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The measurement of the W boson mass represents a very important test for the internal consistency
of the standard model of particle physics, and could also possibly highlight signals of New Physics.
We provide a concise theory overview on the topic, presenting the typical measuring strategies,
the known perturbative and non-perturbative theoretical ingredients used to predict the relevant
observables, the treatment of theoretical systematics in recent experimental measurements and

some future prospects to reduce modelling uncertainties.
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1. The W boson in the electroweak sector

The electroweak sector of the Standard Model of elementary particles is fully determined by
fixing the Higgs mass, the fermion masses and three additional parameters: the gauge couplings
g, g’ and the vacuum expectation value v of the Higgs field. All the electroweak observables can
be written in terms of them, i.e. my = v|g|/2,mz = v/g2 +g%2/2,0w = tan"'(g’/g). The
comparison of theoretical predictions with experimental measurements provides a valuable test of
the Standard Model.

A common and convenient choice to fix (g, g’, v) is the following set of experimental measure-
ments: the Fermi constant G r, extracted from the muon lifetime [1], the fine structure constant «,
obtained from the anomalous magnetic moment of the electron [2], and the mass m of the neutral
massive vector boson, measured with high accuracy at the Large Electron Positron collider [3] from
the Z lineshape. The high experimental precision attained for this set of measurements allows to
minimise the parametric uncertainty of theoretical predictions.

The muon decay width can be calculated within the Fermi model [4-6] (including two-loops
QED corrections to the effective interaction vertex [7-9]) and within the full Standard Model.
Matching the two results lead to a well-known my — mz interdependence,
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The last term on the r.h.s of Eq. 1, Ar = Ar(a, Gp,mw,mz,myg;myg; CKM), contains all the
radiative corrections to the tree-level result. In the past decades, a huge effort has been devoted to
its computation at various perturbative orders both in the EW theory [10-15] and in QCD [16-20].
The state of the art is at present the full two-loop accuracy, reached through a series of publications
by several groups [21-36]. Partial three-loop and four-loop results are also available [37—41].

Missing higher-order contributions lead to a theoretical uncertainty 6mwy = 4 MeV in the
on-shell renormalisation scheme [42] and dmw = 3 MeV in the MS renormalisation scheme [43].
An additional uncertainty comes from variation of the input parameters contained in Ar: a lo
variation for each of them leads to a parametric uncertainty Smy = 5 MeV. In view of a very
precise (Smw /mw ~ 107%) measurement at the LHC, it would thus be highly desirable to reach at
least a full three-loop accuracy in theoretical predictions to further reduce these uncertainties.

An indirect determination of the W mass can be obtained through a global electroweak fit,
which combines all the information coming from many experiments into one single y? fit: leaving
one (or more) parameters free, one can find the best matching value to all other observables. The
HEPFIT collaboration reports an expectation value m*évM = 80.3545 + 0.0057 GeV [44], while
the GFiTTER collaboration quotes m*éVM = 80.356 + 0.006 GeV [45]: the two extractions are thus
consistent within the quoted uncertainties.

2. Measuring the W mass at hadron colliders

The measurement of my at hadron colliders is performed by studying the charged leptron
transverse momentum p§ distribution and the lepton pair transverse mass m distribution, defined
as
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mr = 205 p(1 — cos(@¢ - 7)), @)

where the neutrino four-momentum pY. and the ¢” angle are inferred from the transverse
momentum imbalance in the event. The mass of the W boson is obtained by a template fit procedure,
in which experimental distributions are compared to the corresponding theoretical predictions with
myw kept as a free parameter.
In particular, given an experimental distribution, one

* computes the corresponding theory distribution at the highest available accuracy for several
m(Wk) values,

(k)
w

« compute a y? for each my;, in a certain fitting interval,

+ find the minimum of the y? distribution, which gives the measured value for nyy.

The result of the fit depends on the hypotheses used to compute the templates (choice and variation
of perturbative scales, choice and uncertainty of collinear PDFs, non-perturbative ingredients, ...):
these hypotheses should be treated as theoretical systematic errors.

