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Outline

* Why are PDFs important for collider phenomenology and how do we

extract them?
* Status of current global fits and role of LHC.
* Outlook for future: HL.-LHC and LHeC.
* Challenges of current high precision LHC era.

* Other topics of interest: theory uncertainties and the photon PDFE.
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Motivation

e Ultimate reach of LHC limited by knowledge of PDFs.

LHC 13 TeV, NNLO, a,=0.118
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® High mass searches - PDFs in high 3. ABMP16

region (currently constraints poor)

—
N

i CT14

///////

N
—

///////

—

\\\\““\“‘ <X

Gluon - Gluon Luminosity
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® Precision SM measurements - PDFs dominant uncertainty

for e.g. TV mass.
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ATLAS Simulation Preliminary
1S =14 TeV: [Ldt=300 o' ; [Ldt=3000 fb”
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PDF Fits - Basic Idea

* [nstead of trying to predict PDFs from first principles, fit to data we do
understand/can rely on Standard Model predictions. Based on:

*x QCD factorization theorems.
* Precise predictions for parton-level processes and reliability of pQCD.

* Precise experimental control of uncertainties.

* Understanding of all other sources of uncertainty (coupling, missing

higher orders...).
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PDF Fits

® For LHC (and elsewhere) aim to constrain PDFs to high precision for all
flavours (¢, G, g ...) over a wide x region. To achieve this: performs global

PDF fits to wide range of data.

® Various major global fitting collaboration (ABM, CT, MMHT, NNPDF),
each taking different approach to this.

® Also various specialised PDF sets: CJ (focus on highz), HERAPDF (it to
HERA data alone), while ATLAS/CMS also performing fits to their data.
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PDF Fits: Work Flow

Z aiPiy(x)), CT, MMHT...
Parameterise PDFs] Fil, Qo) Apxr(l - x)bf ) / i=1

at low scale Qo

\ NN;(z) NNPDF

Select dataset ) Global (CT...) ? Limited dataset (HERAPDF...)?

perturbative order.....

Perform fit ) DGLAP: f(SE, QO) — f(an ,udata)

( Select theory ) Treatment of heavy flavours, higher twists,

Output PDFs ) f(CE, ,u) - A(:E? :u)




d,s
N c—
|
/
proton
(]
T
anliprolon

W

Global Fits: Datasets

Process Subprocess Partons X range
*{p,n} > *+X v'qg = q q.4,8 x 2 0.01
*n/p > +X vid/u— du d/u x 2 0.01
pp - ptu +X uii,dd — y* g 0.015 < x<0.35
Fixed Target pn/pp — utu + X (ud)/(uit) — v* d/ii 0.015 < x <035
VIW)N - u (™) + X Wq — ¢ q,q 001 <x=<05 _
VN - uut+X W's — ¢ s 001 <x<02 % o
FN -t + X W*s — ¢ 5 0.01 <x<02 o
etp—oetf+X v'qg — q 2.9,q 0.0001 < x < 0.1 i
etp—->v+X W*{d, s} — {u,c} d,s x 2 0.01 "
Collider DIS  e*p —» e*cc+ X vic —> ¢, y'g — cc c, g 1074 < x <0.01 |
etp — e*bb+ X Y*b — b, y*g — bb b, g 104 < x<0.01 N
e*p —jet+ X v'g = qg g 0.01 Sx<0.1 o
pp —jet+ X 88,98.99 — 2j g.q 001 <x<05 "
pp— (W= > 5yv)+ X ud —» W, ad —» W~ u,d,i,d x 2 0.05 '
Tevatron _
pp—o(Z - )+ X uu,dd - Z u,d x 2 0.05 o'
pp > ti+X qq — tt q x 2 0.1 o’
pp — jet+ X £8,98,9q — 2j g.q 0.001 <x<0.5 -
pp — (W= > 5yv)+ X ud - W+, din — W~ u,d,i,d,g x2>1073
pp— Z->0)+X 93— Z 9.4, 8 x 2107
pp—=>Z =)+ X, py 29(q) — Zq(q) 8.9.4 x 2 0.01
pp — (v > ")+ X, Lowmass g — y* q.9,8 x> 107
LHC pp — (" = €*¢7) + X, High mass ¢gg — y* g x 2 0.1
pp - Wre,Wc sg > Whe,5¢ > W s,5§ x~0.01
pp > i+ X gg —tt g x 2 0.01
pp - D,B+X gg — ct, bb g x> 107,107
pp = J/W, T + pp Y*(gg) — ct, bb g x> 107,107
pp—>y+X 249(@) — vq(q) g x 2 0.005
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Global Fits

Kinematic Coverage

Kinematic coverage
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® Global fits achieve broad coverage from low to high x , and over many

orders of magnitude in Q2.



