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The standard model of particle
physics may be broken - an
expert explains
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+  Roger Jones, Lancasier University

As a physicist working at the Large Hadron Collider (LHC) at
Cern, one of the most frequent questions I am asked is “When
are you going to find something?”. Resisting the temptation to
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We are entering the “Precision Era” 3

N3LO AT THE LHC OVER TIME Bernhard Mistlberger DIS’22r
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Precision Era: High Precision W Boson Mass

FENEABCH "l‘\le 1. Uncertainties in the W mass measurements, in MeV.
PA.RT|CLE PHY-Sl.CS q& CDF (e) CDF (p) D@(e)
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Nuclear PDFs

Parton Distribution Functions

Neutron

Periodic Table of the Elements

Ste T MY Gy ‘uIr.Co I\:En Ga Ge As Se

Y zt Nb Mo Tc Ru Rh F‘-'_i d I e S Te
— =

H Ta o Re Os Ir Pt “ Hg Lk @ Bi | Po

Rf Db Sg Bh Hs Mt Ds Rg Cn Ut A Uupl e Uus




From Parameterization to a Deeper Understanding 6
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non-linear QCD
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nPDFs: Extend Kinematic Reach in {x,Q%} /
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nPDFs: Representative Comparisons from PDG

" 1. ==-= nNNPDF2.0 1.4+
1t Q=10GeV S 90% CL PDF errors

== nCTEQISWZ + SIH

[ e s s ——EE

Figure 18.5: Comparison of the nNNPDF2.0, CTEQ15WZ+SIH and EPPS16 nuclear PDFs.
The curves shown are ratios to the result in the limit of no nuclear corrections. Plot from NNPDF
collaboration (Juan Rojo — private communication).

PDG

TUJU at NLO and NNLO



nCTEQ

nuclear par+on distribution functions

nuclear Coordinated Theoretical-Experimental Project on QCD
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Nuclear A-Dependence 10
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< ikn

It " @n, o) = filzn, A, po)
i f ozt — g)e=(

nCTEQ uses 19 nuclei
A =12,208]

= | i '
= —C1.
= - | Ck ~ Cro + i (1 — AT5%2)
" o= P10 Po2lt Proton
5“‘;_ S e = =l & ELTT] nre  ampw Nu’clear
(= .57'-':-4— I':?? wram, %9 [
4‘}”-:_ o P.‘-‘.I’ W 0.8 - A=q
Kr | = " T A=9
E A=12
= Soiitn 0.7 - Am2?
= s 1 ———————— | " [ A=40
-E_ s | i L: 4 - 0.6 N o : :2
= il i ’ la sy - n Wiy s -
a2lers 3 - T = < osf SRESE = o
= = i =
Ne 1§= |~ T 0s Q*Z’inﬁ — Ae207
o b z2 40 40 . |
_ | Ca & “Ar |
I|I,|I-a||5-|;'||'||||-|||-||j|||||uJ| il |Ju||||||-£||n||uiu e -u‘-|||'|||.||||l||||||||| fnodinlibnomln ~ bl
U LY it I 18] E1) =11 ol o o g TUJ TIU Tad 1 1 8]
0 o0 100 150 b s
10? 107 107 1

[[2, 275], [56, 134],
[3, 125], [64, 61],
[4, 66], [84, 84],
[6, 15], (108, 7], 0.05f
[9, 49], [119, 152], 0.00)

0.10¢

[12, 196], [131, 4],
[14, 101], [184, 37],
[27, 73], (197, 50], —0:101

—0.05]

[40, 92], [208, 163]]



4 ABM12

= NNPDF3.0
e MMHT14
v CT14

o ATLAS-epWZ12

ATLAS-epWZ16
exp uncertainty
exp+mod+par unce

0O 02 04 06 08

ATLAS: Eur. Phys. J. C 77 (2017) 367

1.20¢ N o
- T S
LgEASBZ2 ‘510@
" Fixed Target DIS ]°
1.10—
= 1.00 : P
=4 - AN
0.95— o M A SO 3L S0 .
| UN = EX | TNy
0.85F -4 4 n ......... ...... ,
N =X - - HKNO7 (NLO)
o-m 1 1 1 1 1 1 1 I1 1 i 1 i 1 1 1 1
10 1
X
nCTEQ: arXiv: 2204.13157
5
+ I
= = Jrale )
= 31
o
=
X 2-
1- o
—— nCTEQ15 Pb
NCTEQ15SIH Pb Q =2 GeV
- - With eta data
203 102 101

X
nCTEQ: PRD104 (2021) 094005.

