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1. Parton distributions in TMD factorization
for W, Z boson production
e ...Introduce a systematic uncertainty of order §M;;, = 10 MeV

* Two Kinds:
a. fu(x,u) -- collinear PDFs [e.g., CT14 NNLO]

b. 2,(x, ET) and 2, (x, 1_5) -- transverse-momentum-dependent
(TMD) or transverse-position-dependent PDFs

o ?2,(x 1_5) is related to f,(x,n) at b* < 1/A?, where A ~ 1Gev

1
— = d b 1
ulB) = [ G Coge (; — ;asmb)) fo (x, p ~ 5) +0(A%b?)

The power-suppressed terms of order A??b%P must be constrained by data
just as the collinear PDFs f,(x, 1)

= global analyses of g, distributions (in the future, PDFs+q distributions)

= constraining fq(x, 1) and ?2,(x,b) at NNLO is a large coupled

problem!
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QCD factorization as a function of ¢r

(according to Collins, Soper, and Sterman approach in ResBos)
sSmall-¢gr term Large-gr term Overlap term

ﬁEQC'D < g5 < Q? AEQC'D < g5 ~ Q7

49
\ bEI:

P4

FO
B ir-dependent PDFs
D (; P )4?,* B Truncated
a B Collinear PDFs perturbative expansion
B Sudakov function
St 1+ et YA
s BT W hard matrix elements » “af 3~ ¢4, In™ (q—i;)
> actually, theirimpact H of order N k=0  m=0 @
parameter (b) space u~Q~qr [ also depends on f, (x, u)‘h
fransforms ) :
long-distance ¥ flavor-independent
Ho ~ Q, pp ~ 1/b depends on £, (x, 1)
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Example: s(W*/Z )&O‘(W /Z°) vs.py”

~ 1.2

~ -
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Vs=7 TeV, pp— W*+X, pp— Z+X S
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Various flavor combinations of f,(x, 1) and 2,(x, b) enter in a range of QCD scales
from 1 GeV to = My, z; do not cancel in some xsec ratios!

Parton luminosities as percentages of the total cross section:

Wt: ud (~70%), ¢5 (20%), gq, ... Z%: uu (30%),_da_l (30%), s5(15%),
W~: du (60%), sc (25%), gq, ... cc(8%), bb (5%)....

Jseq @Nd g0, dominate the PDF uncertainties; impossible to guess which ones

Quark mass effects in ¢, b channels; included at NLO in ResBos 1
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Statistical methods to identify the PDF dependence

1. PDF-driven correlations
[CTEQG.6, arxiv:0802.0007]

cos @ > 0.7 shows that the ratio
oy /o, atthe LHC must

be sensitive to the strange

PDF s(x, Q)

Useful, but incomplete
information!

2. Program PDFSense,
B.W. Wang, T.J. Hobbs, et al., :
arXiv:1803.02777

Quickly identifies sensitivity S

1 F
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Experimental data in CTEQ-TEA PDF analysis
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(ID#|Experimental dataset [Nyt — _ aao o o -
745 |LHCh 7 ToV ;W muon forwardn Xeec (L0 - [11]] 33 260 |\DO Run-2 7 do/dyy (04" ) [63]) 28
246 |LHCH 8 ToV 7 electron forward-n dojdyz (200 1) [79]] 17 261 |CDF Run-2 ¥ do/dyz (2.1 b~7) [64]( 29
247 g}fllf;srfﬁdﬁfdﬁgf ft";gm - 73| 8 266 |CMS T TeV Au(n) (4.7 BT 65][ 11
249 15 8 TeV W muon, Xsec, Ay 188 fb™ 74]| 33 — T AT 1 T Th o T -
750 [LHCh 8 ToV W/ 7 muom, Nsec, A,(F) (20067 [75][ 2 267 |CMS 7 TeV Al(n) (0540 fb™) 5 [6E]| 11
252 |ATLAS 8 TeV 7 (d o /dy[udmu) (203 ) 76][ 48 268 |ATLAS 7 TeV W/Z Xsec, Au(n) (35 pb™7) [67]| 41
253 [ATLAS 8 TeV (d"c/dpdmu) (20.3 1) [77]| 45
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| S; | for s(x,u), CT14HERA2NNLO
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But, wait, LHC experiments do not agree
on strangeness