Fit Quality

® [Fits to wide range of data from different colliders/experiments. Is a good/

reliable fit possible from this? Yes!

x> /dof ~ 1

—> Non-trivial
check of QCD.

All data sets

Data set LO NLO NNLO
BCDMS pp F> [125] 162 / 153 176 / 163 173 / 163
BCDMS yd Fj [19] 140 / 142 143 / 151 143 / 151
NMC pip F [20] 141 / 115 132 /123 123 /123
NMC pd Fy [20] 134 /115 115 / 123 108 / 123
NMC pin/pp [21] 122 / 137 131 / 148 127 / 148
E665 pp Fy [22] 59 / 53 60 / 53 65 / 53
E665 jd F [22] 52 / 53 52 /53 60 / 53
SLAC ep F 23, 24] 21/ 18 31/37 31 /37
SLAC ed F; [23, 24] 13718 30 /38 2 / 38
NMC/BCDMS/SLAC/HERA Fy, [20, 125, 24, 63, 64, 65] | 113 / 53 68 / 57 63 / 57
E866/NuSea pp DY [88] 229 / 184 221 / 184 227 / 184
E866/NuSea. pd/pp DY [89] 29/ 15 11/15 11/15
NuTeV vN F, [29] 35 /49 39 /53 38 /53
CHORUS vN F, [30] 25 / 37 26 / 42 28 / 42
NuTeV vN zF3 [29] 49 / 42 37 /42 31 /42
CHORUS vN zF3 [30] 35/ 28 22 /28 19 / 28
CCFR vN — ppuX [31] 65 / 86 71/ 86 76 / 86
NuTeV vN — puuX [31] 53 / 40 38 /40 43 / 40
HERA eTp NC 820 GeVI[61] 125 / 78 93 /78 89 /78
HERA eTp NC 920 GeV[61] 479 /330 402 /330 373/ 330
HERA e~p NC 920 GeV [61] 158/ 145 129/ 145 125 /145
HERA e*p CC [61] 41/ 34 34 /34 32 /34
HERA e~ p CC [61] 29 /34 23 /34 21 /34
HERA ep de"’”" [62] 105 /52 72/ 52 82 / 52
H1 99-00 e*p incl. jets [126] 77/ 24 14 / 24 —
ZEUS incl. jets [127, 128] 140/60 45 / 60 —
DO 1I pp incl. jets [119] 125 / 110 116 / 110 119 / 110
CDF II pp incl. jets [118] 78 /76 63 /76 59 / 76
CDF II W asym. [66] 55 /13 32 /13 30 /13
DO II W — ve asym. [67] 47 /12 28 /12 27 /12
DO II W — vp asym. [68] 16 / 10 19 /10 21 /10
DO 11 Z rap. [90] 34 /28 16 / 28 16 / 28
CDF II Z rap. [70] 95 / 28 36 / 28 40 / 28
ATLAS W+, W, Z [10] 94/30 38/30 39/30
CMS W asymm pp > 35 GeV [9] 10/11 7/11 9/11
CMS asymm pr > 25 GeV, 30 GeV[77] 7/24 8/24 10/24
LHCb Z — ete™[19] 76/9 13/9 20/9
LHCb W asymm pp > 20 GeV/[78] 27/10 12/10 16/10
CMS Z — ¢te [34] 146/35 19/35 22/35
ATLAS high-mass Drell-Yan [83] 42/13 21/13 17/13
CMS double diff. Drell-Yan [86] — 372/132 149/132
Tevatron, ATLAS, CMS oy [91]-97] 53/13 7/13 8/13
ATLAS jets (2.76 TeV+7 TeV)[108, 107] 162/116 106/116 —
CMS jets (7 TeV) [106] 150/133 138/133 —

| 3706 / 2763 | 3267 / 2996 | 2717 / 2663
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LHL et al., Eur. Phys. J. C75 (2015) no.5 204
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Current Status



Fits Today

® Current fits very much aiming for (and in some cases achieving) high

precision ( ~ 1% level) PDF determination in some regions. Key ingredients:

Extremely precise LHC data
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H total, Ravindran, Smith, van Neerven

