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TMDPDFs oan |

L
 Factorization of Drell-Yan cross section: 0? ' 0
a Py
d o 2
de;dqu m— H(Q, ,u) ; / deT eZqT-bei(CUa, bT7 M, Ca) f{(ﬂ?b, bT, U, Cb) X [1 — O(%)l

/ A\

Hard virtual Describe transverse
corrections momentum of the partons

, _ _ . 1 = Renormalization scale
 Most easily written in position space

{ = Collins-Soper parameter

Ca(:b — Q4
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TMDPDFs

d - L
de;dqu = H(Qa :u) ; / d2bT equ-bei(waa bT, M, Ca) f{(ﬂ?b, bT, W, Cb) X [ (

e Measurements are done in momentum space!
CMS: 1909.04133

ATLAS: 1912.02844
CMS 35.9 fb™ (13 TeV)

P Linear Scale Logarithmic Scale ——————

o . + - l—°| 2_|||||||||||||||||||| |||||||| ||||||| = 1 1
o~ 15 |- = Total uncertainty utu sample S " ATLAS :J

N . [l L '
N - b Unfolding = 1.8 Vs=13TeV, 36.1 fb™

_8_ llllllllll Momentum resolution - - Zly*—uu (normalized)

(OX L

\O BaCK_grou')d I o 1 '6— - Statistical Unc. J
I Identification & trigger B . on Efficionci

B == Reconstruction © 14F epton Efliclencies -

< 10 Statistical E -~ Lepton Scale/Resolution | H

A -~ 1.2 Model Unc.

= - [ == Others

e > I ==== Total

= = I

O 5 C s -

3 S 0.6 .

< c [ | FH

- S 04F LR

- o ] - F
) = - ﬁf‘d—;: I N B |
O 5 10 15 20 25 30 100 300 900




(Non)perturbative TMDPDFs

e Challenging to use the nonperturbative info that lattice provides

e Modeling TMDPDFs with both perturbative and nonperturbative
parts is usually done by introducing b*:

f’i(x; anu’a C) — fpert, i(xa b*(bT)nula C) ) fNP(Z';bT, C)
f

Calculated with expansion in a,(1/b;)

 The perturbative part can be computed with an operator product
expansion (OPE):

€)= / (e O £ (2. 12)

) o Cyy’ ® [ (@, 1) + O(a?)
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Modeling TMDPDFs

* Modeling TMDPDFs with both perturbative and nonperturbative parts
is usually done by introducing b*:

fi(xa anu’a C) — fpert, i(xa b*(bT)nU’J C) ) fNP(xabTa C)

/ \

Calculated with expansion in a(1/b;) Has to be 1+@(b%)

perturbative  nonperturbative o b*(bT) shields the Landau pole
° bT < I/AQCD b*(bT) — bT’ fNP —> 1
Joert dominates

o by > 1/Agep: b*(by) — constant

fnp dominates
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Modeling TMDPDFs

« Different models of fyp are used for fitting to data

» b*(by) shields the Landau pole and is coupled to fyp

fTMD(iU, br, 1, C) — fpert(l‘, bZ(bT)a,ua C) ' f1<I4P(x7 br, C)
= foert(2, b5(b7), 1, ) - fup(x, br, )

b (br) # bg(br) = féo(x, br) and f&s(x, br) are not comparable!

 The perturbative and nonperturbative effects are mixed up!
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Modeling TMDPDFs

« b* prescriptions makes different fyp not comparable

e For example, take the same fyp(by) = ¢ ~(0-5GeV bp)”

' k

use either b (b ) or PaVla(bT)
0-08 I I I I I I I

B | nep = expf—Azb%] i} b

- buax = 1.123 GeV™' 1 p* T 2
0.06/- A'= 0.5 Gev E bos (br) = Tt Grfbon)? = br (1+0(b7))

B o fpert(bES) ’ fNP .

