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Introduction and motivation

Definition
@ Neutral current DY G+G o7 = IFI-
@ Charge current DY
ud - W+t = Ity, dui— W™ =1y

Why DY?
@ Large production and clean experimental signatures
@ Strong constraints on PDF
@ The main background for many new physics searches
o

Precision measurements of some key electroweak parameters, like
My . See the talk of Chris Hays
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QCD factorization

@ Parton model ,_L
A xaPA/ Gab r\ﬂEbPB B
PA\’ Jaja(za) S foi5(xb) /PB

Figure by A. Huss

1 1
0AB = Z/o dxa/ Axp faa(Xa) for (%) ap(Xa. Xp) (1 + O(Aqep/Q))

Gap = Gy +as/(4m)5Ly) + (as/(4m)%65) + (as/(4m))51) + O(ad)

e f(x) is parton distribution function, fit from experimental data, few %

@ 0, is partonic cross section, perturbatively calculable, aims at few %
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State of the art precision for DY in fixed order calculations

In pure QCD

@ Analytic NNLO rapidity distribution[C. Anastasiou, L. J. Dixon, K. Melnikov, and
F. Petriello, 2003, 2004]

@ NNLO fully differential distributions [K. Melnikov and F. Petriello, 2006, 2006;
S. Catani, L. Cieri, G. Ferrera, D. Florian and M. Grazzini, 2009, 2010; R. Gavin, Y.Li.,
F. Petriello, and S. Quackenbush, 2011]

@ Analytic N3LO cross section for v* + Z production and also W production
[C. Duhr, F. Dulat, and B. Mistlberger, 2020, 2020, 2021]

@ This talk: N3LO rapidity distributions for v* and W productions

@ N3LO fiducial predictions for Drell-Yan at the LHC [X. Chen, , T. Gehrmann,
E.W.N. Glover, A. Huss, P. Monni, E. Re, L. Rottoli, P. Torrielli, 2022]

In mixed QCD-EW

o NNLO mixed QCD— EW Qg (XE\WS. Dittmaier, A. Huss and C. Schwinn, 2016;
A. Behring, F. Buccioni, F. Caola, M. Delto, M. Jaquier, K. Melnikov, and R. Rontsch, 2020,2021; L. Buonocore, M.
Grazzini, S. Kallweit, C. Savoini, and F. Tramontano, 2021; R. Bonciani, L. Buonocore, M. Grazzini, S. Kallweit, N.

Rana, F. Tramontano, and A. Vicini, 2021]
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Special feature for the N3LO inclusive cross section in QCD
1.2

l NLO — NNLO —N10|

1.1
S
g 1.
g
0.9 LHC 13TeV
PDF4LHCI5_nnlo_mc
I PPy +X (e7e”+X)
0.8 Heent. =Q
10 20 30 40 50 60 70 80 90 100 110 120 130 140 150
Q [GeV]

C. Duhr, F. Dulat, and B. Mistlberger, 2020

@ The scale band at N3LO is not within the band at NNLO
@ The width of the scale band at N3LO is comparable with that at

NNLO
@ It is interesting to see if it has a similar pattern for differential rapidity

distribution at N3LO
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7 subtraction at N3LO
Q

@ A direct generalization of Qr subtraction at NNLO [s. Catani and M.
Grazzini, 2007]

cut

d2 % :/QT qu Ao (3) / " d30v+1
dQzdy 0 dqr szdy e dqrdQ?dy

@ Since g3 > 0, for the above g3 part
Vio — d(qr), Varo = (V+ o+, Viso — (V +J)nnio

@ The above g5 part reduces to an NNLO calculation of V 4 J
[A. Gehrmann-De Ridder, T. Gehrmann, E. W. N. Glover, A. Huss, and T. A. Morgan,
2016; R. Boughezal, J. M. Campbell, R. K. Ellis, C. Focke, W. T. Giele, X. Liu, and
F. Petriello, 2016, 2016]

@ We use the event generator NNLOJET to compute the above g§* part
@ The below g3 part can be approximated using the LP TMD factorization

@ To supress the power corrections, g3t should be small enough, very

challenging for NNLOJET, optimized phase space generation[X. Chen,
T. Gehrmann, E. W. N. Glover, A. Huss, Y. Li, D. Neill, M. Schulze, |I. W. Stewart, and
H. X. Zhu, 2018]
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Transverse-momentum-dependent (TMD) factorization

e TMD factorization at leading power (LP) in SCET

By

d’ d*b _, v L4
o :/(zﬂ_)ze—u]r‘bzal-o{ ﬁ gk (21, )fk/hl(xl/zl)
q

dQ*d>qrdy B,
ld.Zg )
Y [ R e by e/ 2)S (B) + <qmn>} Hua (1+0(/0"))
i

=Vre . xp=re VT = (CIZT + QZ)/E(ZZM

@ All ingredients are known to three loops.