N WH diff., Ferrera, Grazzini, Tramontano
B Y-y, Catani et al.
— h WH total, Brein, Djouadi, Harlander
= = ] . .
400 N Heo— ] H diff., Anastasiou, Melnikov, Petriello
L S epE=V=S i H diff., Anastasiou, Melnikov, Petriello
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H diff., Catani, Grazzini

VBF total, Bolzoni, Maltoni, Moch, Zaro

Hj (partial), Boughezal et al.
ttbar total, Czakon, Fiedler, Mitov

NNLO QCD calculations ‘standard’

ji (partial), Currie, Gehrmann-De Ridder, Glover, Pires

ZH diff., Ferrera, Grazzini, Tramontano
ttbar diff., Czakon, Fiedler, Mitov

Hj, Boughezal et al.

Boughezal, Focke, Liu, Petriello
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VBF diff., Cacciari et al.

Zj, Gehrmann-De Ridder et al.
Hj, Caola, Melnikov, Schulze
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® [ HC data now playing a key role in all fits.

Image Credit:

Gavin Salam

Zj, Boughezal et al.
WH diff., ZH diff., Campbell, Ellis, Williams
Y-y, Campbell, Ellis, Li, Williams
piz. Gehrmann-De Ridder et al.
MCFM at NNLO, Boughezal et al.
single top, Berger, Gao, C.-Yuan, Zhu
Py, Chenetal.

piz. Gehrmann-De Ridder et al.
ji, Currie, Glover, Pires
yX, Campbell, Ellis, Williams
Yj, Campbell, Ellis, Williams
VH, H->bb, Ferrera, Somogyi, Tramontano
single top, Berger, Gao, Zhu
VH, H->bb, Caola, Luisoni, Melnikov, Roentsch
Pw. Gehrmann-De Ridder et al.
VBF diff., Cruz-Martinez, Gehrmann, Glover, Huss
Wj, Zj, Gehrmann-De Ridder et al.
Vi, Chenetal.
H->bbj, Mondini, Williams



® Example from recent CT18 fit. Lagrange multiplier scans determining

. . 2
constraints on gluon at different X values:

CT18 NNLO
60 T I T T T T T - I)
L j /7
40 [ /// ///,
L //, /// |
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9(0.01,125 GeV)

® Plenty of LHC data

driving fits!

T-J Hou et al., arXiv:1908.11238

Total
HERAI+II

CMS8 jets €= [ LHC
ATLAS7 jets €= [ HC

CCFR F2
D02 jets

LHCb8WZ €= LHC
HERA ¢

CMS7jets €= T HC
BCDMS d

CDF2 jets

cMS8 ttb pTtyt €= [LHC

CT18 NNLO

ATLSZpT(— ILHC 50
NuTeV nub :

E866pp 403

30|

20|

(AXZ )expt.

10+

Total
CMS7 jets €= LHC

CMS8jets €= T HC
ATL8ZpT €= LHC
ATLAST jets €= . HC
HERAI-+II

7)./ CMS8ttb pTtyt €= LHC

a(0.3.125 GeV)

LHCb7ZWrap €= T . HC

E866pp
D02 jets

= ATL8 ttb ptMtt €= LHC

CCFR F2
CDHSW F2



Example 1 - The Gluon

107 ATLAS
—— Data
1072 — Fit
10° — - Statistical uncertainty in fit
Function choice

Events / Bin

® Gluon at high = 1s both important for
BSM searches and quite poorly 10

constrained from DIS. .

10 (s=13TeV, 37.0 fb™
Fit Range: 1.1 - 8.2 TeV

® . HC data such plays crucial role in E <06

—
o

constraining this.

Ao s L

Rel. Uncert.
bbb oo

® Generically achieved by looking for gluon-initiated processes at high
system transverse momentum/invariant mass/rapidity.

® Three textbook candidates at LHC:

LPr

9 fwz

M. Ubiali, Higgs Coupling 2019



Example 1 - The Gluon

NNLO, Q =100 GeV NNLO, Q =100 GeV
0.12 ee————r—rrrm: T e
E — NNPDF3.1 E 1.15} - NNPDF3.1
g 011 -~ NNPDF3.0 g S 1 |~ NNPDF3.0
1 G105
— X
1 o
1%
] s 0.95
i
] 0.9
[ Ll Ll Ll | |
10 107 x 107 10~ 10 102 )2 02 10-"
TOP PAIR L P
g 0000 Jet 9 .0000C t o . .

