Quasi PDF as observables
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in progress/collaboration with K Cichy, T Giani, C Monahan

based on Collins 1980
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DIS

2
«Q v
do =k <C?2> L'LL HNV

Hy =Y (2m)P6 (p = px — q) (p|1u(0)| X)(X|J,(0)|p)
X
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hadronic tensor

Hy = (2m)P6 (p = px — @) (p|1u(0)|X) (X[, (0)|p)
X

_ / dPy e (|, () ], (0)|p)

_ / dPy &9 (p| [Ju(y), T (0)] |p)

nucleon dynamics encoded in Lorentz-invariant form factors

Huu :F1($7Q2) <ngu - g;u/) + FQ(J:?QQ) te

factorization and (universal) PDFs

L
Fi(, Q) = fcz-,a@, Q2 1) (/6 1) + . .
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PDFs from field theory

. _ . ¢
M(C, P) = (PIH(OT Pexp (—z‘g [ an A<n>) HO)|P)

—

light-cone PDF: ( = (0,y—,0,):

dy~ —i(x - -
flaa) = [ e My, P

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

dz —i(x z Pz o0
dlasie My, P) = [ 2R A 2 P) P

™
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toy model: DIS in ¢}

F(z,Q?) = / dy & (P|jn(y)jr(0)|P)
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light-cone bilocal operators

Fa)=a" [ e 6)o0) > fale) = (PIFalaPhIP)
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renormalization at 1-loop

fr(@) = (Ko f) @)
K(na)=1+ar)d(l—n) +aKD(n)+0(a?)

f(a;,;f,e) =2z (/1,2,6) 51 —x)+afW (m,,uz,e) +0 (a2)

AN

al -1

K (n,a) = <1—126)5(1—17)—041nn2 +(’)(a2).
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DIS at 1-loop
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IR picture

\
F~1[“€—‘ T © (ﬁ%- LR)
Pe

F(z,Q) ~ (fo F) (@)
~(feK®C)(z)
~ (frR®C) (z)

where

KeC=F
C is IR-finite
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IR picture at 1-loop
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position space matrix element

N
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I\
o
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perturbative computation

MO (v, 2%) = exp[—ip- 2] = exp[—' ] = MO (v,0)

" 1
Miél)f (1/, 22) = [1 +% ( —|—log 2 + bﬂ MO (V, 22)

. 1 M2\ P23 .
M(%) (v,2%) =g / dr (1 — ) <,u2> K (22]\/[2) MO (z1,0)

0
where
M? = m? (1—113+CU2)
ei‘jE'éE

K(ZQMQ) = /QE (CjE+ 1)3

_ (41)3 (47T)37D/2 /Oo d?TTSfD/QefTefC%/MT)
a 0

= Mz, (= —M?2%, 4 = ¢y /M
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light-like separation

2
M (v,0) = [1+a (1+log732+b>} MO (v,0)
2

! 1 0
_ hl (0)
+a/0 dx (1 x)(€+log 2(1—a:+:c2)>M (z1,0).

renormalization kernel:
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light-like separation

2
Mp (I/;/LQ) = [1 +2 <10gZJL2 + bﬂ MO (1, 0)

6
1 12 -0
+a/0 dm(l—x)logm2(1_$+x2)/\/l (z1,0).
d - ! -
/LZCWMR(I/;,U,Z):&/ dz P (z) Mg (zv;p?) + O (a),
0

with the O («) splitting kernel given by

P(g;):(1—95)—é5(1—x):(1—x)++éé(1—x).
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spatial separation

no UV divergences in K for 23 # 0

K(fz2 M2)— ! /wﬂe_TM2e_ﬁ—12K (M z3)
DU T @ Jy T T (Am O

renormalized operator
~ 2 ~
Mg (v, 23 12) = [1 n % (log Uing b)] MO (1, 52)
1!

1
+ a/ dz (1 — ) 2Ko (M z3) M© (zv, 23)
0
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factorization theorem

Mg (v, —23; 1) = Mg (v, 1) +
a/oldx (1—2) <2K0 (Mz3) — log 52) Mg (zv, 11?)
using
K () = [ 11 dE & i (€. )
yields

R 1 B 2
Mg (v, 23 1) =/1d50(§u mzs, ) fr(€.1)

. i 3 1 P s
C(‘Eyvmzfiarn?) =€ _OC/O dx (1—1') <2K0 (MZ3>_IOgW> e
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IR behaviour & scaling of pseudo PDF

for Mz3 < 1

2K (Mz3) = —log (M?23) + 2log (2¢77F) 4+ O (M?23)
and therefore

1 A
M (v~ ) = [ dC (6015 e (€.0%) + Om?2)

C (fl/, ,u2z§) =V — a/

0

1 27E .
dr (1 —x)log <u2z§e4> ity

Wilson coefficient is IR-safe
z? depence only at O(«)
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quasi PDF

Fourier transform to momentum space

P
R(yvu27p32): ’

o)
% / d23 e_ZyP3Z3MR (P323, —Zg)
—00

we get

d 2
r (y, 12, P5) —/1 E‘C(y gTPWMZ’) fr (& 1%

m2 /'LQ 1
IR o 1
C (g g ) = [ o (1=

1 2
X —5(.’1,‘—7])10gL

2 2 2
o =27+ & M
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large momentum limit

for M2/(£2P2) < 1

M2 2 12
lim C(n, =, ) =C =
YL (”’ §2P§’M2> (”’ 521%%)

2p2
£°Pg

(1 —n)log 7 +1

=0(1l-1n) +a« (1—n)10gr477(1—77)
—(1=mn)log ;17 —1

£r;
2

} +2n—-1
Wilson coefficient is IR-safe
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QCD matrix elements

Mra(®) = S0 Pesp (ig [ doaen) v0)

loffe time distributions

M 4(2, P) = (P|Mau 4(2)| P)

Lorentz covariance

MyuA(2, P) = PPhyu a2 - P, 22) + Z“h;u’A(z - P, z2)
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lattice observables - 1

(’)53 (2P, 22) = Re [h,03 (2P, z2)] (’)'7"3 (2P, 22) =Im [h,0 5 (2P, zz)

Real part Imaginary part
10| 0.75
0.50
05 0.25
0.0 0.00

-0.25

y 3=

-1.25
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14

z z

[C Alexandrou et al 18]
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https://arxiv.org/abs/1803.02685

lattice observables - 2

inverse Fourier transform

oo +1 d
R 2 2y _ Y T p 2
Os (2P;, 2%, 1°) = /_OO dx cos (zP,z) /_1 mczs (y’ MP) f3 (y, 11°)
om (zP 22 ,u2) = /00 dx sin (zP,2) /+1 dfyC:J, (x M) f3 (?/ M2)
AT oo Tyl T\ IR ’
2\ u(x,p,2)—d(ac,,u2) if >0
I3 (l‘wu )_{—ﬂ(—$aﬂ2)+J(_$aN2) if <0
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factorization formula for lattice observables

using the explicit expressions for C3

ORe_/dxC ( >V3(xu) C:?e(z,;)@‘@(NQ)
I
o - /O o ¢ (2.5 4 ) Tato = f" (34 ) @ T ()

where V3 and T3 are the nonsinglet distributions defined by

V3 (z) =
T3 (J)) =

LO: (’),F;g (2P, 2%, p?) = /da;cos(szx)Vg(w,uQ)
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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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