T T o-18GeV | aATLAS =
. 1.8 &% MMHT14 profiled =
| - & CT14 profiled S
] 1.6 +
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CT14 and MMHT14 NNLO PDFs profiled
using ATLAS 7 TeV (4.6 fb~1) W, Z xsecs
prefer s(x,1.9GeV) ~1 @ x = 0.023

CMS Preliminary Hessian uncertainties
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| Sy | for d/u(x u) CT14HERA2NNLO
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HERA DIS:
large N,,; =
large total |S|

. the large E866
pd/pp sensitivity
degrades at
larger x

l

o thisis a prime
motivation for
higher x DY
measurements
at E906
(SeaQuest)

Inclusive jet production
has potential to constrain
d/u in the near future9



| S¢ | fo d/u(x, ), CT14HERA2NNLO
HERA, fixed-target

DIS still most
sensitive!

Individually, LHC W/,
Z experiments
provide the essential

T TTTT
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Questions to address

1. Which experiments constrain the PDFs in the My, sin 8,, measurements?

2. What needs to be done to reduce the PDF uncertainty on M;,? To phase out the
fixed-target DIS/DY experiments?

[These questions can be studied as a part of the My, analysis using the
PDFSense tool, without relying on PDF reweighting or profiling]

3. Benchmarking exercise for NNLO QCD + NLO EW W, Z rapidity distributions
and asymmetries

Similar in spirit to the PDF4LHC benchmarking exercise that reduced 8ppr0(Hy)
from 7% to 3% [arXiv:1510.03865]

All NNLO/resummation/PDF fitting codes must agree on benchmark inclusive
W, Z cross sections. [Often, they don’t.] Check for numerical issues. PDF fits are
often done with fast NNLO QCD interfaces for “bare Born” lepton production.

Fitted W, Z experiments must agree with one another, or we cannot reduce the
CT14 PDF uncertainty. [They don't.]

2018-05-24 P. Nadolsky, LAL MW workshop 11


http://arxiv.org/abs/arXiv:1510.03865

2. Nonperturbative parameters in the TMD factorization

Arise at b > 0.5 GeV~! from...
...the soft (Sudakov) function S(b, Q)

flavor-independent, x-independent; linear in ln(Q/Qref) ; dominate at

...TMD PDFs 2_(x, b)

depend on the flavor & x, not on Q; marginal, poorly known;
shift My, by X 1 MeV

b Wik, bWib,Q) in Z boson production Universal in ete™, SIDIS,
E: - Perturbative Transition nm;:zit?f:gative DY & COmpatible with M_S
ot %EB F’&CD(?]H—EEJT&' comections r??g;gn PDFS in the CSS

| framework [Collins, Metz,
04} 2004];

u-a [ - - -
not automatically universal in

all resummation/event
generator frameworks
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A Gaussian nonperturbative function, example

. 2 127

Fnp(b,Q) = b” a(Q,x4,xp) |

Adequate in DY processes for Q >5 GeV |

08¢

Guzzi, PN, Wang [arXiv: 1309.1393]: %O_Eg

Qref = Mz, bpax = 1.5 GeV ™1, s

NNLL+0(a2) (ResBos 1) 04
Fitted to Tevatron Run-2 2% sing

dydey ol

fixed or free scales C; , 3

< )+E.I!31H(

a(Q, /8] = az(1.96 TeV) + azIn
Mz

ay; = 0.79%92, a, = 0.17 £ 0.03,

as = —0.03 + 0.02 (in GeV?)

FOI’ Q =~ MW,Z: a(Q, \/E) = Ay --
a 1l-parameter fit with the
scales C; , 3 as nuisance

parameters

P. Nadolsky, LAL MW workshop

* E288 Konychev, PN, 2005
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Some alternative nonperturbative functions

 BLNY form with small-x broadening in ResBos

[Berge, PN, Olness, Yuan, hep-ph/0410375]
Fyp(b, Q, x4, xg)
Q

= 52021 + 0.68 ! 0126128 o (L2
B b PO 32 Ger ) T TP 01z T3\, T,

 Joint form for DY+SIDIS
[Sun, Isaacson, Yuan, Yuan, 1406.0373]