J \

_ _ M. Ubiali, Higgs Coupling 2019
NNPDF collaboration, arXiv:1706.00428

® Impact of most recent LHC data (red — green) significant, with percent

level uncertainties across wide range of & .
14



Example 2 - Proton Strangeness

® Vector boson (W, Z) production proceeds via

range Of channels .

ud, cs  (us, cd) > W+,

du, sc (su, dc) »> W,

qq = Z[y",

o Least constrained involves initial state s, s (no valence ) — sensitive to

proton strangeness.

® Only in principle: small contribution, requires precise data to pin down.

e Now available - highest ever
precision measurement of W, 7
production by ATLAS.

e Data uncertainties at the sub-%
level. Statistical errors negligible

completely dominated by

systematics.

do/dlnll [pb]

Pull e,u/comb.

Lt
- ATLAS

T ‘ T T 1 T

‘ T T T T

—$—W:—>u:vu
8005 = -1 W —e'v, -
[Vs=7TeV, 4610 W
B00 s CoeecrSeo—mea-—EeO—He—=T T e .
H —eo—
400+ .
L Lo L1 Ll |
1'02:%1 S Sl @Ag
1: X o = T
0.98F ? E
2F -
b0 Q. o a o Q o
SR oo u O o i
—oF ]
0 0.5 1 1.5 2 2.5
hl

dofdin| [pb]

Pull e,u/comb.

E T T T T ‘ T T T T T ‘ T T T T ‘ T T T T ]
600FATLAS W > uy,
[ _ -1 +W_ —eWV, ]
500}\@—7Tev, 4.6 fb W e ]
[EeO—eoSecmeo- oo ]
400? T e e o *
300F B
200" :
100 -
i\ Il ‘ Il Il Il Il ‘ Il Il Il Il ‘ Il Il Il Il ‘ Il Il Il \7
1'021::&3/\ S TN, SN S B . | ;¢£
E 7 = oI Y U (I\ =T LTl E
0.98F ? E
2f
0;\_1 DO & 0O DO O DO 7@ DQ O;
-2F =
0 0.5 1 1.5 2 2.5
|

ATLAS collab., Eur. Phys. J C77 (2017) 367



Example 2 - Proton Strangeness

_ H
e Impact of ATLAS data significant. Most v, _—
Vo 7N
notably: prefers larger strangeness than global “W W+ 4
. . . \ - - V
fits, where previous constraints from neutrino- kN
: — ,d
induced DIS (7s — lc). 5,d :
e However global fits can safely accommodate both (rather distinct)
datasets. Key ingredient: new NNLO calculation of DIS process.
J. Gao, JHEP
- ) 1802 (2018) 026
(s+S)/(0+ d), Exact NNLO X(s+S), Exact NNLO
2 - — T — T — T — T 2 - — T — T — T —

MMHT14 (new VFS) + HERA ——— MMHT14 (new VFS) + HERA ———
MMHT14 (new VFS) + HERA + ATLAS — MMHT14 (new VFS) + HERA + ATLAS ——
Q2 = 4 GeV? Q2 = 4 GeV?
0 : : P | s N | N : P | : s P | N 0 : s | s | : s | : s |
0.000010 0.000100 0.001000 0.010000 0.100000 0.000010 0.000100 0.001000 0.010000 0.100000
X X
R. Thorne, DIS19



Status 1n 2015

e Typical to combine three major global fits into ‘PDF4LHC’ combination.
e Consider e.g. gluon PDF at scale relevant to Higgs production.
® Resultin 2015 (already with some LHC data):

| | Gluon (NNLO), Q% = M2

PDFALHC15 —
CT14 —

o5 | MMHT14 —

NNPDF3.0 ——

. 13
"""""""""""""""""""""""""

llllllllllllllllllllllllllllllllllllllllllllllllll
L ]
lllll

0.95

0.9 S e
0.001 0.01 0.1
M [GeV]

® How does this look 4 years (and much LHC data) later?
¥



Status 1n 2019

Gluon (NNLO), % errors Q% = M3

10 ——
PDF4LHC15 -
CT14 —
31 MMHT14 —— 1 . .
NNPDF3.0 ® Con51der1ng most recent fits. see
o+
clear reduction in individual
T errors.
2 i o
0.001 0.01
M [GeV]
0 Gluon (NNLO), % errors Q% = M7
PDFALHC15 ...
CT18 ——
. 81 MMHT16 ——
e However picture not as NNPDF3.1
. . 6
encouraging when looking
closer... 41
9 |
0.001 0.01 0.1

M [GeV]



Status 1n 2019

Gluon (NNLO), Q? = M%

1.1 . e e Spread between groups has
PDFALHC15 ——
CT14 — increased! Not always
Los| MMHT14 — . _
NNPDF3.0 — straightforward picture of ever

decreasing PDF errors.

