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Outline

e Motivation / Phop FTMD (3 o) L feol(z)
* Challenging to move between position and momentum space

 Challenging to separate perturbative and NP physics in TMD models

e Mathematical Formalism

* Truncated functionals: model-independent perturbative baseline
 Boundary terms: systematic corrections from NP region

e Applications

e Compare cumulative TMDPDF to collinear PDF
e Constrain OPE coefficients

e Conclusions



Cumulative TMDPDF

e What'’s the k- -integral of the TMDPDFs?

/ Pl ™ (2, by, 1, C) :1 £l (z, p)

naively yes :)

Verified at bare level at 1-loop:
Echevarria, Idilbi, & Scimemi (1111.4996)

e Renormalization breaks the naive expectation

d - d
[L@ / dsz fTMD(xa kTa 22 C) %T :U’@fcou(xa ,U)
renormalization says no :(

Observed to hold for certain NP models at NLO (also for g, /,):
Bacchetta & Prokudin (1303.2129)



TMD Data

e Drell-Yan cross section:

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

 Measurements are done in momentum space (g7) CMS: 1909.04133
ATLAS: 1912.02844
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TMD Factorization

e TMD factorization of Drell-Yan:

do L o
=H d2b “r-or 1\La b a) Ji 7b » Iy
dedeqT (Qa:u);/ T € f(.CL' 9 Ta:uag ) f(xb T, U Cb) X [ (
Hard virtual Describe transverse
corrections momentum of the partons

o Factorization is most easily written in position space (b;)

1 = Renormalization scale

¢ = Collins-Soper parameter

CaCb — Q4



TMD Evolution

Boundary condition

U evolution

fi(ma bT7 M C) — fz(xa bT7 Ho, CO)

v

“dy!
exp| [ s
[

(/

(&, Co)] exp [

{ evolution

1

2

,72 (bT7 ,LL)'

OPE in the region 1/b, py, p > AQCD l

(br) + O|(Aqepbr)”]

(0)

Ve

2 _(2)

(bT7 ,U,) + bT,YC,i

fi(za bT7 Ly C) — fz(O) (xa bT) Ly C) T ble”fz@) (SE, bT7 Ly C) T O [(AQCDbT)4]
= £;"(2,br, 1, Q) (1 + A (2)b7) + O[(Aqenbr)’]



Modeling TMDPDFs

e TMDPDFs have both perturbative and nonperturbative parts, and
usually:

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

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

 The perturbative part can be computed by matching onto collinear
PDFs:

bdz x o
fIr)I\e%,Di(xabTauag) :Z/ ?C’ij(gabT7:u7<)fj H(Z7ILL)
j X
= [ (@, 1) + asCy ® £ (2, 1) + O(af)

o The NP part looks like: fup(z,br,¢) =1+ +0(bz)



Modeling TMDPDFs

e TMDPDFs have both perturbative and nonperturbative parts, and
usually:

f’i(x; anu’) C) — fpert, i(xa b*(bT)nU’J C) ) fNP(xabTa C)

Collins & Soper (Nucl. Phys. B 197 (1982) 446)
Bacchetta et al (1703.10157)
Scimemi & Vladimirov (1803.11089)

perturbative nonperturbative
—

fr™p o b*(by) shields the Landau pole

Joert dominates

o by > 1/Agep: b*(by) — constant

fxp dominates



Modeling TMDPDFs

« Different models of fyp are used for fitting to data

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

fTMD(fE, br, 1, C) — fpert(l", bj:l(bT)aua C) ' fﬁp(iﬂa br, C)
— fpert(aj, b*B(bT)nua C) | fl\?P(xa bTa C)

b (br) # bg(br) = féo(x, br) and f2s(x, br) are not comparable!

 The perturbative and nonperturbative effects are mixed up!

b* known to be incompatible with leading renormalon
in TMD PDF and 7, :
Scimemi & Vladimirov (1609.06047)



Modeling TMDPDFs

« b* prescriptions makes different fyp not comparable

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

i 3k

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

B | nep = expf—Azb%] i} b

- bnax = 1.123 GeV™1 1 T 2
0.06- A'= 0.5 Gev E bos (br) = Tt Grfbon)? = br (14 O(b7))

B o fpert(bES) ’ fNP .

o FEE (b) - P Collins & Soper (Nucl. Phys. B 197 (1982) 446)

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

=y Bacchetta et al (1703.10157)