Missing transverse energy (p7.) is typically not used in template fits because of poor experi-
mental resolution. Hadronic decays of the W are not considered as well, mainly because of the
multi-jet background. The extractions thus focus on p‘; and mr.

The p‘} distribution exhibit a Jacobian peak around ~ myy /2, while the transverse mass has an
endpoint near my: the position and shape of the distributions at both the peak and the endpoint
are significantly impacted by radiative corrections. In particular, the details of p}’v modelling at
low transverse momenta play a relevant role in the study of pg. The my observable, instead, is less
affected by soft radiation but is limited by the experimental resolution of the hadronic recoil.

In both cases, a determination of my, at the 10™* level requires to control the shapes of the
above distributions at permille level [46, 47]. In the following section we will discuss the state
of the art for the theoretical predictions (and related uncertainties) relevant to the production and
decay of the W boson in proton-proton collisions.

3. Theoretical modelling and related uncertainties

Theoretical predictions are computed through convolutions of collinear PDFs and a partonic
cross section. The precision program at the LHC requires both perturbative (EW and QCD fixed-
order and all-order calculations) and non-perturbative (collinear PDFs, non-perturbative intrinsic
transverse momentum of partons) ingredients to be computed at the highest accuracy.

We start with the perturbative part of the predictions. The basis for any analysis is the fully
differential Drell-Yan cross section, which can be written as follows:

do _ [do'(mll) [do'(yll)] [dO'(PT,yu) 1 ]
d*pd3ps dmy dyn dpr a(yn)
7
X |(1+cos”6) + Z Ai(pr, yu)Pi(cos o, ¢)] . A3)
i=0




W mass: a theory overview Giuseppe Bozzi

In the above formula, p| and p; are the four-momenta of the (massless) decay leptons. The invariant
mass, transverse momentum and rapidity of the dilepton system are indicated by my;, pr and yy,
respectively. The angles 6 and ¢ denote the polar and the azimuthal angle of one lepton in the
rest frame of the lepton pair. Finally, helicity and polarization effects are embodied in the eight
spherical harmonics P; of order zero, one and two, weighted by the eight numerical coefficients A;.

Two-loops QCD corrections have been computed for the total cross section [48, 49], the
rapidity distribution [50] and the fully differential cross section including leptonic decays [S51—
54]. A few years ago, three-loop accuracy has been achieved for the total cross section [55—
57]. Pure NLO electroweak corrections, mixed QCD-EW and mixed QCD-QED corrections are
also available [58—79]: it turns out that QED final state radiation have a strong impact on the
determination of my. Summing things up, the perturbative ingredients for most of the terms in
Eq.3 are known up to O(a?) and O(aay), but a complete O(a?) result is still missing. Selected
subleading corrections are available in SANC [80], WINHAC (interfaced to PYTHIA) [81] and
POWHEG [82-84] frameworks.

As already stated, a my measurement relies on observables in the transverse plane (p‘; and
mr in particular), whose kinematical peaks at pf} ~ mw /2 and mr ~ my are heavily affected by
soft emissions from initial states that induce a non-zero transverse momentum of the W boson. An
accurate prediction of the third term in Eq. 3, including both fixed-order and resummed results, is
thus essential. At large transverse momenta (qr ~ my;), fixed-order QCD corrections are known
analytically up to O(aé) [85-89] and numerically up to O(a/g) [90-94]. In the low-g7 region, the
presence of large logarithms of the type ln(q% / mlzl) spoils the convergence of the perturbative series:
one thus needs to resum these contributions to all orders [95—-100]. Many results are available, at
different logarithmic accuracy, are available in the formalism of g7 resummation (both in direct
and conjugate space) [101-110], and also within the Soft Collinear Effective Theory [111-120] and
transverse-momentum dependent (TMD) factorisation [121-129]. The state of the art is at present
the full N°LL accuracy at low-g7, consistently matched to NNLO accuracy at high-g7. Partial
results including N*LL contributions are also available [130, 131].

Finally, the interplay of QCD and QED corrections and the impact of QED final state radiation
on the peak of the charged lepton transverse momentum have been investigated [132-134].