"""""""""""""""""""""""""""""""""""""" ® To understand this: detailed

0.95 benchmarking + combination

exercise 1n early stages.

0.9
0.001

M [GeV]
. Gluon (NNLO), Q? = M%
PDFALHC15 ——
CTISZNNLO ——
. Los | MMHT16 ——
® Note preliminary: updated NNPDF3.1

.......

‘MMHT19’ release coming soon.

e Similar situation for other

partons (backup). 0.95

0.001 0.01 0.1
19 M [GeV]



Looking to the Future

20



ILHC: The Future

® At very early stage in LHC: so far only a few percent of the final projected
data sample to be collected during High Luminosity (HL)-LHC running.

® Peak luminosity Integrated luminosity
6.0E+34 — S S o— G 3500
- Inector
- I ey 5.0E+34 ool weel poeefe 3000
—— e —
7~ NN D
YV 10kn \\Q 2500 &,
20,40, 50Gev \\\ — 4.0E+34 . >
f 10, 30, 50 GeV . Total ﬂﬁ} ' %p 2000 .g
| _nctirz}:'rcm'c W . e g i (@ o < LN £
\ - m Fea 2. 3.0E+34 V)] wn v e ) V8] £
‘-\‘ \ el Bectron ."." / B _I _I —I —I —I 1500 2
\\\\\ Beary F/ — /// 'g 8
AN R LT J ___,..-f; £ 2.0E+34 oieie ®
= E SRR 1000 g
/ \ Inwrasuie 3 i ]
S i N ol = [=
Ceoewcior 1.0E+34 . 500 -
]
0.0E+00 = T B I o B 0

10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37

Year \W_J
LH.C -
Higgs We are here
(LHeC?)

® [n addition exciting upgrade possibility of Large Hadron Electron Collider
(LHeC): colliding lepton beam with LHC protons. Providing unprecedented

high precision DIS data on proton structure.
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Ultimate PDFs - Motivation

¢ Both HLL.-LHC and LHeC (f approved) will provide a vast range of data
with a direct impact on the PDFs.

® Question: what exactly can we expect that impact to be?

® Collaborative effort to produce ‘Ultimate’ PDF set.

NNLO, LHC 13 TeV

1.2 3
9
0’:’
S
= 11 %’%
Y XK/,
= ' ‘ ;
S 1.0 el ls = =>_k}}}§-f-\-\_—>-_-. S —>
Q 7 - s s T
N 5050 (SIS 7 /’/‘?/HUA/,/Z X
3
~ 0.9 \ ®
A&\ NNPDF31

0.8 MMHT2014 x R. Abdul Khalek, S. Bailey, J. Gao, LHL, J.
SASSTN § Rojo. Eur.Phys.J. C78 (2018) no.11, 962 &

————— ABMP16
0.7 vl L S SciPost Phys. 7, 051 (2019)

10? 10° 10°
Mx [GeV]

e This ultimate expected precision from PDF fits sets the ultimate bar for any

lattice determinations.
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Basic Idea

( )
Produce theory predictions for relevant processes, in kinematic
region probed by HL-LHC and LHeC

\. J
|
v

( . . . . . N

Produce pseudodata - binned predictions, provided with
corresponding statistical + systematic errors

. J
|
v

s 2

Perform PDF fit to this pseudodata

\ y
|
v

( )

Evaluate impact on PDF uncertainties
\ y
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PDFs at the HL-LHC (Q = 10 GeV )
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® Sub percent level uncertainty in

ds (x,Q)/(s"(x,Q)I[ref])

PDFs at the HL-LHC (Q = 10 GeV )
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constraints out to rather high x in general.

X

e.g. gluon in some I regions. Impressive

e [LHeC placing very clean constraints across x range.



Challenges
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Challenges

® Have so far covered the good news: the ongoing impact of LHC data on

PDF errors (— 1% level) with encouraging outlook for future.

® However not the whole picture: as collider data becomes increasingly precise

cracks starting to appear in data/theory comparison.

