Quasi PDF as observables

Denn eigentlich unternehmen wir umsonst,
das Wesen eines Dinges auszudrticken.
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the parton model & deep inelastic scattering
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Bjorken scaling — pointlike constituents
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scattering off a parton
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parton distribution functions

By(2,Q%) = ze2d(z — &) = 2L (2, Q%)

e I, measures the fraction of momentum of the parton

e introduce a probability density go(€)
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QCD corrections
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factorization
Ey (z,Q%) = ez |6(1 —2) + &s P(x) logQ—2 +C(x)
’ q 2 K2
convolution of the quark structure function (at fixed order) with PDF
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DIS observables

e PDFs are defined in a given scheme and at a given order in PT

Fy(z, Q%) = Z Ci(x,Q*/u?) @ qi(z, p?) + . ..

e PDFs are nonperturbative quantities - not accessible in perturbation
theory

e the scale dependence is determined DGLAP equations
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kinematic cuts
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Figure 2: Kinematical coverage of the available experimental data on the nonsinglet structure

function in the (z,Q?) plane.
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universality

O‘(HlHQ — X) = Z/dl’ld.’ljg qi(ml,,u2)qj(a;2,,u2)><
4,7

A 2 2
X Uij—)X(371$237,u 7MR)

L Del Debbio Lat PDF CERN, July 2019 10/35



NNPDF methodology

parametrise the PDF at some initial scale Q3

compute the observables (efficiently)

Fy(z,Q*) = C(z,Q*) @ T'(z, Q% QF) ® f(z,QF)

Fr=) Kiafa  (FK tables)

sufficient accuracy / small bias — closure tests

faithful error propagation
— Monte Carlo sampling of exp data (replicas)
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methodology
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NNPDF3.1

NNPDF3.1 (NNLO)
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http://arxiv.org/abs/arXiv:1706.00428

gluon distribution

NNLO, Q = 100 GeV
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agreement between different determinations

NNLO, Q = 100 GeV
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PDF uncertainties for Higgs physics

Uncertainties from Parton Distributions are one of the
limiting factors of theory predictions of Higgs production,

degrading the exploration of the Higgs sector ATLAS Simulation Prefiminary
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PDF uncertainties for new physics
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Beenakker et al [1510.00375]
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http://arxiv.org/abs/arXiv:1510.00375

matrix elements

¢
Mr.a(¢) = H(O)TAA P exp (—ig [ A(n)) (0)

loffe time distributions
Mo a(C, P) = (P[Myu a(C)|P)

Lorentz covariance

M’Y“7A(C7P) = Puh7“7A(C : P7 22) + C#hfyH,A(C : P7 22)
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PDFs and quasi-PDFs

light-cone PDF — P = (P+,0,0,), v=(-P=Pt(:

¢ —i(x -
) = [ S e T P (01 2)
_ [dv

= | 3 e_m”hvhg(u, 22)

quasi-PDF, time-independent quantity — ¢ = (0, 0,0, z):

dz

47 e_i(xPZ)z h’qu3(l/7 22)

q3(, u, P:) —/

recent review [K Cichy & M Constantinou 18]
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https://arxiv.org/abs/1811.07248

from quasi-PDFs to PDFs
Extracting PDFs from lattice simulations:

e renormalization of the lattice operator

¢ RI/MOM prescription
© matching to MS
© trace operators and power divergencies

e Euclidean to Minkowski space

o factorization theorem for the renormalized quasi-PDF

_ [ty r
%(SE,M,PZ)—/I y C3 <y v |P>f3(y,u)+
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lattice data as observables

[work in collaboration with K Cichy and T Giani]

(953 (zPZ, z2) = Re [h7073 (zPZ, z2)] (91;8 (ZPZ, z2) =Im [h70’3 (zPZ, 22)
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[C Alexandrou et al 18]
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https://arxiv.org/abs/1803.02685

lattice observables

evolution basis for PDFs
2\ u(:c,uZ)—d(x,,uQ) if >0
s (m,,u ) B {—ﬁ (—:r,,uz) + J(—x, uz) if <0

inverse Fourier transform
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factorization formula for ME

using the explicit expressions for C3

1
O (cop) = [ o 5o (5.4 ) Vil = (5 ) @ Va (47)
0 z z
Olrg(z,u):/ldxclm w2, 2 T3 (z, 1) = CY" e ® T (1)
5 ) 0 3 ) ’Pz ) 3 7PZ

where V3 and T3 are the nonsinglet distributions defined by

LO: (’)f:(? (2P.,2%) = /dx cos(zP,x)V3(z, pu?)

L Del Debbio Lat PDF CERN, July 2019 24/35



Bjorken scaling of ME

aaaaa
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systematic errors

o cut-off effects

o finite volume effects

e excited states contamination

e truncation effects

e higher-twist terms

e isospin breaking

Scenario | Cut-off FVE Excited states | Truncation
St 10% 2.5% 5% 10%
S2 20% 5% 10% 20%
S3 30% | e 310.062z/ag; 15% 30%
S4 0.1 0.025 0.05 0.1
S5 0.2 0.05 0.1 0.2
S6 0.3 e—3+0.0622/a 0.15 0.3
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closure test — 1

V3 at 1.6 GeV V3 at 1.6 GeV
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closure test — 2

V3 at 1.6 GeV

V3 at 1.6 GeV
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fit results

V3 at 1.6 GeV V3 at 1.6 GeV
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outlook

e light-cone PDFs + factorization describe the structure of the proton
e necessary input for the exploitation of LHC, HL-LHC
e current extraction from data is very precise + improving

e lattice data provide complementary information, can be included in
global fits like any other data

e identify the areas where a significant phenomenological impact from
lattice QCD is possible
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global fits