As for the non-perturbative part of the theoretical cross section, the largest model uncertainty
in the my determination is due to collinear PDFs.

The impact of different choices of PDF sets and/or different choices of Hessian eigenvectors
(or Monte Carlo replicas) for a given PDFset has been studied for both m (mild impact) and p‘;
(relevant impact) [46, 47, 135—-137]. Taking advantage of anti-correlation effects among forward
(LHCDb) and central (ATLAS, CMS) detectors, an uncertainty reduction has been obtained for a
combined measurement [138]. A further step in reducing PDF uncertainty has been suggested
in [139] by considering bin-to-bin correlation with respect to PDF variation.

Another uncertainty of non-perturbative origin arises from the treatment of heavy quarks. For
example, the bottom quark can be considered either as a massless component of the proton (in the
so-called 5-flavour scheme) or can be perturbatively produced in the final state (in the so-called
4-flavour scheme): this induces a dmyy shift in the 3-5 MeV range [140].

Finally, effects due to a possible flavour-dependent intrinsic-k7 of the quarks in the initial state
have been studied in [141, 142] and found to be comparable in size to those generated by PDF
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variations.

4. Hadron collider measurements

The W mass has been measured by the DO [143] and CDF [144] collaborations at the Tevatron
pp collider, with a center of mass energy of 4/s = 1.96 TeV, and by the ATLAS [145, 146] and
LHCb collaborations [147] collisions at the LHC through pp collisions at /s = 7 TeV and /s = 13
TeV. In the following we will briefly discuss the estimate of theoretical uncertainties contained in
the various analyses.

DO measurement: my = 80375 + 23 MeV.

PDF uncertainty is estimated through a template fit on ensembles generated with the error set
of the default PDF used (CTEQ6.6 [148]). QED effects are analysed through a comparison of the
default generator PHOTOS [149] used for QED FSR with the alternative generators WGRAD [150]
and ZGRAD [151]. Non-perturbative effects associated to the p7VY distribution result from the
propagation to p‘} and m7 of the parametric uncertainties of the BLNY parameterisation fitted on
Z data [152].

CDF measurement: my = 80435 + 9 MeV.

The analysis of PDF uncertainties take into account several different PDF sets other than
the default one (CTEQ6.6): ABMP16 [153], CJ15 [154], CT18 [155], MMHT2014 [156] and
NNPDF3.1 [157]. QED uncertainties comparing the default generator PHOTOS with the HORACE
code [158]. The estimate of non-perturbative uncertainty is made similarly to the DO collaboration,

but with a new simultaneous fit of the strong coupling and the non-perturbative parameters on Z
data. The anti-correlation between the resulting uncertainties on as and the BLNY parameters
has been used to further reduce the uncertainty stemming from NP modelling. The p7W / p%
modelling uncertainty is estimated by propagating the envelope of renormalisation, factorisation
and resummation scale uncertainties obtained with the DYQqT code [159, 160] at NNLL perturbative
accuracy.

LHCb measurement: my = 80354 = 31 MeV.

Electroweak and QED effects on the final state leptons are computed with HERWIG, PYTHIA
and PHOTOS: the spread among predictions generate the corresponding uncertainty. PDF un-

certainties are estimated through the arithmetic average of three independent fits performed with
NNPDF3.1, CT18 and MSHT?20 [161]. Modelling uncertainties on p;iV are computed using al-
ternative codes (PYTHIA standalone, HERWIG [162] standalone, POWHEG + HERWIG and
DYTURBO [163]) instead of the default choice (POWHEG [164] + PYTHIA 8 [165]) for pre-
dictions, and taking into account renormalisation and factorisation scale variations for the angular
coeflicients.

ATLAS measurement: my = 80360 + 16 MeV.

PDF uncertainties are estimated through the Hessian method on the default CT10nnlo set [166],
and on the additional CT14, CT18, MMHT2014, MSHT20, NNPDF3.1 PDF sets: the corresponding
uncertainties are then summed in quadrature. Electroweak and QED effects (and corresponding
uncertainties) are generated with WINHAC [81], supplemented with PHOTOS for QED final state
radiation and PYTHIA for QED initial state radiation. Modelling uncertainties on pTW come from




W mass: a theory overview Giuseppe Bozzi

the propagation of PYTHIA parameters tuned to Z data to lepton distributions, initial state charm
and bottom quark mass effects and perturbative scale variations for the angular coefficients.