® In fact seen to occur in all three of the ‘textbook” LHC processes for probing

PDFs at high @ :

P
g @yz

® [n more detail...
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Top Quark Production

® In principle ideal candidate for precision PDF determination: parton-level
theory known to NNLO in QCD, while precise data provided multi-

differentially in various observables.

>’ t { ‘/ i ra 110 éé’ék’dh’,”'gﬁé&iﬁéé’[”ﬁii{éi}m(5’0’1’5”) """"""""""""""""""""""""""""""""""""""""""" ]
yt 9 ytt 9 pJ_ 9 tt NNLO F——
100 el e “Wio B 1
f 1ol ATLAS Full phase-space A 90 P a ol e LO'
S5 °F Vs=8Tev,203f" |, pua : -
— B —— PWG+PY6 hy, =m, i 80 FISTlesds % — — — . I S I
= - PWG+PY8 h,,  =m, — f f i
o I MC@NLO+HW AUET2 ] — 0 T S e 7474 . -
o . —— MadGraph+PY6 P2011C -8_. g
S 0.8:'-'-'-'-'1__:_‘ ---------- PWG+HW6 AUET2 ] — €0 NN NN oo T ]
CH St ot uno ; w 5 \\\ PP— tE+X (8 TeV)
~ . . . + : - : :
= osf - S R N A -~ N m=173.3 Gev '
- i 2 RN ool MSTW2008 3
0.4] - B 4 IS NN NN - I M, r/mE{0.5,1,2} |
0.2:— — Y1 T R —— ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, 2 R ,,,,, 4
S o S S . : 20F ] U o
3o e " = 10 T S S
ol o8t i : i i ‘
0 0.5 1 1.5 2 25 0 i i i i iy S
Iyt

M. Czakon, D. Heymes, A. Mitov, PRL 116 (2016) no.8, 082003

® However when one tries to fit such data...
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XQ/NptS (Nt(t); — 25)

P
® .. .find terrible fit to tull dataset! DT 0.53
What 1s going on? i 3.12
Yt 3.01
° Theory input: PDFs + parton-level o7 ]\ftjwtt g;g
theory: Combined 7.00
oy R g S. Bailey & LHL, arXiv:1909.10541

0.8

0.6

0.4

0.2 | c

0 — D
0.0001  0.001 0.01 0.1 1

® Data itself: rather far tfrom this!
® Procedure to ‘unfold’ data back to

parton level distribution(s) 1s complex

and introduces many new systematic

€rror sources.
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® Many such effects can be evaluated precisely in data-driven ways, but in

some cases rely on further theory input.

® Correction from e.g. parton shower

estimated by Monte Carlo simulation.

® Uncertainty on this: difference

between results from two MCs.

® Increasingly such errors completely

dominate!

® How to treat correlations in these

error sources?

® Default correlation gives terrible X .

loosening this improves fit a lot.

® Unfortunately has rather large effect

on extracted gluon PDF.

Prediction

11|

2

1.05

9/9gaseline

0.95 |

® More work needed to understand this.

0.9
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Other Examples: Jets and Z pt

LHL, R.S. Thorne, A.D. Martin, EPJC78 (2018) no.3, 248

Data/Theory, 0.5 < |y| < 1.0
1.15

® ATLLAS Jet data: again systematics N
dominated, and fit quality highly [ Jesz T deserdecam e

sensitive to correlations. Sl %
L % . _{ ﬁ ﬁ_ & _%_% % % % _% %_E 5% % }% %H T L

® Decorrelation improves things, as does

0.95

|

0.85 !
100 1000

p. [GeV]

R. Boughezal et al., JHEP 1707 (2017) 130
103 ¢

including theory uncertainty from scale

variations (= missing orders in pQCD)

® 7 boson transverse momentum

12<ly <16 ]
66 GeV < M, < 116 GeV |
ATLAS,8 TeVLHC |

distribution: similar situation.

® Again can improve by adding in e.g. 10% | NNPDF3.0
uncorrelated source of uncertainty 3 o f
(missing theory, underestimated N%f o't Nt o
experimental errors...) but ” ol _
motivation unclear. |
.