We expect: At the LHC:

nCTEQ: Phys.Rev.D 104 (2021) 094005

&
e NnCTEQ15 DIS A %Sﬁ ,\CJ

* nCTEQ15 DY . ¢ @
1024 ¢ JaB6GevDiS L 8 8 | Bo |
‘/ !
o 7 x ;
* ’

%J o W ,*
(@) .
—T L) E' ,
° o

100 2

0.0 0.2 0.4 0.6 0.8 1.0

X
nCTEQ: Phys.Rev.D 103 (2021) 11, 114015






13

Hi1-X at JLab

nuclear parton distribution functions

nCTEQI15HIX -- Extending nPDF Analyses into the High-x, Low Q2 Region E.P. Segarra
E.P. Segarra, T. JeZo, A. Accardi, P. Duwentdster, O. Hen, T.J. Hobbs, C. Keppel, M. Klasen,
K. Kovarik, A. Kusina, J.G. Morfin, K.F. Muzakka, F.I. Olness, I. Schienbein, J.Y. Yu

PRD 103, 114015 (2021)



J nCTEQ

ruclear P.ar-{'on distribution functions

‘ Challenges at Large x & Low Q?: JLab data= EIC 14

1.4

1584
124

L.1 1

1.0

0.9

0.8

B O nCTEQ15HIX

® nCTEQ15

® Currently excluded

Fre

0.0

JLab Data @ Hi-X Low-Q? %J
extend nCTEQ framework =
to accommodate this region ?}
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F. Olness

nCTEQI15HIX -- Extending nPDF Analyses
into the High-x, Low Q2 Region
E.P. Segarra, T. Jezo, et al., PRD 103, 114015 (2021)

Nuclear PDFs: x>1 allowed;
impacts F,"**/F,"*° in Fermi region
Target Mass Corrections
pick up M?/Q? higher twist contributions

Deuteron Corrections
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nCTEQISHIX include large x JL.ab data 15
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Neutrino
Deep Inelastic Scattering (DIS)

Faiq Muzakka, Karol Kovarik, ...
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Strange PDF: v Nucleon di-muon Production
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Need to “dig out”
s(x) underneath d(x)

up quark =

gluon/ 5

Probability x x!'-

0:|Q=l{){]GeVI . o :
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Momentum Fraction

w

Result:

O 5(x) ~ = d(x)

light u mass
no isolated p

Depends on
nuclear PDFs




Puzzle: Split Personality ... What is the correct Nuclear ratio
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some caveats
... correlated errors

Ingo Schienbein, ... (2007)
Karol Kovarik, ... (2010)

Propagation of /W thru nuclei



Puzzle: Split Personality ... What is the correct Nuclear ratio

Faiq Muzakka, Karol Kovarik, ...
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W and Z Boson Production
at the Large Hadron Collider (LHC)

Tomas Jezo, Aleksander Kusina, Fred Olness, ...

pp — W, 24
pPb— W, 2

LHC Heavy Ion

... there’s another

way to measure the nCTEQ: Eur.Phys.J.C 80 (2020) 10, 968

strange quark



Surprise: ... LHC sees more strange than expected
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Heavy Ion Case: ... LHC STILL sees more strange than expected
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Charm Jets at the EIC

JLAB-PHY-20-3205, SMU-HEP-20-05

Charm jets as a probe for strangeness at the future Electron-Ion Collider

Miguel Arratia,'*? Yulia Furletova,? T. J. Hobbs,*? Fredrick Olness,® and Stephen J. SekulaS’