Exp. Obs. Ref. Naat King Kina (GeV) Theory
W, Z 2010 [49] 30 (30/30) 0< || <32 Q=Mw,Mz MCFM+FEWZ
W, Z 2011 (*) 72 34 (34/34) 0< |yl <23 Q= Mw, Mz MCFM+FEWZ
high-mass DY 2011 [50) 11 (5/5) 0< ol <21 116 < My; <1500 | MCFM+FEWZ
low-mass DY 2011 (*) [ 6 (4/6) 0< || €21 14 < My <56 MCFM+FEWZ
[Z pr 7 TeV (p%,yz)] (*) f78] 64 (39/39) 0<|yz| €25 30 < pZ < 300 MCFM+NNLO
ATLAS | 277 8 TV (0F, Mu) () tn] 64 (44/44) | 12 < My <150 GeV | 30 < pZ < 900 MCFM+NNLO
Z pr 8 TeV (p%,yz) (*) [71] 120 (48/48) 0.0 < Jyz| <24 30 < p% <150 MCFM+NNLO
7 TeV jets 2010 57 90 (90/90) 0< [yt <44 25 < pift < 1350 NLOjet++
2.76 TeV jets 58] 59 (59/59) 0< [yiet] < 4.4 20 < pift < 200 NLOjet++
7 TeV jets 2011 (*) 6] 140 (31/31) 0< [y <05 108 < pitt < 1760 NLOjet++
Ttot (tF) [74,75] 3(3/3) - Q=m top++
(1/07)do () /ye (*) 73] 10 (10/10) 0< |y <25 Q=m Sherpa+NNLO
W electron asy [52] 11 (11/11) 0< [nel <24 Q= My MCFM+FEWZ
W muon asy 53] 11 (11/11) 0< [l <24 Q= My MCFM-+FEWZ
W + ¢ total 60] 5 (5/0) 0< Iml <21 Q= My MCEM
W + e ratio (60) 5 (5/0) 0< |l <21 Q= My NCFM
2D DY 2011 7 TeV 54) 124 (88/110) 0< | <22 20 < My; < 200 MCFM-+FEWZ
oS [2D DY 2012 8 TeV] tu] 124 (108/108) 0< | <24 20 < My < 1200 MCFM-+FEWZ
W= rap 8 TeV (*) [79) 22 (22/22) 0< ;| <23 Q= My MCFM-+FEWZ
Z pr 8 TeV (*) 3] 50 (28/28) 0.0 < |yz| < 1.6 30 < pZ <170 MCFM+NNLO
7 TeV jets 2011 [59] | 133 (133/133) 0< [yt <2.5 114 < Pt < 2116 NLOjet++
2.76 TeV jets (*) 0] 81 (81/81) 0 < [yjec| < 2.8 80 < Pt < 570 NLOjet++
ot (1) 82,88) 3(3/3) - Q=m, top++
(1/a47)do (tD) /y,i (*) 81 10 (10/10) 2.1 <y <21 Q=me Sherpa+NNLO
Z rapidity 940 pb 55 9(9/9) 20 <y <45 Q=Mz MCFM-+FEWZ
LHCD Z — ce rapidity 2 fb tsc] 17 (17/17) 20 <y <45 Q=Mz MCFM+FEWZ
W, Z = p 7 TeV (¥) 85] 33 (33/29) 20<m <45 Q= My, My MCFM-+FEWZ
W,Z = p 8 TeV (¥) [s6] 34 (34/30) 20 < <45 Q = Mw, Mz MCFM-+FEWZ

NNPDF3.1 [1706.00428]
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http://arxiv.org/abs/arXiv:1706.00428

kinematic range

LHC parton kinematics

X, , = (M/14 TeV) exp(+y)

1,2
10°F Q=M M= 10TeV
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lattice perturbation theory
an instructive example (170s.11193)

e one-loop computations: Z = 1 + ¢>Cr/(1672)ZM) 4 ...

_ 2C
ZURMS _ 4 9 TF ( S+ ezi' +... = 310g(a2u2))

1672
2
LR,MS g°Cr
Z1y =0+ 672 (...)

e one-loop matching:

CMSRI _ (ZLR,WS)—l . (ZLR,RI) _ (ZDR,WS)—l . (ZDR,RI)
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http://arxiv.org/abs/arXiv:1705.11193

RI/MOM prescription

renormalization condition:

Or,i(2) = Zij(2)0;(2)
Ai(p,z) = S(p) " (Oi(2)v(—p)¥(p)) S(p)

2755 T Al A0, 2) 7 oo = 0

linear divergence from the Wilson line:
Z(Z) _ Z(Z)eém\z|/afc|z|
automatically subtracted in this framework

ETMC [1706.00265], J-W Chen et al [1706.01295]
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http://arxiv.org/abs/arXiv:1706.00265
http://arxiv.org/abs/arXiv:1706.01295

Euclidean/Minkowski

matrix element at ¢ = 0 is agnostic about space-time signature

hyz 3(z, Py) = (P:|O0:(2)|P2)
computed from different correlators in Euclidean and Minkowski

(N(7',P)O,(2)N(1, P,)) = ZZ'M_ (2, P,)e*P("=7) 4 .

/ Py dPy PV (TN (y)0.(2)N(y)) ~
12’ 12
~ 7m2/\/lz(z, Pz)ip2 —
Carlson et al [1702.05775], Briceno et al [1703.06072]
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