107 : ' —
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General Approach? What Next?

https://conference.ippp.dur.ac.uk/event/794/contributions/4605/attachments/3737/4229/michaelwilson_talk.pdf

. M. Wilson, PDF4LHC September 2019
® One p0551ble route: deﬁne ad general

procedure for dealing with case Y 5 Y

where fit quality bad simply because . o
Stat Estm. | Fit using X|x—s500 | fit using &

correlations difficult to estimate™. %/ Nauta 1 00035 116328
(x?/Ngata) 1.095 +0.038 | 1.253+0.033

® Recent approach attempts this by
defining a modified ‘stable’

1.04

covariance matrix: /X

1.03

® One possibility, though need to be

1.02

careful one keeps correlations where

1.01

they are well established (luminosity

(1) etc...).

1.00

0.99

0 5 10 15 20 25 30

® Basic conclusion/worry: these sort of 1ssues might limit eventual
precision we can achieve in LHC PDF fits. But no final word on this yet:

work on this very much ongoing!

*N.B. It is not an established fact that this is the cau3s¢|3 of the issues I have discussed!



Other Topics of Interest
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Theory Uncertainties

® PDF fit schematically given by inverting:
Dataset ONf@UNf@(J(O)+gsg(1)_|_...)

® Until recently only PDF errors corresponding to data errors in fit included.

® However in principle not only error source. Also that due to missing higher

orders (the “...") in theory, from truncation of pert. expansion.
R. Abdul Khalek et al., arXiv:1906.10698

100 Experiment + theory correlation matrix for 9 points
® Recent work on this: construct 3 A A A
~ -
theory covariance matrix from RESSRNN = £ (=
0.50 s CE - § -
° ° IEETRE inE i i
scale variations (standard o e R A T
0.25
estimate of MHO uncertainty). T
0.00 e f—— S a—
50 . k‘ ) ~0.2¢ =i
(MFMLLRMLLO) t MFRE Ko, 7~ L \ -t
—-0.5C el T
DY i 3 IE i ...-.II‘!':
= e P TiEEEE
-0.7¢ i NIRRT MW | [0 17 e
JETS
TOP
-1.0¢ 0\‘3\0 0° < o ¢®F
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NNPDF3.1 Global NLO, Q = 10 GeV

. . 0.07 AN L URRRRY ]

® I[mpact on PDF uncertainties at s ‘ COVygy = COVeyp :
—~0.06— (9pt -

. o . = F  \r | COV,., = COV,, + COV :

NLO not negligible (will be lessat 2 ¢ D E
c -

NNLO) . io_04 :_ _:

o)) — _

J0.03F —

® However not the end of the story. S F :
. - 0.02F —

Important open questions: > f .

) 0.01_— —

* Are scale variations the best way to 107 10°7° 1072 10~
estimate MHOQOs?

* Risk of double counting with Fit  On~ fil®) @ oi(6?) ~ i) @ (017 (u®) + as oV (u?) + )
MHO uncertainty already } R
accounted for when making |

Prediction Opreq ~ fi(1?) ®@ ol(p?) ~ fi(1*) ® (050)/(/12) + ag 07?1)/(#2) + - )

predictions via PDFs?

LHL and R. S. Thorne, EPJC79 (2019), no.1, 39
e Recent work on this: yes!

* Basic idea: consider PDF fit as direct relationship between Og; — Opreq -

* Work ongoing on resolving these questions.

34



Photon PDF ;

aQep(Mz) ~ ag(Mz)

(e
® [n high precision LHC era, photon-initiated
contributions of relevance to phenomenology. T 77
® Nice example of parton that does not exactly fit X
into the same PDF paradigm as quark/gluons.
o

® ['irst attempts at simple models/fitting freely
replaced by ‘LUXged’": photon PDF directly related

to (precisely measured) proton structure functions.

10t din MZ
108 I vy - MMHTged —
¢ 4y - NNPDF —— |

vy - LUXqed ----- 7

1002-
(2, Q%) ~ + -
10—32-

p O P |
107° | ‘
1 1 100 1000
F 1e,2 F 1m26 : Mx [GeV]
A. Manohar et al., JHEP 1712 (2017) 046 LHL eta al., Phys. Rev. D94 (2016) no.7, 074008



LHL, arXiv:1910.10178

® Very recent paper: not clear one needs to talk in terms of photon PDF to

calculate photon-initiated production®, and more precise not to.

® Instead calculate cross section directly in terms of proton structure functions.