Missing E Phys.Rev.D 103 (2021) 7, 074023
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Charm Jets at the EIC =  The Strange PDF
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Measuring the nuclear Gluon PDF ~

Parton Distribution Functions

P1t Duwentaster, Michael Klasen, ...

fri(z, wi)

fa,j(z, i) Semi-Inclusive
Hadron Production

how can we determine
the gluon



Nuclear Medium Effects at small momentum fraction (x) 28

Momentum Probability

0.8+

0.6

0.44
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nCTEQ15 Q=3 GeV

Gluon/10 Up Low
Energy

Gluon

g(x)

Grows

Strange

1073 1072 10" B
Momentum Fraction

We gain a geometric
factor of A%

Nuclear medium effects:
*Quark Gluon Plasma
*Color Glass Condensate
*Recombination
eSaturation
*Resummation

Get A2 density
enhancement

y

Color Glass Condensate

your theory here

Review: Edmond Iancu & Raju Venugopalan: arXiv:0303204



New Phenomena in Corners of Kinematic Plane

Saturation, BFKL, recombination, ...

Q® (GeV?)

Can Saturation be Discovered at EIC?

EIC has an unprecedented small-x reach for DIS on large nuclear targets, allowing
to seal the discovery of saturation physics and study of its properties:
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Precision Gluon can help study nuclear medium etfects

30

Pit Duwentaster, Michael Klasen, ...

Data set Vsnn [GeV]|Observ.|No. points
Semi-Inclusive PHENIX =° 200 R 21
fri@, i) T dAn
Hadron (SIH) PHENTX 7 200 Risi 12
production
PHENIX = 200 Riau 20
PHENIX K= 200 Raau 15
STAR~® 200 Bty 13
f STAR 7 200 Raaw 7
STAR 7= 200 Raiu 23
ALICE 5 TeV =° 5020 Rypy 31
ALICE 5TeV 7 5020 Rypy 16
faj(@, ) ALICE 5 TeV 7+ 5020 R,pb 58
5 ALICE 5TeV K* 5020 R,pp 58
ALICE 8 TeV #° 8160 R,po 30
nCTEQ15+SIH Q = 2 GeV ALICE 8TeV n 8160 Rypo 14
4 - 2 i
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2 .
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Impact of inclusive hadron production data on nuclear gluon PDFs
nCTEQ: P. Duwentister, et al., PRD104 (2021) 094005.



xFitter Resummation Study
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Impact of low-x resummation on QCD analysis of HERA data
xFitter Developers' Team: Eur.Phys.J.C 78 (2018) 8, 621
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xFitter Collaboration Meetinig February 2020, DESY
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xFitter/xFitterT

f Experimental Data \

* Data: HERA, Tevatron, LHC,
= fixed target experiments

Processes:
Inclusive DIS, Jets, Drell-Yan,
Diffraction, Top production

W and Z production )
( Theory Calculations \
HQ Schemes: MSTW, NNPDF, ABM, ACOT
Jets, W, Z: FastNLO, ApplGrid
Top: Hathor
Evolution: QCDNUM, APFEL, k_
Other: NNPDF reweighting
\ TMDs, Dipole Model, ... )

Features & Recent Updates:
Photon PDF & QED

Pole & MS-bar masses
Profiling and Re-Weighting

33
www.xFitter.org %Hﬁé’/‘

Sample data files:
LHC: ATLAS, CMS, LHCb
Tevatron: CDF, DO
HERA: H1, ZEUS, Combined
Fixed Target: ...
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|::> Parton Distribution
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Theoretical
Cross Sections
Comparisons
|::> to other PDFs
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User Supplied: ...