A summary of the shift in my generated by the different sources of theoretical uncertainty is
reported for each experimental measurement in Table 1.

Experiment DO [143] CDF [144]
Observable pLiMeV] [ my [MeV] | pLiMeV] | mr [MeV]
PDF 11 11 4 4
EW&QED 7 7 3 3
py modelling 2 5 2 1
Experiment ATLAS [146] LHCb [147]
Observable pLIMeV] | my [MeV] pL[MeV]

PDF 8 15 9
EW&QED 6 6 7

py modelling 5 10 11

Table 1: Impact of theoretical uncertainties on hadron collider measurements of the W mass.

5. Future Prospects

A lot of work has been devoted in recent years to improve the analysis strategies from the
theoretical point of view.

An obvious possibility would be to include additional differential distributions (lepton rapidity,
hadronic recoil) to the fitting procedure, in order to achieve a reduction of modelling uncertainties.

Alternative observables have also been suggested: in [167], for instance, the authors define an
asymmetry around the p‘; jacobian peak, that proves to be particularly sensitive to my and yields
a sensible reduction of modelling uncertainties.

Modelling systematics would also benefit from the recent advances in the investigation of
hadron structure: effects related to the intrinsic-kr of partons, thanks to TMD PDF fits performed
at high perturbative accuracy [125-129], can now be studied in great detail and possibly disentangled
from those originating from collinear PDFs.

Acknowledgments

This work is supported by the European Union’s Horizon 2020 programme under grant agree-
ment No. 824093 (STRONG2020) and by the European Union “Next Generation EU” program
through the Italian PRIN 2022 grant n. 20225ZHA7W.

References

[1] MuLaN collaboration, Measurement of the Positive Muon Lifetime and Determination of
the Fermi Constant to Part-per-Million Precision, Phys. Rev. Lett. 106 (2011) 041803
[1010.0991].

[2] D. Hanneke, S. Fogwell and G. Gabrielse, New Measurement of the Electron Magnetic
Moment and the Fine Structure Constant, Phys. Rev. Lett. 100 (2008) 120801 [0801.1134].


https://doi.org/10.1103/PhysRevLett.106.079901
https://arxiv.org/abs/1010.0991
https://doi.org/10.1103/PhysRevLett.100.120801
https://arxiv.org/abs/0801.1134

W mass: a theory overview Giuseppe Bozzi

[3] ALEPH, DELPHI, L3, OPAL, SLD, LEP ELEcTROWEAK WORKING GRrROUP, SLD
ELecTrROWEAK GROUP, SLD HEAVY FLAVOUR GRoOUP collaboration, Precision electroweak
measurements on the Z resonance, Phys. Rept. 427 (2006) 257 [hep-ex/0509008].

[4] R. Behrends, R. Finkelstein and A. Sirlin, Radiative corrections to decay processes,
Physical Review 101 (1956) 866.

[5] S.M. Berman, Radiative corrections to muon and neutron decay, Physical Review 112
(1958) 267.

[6] T. Kinoshita and A. Sirlin, Radiative corrections to fermi interactions, Physical Review 113
(1959) 1652.

[7] T. van Ritbergen and R.G. Stuart, Complete 2-loop quantum electrodynamic contributions
to the muon lifetime in the fermi model, Physical Review Letters 82 (1999) 488.

[8] T. van Ritbergen and R.G. Stuart, On the precise determination of the fermi coupling
constant from the muon lifetime, Nuclear Physics B 564 (2000) 343.

[9] T. Seidensticker and M. Steinhauser, Second order corrections to the muon lifetime and the
semileptonic b decay, Physics Letters B 467 (1999) 271.

[10] A. Sirlin, Radiative Corrections in the SU(2)p X U(1) Theory: A Simple Renormalization
Framework, Phys. Rev. D 22 (1980) 971.