— - fE (Bhaia) * frp Collins+Soper (1982)

b\ 4
an(br) = b (1= xp(= 7)) = b (14 O01)

= ; Pavia: 1703.10157

~—
—
—
—

e Goal: extract nonperturbative physics without b* contamination
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Momentum Space

 Measurements are in g; space: Fourier transform
do © @by o g
—_— = 2 iqT b b

00 2m d . oo
grspectrum C]T/ dby bT/ ﬁ el IrbT 5O (hr) = C]T/ dbr by Jo(qrbr)o(br)
0 0 0

o For perturbative g, integral still includes nonperturbative b, !

e [ntuition: perturbative g, should be dominated
by perturbative b, ~ 1/q;
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Momentum Space

e Intuition: perturbative g should be dominated by perturbative b

e (Goal: make this intuition manifest

e Solution: introducing b;ut Can use perturbative OPE Nonperturbative physics
o0 A ¥
S [];](QT) = gr / dbr brJo(qrbr) f(br) = S<|f](ar) + S5 [f](ar)
0

full spectrum y

bT
cut nonperturbative = gr / de bTJO CITbT) f(bT)7
0

perturbative

frvp P

— bt

= QT/ dbr bTJO CITbT f(bT)
bcu

ut
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Truncated Functionals

» Want to approximate S[ f] using perturbative b, < b™

e Canuse S_[f], but need to systematically account for S_ [ f ]

o[/ Var,b) =ar [ _ dbr brJulasba)  (br)

oo

Assumption: = — b%ltjl (qu%lt)f(b%lt) — / de bTJ1 (quT)f,(bT)
_ 1 C - y) bcut —
a)f(bT*OO)<pr,,0>5 g

< b
b) f(b;) differentiable at b5

asymptotic form\ qr > 1/b7" > Agcp

— Qb%ut cut n cut cut — %
0.4III|IIIIIIIII|||||||||||I: - WqTCOS(quT 4) f(b )+O[(b ) ]
0.3} % — Jo() E
0.22—- — Ji(z) _i
0.1 E m _i
0.0" MMMMMMMMMMM (> 00) = /f_g; cos(z — %) + 0w
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Truncated Functionals

» Define a systematic series to approximate S[f] using b; < b5

cut
bT

SO1fl(gr) = S<[fl(gr) = CIT/ dbr brJo(qrbr) f(br)

0

e Define S(l)[f] to include leading boundary contribution from S_ [ /']

2bcut

Tqr

(s
COS (qu%ut + Z) f(bccz:"'Ut) <+— First correction!

SD[f1(ar) = SOf] +

1

SIf)(ar) = SOIf)(ar, b + —O[(b5qr) 3]

qr

11/24



Truncated Functionals

perturbative .yt Donperturbative
— bt —

A l

e Systematically add on power corrections JrmD

so S[f] — S[f]

b%lt
SOU)arb5) = [ dbr bro(arbr) S (br) Jrvp
0 |
cut ' >
SO Ngr, b5) = SOUT+ | £ B5) - cos(bar + ) Whaco br
T

zbcut 3 f(bcut) f/(bcut) T
5(2) ,bcut — S(l) . T ( T + T . cos(beut "
fl(qr, b7") =\ 7 S by = (b7"ar — )

2bcut 15 f(bcut) 7 f/(bcut) f//(bcut) T
(3) bcut — q(2) T . T ) T ) bcut o
SOUl(ar, 15 = SO+ 70 (2] - ) - D) contiar +

Slf(ar) = S™If]+ L 0[gtgr)
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Power Correction of Functionals

e Toy function f = exp[—CiIn*(brQ)] exp[—C5b7]

e Errors of truncated functiona

1S™ [ fioy] — S fioy)]

e N = T e T

ek

sm@ﬂ=$Wﬂ+éomwwr“ﬂ

s follow expected power law

©c o =

I I -

(V) et e

| I IIIIIII| I IIIIIII| I IIIIIII| I IIIIIII| TTTTE T TTIA T IIIIIII| I

S
o

'I H

S
1NN

2 9
oo ot

S
\]