S
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10n PDFs & FFs

Parton Distribution Functions
Fragmentation Functions
/PDF

> Fragmentation Functions

Phys.Rev.D 104 (2021) 5, 056019

Parton Distribution Functions
Phys.Rev.D 102 (2020) 1, 014040

Pion 77 =ud
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xFitter Pion Fit

Phys.Rev.D 102 (2020) 1, 014040
DGLAP violation???

saturation resummation

g ‘._‘_.."'.’" '_-. I:\.IJ:'::I hf-x ‘ 't! E ’ ’
higher twist
non-linear QCD

Special thanks to: Ivan Novikov,
Alexander Glazov, Oleksandr Zenaiev

Parton Distribution Functions of the Charged Pion Within The xFitter Framework

xFitter Developers’ team: Ivan Novikov,lfz' Hamed Abdolmaleki,®> Daniel Britzger,* Amanda
Cooper-Sarkar,” Francesco Giuli,® Alexander Glaysov,z‘- Aleksander Kusina,” Agnieszka

Luszezak,® Fred Olness,? Pavel Starovoitov,!® Mark Sutton,'' and Oleksandr Zenaiev!?

xFitter: Phys.Rev.D 102 (2020) 1, 014040
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xFitter: open-source framework for global fits to meson PDF's

https://www.xfitter.org/ Experiment X2 I Notrms

E615 206/140

X F| tte I NA10 (194 GeV)  107/67

NA10 (286 GeV) 95/73

WA70 64/99
T
w T Y T Y
:O—'\/v\, =©7’\/\/\,
N ; N N
M
j%s 5 EO 12
E615 & NA10 WA7T0
Pions on Tungsten Pions on Proton

Parton Distribution Functions of the Charged Pion Within The xFitter Framework

xFitter Developers’ team: Ivan Novikov,lfz' Hamed Abdolmaleki,® Daniel Britzger,* Amanda
Cooper-Sarkar,” Francesco Giuli,” Alexander Glazov 2‘- Aleksander Kusina,” Agnieszka :

’ } : : D T e g -Print: 2002.02902 [hep-ph

Luszezak,® Fred Olness,? Pavel Starovoitov,'® Mark Sutton,'' and Oleksandr Zenaiev'? © 002.02902 [hep-ph]
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xFitter Pion PDFKs : oy
TAM 0.54+£0.01  0.16+£0.02 0.30+0.02 1.69
. Normalization - JAM (DY) 0.60+0.01  0.30+0.05 0.10+0.05 1.69
Experiment : X"/ Npoints this work 0.55+0.06  0.26+0.15 0.19+0.16 1.69
uncertainty Lattice-3 0.428 £ 0.030 1
E615. 15 % 206,140 SMRS e :
T Han et al. 0.51 +0.03 4
NA10 (194 GeV)j’ 6.4% 107/67 GRVPIL 0.39 0.11 0.51 4
At Ding et al. 0.484+0.03  0.11-0.02 0.41+0.02 4
'_NAlO 286 (J )\ 6.4% 95/73 this work 0.504+0.05  0.25+0.13 0.25+0.13 4
IWATO 32% 64/99 JAM 0.48+£001  0.17+0.01 0.35+£0.02 5
this work 0494005 0254012 0.26+0.13 5
Lattice-1 0.558 £ 0.166 5.76
Lattice-2 [17]  0.48 4 0.04 5.76
— B, Cu ¢ a his work 0.48+0.05  0.25+0.12 0.27+£0.13 5.76
xv(x)=A 1—a 1+ D i Wit
() v ( )7 (1+ Dyz®), WRH [26] 0.434 £ 0.022 27
_ B \C ChQM-1 0.428 27
xS(x) = Asx”°(1 —x)~° /B(B 1,Cs+1 |
() A )7°/B(Bs +1,Cs +1), ChQM-2 0.46 97
- C this work 0.42 + 0.04 0.25+0.10 0.32+0.10 27
xg(x) =A,(Cy, +1)(1 — 2
g(x) g(Cy +1)( ) SMRS 0.49 £ 0.02 19
this work 0414004  0.25+0.09 0.34+0.09 49
xf(x) XV(X) xS(x) xf(x) xg(x)
-y 2.00
' Q2 =5GeV? Q2 =5GeV?
0.7 GRVPIL  |1.75 — GRVPI1
0.6 - =3 this work |1-307 [0 this work
B 1.25 1
0.4 L
0.3 0.75 A
0.2 - Q? =5GeV? 0.50
—— GRVPI1
0.1+ 23 JAM 0.25 1
[ this work
0.0 T T T T —T— . T T T 0.00
00 02 04 x 06 08 1.0 00 02 04 x 06 08 1.0
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Pion Fragmentation Functions

