e X e LS
= Missing higher order uncertainties & N3LO 5005l RS \
= Other corrections (nuclear, non-perturbative effects...) 300 \
= BSM effects - second part of the talk o854
10* 10° 10°

My (GeV)

g at 1.6 GeV

——— Underlying Law
[ Fitted PDF (68% c.l.)

law of Nature, is fitting methodology able to

reproduce it? Is the uncertainty faithful?

[Del Debbio et al, Eur.Phys.J.C 82 (2022) 4, 330]
[Barontini et al - in progress]

2.5 -

2.0
1.5 - .
Future tests: how well do PDF describe data that are
Generalisation/ not included in the fit (either in data or extrapolation
1.0 -

extrapolation region)? Help to discriminate among PDF sets

[J. Cruz-Martinez et al, Acta Phys.Polon.B 52 (2021) 243]
[M. Costantini et al - in progress]
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® Closure tests for data region: imagine we knew the