101
qr |GeV]

ek
S mm
o

fioy(br) = e n*(brQ) o—Cabj
C; = 0.01, Cy, = (1GeV)?, Q = 100 GeV

[

1 -

)
Iﬂ
N —

== __=::::' -

2 _I
102 -

13/24



Power Correction of Functionals

e Power expand toy function and use only “perturbative” input f(O)

f = exp[=C1 I’ (brQ)](1 — Cobf + O(b7))
f(O)

e “Errors” of truncated functionals identify missing quadratic term

—C, In?*(b —C,b?
froy(br) = e~ (trQ) g=Cabn
C, =0.01, Cy = (1GeV)?, Q = 100 GeV

7

ek
S
o

IR AL L R LR U/ e

| T
=3 10-4
9;%9 L0 —n=0
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Cumulative Functionals

e \We are often interested in the cumulative distribution:

— — d2b 7
/ koT f(kT) _ / deT / T2 6+sz-be(bT)
|kT|Sk%ut |kT|Sk%ut (27T)

k%Ut 00
— / dkr kT/ dbr bTJO(kaT)f(bT)
0

_ ot / dby Jy (brk™) £(by)
0

m

KLf1(k")
* Approximate using perturbative region:
b%ut
KO3 =k [ dbr 2 (brks™) £(br)
0
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Cumulative Functionals

« Systematically add on power corrections so K'[f] = K[f]

pout
KOLF)(kS, bt) = ke / dbr Jy(brkS™) £ (by)
0

cos(bT kT — )
/2

KO[f](kz",67") = KO[f] + £(67")

f(bcutk,cut)
bcut) f (bcut) COS (bcut kcut + )
K(2) k,cut bcut K(l) . f( T .
[f]( ) [f] (8 b%utk%ut k%ut ) \/g bcutk.CUt 1/2
cut cut I ( 1,cut peut .cut __ 7
(3) [f](k%ut, bcut) K(z) [f] ( 9fc(1i€ zut2 - 5Jiu(tb cut?2 T f (C?lt2 )) . COS7(T TCutTcut 1;12)
128 bsit kS 8 bsut k! kS, /5 (DFkS)

K[F](kS™) = K™ f] (kS bSt) 4+ O[(bgrtkgt) 1]
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K™ [ fioy] — K[ fioyl]

Power Correction of K™

e Same toy function f = exp[—Ci In’(brQ)] exp[—Cab7]
 Errors of truncated functionals follow expected power law

K[f1(k5) = K®FI(RF, b3) + O[(b3 k) 2]

101 l l T T T I2 | ||||||§I ]_01 | | T T T T | T T T 1115
—Cq 1n —Cob2 —C;n —C,b2
100 Jroy(br) = € G (0rQ) =2ty 21 — 10° fioy(br) = € C1In(b1Q) o—C2b =
Lo-10 Ci1=0.01,C; = (1GeV)?, Q =100GeV 1 & 10-1 C, = 0.01, C; = (1GeV)?, Q = 100 GeV 3
= F X 3 E
10—2é—/ /‘\ | M 10—2_
107% ¢ ' Y\‘ ! 1073
- @ 2
1070 T n = < 10-4
5L n = =
10 : n — E
107°s —n = ““U' — 10-6
10—7_ ! ! | ”h““l 107 | | L1011 | L0
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Apply Cumulative Functionals

e \What's the normalization of the TMDPDFs?

/ Pl ™ (@, kp, 1, ¢) £ e, )
1

naively yes :)

e Renormalization breaks the naive expectation

d 27, TMD d coll

renormalization says no :(
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Apply Cumulative Functionals

 \We can systematically compute the normalization of the TMDPDF

» Cut off the integral in UV with k7"
[ R ) = KPR
|k | <kgut
e Apply cumulative functional K to compute the normalization!

K[f™P) (k") = KO ™P)(kg, b2) + O[(b k5) 2]