Phys.Rev.D 104 (2021) 5, 056019

) Fragmentation Functions

Parton Distribution f
Functions X / Z Z e /

Hamed Abdolmaleki, Maryam Soleymaninia, Hamzeh Khanpour

PHYSICAL REVIEW D 104, 056019 (2021)
QCD analysis of pion fragmentation functions in the xFitter framework

23,3 5.

Hamed Abdolmalekl Maryam Soleymamma Hamzeh Khanpour ! Su?none Amoroso®, 43 France%co Guuh®,
P

Alexander Glazov ,4 ' Agnieszka Luszczak®,” Fredrick Olness®,”"" and Oleksandr Zenaiev®
(xFITTER Developers’ Team:)



xFitter: Multiple fits with a vast array of data sets

HAMED ABDOLMALEKI et al. PHYS. REV. D 104, 056019 (2021)

TABLE L. The Single Inclusive electron-positron Annihilation (SIA) datasets used in the pion FFs analysis. The values of 3> per N
data points for the individual SIA experiments are shown. The z range for each experiment is displayed in Fig. 8. The measured
observable is also listed where /s is the total CMS energy, f = p,/E,, and z = 2E, /\/s.

> /number of points

Vs Fit A Fit A Fit B Fit C Fit D Fit E
Observable Experiment [GeV] (NLO) (NNLO) (NNLO) (NNLO) (NNLO) (NNLO)
#a’% SLD 91.20 57/34 41/34 41/34 48/34 39/34 45/34
fmdfhda SLD . 91.20 66/34 52/34 56/34 44/34 43 /34 45/34
E}; %,_ . SLD, 91.20 35/34 33/34 32/34 32/34 32/34 32/34
%MJJL | SLDy 91.20 25/34 24/34 24/34 24/34 23/34 24/34
(tg,g._ OPAL 91.20 42/24 41/24 41/24 39/24 39/24 39/24
%w% DELPHI 91.20 37/21 41/21 41/21 44,21 44/21 43/21
é% e DELPH 91.20 25/21 27/21 26/21 30/21 31/21 30/21
‘}mrjﬁ |, DELPH, 91.20 20/21 20/21 21/21 19/21 20/21 19/21
t% ALEPH 91.20 21/23 14/23 14/23 11/23 11/23 12/23
é%fr_i TASSO44 44.00 15/6 17/6 15/6 18/6 16/6 18/6
HLM&LL_’ TASSO34 34.00 6.8/9 8.0/9 6.8/9 9.3/9 7.3/9 8.3/9
ﬁ.&l‘_;dfw TPC 29.00 6.3/13 11/13 11/13 11/13 7.1/13 9.2/13
f_;ﬂ;f TASS022 22.00 5.7/8 5.5/8 5.6/8 6.1/8 59/8 5.8/8
f;ri,d TASSO14 14.00 11/9 11/9 11/9 99/9 11/9 9.8/9
ﬁ% TASSO12 12.00 1.4/4 1.4/4 1.3/4 0.96/4 1.4/4 1.1/4
}“% BABAR 10.52 71/40 53/40 77/40 e e 33/37
% BELLE13 10.54 21/70 14/70
Q:TH BELLE20 10.58 e e 82/32 32/32 9.2/28 17/28
Correlated y? 11 9.4 8.4 16 9.4 12
Log penalty y* +4.2 +3.0 +4.2 +7.7 +5.6 +6.8

