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Introduction: Why LHC Z data for TMD physics?

Advantages:

v/ Sub-percent uncertainties, in particular for normalized spectra in g7 = p%
» Backbone of TMD global fits at N3LL, in particular for  dependence
[Scimemi, Vladimirov 19; Bacchetta, Bertone, Bissolotti, Bozzi, Delcarro "19]
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Introduction: Why LHC Z data for TMD physics?

Advantages:
v/ Sub-percent uncertainties, in particular for normalized spectra in g7 = p%

» Backbone of TMD global fits at N3LL, in particular for  dependence
[Scimemi, Vladimirov 19; Bacchetta, Bertone, Bissolotti, Bozzi, Delcarro "19]

v/ Large Q = mz suppresses power corrections g% /Q? to TMD factorization

v/ Synergies with LHC precision program: mw at LHC needs TMD flavor structure
[Bacchetta, Bozzi, Radici, Ritzmann, Signori "18]

Downsides:
® Only unpolarized TMD PDF accessible
® Spectrum peaks at gr = 4 — 5 GeV

»> Nonperturbative effects already suppressed by (AQCD/qT)2

» Turn this into a virtue and parametrize leading (quadratic) corrections
in order to make model-independent statements
[See talk by Z. Sun for more on this!]

Goal

Percent-level perturbative description of pp — Z/~* — £7¢~ at the LHC
to be able to make definitive statements about nonperturbative TMD dynamics.
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Perturbative ingredients: Factorized TMD cross section at N3LL’

do _ dogsc [dafFu(ﬂ _ dofa?c] _ dotse i dogiee”
dgr dqr dgr dgr | = dgr dqr
deact

dQdY dqr = Zq:Hqﬁ(QaN) qT/o dbr br Jo(grbr)

X £ (@ar br 1y €) £ (@0, brs 1 Q) + (g > @)

Implemented in SCET1ib C++ numerical library [Ebert, JM, Tackmann]:

Th ree—loop hard function [Baikov et al. '09; Lee et al. "10; Gehrmann et al. "10; Czakon et al. '21]
Three-loop matching of TMD PDFs onto collinear PDFs

[Li, Zhu, "16; Luo, Yang, Zhu, Zhu '19; Ebert, Mistlberger, Vita '20]

> Prediction includes complete three-loop RG boundary conditions (N3LL’)

> Integral of spectrum is N®LO-accurate

Four-loop cusp, three-loop noncusp anomalous dimensions
[Briiser, Grozin, Henn, Stahlhofen '19; Henn, Korchemsky, Mistlberger '20; v. Manteuffel, Panzer,
Schabinger "20] [Moch, Vermaseren, Vogt 'o5; Idilbi, Ma, Yuan '06]

Three-loop Collins-Soper kernel [Li, zhu, "16; Viadimirov '16] o
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Perturbative ingredients: Fixed-order matching
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® In-house analytic implementation of all helicity structure functions at O (a)

® Fiducial Z+jet MC data at O(a?) from MCFM
[Campbell, Ellis, et al. '99, "15]

® Very recently: Precise fiducial Z+jet MC data at O (%) from NNLOjet
[Chen et al., 2203.01565 - many thanks to the NNLOjet collaboration for providing the raw data.]

nore: Extraction of onons (and derived results) at a is still preliminary.
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Nonperturbative model for the Collins-Soper kernel
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for known leading (NNLL) bottom quark mass effect in e
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® Vary either w, (“short distance”) or c. (“long distance”)
[Collection of lattice data reproduced from Shanahan, Wagman, Zhao, 2107.11930] 6/14



Nonperturbative model for the TMD PDF

® Most general structure of leading NP correction bprgz)(:c) is complicated

® However, can show that for a given process and fiducial volume,
only a single average coefficient A remains after the integral
over hard phase space ®g:
[Ebert, JM, Stewart, Sun '22]

&(br) = 5—(0>(bT){1 + b2 (2K(2) + 72?3LQ2)} + O[(Aqepbr)?d]

<@ _ 425 A@5) $i; 05Q) F{7 (wa, 0) F{7 (w0, 10) [AL) (wa) + AP (1))
2 [d®p A(®B) X, 0B(Q) £V (®a, o) £ (b, p0)

> Idea: Promote A” to a single-parameter Gaussian model

£NP (2, br) = exp(—Q%b%) with AP = —0?