0.212 + 0.84 ] ¢ + 0.01)™ + 0.01)™
' O\ 155 Gev g3 X4 Xg

Current Drell-Yan data are compatible with g; = 0

Fyp(b,Q,x4,xp) = b*

* The Gaussian approximation fails at Q < 5 GeV. Amore

complete parametrization is discussed, e.g., in J. Collins, T.
Rogers, 1412.3820

« Avariety of other forms were proposed, hard to discriminate by data

2018-05-24 P. Nadolsky, LAL MW workshop 14



3. TMD PDFs with quark mass dependence

(PN, Kidonakis, Olness, Yuan, : hep-ph/0210082; Berge, PN, Olness, hep-ph/0509023;
Recent work in SCET at NNLL-NNLO by Pietrulewisz et al., 1703.09702 )

In ResBos 1, finite-mass effects are included in 2, (x, 1_5) fora =c,b at NLO in
the S-ACOT-y mass scheme — the scheme used to determined CT14 PDFs

Charm guark PDF: Effect of the charm quark mass

20
175 Massive [5-ACOT)
— — — Massless ["ZM-\VFN")
15¢
125}
a x =001
Z 40t
5
™ 75t
5_ [
281 ST
0 0.2 0.4 D.6 0.8 ! 1
b[Gev] HF=My
(a)

Eaollom guark PDF; Elfect of the bettom quark mass

Massive (S-ACOT)
— — — Massless ("ZM-VFN"}
x=001 ]
02! 0.4 0.6 0.8 1
pr=my  b[GeV]
(b)

Figure 1: The bdependent parton densities ?QM (x,b,mg) vs. theimpact parameter bfor (a) charm

cptarks and (b) bottom quarks. The solid and dashed curves correspond to the 5-ACOT and massless

(“ZM-VENT) factorization schemes, respectively.
2018-05-24
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mq suppresses contributions from 1/6 < mg

-z L

For mg, > Agqp. the resummed
Cross section can be calculated without the
nonperturbatfive inputf from b ~ Agcp!

2018-05-24 P. Nadolsky, LAL MW workshop
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pp— Z' X (VS =14 TeV) pp— Z"X (VS =14 TeV)

[Trrr[rr 1t rrrr [ rr1rr[rr T[T rrr[T1r1] Zm [Tt iprrrrprr e T
0T CrEeHEA ] 180 [ CTEQSHOQ1
I i 160 L ]
w0l i bh — 2 1 [ . o s ]
L ’//_:-" - 14‘{] :_ .l"'t. oo, bb — z _:
= [ ] Z 10F | e, .
Z a0 . 2 ) %, ]
= 3 h 1 2 100F | ]
= “ - i 5 2 T
- : c S0 .
2 w0l ] = | Sl ]
L 4 [ e ]
. 60/ 7
] F [ —— Massive (S-ACOT) E
10 |+ Mazzive (5-ACOT) 1 40 [ [ Massless EIIZI\'I-‘-"H"]"} ]
..... Massless ("ZM-VFN") | 0 ;lf weeemee Massless ("ZM-VFN"), BLNY ]
{]-n':....|....|....|....|....|....|..- U:E....|....|....|....|....|....|..:

0 5 10 15 20 23 30 0 5 10 15 20 25 30

qr [GeV] qr [GeV]
(a) (1)

Figure J3: do/dgr for cg, bb — Z° boson production at the LHC: (a) bb channel only. (b) combined
e and Bb channels. The solid (re ) curve shows the distribution in the massive (S-ACOT) scheme.
The dashed (black) curve shows the distribution in the massless (“ZM-VENT) scheme, computed
using the parametrization (11) of the nonperturbative function Fy p(b, Q). The dot-dashed (blue)
line was calculated in the “ZM-VFN" scheme using an alternative parameterization [48| of the

nonperturbative function Fyp(b, Q).