Total 52 /dof 480/386 427/386 518/348 404/308 357/304 410/341




xFitter: Comparisons: ... good overall ... more work needed 41

HAMED ABDOLMALEKI et al. PHYS. REV. D 104, 056019 (2021)

b Q* = 100 GeV? o] G %F  o?=100GeV? . B 7 - 100 GeV?
N [ EENNLO (Fit B) N [ mENNLO (Fit B) N 4o Bl NNLO (Fit B)
+2 [ mmnNNLO(FitE) s 35 NNLO (Fit E) .9 F mENNLO (Fit E)
Q201 mm NNFF1 .2 | NNFF1 R 14 = NNFF1

[ mm JAM19 Q" 30f mm JAM19 C . JAM19

- @ DSEHS14 - @ DSEHS14

" mm DSEHS

i | Il 1 R T T | 0_

1072 T 107! . 1r.|-r2 — ..,.1.[;_1 .
§ [ o-io0cew Good description of the data in general
N - Il NNLO (Fit B)
'3 25 WM NNLO (Fit E)
Q [ NNFF1 o . .
20f- i DSEMS14 Deviations in the low-z region

BELLE and BaBar data pull in opposite
directions

Clearly further investigation is warranted



nCTEQ++

a modern, modular code base

42



nCTEQ++ ... a complete rewrite in C++ 43

Top level C++, modular structure, output to YAML & Python scripts

creqe (LU

iy
= B L s e '-.-'---::"4;;"
A T e R e
|
ol =

Special thanks to:
Tomas Jezo
Eric Godat
Florian Lyonnet
Aleksander Kusina

Use external programs
*Minuit
*HOPPET
*‘MCFM
* APPLgrid

Pre-Computed Grids
Tremendous speed-up for
higher order calculation

... for example ...
High order DIS processes
(Peter Risse)



nCTEQ++ ... a complete rewrite in C++ 44

Code benchmark timings:

Original Fortran Code New C++ Code

contains multiple levels of integrals using modern grid technique

Typical fits current run a few days to a week. High order DIS processes
This will be reduced to a few hours. (Peter Risse)



New Tools |

PDFSense
&

... borrowing from Al



Applications of PDFSense: 46

Artificial Intelligence Tools: Projector tool of Google TensorFlow

Pavel Nadolsky

Embedding Projector
et al.

Stensors found

Word2Vec 10K

Eafud b
Laost Dy

Type

Color by

Type

Sphereize data @

Load data Publish

Checkpoint: residual_all_norm_-1_RawData tsv

Metadata: metadata_RawData.tsv

Dynamical projections for the visualization of PDFSense data
Dianne Cook, Ursula Laa, German Valencia arXiv:1806.09742




TensorFlow Embedding Projector Y

https://metapdf.hepforge.org/PDFSense/

CTEQ-TEA residuals CTEQ-TEAresiduals
- PCA
PDFSense
tool
L]
;?r.
. » DIS b4
+ VBP . s
* Jets, tT “
Principal Component Analysis (PCA) t-distributed stochastic neighbor
visualizes the 56-dim. manifold by embedding (t-SNE) sorts vectors
reducing it to 10 dimensions according to their similarity

(2 l]a META PDFs)

. 1 S _
http://projector.tensorflow.org ri(d@) = s_z (Ti(a) B DZ’Sh(a))'
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X
nCTEQ: PRD104 (2021) 094005.

We expect: At the LHC:

nCTEQ: Phys.Rev.D 104 (2021) 094005

&
e NnCTEQ15 DIS A %Sﬁ ,\CJ
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%J o W ,*
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X
nCTEQ: Phys.Rev.D 103 (2021) 11, 114015



From Parameterization to a Deeper Understanding 50

isospin

QCD quark-gluon viglation Fermi
L ' lasma sk
agrangian p B i

Z’yu — mq
jet

quenching target mass

DGLAP violation??? shadowing corrections

saturation

|»CQCD =1,

DGLAP violation???

saturation resummation
QCD -/ )
QED '

non-linear QCD

low-Q@ &

higher twist *Hadron Spin Lattice QCD
Lol i *Generalized PDFs
F. Olness *Fragmentation

higher Twist




F. Olness
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