_ T . dz x o
Recall: we hg/{e})perturbatwe fﬁffﬂ — Z/ ?Cij(;, br, 11, ) f: Ly )
knowledge of f from the OPE ;

e Include N3LL evolution from boundary condition at {, ~ 1/b% to overall

 OPE matching coefficients up to two loops

e As implemented by SCET1ib
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Impact of Evolution Effects

k’%ut ~ ~
/ &Ry fal, Rry 1, Q) ) Fal@, 1) — 1

102,

. K(3)[fTMD] allows us to model-

Independently access the evolution
effects

* |ntuitive expectation is robust in the

vicinity of u = \/Z = k3"

cut
T

VC/k

o Forpu = k3™, the { evolution is
negligible

e Sizable corrections from evolution
away from these regions, due to the
cusp anomalous dimension

k%ut .
/ d2k'T fTMD($, kT; §= k_,%ut7 C)!fcoll(w’u _ k,%ut)
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Impact of Nonperturbative Effects

fTMD(SC, bT7 M C) — é‘(;\)/ID(xa bT7 M CO) [1 + (0(2)

f

boundary
condition
—
| 10%: ' [ | [ | [ [ [ [ [ [ —
= | fa, x = 0.01,|pu= \f ko |
= 5% N°LL, b3 = 0.94 GeV ! -
= °F (2)) < 2 10®)| < (1 QeV)2 3
~ = |7C |<(0.5GeV)?, |C;7|<(1GeV)” 7
= - :
T )= . A ——
2 = £ £ A
"3 = _ %O) + AC A n
. —5%F . - Ta Np D ANPS
2 - B —-— Pavia ’19 .
i (75 B | - SV19 -
=2 _10 O_ 1 N BRI | | I R B | .
— 0 5 10 15 20

ko' [GeV]

SL®) 6] + o)

\

evolution
kernel

e A, from varying b7

cut

e Small corrections for
cut
large k7

e Significant NP effects
for small &5

e Agree with SV and
Pavia global fits which

use b*

SV:1912.06532
Pavia: 1912.07550

21/24



Resummation Orders

e Perturbative uncertainty estimated by scale variations 2006.71382

* |Increasing orders show convergence

|
| 20% L I I I T T | I I I I 1T T T R t'
— kcut _ _ __ pcut | S ¢ esumr_na [o]g
S 15% ¢ l{;ut o égv(_}eV Lo \/E i : uncertainty as a
< 10%; T E function of x while
TE 5% e = keeping k7 fixed
8 ) (0) ------------- T — =+ Central value can
E —5% Yy T SAres = differ from zero (£
- —10%-=—N'LL . - 2%)
IS I 71 - ——-NNLL - - - Pavia ’19 -
E&Cﬂd o= . NLL --.-- SV 719 E e Agree with SV and
&\ —20%0‘_3 B Iil()_z - 'i'(;_l Pavia global fits
X
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Momentum-Space Spectrum

» Apply same procedures to g cross section

Relative uncertainty

o(br) = H(Q, br) frmp (e, br) frvmp (s, br) exp|—Leye]

_ U(O)(bT) [1 4+ ((:*(2) _ chyéz)) b?p + O(bé,lw)-‘
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(
4% V¢
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o The impact of ;/C(z) IS

linear (the values
chosen are
representative and can
be rescaled)

e Important to determine
;/C(Z) nonperturbatively

from first principles!
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Conclusions

* Perturbative and nonperturbative physics in TMDPDFs are
usually hard to disentangle because of b* prescriptions

e Truncated functionals provide a model-independent and
systematically improvable method to map perturbative results
from position to momentum space

e Demonstrated that integrating the unpolarized TMDPDF over
10, k;ut] gives the collinear PDF to the percent level (when

renormalization scale y = k™)

 Developed model-independent method to assess the impact of
non-perturbative effects (OPE coefficients) in momentum space
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Resummation Orders

« Resummation orders: as a function of k}“t

kr fa(x, kr)/fa(z) — 1

cut
T —
(12

r
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- 3
S R E
2 N
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=y ... B==NLL -
i}j — - = I?ana.ﬁIQ _____PQPJIJ;_E
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More on NP effects

kr fa(z, kr)/ fa(z) — 1

cut
T —
d2

/

fa, kS =10 GeV, u=
N°LL, b3 = 0.94 Gev—l—_
7] < (0.4 GeV)?, |CP] < (1 GeV)2=

\/E kcut =

SV ’19

III|IIII|IJ I'|IIII|IIII IIII|III

1072

xr

10~1

5% — ]
fa4, £=0.01, = k““::IO(}dv—
N°LL, b5 = 0.94 GeV 1

7)< (0.4GeV)?, |CP1< (2 GeV =

“\
!
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