~ —
_—
—
—
—

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

 Measurements are in g; space: Fourier transform

do © P2py .
=9 Wqr-br 5 (|
f qu qr A (27_‘_)2 € 0( T)

00 27 d . o0
grspectrum  _ (IT/ dbr by d¢ glTbT 086 () = QT/ dbr by Jo(qrbr)o(br)
0 0

0 2T

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

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

11



Momentum Space

e Intuition: perturbative g, should be dominated by perturbative b

e (Goal: make this intuition manifest

e Solution: intr()ducing b;ut Can use perturbative calculation Nonperturbative physics

o N\ /
S [J; [(qr) = ar /O dbr brJo(qrbr) f(br) = S<[f|(qr) + S5 [f](qr)

full spectrum peut
perturbative ; nonperturbative S<[f ](C]T) = dqr / de bT JO(QTbT)f (bT)7
— bCTu _— 0

Jrmp A :

: S| fl(gr) = qT/ dbr br Jo(grbr) f (bT)
b%ut

]
!

Below b7 term previously considered

to check model results:
Qiu & Zhang (hep-ph/0012348)
Berger & Qiu (hep-ph/0210135)

12




—0.4L0

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)

Assumption: o0

a) |f(by = o0)| < bT‘p, - = b%ltc]l(QTb%lt)f(bgrm) - / dbr bTJI(QTbT)f,(bT)

cut
bT

1
’ —p—1
| f'(by = 00)| <b P, p > 5 asymptotic form\ gr > 1D > Aoep
b) f(b;) differentiable at b

— Qb%ut cut n cut cut — %
0.4III|IIIIIIIII|||||||||||I: - WqTCOS(quT 4) f(b )+O[(b ) ]
03| % — @) -

0.22—- — Ji(z) _i
0.1 E m _i
0.0" MMMMMM\MMMMM (> 00) = /f_g; cos(z — %) + 0w

01
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Ji(z — o0) = —1/ —2 cos(x + E) + (9(:1:_3)
= T 4
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Truncated Functionals

Perturbative region

Y
» Define a systematic series to approximate S[f] using b; < b§"

bcut

Leading order: SOf1(qr) = S<[fl(gr) = qT/ ' dbr brJo(qrbr) f(br)

0

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

(s
COS (qu%Ut + Z) f(bccz“'llt) <+— First correction!

2bcut

Tqr

SD[f1(ar) = SOf] +

1

SIf)(ar) = SOIf)(ar, b + —O[(b5qr) 3]

qr

14



Truncated Functionals

perturbative .yt Donperturbative
— bt —

A l

e Systematically add on power corrections JrmD

so S[f] — S[f]

b%ut f
SO1f1(gr, b5) = / dbr brJo(qrbr) f(br), Mb
0 |
. >
265+ T 1/A b
SO f)(ar,b7*) = SOU) + 4| L b) - cos(bar + ) ach BT

zbcut 3 f(bcut) f/(bcut) T
(2) cuty _ (1) . T T T ] cut , "
SO f)ar,5) = SOU) — ) 7 (G + 7000 ) - cos(tiar =

SO far,b7) = 501+ 0 (200~ TECE) DY - contiran + )
T

128 bsut?g2 8 btqs g7

SIf)(ar) = S™If] + —O[(beqr) ]

qr

15



Power Correction to Functionals

» Toy function f = exp[— 4, In*(brQ)] exp[— 4,b7]

e Errors of truncated functiona

1S froy] — S[Froy]

ek
Q
I
—~

LU R L L BRI B A ||||||||| |

S[f1(gr) = SPf] + —O[(b3qr) ™3]
qr
[ [ [ [T 1 I| [ [ [ [ [T T T
[ftoy] ftoy(bT) — e—)\l n (bTQ) e_)\ZbT
———————— A1 = 0.01, Ay = (1 GeV)?
/\"‘*~ _Q=100GeV 7
/\/\/\ VY
| | l l NN
[ At
bCut —1GeV!
—n =20
n=1
—n = 2
—n =3 |
10° 101!

qdr [GeV]

S foIIow expected power law

16



Perturbative Input

e Power expand toy function and use only “perturbative” inputf(o)

f = expl— 4 1n*(brQ)|(1 — 4, by + O(b7))

