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Three papers in common with Paolo
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Paolo’s papers with > 250 citations
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parton distribution functions (PDFs)
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LHC physics =

needs PDFs in region

~ 103-0.5

Typically known with good
precision ~1-3%
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parton distribution functions (PDFs)
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parton distribution functions (PDFs)
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up valence ===
photon x 10 =——

A 10} €24AdNN % An oy GLOHTY4ad

E/%

One exception:

x filp (X, p°)

the photon distribution
inside the proton
(had up to 100% uncertainty)
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model-independent y PDF fit (c. 2013)
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it mattered for di-lepton, di-boson, tthar, EW higgs, etc.
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y
The 750 62V excess from photon-photon

and quark-quark processes

Photon fusion

A
O Tanumoy Mandal
p P P p .
g o — y (Moriond QCD, March 20, 2016)
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inelastic-inelastic "hard" inelastic

1512.05751,1512.05776,1512.08502,1601.00386,1601.00638,1601.01144,1601.01571,1601.01712,
1601.03772,1601.07167,1601.07187,1602.02380,1602.07574,1601.07774,1603.00287 ... more




Widely discussed photon-PDF estimates

Gluck Pisano Reya 2002

elastic
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LHAPDF public
computer-readable
form?
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(data-constrained)

Martin Ryskin 2014
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(only electric part)
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Harland-Lang, Khoze Ryskin 2016
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NNPDF23ged (& NNPDF30qed)

no separation; fit to data

elastic part long known: Budnev, Ginzburg, Meledin & Serbo, Phys.Rept. 1974




How do you do better? — Use electron—proton scattering

» Experiments have been going on
for decades

electron
» Usually seen as photons from

electron probing proton structure o
/
—

proton
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How do you do better? — Use electron—proton scattering

» Experiments have been going on
for decades

electron
» Usually seen as photons from _
electron probing proton structure
» But can be viewed as electron ?E
probing proton’s photonic field proton

» Everything about unpolarized EM electron—proton interaction
encoded in two “structure functions” F»(x,Q?) & Fr(x,Q?)

do A’ ° ng , 02 :
drdQ? ~ x(Q* ((1 — YT D) (1 + 20 @)) Fo(z, Q%) — EFL(ZU,Q ))

13



February 2016
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¢ % Gian Giudice Import-3 19 February 2016 at 21:32
W Congratulations, Paolo!

Hide

On behalf of the CERN Theory Department, | wish to congratulate our colleague and former TH staff member, Paolo Nason,

on his appointment to the Accademia Nazionale dei Lincei. Paolo joins in this prestigious academy our Director General,
Fabiola Gianotti, and three other former TH staff members, Luciano Maiani, Guido Martinelli, and Gabriele Veneziano.

Gian Francesco Giudice

Theoretical Physics Department, CERN
CH 1211 Geneva 23, Switzerland

Tel. +41 22 767 3203



Most of the world uses Mathematica. . .

Paolo Nason B Import 8 March 2016 at 16:51
Maxima

To: Gavin Salam,

Cc: g.zanderighi1@physics.ox.ac.uk, Aneesh Manohar,
Resent-From: Gavin Salam

A KX &

Hide

svn co svn+ssh:/nason@pcte15.mib.infn.it/Maxima

read the README and follow the instruction.

Gavin P. Salam Conference in honour of Paolo Nason, Milan, September 2022
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Part A: getting the core formula

» expect photon distribution to be an integral over standard DIS structure functions,
F, and F;

fupt u?) = | dx' | dQ? [e(.. IR (x', Q%) + ¢1 (.. ) Fy (¥, )]

» Our task: figure out the coefficients ¢,(...) and ¢;(...) multiplying F, and F;

Manohar, Nason, GPS & Zanderighi, arXiv:1607.04266
(use of BSM inspired by Drees & Zeppenfeld, PRD39(1989)2536)

Gavin P. Salam Conference in honour of Paolo Nason, Milan, September 2022 16



(use of BSM inspired by

Heavy-lepton cross section in terms of structure functions Drees & Zeppenfeld
L’ heavy neutral lepton L
(mass M)
neutral lepton [
(massless)
UV leptonic tensor,
K L (k7 Q) calculate with Feynman diag.

proton \ :

hadronic tensor,
W (p, q)

known in terms of F» and Fr

1 d4q 2 2 187 2 2
o = s / (27?)4q46ph(q ) [4mW,,, LM (k, q)] x 270 ((k — q)° — M~*)



Cross section in terms of structure functions
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hard-scattering cross section
calculate in collinear factorisation

[ M*
O ~ xs"u

MS photon distribution:
TO BE DEDUCED

f*y/p(xv “2)




Gavin P. Salam
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Quarks and gluons come in at higher orders

Conference in honour of Paolo Nason, Milan, September 2022
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Photon PDF in terms of F; and F. — the LUXqed approach

1 bd = 4>
ajf’y/p(a%:uZ) — 27_‘_&( 2)/55 ?Z{ ‘[nzm% 52 QZ(QQ)

v
szw) = 2"”27””3) Folw)2 Q) — 2°FL (2. @°) ]

[t subsequently emerged that two “forgotten” papers, Anlauf et. al, CPC70(1992)97
Mukherjee & Pisano, hep-ph/0306275, had the correct integrand (but not the limits)

20


https://arxiv.org/abs/hep-ph/0306275
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Part B: finding F; and F| data to put into the formula
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July 2016: Finishing the paper

Paolo Nason B Import-2 14 July 2076 at 0/:23
WRONG TITLE !