@ Hard function Hgg, [P. A. Baikov, K. G. Chetyrkin, A. V. Smirnov, V. A. Smirnov,
and M. Steinhauser, 2009 R. N. Lee, A. V. Smirnov, and V. A. Smirnov, 2010;
T. Gehrmann, E. W. N. Glover, T. Huber, N. Ikizlerli, and C. Studerus, 2010]

@ TMD Soft function S(B)[Y. Li and H. X. Zhu, 2016; Alexey A. Viadimirov, 2016]

@ Matching kernel Z;[ M-x. Luo, TZY, H. X. Zhu, and Y. J. Zhu, 2019, 2020;
M. A. Ebert, B. Mistlberger, and G. Vita, 2020]
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Definition of TMD soft function and TMD beam function
@ TMD soft fuction
S(B) = - (AT} Y(0,0, BYT{X]Ya(0)}19)
@ Soft Wilson line
Yau(x) = Pexp(ig/0 ds A(x + sn))
@ TMD beam function
Byt ) = [ G5 ¢ TP NP0, b ) Y O)IN(P)

@ Collinear Wilson line

0
Xn = Wi, Wi(x) =Pexp (—igs/ dsi- A(x + sﬁ))
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Computation of TMD beam function at N3LO

Effective eikonal Feynman rules
Rapidity divergence and rapidity regulator
Non-standard Feynman propagators and IBP identities

0~ [aq 0 [e—bﬂ’ffﬁm?})}
Jdtqe ik [ ~br il 4 g | FUI) . g =K
[ ddqe i %F({l}) q#K,

@ Expansion of differential equation in the limit 7 — 0

(2,7, ¢€) QOZZZ ) zeTH'nEln T

n k=0

Single variable dlfferentlal equation: dg/(dz) = A(z,€)g

@ The final results are in terms of the well-understood harmonic
polylogrithms (HPLs)

Tong-Zhi Yang (University of Zurich) Rapidity distribution April 21, 2022 9/18



Validation for v*: cross check to the analytic cross section

@ Check by different partonic channels, agree well with the analytic

results [DDM]
@ Large cancellations among different partonic channels

SCET+NNLOJET  pp~-I*I~(y") VE=13Tev

e
h=t
>
<
S
Qo
e
@
=
(s)
N
qr sub. total === Inclusive qg
—=- Inclusive total —— grsub. qg +qQ PDF4LHC15 nnlo
-0 gr sub. qg +qQ -=- Inclusive gq + gQ
Inclusive gg +qQ 97 sub-99 MF =g = 100 GeV
—— grsub. qg —=- Inclusive gg
=25
10° ot 10?

1
a5t [GeV]
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Validation for v*: cross check to the analytic cross section

o Large logarithms as a function of g§"* See the talk of Johannes Michel

ar* 6 ,
/0 dqr(do- Jdgr) = 3" Biln'(¢8/Q) + O((d5*/Q)?)
i=0

@ Total cross section with N3LO only

g (GeV) | SCET(fb) | NNLOJET(fb) | combined(fb) | analytic(fb)
0.5 | 177.37(10) | —185.40(41) | —8.02(42) '8.03
0.63 169.12(8) | —177.08(35) —7.96(36) [DDM]

Large cancellations between SCET and NNLOJET

@ Uncertainties are enhanced by a factor of 20,
0.25% accuracy — 5% fluctuation

Non-trivial cancellations precisely reproduce the analytic results

The situation can be improved by considering NLP sce the talk of Ignazio
Scimemi, Alexey Vladimirov, Anjie Gao, Simone Rodini, Julian Strohm, Xing Wang
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Validation for W production: calculate the cross section