N ——m—— — "
f(O)
e “Errors” of truncated functionals identify missing quadratic term
_ I I I 1T 11 | I I I I [T T 1]
10 — X In%(b —Agb2 =
_ = 515, Joy(br) = e7 I OrQ) g7 Ae0r 2
B 107 gL _ E
N n-2E (\ \ .
— 1 -
n 1Y : \] N
| 107°¢
S% 10 %= cut _ —1
\59 ; by —lGeV
= 107°F :Lz — A1 = 0.01 .
n 106 _ A2 = (1GeV)* ~ dr 2
— - n = Q = 100 GeV ~ g2 S Abr
10_72_ n =3 | !
10Y 101 102

QTGGV] 17



Cumulative Functionals

* |nvestigate /dQIZT FIMD (3 ko 1, () = Oz, p)

e Cumulative distribution with a UV cutoff:

— = d2bT - o
d2 k k p— / d2 k» / e-i—’LkT-bT b
/|kT|§ngut v fk) || <kgut ! (27r)? f(br)

/k%ut
= et / dby Jy (brks™) £(br)
0
N — T ——

KLf1Ck7™)

e Approximate using perturbative region:
beZ“Ut

KO0 1) =k [ dbr J(brks™) £(br)

0

dhey oy / dby by Jo(brker) £ (by)
0

18



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]

19



Perturbative Baseline

e | eading NP correction for TMDPDF: Ly = In(b2L16D)
filz, by, 1,¢) = £, (@, br, s, C){l + b7 (Az@) (=) + Q’Yézz)Lc)} + O[(Aqepbdr)?]
Perturbative, use matching Intrinsic From NP evolution

computed to N3LL

o Pair with the K| f] functionals to get the TMDPDF cumulant

Model-independent,

fully perturbative
k%ut

/ Py fi(kr) = KOO () b AP K@ [p2, 7O + 2 “ ) (@2 L, fO)

r o (k) ()]

f \

Truncating functional Truncating OPE

20



Cumulant of TMDPDFs

« Approximate the cumulant using K(3)[f%)\)4D

cut

] and normalize to f<°!

e Deviation is small! /T Plr F™P(z, kr, = /¢ = k&%) = foU(z, u = k%) YES!

Fr fuw, Br) / fa(x) — 1

cut
T —
d2

’

20%
15%
10%

5%

-

—5%
—10%
—15%
—20%

ko' [GeV]

- T | I N | I N | N | N | [ I I
= fay © = 0.01, p=1/{ =k} -
£ b = 0.94 GeV— ' -
- \ .
-0 5
~ '\ B 7
- \/,_\_______‘i
i_ \/ fd(O) + A, _i
= —— N’LL 3
5 ——-NNLL -
gI | | [ 1 1 | | [ 1 1 | | [ 1 1 | |--I--I-I IN—|LIIJI I Ig
0 5 10 15 20 25 30

* Model-independent
confirmation of previous
results at u = k3"

Bacchetta & Prokudin (1303.2129)

e Central value consistent
with intuitive result
within percents

o A . is perturbative

uncertainties estimated
by scale variations

21



Cumulant of TMDPDFs

kgut
e Deviation is smalll / Pkp fT™P (2, kp, p = /¢ = k%) = Uz, u = k2% YES!

NP uncertainty much smaller than perturbative uncertainty

o
| 10% E ' I | I I | I I I I I I E
= 8% = | fa, * = 0.01, pu= \f kS e A, from varying bC“t
= 6% £ | N3LL, b$"* = 0.94 Gev—l— o
Ry 470 | 72 < (0.5 GeV)?, [AP < (1GeV)2 e Anp from varying Ve
s 2% © andA®
Tee == e e r—————
8 —2%E . f(O) AL =+ Small deviation
< 4% E (0) + AS AL = supported by SV and
S _@%El NP & =ANP- Pavia model-based
12 OF | . - = Pav1a 19 - | -
. o _QOZE | E global fits
3O 81 SV ’19
< 109 B w1 Sl L . 3 Scimemi & Vladimirov (1912.06532)
— 0 5 10 15 o Bacchetta et al: 1912.07550

ko' [GeV] .