Total AMy, ~ 10 MeV [~0 MeV] for do/dp7 [do/dM7V] at 14 TeV due to m.;, # 0
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Experiments in the CT14 HERAZ2 fit

Candidate experiments in the

CTEO-TEA fit

ID# |Experimental dataset Ny [ID#|Experimental dataset | N4
101 _[BCDMS F7 [“1?] 337 245 |LHCb 7 TeV Z/W muon forward-n Xsec (1.0 b~ 1) 70]| 33
102 |BCDMS Fy 48] 250 246 |[LHChb § TeV Z electron forward-n do/dyz (2.0 fb~1) T1]| 17
104 [NMC Fy/FY 49]) 123 247 |ATLAS 7 TeV do/dpy (4.7 b 1) 72| 8
108 [CDHSW FJ 50]| 85 249 |CMS 8 TeV W muon, Xsec, A, (1) (188 fb 1) 73]| 33
109 [CDHSW FY 50][ 96 250 |LHCb 8 TeV W/Z muon, Xsec, Au(r") (2.0 b 1) 74| 42
110 |[CCFR FT 51][ 69 252 |ATLAS 8 TeV Z (2o /d|y[udmu) (203 b 1) 75| 48
111 |CCFR zFy 52]| 86 253 |ATLAS 8 TeV (e /dpfdmy) (20.3 fb~1) 76]| 45
124 [NuTeV vpp SIDIS 40]] 38 542 [CMS 7 TeV incl. jet, R=0.7, (d°c/dp}dy;) (5 b 1) [34][158
125 |NuTeV pup SIDIS 40]] 33 544 |ATLAS 7 TeV incl. jet, R=0.6, (d°c/dpl-dy;) (4.5 fb ) [33][140
126 |CCFR vpp SIDIS 41]] 40 545 |CMS 8 TeV incl. jet, R=0.7, (d°c/dpldy;) (19.7 fb 1) [35]]185
127 [CCFR ppp SIDIS 41]| 38 565 |ATLAS 8 TeV tf do/dpy (20.3 b 1) 38| 8
145 |H1 oy (57.4 pb ") [53][54]] 10 566 |ATLAS 8 TeV #tdo/dy_, ;. (203 b 1) 3|/ 5
147 [Combined HERA charm production (1.504 fb~1) 39]| 47 567 |ATLAS 8 TeV tt do/dm; (20.3 b 1) ESIN
160 [HERA1+42 Combined NC and CC DIS (1 fb™ ') [6][1120 568 [ATLAS 8 TeV tt do/dy;s (20.3 fb™7) [38]| 5
169 [H1 Fr (121.6 pb™ ") [55]] 9
| 1D+ | Experimental dataset | Ny |

201 [E605DY 56][119 N, is the number of data points

203 |ES66 DY, 0pa/(20,p) 57]] 15

204 |ESG6 DY, Q°d2o,, /(dQdxy) 58| 184

225 |[CDF Run-1 A.(7%) (110 pb™ ") 59]| 11

227 |CDF Run-2 A.(5") (170 pb™") 60]| 11

234 |D@ Run-2 A, (n") (0.3 b 1) 61]] 9

240 |LHCb 7 TeV W/Z muon forward-n Xsec (35 pb~') [62]] 14

211 |LHCb 7 TeV W Au (") (35 pb 1) 62 5

260 |D® Run-2 Z do/dyz (0.4 fh™ ") 63| 28

266 [CMS 7 TeV A, (n) (4.7 b~ T) 64]| 11

267 |CMS 7 TeV A.(n) (0.840 b 1) 65| 11

268 |ATLAS 7 TeV W/Z Xsec, Au(n) (35 pb ') 66]| 41

281 |D® Run-2 A.(n) (9.7 b~ ") 7| 13

504 |CDF Run-2 incl. jet (d*c/dpfdy;) (1.13 fb~') [36]| 7

514 |DP Run-2 incl. jet (d°c/dpidy;) (0.7 ™) [37]|110

535 |ATLAS 7 TeV incl. jet (d°¢/dprdy;) (35 pb~ ') [68][ 90

538 |CMS 7 TeV incl. jet (d e /dprdy;) (5 b T) [69]]133
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() distribution for AB — VX

doapvx dgb o—idr ]
e = X [ e Wb, Qura ms) Y (. Quaa.vs)

—y (=)
a.b=g, *u,:I d ae-.

Wab(b,Q. 24, 28) = [Has|* e SCDP, (24,b)Py(25,b)
S is tThe soft (Sudakov) function:

Q? dii2 —Q
50.0)= [ T | Alws()n Z5 + Ble)| . by=267" ~ 112

P.(x,b) are b-dependent PDF's; if b2 < Q2,

bo
%)

Pa (I b) — Z [Ca,"c & fc] ('I: b, pup =

Y is the difference of the finite-order and overlap (asymptofic)
ferms
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