SCET+NNLOJET pptow* VE=13Tev SCET+NNLOJET pptow= VE=13Tev
- 01 -
01 - S
= e S | i I —
S i S i
S N — = £ —
> —— SCET+NNLOJET total  —— SCET+NNLOJET qq = > —— SCET+NNLOJET total  —— SCET+NNLOJET qq
§ SCET+NNLOJET qab SCET+NNLOJET qbab - § SCET+NNLOJET qab SCET+NNLOJET abab
Q 1] — SCET+NNLOJETqg ~ —— SCET+NNLOJET gg - S —— SCET+NNLOJETqg ~ —— SCET+NNLOJET gg
2 SCET+NNLOJET gbg 2 -0 SCET+NNLOJET gbg
(S) S) -
) - S - -
N o2 W

'NNPDF31 nnlo NNPDF31 nnlo

He =R =My HE=HR =My

i
[
&{

total

Ratio to

100 100 100 100 100 100

g5t [GeV] g5t [GeV]

0 0 < Q< 13TeV
@ Reaching a plateau when going to a small g§"

@ Large cancellations among different partonic channels
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Rapidity distribution of v* production at N3LO

o Q=100 GeV

o g3 dependence is
smaller than the
numerical error

@ The corrections are
largely
rapidity-independent

do/d|y,| [fb]

Ratio to

NNLO

pptoy”

SCET+NNLOJET Vs =13TeV
110.0

— LO — NNLO

10757 — NLO — N3LO

105.0
1025 %

100.0

PDF4LHC15 nnlo

7-point scale variation

HF = Hr =100 GeV

*—\—\—\—\

—— gf=075GeV — qf=10GeV g5t = 1.5 GeV.

The scale uncertainty at N3LO is comparable with that at NNLO
Due to the missing N3LO PDF?
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Rapidity distribution of W production at N3LO

SCET+NNLOJET pp to W* VE=13Tev SCET+NNLOJET pptow= VE=13Tev
52
L0 — NNLO 26 L0 — NNLO
—— NLO —— N3LO —— NLO —— N3LO
30]
— — — —_26
Qa . ! o)
[= F (S
e =
z H
gzs e —y S“
B NNPDF3ImnfoL B NNPDF31 nnlo
< 7-point scale variation — o 20 7-point scale variation
24 He =g = My L Hr =g =My
1
2
o 1 —— gf*=10GeV — q§‘=1.5GeV g = 2.0 GeV' o 1 —— g =10GeV — gf“=15GeV gt = 2.0 GeV'
23 -3, = -
2z 25 T S e w— |
© Z 098 © Z 098 e |
e P_ﬁ%iﬁi e ‘ﬁiﬁiq
056 as6
Iyw+| lyw-|
o LO: ud - W+ o LO: du— W~
e 0 < Q< 13TeV e 0 < Q<L 13TeV
) ~ 0. )] ~ 0.
KN3LO/NNLO 0.98 KN3LO/NNLO 0.98

Since f, > fu, the W bosons tend to be produced at larger |y| compared to W~.
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Charge asymmetry of W bosons at N3LO
do dy — doy-/d
Aw(y) = w+/dy — dow- /dy
dgw+/dy+ dUw—/dy
Luminosity uncertainty cancels out in the ratio, the experimental measurement for
this observable is very precise.

SCET+NNLOJET ~ pp to W= VE=13Tev

02251 — LO —— NNLO Charge Asymmetry of W*
—— NLO —— N3LO NNPDF31 nnlo
0.200 31-point scale variation
Hr=Hp =M
__oars
S
> 0150
3
@A) 0125
S
0.100
AS]
0.075
0.050
0.025
110
105
So
= 1001
o=
]
53509
X ow
085

15
lywl
Tong-Zhi Yang (University of Zurich) Rapidity distribution April 21, 2022 15/18




Explore scale uncertainty fo

pptow+

r W production at N3LO

pp tow+

SCET+NNLOJET Vs=13Tev SCET+NNLOJET Vs=13Tev
2 32
Lo — NNLO Lo  — NNLO
— NLO  — N3LO — NLO  — N3LO
30 307
g a5
c =
=2e e
2 2
Y S >
T 26 — 3T 26 —_
5 NNPDF3Ynmio L B NNPDF31 nnto
T 3 muF scale variation — T 3 muR scale variation -
24 He=pp=mw LS 24 He=fin = M. -
22 22
108 104
G5 = 1.0 GeV 95 = 1.5 GeV. G5 = 2.0 GeV. g5 = 1.0 Gev g5 = 1.5 GeV G5 = 2.0 Gev
o 1@ o 1
=0 =0
= 100 it
22 EE
T Z 0.98 fme o - = = =2 = © Z 098 EEEm—— = —— ¥
-4 - . - - o - - - -
096 06
00 05 To is 20 25 30 00 05 To s 20 25 30
lyw+ lyw+

e Fixing ugr = Q, varying ug
@ 4 uncertainty reduces
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@ Fixing ur = Q, varying ug