Cumulant of TMDPDFs

kgut
e Deviation is smalll / Pkp fT™P (2, kp, p = /¢ = k%) = Uz, u = k2% YES!

o Test the observation as a function of x and keep k;“t fixed

!
| 5% E I I I I T T | I I T 1 I_
~ A%E  f1, kS =10 GeV, pu= \f kSt
— 3 cut 1__
= g’? ) NLL, 2b (_2)0 91 GV ) * Central value can
~ 43 18| < (0.5 GeV)?, A7 < (1GeV)*= differ from zero by
~ 1% T = 2%
T o === -
B —1%E =+ Small deviation
X  _9207F fd(o) N ; = supported by model-
- — @A .
d NP NP 3
2 _SZ) -~ Pavia 119 E S basei 8/'0:3' flt?1912 06532)
s 2 —49%E ) = cimemi & Vladimirov .065
3?@ _5(%(; - ISVl 1|9| o N Bacchetta et al: 1912.07550
T 1o 1072 1071

xIr
23



Impact of Evolution Effects

/ PR fals Frs s )/ fal ) — 1
x=0.01, k7" =10 GeV * |ntuitive expectation is robust in the

vicinity of y = /¢ = k™

10%;

o Forpu = k3™, the ¢ evolution is
negligible*

101 -

cut
T

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

VC/k

100"

e Evolution effect matters, but at the
natural scale u = k3™ the intuition
IS valid

k%ut .
/ d2kT fTMD(w,k'T,,LL _ I{I%Ut, C) _ fCOH(LC,,LL _ k,%ut)

24




Conclusions

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

e Systematically improvable truncated functionals let us directly

compute linear impact of @(b%) NP parameters without b*
prescription

* Model-independent estimate of NP uncertainties on integral of TMD PDF

 (Can also apply to cross section: extract NP parameters in linearized fit to
experimental data in the future, complementary to model-based global fits
(no time to cover — ask me if you want to know more!)

* Demonstrate that integrating the unpolarized TMDPDF over
[0, k7] gives the collinear PDF to the percent level (when

renormalization scale y = k;")!

25
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Drell-Yan Cross Section

o Leading NP correction for cross section in b space:
U(bT) — o0 (bT){l + b%w (QK@) + ’73311@2) } + O [(AQCDbT)4]

/ / \

Perturbative Intrinsic to TMDPDF  From evolution
computed to N3LL

e Pair with the S| f] functionals to get momentum space spectrum

% = 5@ 6O (b)] (g7) + 2A? gB) 6209 (b7)] (g7) + véi; S®) [b2.Lg20% (b7)] (g7)
1 i3 (Aqcp)4
=}= _O (QTbcu) 2,
qr [ fT ( qT.\) ] Linearity for the win!

Truncating functional Truncating OPE

Useful for estimating uncertainties or

putting model-independent constraints on yg(zq) and A®

27



Interpret as Uncertainty

cut
bT

. Acut is from varying the choice of b;“t N /0 dbr

e Evaluating impact from each NP parameter individually

e Compare with SV and Pavia global fits

6% _I T\ | T T 1 | T T 1 | T T 1 | T T 1 | T T I_
> a0 (2R pp = Z/v* (13 TeV) |
= o] e R N°LL,Q = mz, Y =0 -
S B X i
O - A N
g 0_ i 4 _ = =
> L | W/\/:
'% —27% :_ \,;/(0.35 GeV);Ow ..... SV ’19 _:
0 M o — oL AS B
= 4%: i /\/ O AL, -

_6% _I | ;I | | L1 1 1 | L1 1 1 | L1 1 1 | L1 1 1 | L1 1 I_
0 5 10 15 20 25

qr |GeV]

30

Relative uncertainty

6%
4%
2%

)

—2%
—4%

|
@)
X
OIII|III|IIIIII|III|III

T T T | T T 1 | T T 1 | 1T T 1T | T T 1 | 1T 1 I_
(2) pp — Z/~* (13 TeV)
N3LL,Q =mz, Y =0 -

|
)
|

P .,

T
-----

—ocO+Al,
—— U(O):tAcut

II]II|IIII|IIII|IIII|IIII|IIII

5] 10 15 20 25 30
qr |GeV]
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Constraints on NP Parameters