/ /
] s Hy  pu "
o T— 1 /d pld deFa(QQ)a(QQ)pl P9 MM’V’M,LLV
PP T o 2 2 M,
0 dea d&’Tu,‘Iyzl <25, /5 =13 TeV ‘
Exact
Collinear, LO ——
0.08 -
ool o
|_|_|_
0 R ]
0.02 -
0 ] | | |
10 20 20 - n |

YYD .. rhr\‘f.l

*For QED corrections to DGLAP - do need! 3

/‘\—/_
1 { E

p1 ~ Fap,
M (g1 + ¢ — k) X

p2 ~ FQ,L

—
| m—

2 o

® Conventional PDF picture not

the only input for LHC pheno.
® Though note input (proton

structure functions) still
fundamentaﬂy from

experiment.



Summary/Outlook

* LHC phenomenology and PDF determination has entered high

precision era. Percent level (and below) uncertainties possible.

* Encouraging results from LHC already, and a very encouraging

outlook from future High-L.uminosity running (LHeC?).

* However already challenges in accounting for this level precision in
PDF fits appearing. Will be focus of much future work, but in such a

context input from lattice could be 1nvaluable.

Thank you for listening!
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Backup
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Modified Covariance Matrix

M. Wilson, PDF4LHC September 2019
: : . : : Y
@ obtain correlation matrix from covariance matrix Cij =

@ perform eigenvalue decomposition on ¢ giving A and U such
that ¢ = U'AU.

e obtain new eigenvalues A; = §; min(A;, A) where

A = max(A;)/k where k is an input parameter specifying a
threshold condition number

@ construct ¢ = U'AU and use to obtain new, regularized
covariance matrix X = &/ ;% ;

This Is our regulariation procedure!
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Up (NNLO), % errors Q% = M3
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Up (NNLO), Q2 = M%
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Down (NNLO), % errors Q% = M%
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Down (NNLO), Q? = M%
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Anti—up (NNLO), Q? = M%
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Anti-down (NNLO), % errors Q* = M3
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HI-ILHC: Datasets

Process Kinematics Naat | Sfeorr fred Baseline
20 GeV < pll < 3.5 TeV
Z pr 12GeV < my < 150 GeV 338 | 0.5 | (0.4,1) 52] (8 TeV)
lyu| < 2.4
. pr® > 40(30) GeV
high-mass Drell-Yan 32 0.5 (0.4,1) [47] (8 TeV)
|nl| S 2.5, mp 2 116 GeV
top quark pair my; >~ 5 TeV, |y < 2.5 110 | 0.5 (0.4,1) [50] (8 TeV)
i > 26 GeV, pg. > 5GeV
W +charm (central) 12 0.5 | (0.2,0.5) [24] (13 TeV)
[t <24
P > 20GeV, pg > 20 GeV
W +charm (forward) ph¢ > 20 GeV 10 0.5 (0.4,1) | LHCb projection
2 <t < 4.5,2.2 <0 < 4.2
Direct photon E} <3 TeV, |n,| <25 118 | 0.5 | (0.2,0.5) | [55] (13 TeV)
Pl >20GeV, 2.0 <n! < 4.5
Forward W, Z 90 0.5 (0.4,1) [49] (8 TeV)
60 GeV < my < 120GeV
Inclusive jets ly| <3, R=04 58 | 0.5 | (0.2,0.5) | [61] (13 TeV)
Total 768

48



[LHeC: Datasets

Observable E, Kinematics Naat | Ling [ab™ 1]
GNC (e7p) | 7 TeV 5x107% <z <0.8,5<Q? <10 GeV? 150 1.0
GCC (e7p) | TTeV | 85x107°<2<0.8,10% < Q? < 10° GeV? 114 1.0
GNC (etp) | TTeV | 5x10706<2<08,5<Q?<5x10° GeV? 148 0.1
GCC (etp) | 7TTeV | 85 x107° <2 <0.7,10% < Q% <5 x 10° GeV? | 109 0.1
NC (e7p) | 1 TeV 5x107% < 2<0.8,22<Q? <105 GeV? 128 0.1
¢ (e7p) | 1 TeV 5x 1074 <z <0.8, 102 < Q? < 10° GeV? 94 0.1
FSNC (emp) | TTeV | 7x1076<2<0.3,4<Q?<2x10° GeV? 111 1.0
FPNC (emp) | TTeV | 3x1075<2<0.3,32<Q?<2x10° GeV? 77 1.0
FSCC (emp) | T TeV 1074 < 2 < 0.25, 102 < Q2 < 105 GeV? 14 1.0
Total 945
107 ¢
10°¢
10°
L 104]
0]
9, [
~ 103}
O :
10%¢
101
109
49
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