@ g uncertainty is enhanced from
NNLO to N3LO

@ Accidentally small uncertainty at
NNLO due to large cancellations
among different partonic channels
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Explore scale uncertainty for W~ production at N3LO

SCET+NNLOJET pptow= VE=13Tev SCET+NNLOJET pp tow= VE=13Tev
e L0 — NNLO e Lo — NNLO
—— N3LO —— N3LO
e e
Qo Qo
2 g
s o
2 2
2 S L
5 NNPDF31 nnlo & NNPDF31 nnlo |
S, 3 muF scale variation T, 3 muR scale variation
He=Hp=my M= Hg =My
P g5t = 1.0 GeV g5 = 1.5 Gev. g5 = 2.0 GeV. o 1 g5 = 1.0 Gev. g5t = 1.5 GeV g5t = 2.0 GeV
= 53,
2z e 2=
52 o E— 520w = o
lyw-1 lyw-1
@ Fixing ur = Q, varying ug
@ Fixin = @, varyin C
g pr = Q, varying ur @ L uncertainty is enhanced from
; 3
@ 4 uncertainty reduces NNLO to N°LO

@ Accidentally small uncertainty at
NNLO due to large cancellations
among different partonic channels

Tong-Zhi Yang (University of Zurich) Rapidity distribution April 21, 2022 17 /18



Summary

We get the first rapidity distribution for DY at N3LO in QCD

The computation is based on Q; subtraction generalized to N3LO

» The below g§* part is computed using the LP TMD factorization
» The above g3 part is computed using NNLOJET

@ For validation, we independently recover the known inclusive cross
section

@ More results become available soon, for example, the transverse mass
distribution of W production

Including the Q; sub-leading power corrections in the future can
greatly improve the precision and computational efficiency

Thank you for your attention!

Tong-Zhi Yang (University of Zurich) Rapidity distribution April 21, 2022 18/18



Backup
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Validation: gr distribution

5
Large logarithms appear : (do.. /dqr), o, = Q/qr ZAi In‘(qr/Q) + O(qr/Q)

i=0
R
SCET+NNLOJET pp—)/*l (y") VE=13TeV
400
300
o 200
=
- 100
>
& o
z PDF4LHC15 nnlo
g 10 r = g = 100 GeV
T -200
—-- SCET N3LO —— NNLOJET N3LO
300 —-=-- SCET NNLO —— NNLOJET NNLO
—--- SCET NLO —— NNLOJET NLO
o
= 10
—
L s
]
2
@
& s
o
= 10° 10t 102
qr,y* [GeV]
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Computation parameters

Focus on the off-shell photon case

Center of mass energy /s = 13TeV

Fix invariant mass Q = 100 GeV and without including fiducial cuts
PDF set: PDF4LHC15 nnlo_mc with central member

Fixed aqep value: aqep(0) = 1/137.035999139

ag(myz) = 0.118 with scale variation values calculated from LHAPDF

Seven-point scale variations

pr=05Q, ur=05Q,1.0Q
pr=10Q, pr=05Q,1.0Q,2.0Q
pr=2.00Q, pr=10Q,2.00Q

@ Parameters are identical to the DDM study| C. Duhr, F. Dulat, and
B. Mistlberger, 2020]
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Explore the uncertainties from scale variation

o Fix pp, vary the pupr from 0.5Q to 2Q), the scale uncertainty reduces

0.48- | NLO — NNLO — N3LO

0.45- LHC 13 TeV
PDFALHCI5. nnlo_me
PP s y4X
0.44 1r=Q=100 GeV
05 0.75 1. 125 15 175 2.

Hr/Q
[ C. Duhr, F. Dulat, and B. Mistlberger, 2020]
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Explore the uncertainties from scale variation

o Fix ug, vary the pr from 0.5Q to 2Q, the scale band becomes wider

LHC 13 TeV
PDF4LHCI5 nnlo_mc NLO — NNLO — N3LO
PP - y+X
1r=Q=100 GeV
05 0.75 1. 125 15 175 2.
ur/Q

[ C. Duhr, F. Dulat, and B. Mistlberger, 2020]
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Validation for v*: cross check to the analytic cross section

o Large Iogarlthms as a function of g§"

/ dqr(do.,- /dqr) = ZB i (g5 / Q) + O((g/Q)?)