» Solid line: mock data generated using b* and fyp

 Dashed line: signal template using our functionals

e Linear signal, easy to scale

§ 6% B mm T N | 1T T 7T | 1T T 7T | T T 1 | 1T T 7T | T T 1 @ 6% B TN |(é)| T T 1 | 1T T 7T | 1T T 7T | T T 1 | 1T T T
b (7: ,7(2) pp — Z/v* (13TeV) b (7‘ A R pp — Z/v" (13TeV)
= : °r ¢ N*LL,Q = mz,Y = 8 4 °F s N°LL,Q = mz,Y =0 -
S 2% S 2% 4GV -
= - = - -
N N :
g OF & OF =
S 2% RS ) E
s - o (b*+model) | T - —— o (b"+model) -
% 4%: ’ - = '0'(0)‘|‘0'(2):|:Acut ] % 4%: 7 - - 'U(O)+U(2):|:Acut ]
m _6% B (L ITL A | I I | | I | | I I | I | | I I | m _6% B [0 N | I I | I | | I | | I I | I | |
0 5% 10 15 20 25 30 0 5} 10 15 20 25 30
qr [GeV] qr [GeV]
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Other Light Quarks

kcut

b/q(qurjh(m kﬁ%liac)/fh(m p)—1

r=0.01, k7" =10 GeV

102 |
- —
L | 20% [ | I I I T 11 | I I I I I T 1T I:
I ’é\ 15% & fua kcut =10 GeV, u= \/E: k;}n =
) ;E 10% ;bS}“t = 0 94 GeV~! _
5 ~ 5% _ __ _ _ _ =
= &~ - T T = - — EE——
~ T2 ) =S L L el =TT
g S : -
S —5%E FO LA =
“3 - S N3 -
LR 5% . NNLL =
8&@ E """ NLL E
2 _20% 3 l l Lo 5 l l L1111 .
— 10~ 10~ 10~
10—1 . |
1 1 T
4 2 1
p/ky"
- ‘ A O ‘ I ‘ [ _
N <ﬂo Q ﬂo 6k> N



Other Light Quarks

kcut

/ dsz fa(x, kTa ps Q) / fa(z, p) — 1

r=0.01, k7" =10 GeV

102
- —-
L | 20% [ | | | I T 1 I| I I I I I T 1T I:
* =  15%:fa kc“t =10 GeV,u=+/(=k5"
101 - ;E 10% :_bCT“t = 0 94 GeV~! 3
ES ‘ ~ B =
20 N - T T e m e o
~ T2 (o L L ==
@ 8 _5uE (0) E
0 \Tg 0 C f’l_l, :I: Ares ]
10 = —10%- N°LL -
g'mfé —15% - o EEIIIJJL -
U&H _20%:3 l l Lo 5 |"-"| I .
— 10~ 10~ 10~
-1 |
10 1 1 T
4 2
p/ky"
- ‘ A O ‘ I ‘ [ _
O &\0 Q 5\0 6\0 O
Q “ “ Q > Q
/b /‘b Y \8) A NQ 31



Other Light Quarks

kcut

/ &Rr fi(@, Res p O) ) Fil@, 1) — 1

r=0.01, k7" =10 GeV

102

10!

cut
T

VC/k

100

p/kg"
B T

6\0 &\0 Q 5\0 6\0 6\0

Br fila, kr) / fi(@) — 1

%ut
d’k

’

20%: T I B B I A T L

15% Lf5 k5t =10 GeV, p=+/¢ =k -

10% b = 0.94 GeV ! E

5% e — = <

Of —_— R L — ';"_f

- . =

—5% £+ Ares

—10%: S NLL -

> $— T NLL i

_20%‘ | | L1 | I N B A B
10~° 102 107!

£
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Other Light Quarks

kcut
/ &2Rr fo(@y B, 11, C) ) fol@s ) — 1

r=0.01, k7" =10 GeV

102
: ‘_ll 20% [ | | | I 1T T | I I I I I T I:
= 15% 5 =10 GeV, = /O = k5
101 — 10% & b = 0.94 GeV ! &
o = : E
S ~ 50— —— — ——— —____ ____ 5
=g N = It
> e O T
g 8 _s59%E (0) E
0 - 57 - fs + Aes 5
10 :': —10% - N*LL =
T S NN S
o~ c - N ]
=~ _20? C ! ! Lo | | L1 11117
— 10 102 10!
101
2 4 €L
p/ky"
- ‘ A O ‘ I ‘ [ _
O &\0 Q 5\0 6\0 O



More on NP effects

™ Ao
I 5% - I I T T | I I T T |_ |
P 4% = fd, kC“t =10 GeV, u= f kCUt . Py
% 3% = N3LL, b2 = 0.94 GeV_l—: 3
L 2%k < (05GV)?, AP <GV B
0 ? R
S —1%: A =)
3 C = 3
q: _2%§__fd(0) :I:ACNP@Af:IP E q:
ch\fe —3% - —-— Pavia ’19 E T
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Evolution effects + perturbative
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