® Take central 2 = 0.5 GeV and vary itas 2 = {0,0.7} GeV

> For gr > Aqcnp, this captures the most general form
that the leading NP correction to the rapidity-integrated qr spectrum can take

[Consistent with observations in Pavia fit, 1912.07550] 7114






Results and perturbative convergence
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® Perturbative uncertainties estimated by varying all RG boundary scales
and parameters governing resummation turn-off

® Excellent perturbative convergence towards three-loop result

® Higher orders are covered by uncertainty estimate at lower orders
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Nonperturbative contributions
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Taken at face value, the lowest bins seem to prefer weaker NP effects

N3LL closer to data for gr < 15 GeV with our default NP parameters,
suggesting that three-loop and NP corrections can be traded off for one another

Short-distance variations of v dominate in all bins

Overshoot data at gr = 20 — 30 GeV, way outside NP effect strength
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Parametric uncertainties: Restricting to g < 65 GeV

® Would like to estimate parametric uncertainties from collinear PDF and s

e Challenge: MC data for o2 and a2 nonsingular cross sections are expensive
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® |dea: Restrict to gr < 65 GeV where nonsingular is still a small correction
® Perform parametric variations in fast & flexible analytic resummed calculation

® Consistently self-normalize to integral over g < 65 GeV
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Parametric PDF and o uncertainties
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Parametric PDF and o uncertainties
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This is not unprecedented ...
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® Lower values of as(mz) have previously been reported
in fits to eTe ™ event shapes (thrust and C parameter)

® Like TMD observables, these are strongly sensitive to all-order resummation ...
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...but many caveats remain

T. Rex Might Have Had Close Cousins
New York Times, March 1, 2022

“That’s not the kind of thing you should be doing based on femur
robusticity and the presence or absence of a tooth,” Dr. Hone
added. “If you’re going to shoot for the king, don’t miss.”
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...but many caveats remain

Outlook: Systematics at the theory frontier:

® QED effects for on-shell Z well understood
[Bacchetta, Echevarria '18; Cieri, Ferrera, Sborlini "18; Billis, Tackmann, Talbert '19]

® Expected to be ~ 1%, but would bring the tail up more
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[Cieri, Ferrera, Sborlini 1805.11948] 1314



...but many caveats remain

Outlook: Systematics at the theory frontier:

QED effects for on-shell Z well understood
[Bacchetta, Echevarria '18; Cieri, Ferrera, Sborlini "18; Billis, Tackmann, Talbert '19]

® Expected to be ~ 1%, but would bring the tail up more

QED radiative corrections to full process and interplay with TMDs are challenging
[But see session on Wed for some recent progress in SIDIS!]

Subleading power resummation of nonsingular cross section
[Progress towards doing this at least for © (g7 /Q) azimuthal correlations!]
[Moos, Scimemi, Vladimirov "21; Ebert, Gao, Stewart 21 — see talk by A. Gao]

Probably most important: Full treatment of mass effects/flavor thresholds

® Expect impact on spectrum (and cumulative cross section)
to be suppressed by # mj /q3?
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The Drell-Yan gr Spectrum at N®LL” and Its Uncertainty:

® Percent-level perturbative predictions at the LHC are possible,
and are required to fully leverage LHC data for TMD determinations

® |ntriguing hints that the data may prefer a lower value of as ...

® Even small changes in o strongly impact the peak shape,
in ways similar to nonperturbative effects

® |mportant to consistently match to fixed-order perturbation theory
beyond gr ~ 20 GeV to isolate the two effects
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The Drell-Yan gr Spectrum at N®LL” and Its Uncertainty:

® Percent-level perturbative predictions at the LHC are possible,
and are required to fully leverage LHC data for TMD determinations

® |ntriguing hints that the data may prefer a lower value of as ...

® Even small changes in o strongly impact the peak shape,
in ways similar to nonperturbative effects

® |mportant to consistently match to fixed-order perturbation theory
beyond gr ~ 20 GeV to isolate the two effects

Thank you for your attention!
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RG evolution, profile scales, and Landau pole prescription

® Use exact analytic solutions of CS equation and p evolution of TMD PDFs,
combined with fast numerically exact solution of 3 function [Ebert '21]

> Eliminates source of truncation error at fraction of cost of full Runge-Kutta

® Choose RG boundary scales as hybrid profile scales, e.g. for p; (b, qr):
[Lustermans, JM, Tackmann, Waalewijn "19]

26_"/E

b but pi(br,qr — Q) — py = Q
T

pi(br,gr € Q) =

» Turns off resummation in the tail, ensures FO prediction is recovered

e Apply “local” b* prescription starting at b7 to virtuality scales:
[Absence of quadratic correction is similar to prescription used in Pavia fit.]

g — pl = [(M;nin)ll + (Zeb—T‘YE>4}1/4 _ 2eb—T‘YE {1 +O{(MTian)4]}

> Avoids “contaminating” nonperturbative corrections at quadratic order

[Scimemi, Vladimirov "18; Ebert, JM, Stewart, Sun '22; see also talk by Z. Sun]
A



Breakdown of perturbative uncertainties
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AS normalized spectrum
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CMS normalized spectrum
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