To: g.zanderighil@physics.ox.ac.uk, Gavin Salam,

Aneesh Manohar,

Resent-From: Gavin Salam

Hide

W K &KX &
Ha! the title is wrong!

It says how bright is the ton!
How could we miss this?

P.

Gavin P. Salam Conference in honour of Paolo Nason, Milan, September 2022
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photon PDF results
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» Model-independent uncertainty
(NNPDF) was 50-100% | up valence E===

photon x 10 =——

A 10} €24AdNN 8 An 10} GLOHTY4ad

x filp (X, Y°)

0.001 0.01 0.1 1
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photon PDF results
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» Model-independent uncertainty
(NNPDF) was 50-100% | up valence E===

» Goes down to O(1%) with photon x 10 ===
LUXged determination |

A Joj pabx N7 8 An Joj GLOHTY4Ad

x filp (X, U?)

0.001 0.01 0.1 1

24



di-lepton spectrum

pp — II, 13 TeV (QCD only at LO) pp — II, 13 TeV (QCD only at LO)

1.3 1.3 | .
- | = with QED, incl. yy (y PDF uncert. only) - | == with QED, incl. yy (y PDF uncert. only)|| 1
: with QED, no vy (full PDF uncert.) with QED, no vy (full PDF uncert.) '
|| —e— stat. error with 300 fb™ | —e— stat. error with 300 fb™
1.2 _ 12 | LUXged plus PDF4LHC15 nnjlo 10D
E
(7))
o
8 : _
S 1.1 1.1
2 i a
O
©
1 1
0.9 0.9
1000 2000 3000 1000 2000 3000
M [GeV] M [GeV]

vy component has few-% effect on Drell-Yan spectrum; negligible uncertainty




photon momentum [%]

How bright is the proton? [y momentum fraction]

% of proton's momentum carried by photon

H s NNPDF30 momentum (p = 100 GeV)

1.2 MRST2004 (0,1) 0
CT14qged_inc 68%cl (0,11) m 468 * 04/"

0.6 light sea quarks 20.7 £ 0.47%

1000 10000 LUXqged_plus_PDF4LHC15_nnlo_100

U [GeV] (1+107 members, symmhessian, errors
handled by LHAPDF out of the box,

valid for p > 10 GeV) 26

0.2 |

10 100

0



Where do we submit? — PRL

Referee A

[...]

This work 1s interesting but 1t does not meet the
criteria of i1nnovation and impact expected for
publication 1n Physical Review Letters.

[...]

Luckily, referees B & C were more positive; paper eventually accepted...

Gavin P. Salam Conference in honour of Paolo Nason, Milan, September 2022
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Where do we submit? — PRL
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Subject:To_author LU16377 Manohar PRL Editors' Suggestion
Date:Wed, 26 Oct 2016 16:01:04 -0400
From:pri@aps.org
Reply-To:pri@aps.org
To:g.zanderighi1 @physics.ox.ac.uk

Dear Dr. Zanderighi,

We are pleased to inform you that we have selected your recently accepted
manuscript to be a PRL Editors' Suggestion. [...]

Please reply to this email with an image that meets the criteria appended below.



October 2016 — Getting CERN's help for an image

with thanks to CERN artist Daniel Dominguez for his patience with us!



Key subsequent developments

NNPD3.1luxQED (Bertone, Carrazza, Hartland, Rojo)

MMHT2015¢qed
(Harland-Lang, Martin, Nathvani, Thorne)

MSHT20¢ed
CT18lux/qed (Xie et al.) (Cridge, Harland-Lang,
Martin, Thorne)
2016 2017 2018 2019 2020 2021 2022 2023
|— technical details (idem) ‘ pheno (idem + friends) I \
PRL (Manohar, Nason, GPS, Zanderighi) leptons in proton

(Buonocuore, Nason,
Tramontano, Zanderighi)

Gavin P. Salam Conference in honour of Paolo Nason, Milan, September 2022
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Leptons in the proton: 2005.06477 (Buonocore, Nason, Tramontano, Zanderighi)
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e fo(xe, pp) = ( > / _ZE/ i /122 dgja

{ Pg,y (Zg) log

i Zm%xz 2_
(1 = ze)z (Q | Ze(l—ze)) -

+ 5 |4(z — 2)%20(1 — 2p) — (1 + 42,(1 — 2p)) 2Py (2))

" Zm?):z;Q B Zm%xQ 5 B
+ Fr2"Pey(20) F5 F5 2°Fr | 4zp(1 — 2p)

Q? Q?
2 ] 2 .92 2 92
my Fo myx 2mp$
| P — 8z/(1 — 1 — |
m? 4 QZZg(l _ Zg) < WCI(Z) Zf( Zﬁ) ( < QQ ) QQ

m?FLZ2
ms + Q%z¢(1 — zy)

2 — Prs (20) } . (2.25)


https://arxiv.org/abs/2005.06477

Leptons in the proton: 2005.06477 (Buonocore, Nason, Tramontano, Zanderighi)
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https://arxiv.org/abs/2005.06477

Conclusions

As usual, when Paolo touches something,
chances are it will come out fundamentally changed

(And then he takes it through to the end)

[ look forward to many more such fundamental advances from you, Paolo!
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