@ Total cross section with N3LO only

g (GeV) | SCET(fb) | NNLOJET(fb) | combined(fb) | analytic(fb)
0.5 | 177.37(10) | —185.40(41) | —8.02(42)
0.63 169.12(8) | —177.08(35) —7.96(36) -8.03
0.79 152.96(7) 7161.28(30) ~8.31(31) (DM
1 132.15(6) | —140.47(26) | —8.32(27)

@ Large cancellations between SCET and NNLOJET

@ Uncertainties are enhanced by a factor of 20,
0.25% accuracy — 5% fluctuation

@ Non-trivial cancellations precisely reproduce the analytic results
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Contributions from partonic channels at different orders

Use the same parameters as for the main slides

Channels | LO SNLO | 6NNLO | 6N3LO
qg 0 —46.43 | —29.97 | —15.29
qq+qQ | 339.62 | 98.06 | 25.76 | 4.97
gg 0 0 2.33 2.12
qq + qQ 0 0 0.74 0.17
Total [ 33962 51.63 | —1.14 | —8.03

@ Due to large cancellations among different channels, it seems that the
perturbation theory is not convergent for total cross sections

@ For each partonic channel, the perturbation theory is convergent
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Deriving Feynman rules of the effective vertex

Expanding the Wilson line,

0
Wi(x)=1— igs/ dsii- A%(x+ si)t* + O(g)

0
=1-i as [ 4k e TR A% k) 1 + O(g?)
810 ey &

_ d4k —ik-x n* a pa 2
—1+ [ i (gsmt) A(k) +0(g).

—_— —
Eikonal Feynman rule

Or expanding the full theory

Py =1in* Py =1t k~P,(P+ k)’ +i0=2P k+i0=n-k+i0
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Feynman rules of the effective vertex

w,a
P\
>
' Y S Loy
8s 7ktio
wisaq r2,a2
k
AN %
Py g2 n*1nH2 a1 a2
= FEnRil > | Aka®d
P2y
3 2] 2 M3 ay 4an 40
g n*lnt2n 4 $92 443
= SCETRTERED AW S—
(ki + ks k3) 0 Py [(n-(k]+k2)+10) (7-k+i0)
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Rapidity regulators

Several proposed regulator
@ analytic regulator [Becher, Neubert(09); Becher, Bell(11)]

/ddk—>/ddk a

@ Delta regulator [Echevarria, Idilbi and Scimemi(11)]
1 1
noktic  n-k+o
@ rapidity regulator [Chiu, Jain, Neill, Rothstein (11,12)]

feem [ (i)

@ exponential regulator [Y. Li, Neill, H. X. Zhu(16)]

/ddka /ddkexp (~bok°7) , by = 2exp (vg)
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From hadronic state to parton asymptotic state

@ operator product expansion

1
d
Bywzb) =Y [F Zal€b)  fyn(z/9)+ OB [Abco).

independent of hadronic state
@ Representation in momentum space

d* K,

_ e_iKL.bLgi
|K2|—e q
1L

Bcb]?re(z,bJ_,T) = /

By = lim [ d’K §(K? — K3) exp(szfJ'K
T—0 N n-PpP

) §(n-K—(1—2z)n-P)By>

K2 fixed .
L™ exponential regulator

By :/dP55(d>(K—Zn:ki) /Hddlfquw(P:{l}v{kmz
i=1 j
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Expansion of DE in the limit 7 — 0

1 Expanding the master integrals f; as the following general form(j, n, k

are integers)
fi(z, 7, € ZZZ ) ZeTH”Eln T

n k=0

2 Substituting the above form into the DE about 7, obtaining relations
of different expansion coefficients g(’ k)

3 Substituting into the DE about z.

4 Constructing DE with respect to z of the independent expansion
coefficients § (one master integral corresponding to one independent
coefficient)

dg _ Az,

T )8

single variable differential equations
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Canonical form and appeared letters

@ the single variable differential equation can be turned into canonical

form
g="Tg, dg=> eA.gdhnl,
@ 5 letters
cancel out after summing VRR and RRR
Ly,:{z, 1-z, 1+z, 2—z, Z—z+1 }

write down the solutions using GPL

@ We only need HPL to represent the final results.
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