[11] W.J. Marciano and A. Sirlin, Radiative Corrections to Neutrino Induced Neutral Current
Phenomena in the SU(2)p, X U(1) Theory, Phys. Rev. D 22 (1980) 2695.

[12] A. Sirlin and W.J. Marciano, Radiative Corrections to v, + N — u~ + X and their Effect on
the Determination of p* and sin’ Oy, Nucl. Phys. B 189 (1981) 442.

[13] W.J. Marciano, Weak mixing angle and grand unified gauge theories, Physical Review D 20
(1979) 274.

[14] A. Sirlin, On the O(a?) Corrections to T, mw, mz in the SU(2), X U(1) Theory, Phys.
Rev. D 29 (1984) 89.

[15] M. Consoli, W. Hollik and F. Jegerlehner, The effect of the top quark on the mw- mz
interdependence and possible decoupling of heavy fermions from low energy physics,
Physics Letters B 227 (1989) 167.

[16] A. Djouadi and C. Verzegnassi, Virtual Very Heavy Top Effects in LEP / SLC Precision
Measurements, Phys. Lett. B 195 (1987) 265.

[17] L. Avdeev, J. Fleischer, S. Mikhailov and O. Tarasov, O (aa?) correction to the electroweak
p parameter, Phys. Lett. B 336 (1994) 560 [hep-ph/9406363].

[18] K.G. Chetyrkin, J.H. Kuhn and M. Steinhauser, Corrections of order O(GrM?a?2) to the p
parameter, Phys. Lett. B 351 (1995) 331 [hep-ph/9502291].


https://doi.org/10.1016/j.physrep.2005.12.006
https://arxiv.org/abs/hep-ex/0509008
https://doi.org/10.1103/PhysRevD.22.971
https://doi.org/10.1103/PhysRevD.22.2695
https://doi.org/10.1016/0550-3213(81)90574-5
https://doi.org/10.1103/PhysRevD.29.89
https://doi.org/10.1103/PhysRevD.29.89
https://doi.org/10.1016/0370-2693(87)91206-8
https://doi.org/10.1016/0370-2693(94)90573-8
https://arxiv.org/abs/hep-ph/9406363
https://doi.org/10.1016/0370-2693(95)00380-4
https://arxiv.org/abs/hep-ph/9502291

W mass: a theory overview Giuseppe Bozzi

[19] K.G. Chetyrkin, J.H. Kuhn and M. Steinhauser, QCD corrections from top quark to
relations between electroweak parameters to order a2, Phys. Rev. Lett. 75 (1995) 3394
[hep-ph/9504413].

[20] K. Chetyrkin, J. Kiihn and M. Steinhauser, Three-loop polarization function and o (as2)
corrections to the production of heavy quarks, Nuclear Physics B 482 (1996) 213.

[21] J.J. van der Bij and F. Hoogeveen, Two Loop Correction to Weak Interaction Parameters
Due to a Heavy Fermion Doublet, Nucl. Phys. B 283 (1987) 477.

[22] R. Barbieri, M. Beccaria, P. Ciafaloni, G. Curci and A. Vicere, Radiative correction effects
of a very heavy top, Phys. Lett. B 288 (1992) 95 [hep-ph/9205238].

[23] R. Barbieri, M. Beccaria, P. Ciafaloni, G. Curci and A. Vicere, Two loop heavy top effects in
the Standard Model, Nucl. Phys. B 409 (1993) 105.

[24] J. Fleischer, O.V. Tarasov and F. Jegerlehner, Two loop heavy top corrections to the rho
parameter: A Simple formula valid for arbitrary Higgs mass, Phys. Lett. B 319 (1993) 249.

[25] G. Degrassi, P. Gambino and A. Vicini, Two loop heavy top effects on the mz — my
interdependence, Phys. Lett. B 383 (1996) 219 [hep-ph/9603374].

[26] G. Degrassi, P. Gambino and A. Sirlin, Precise calculation of My, sin® éW(MZ) and

sin? 6171, Phys. Lett. B 394 (1997) 188 [hep-ph/9611363].

[27] A. Djouadi, O(alpha alpha-s) Vacuum Polarization Functions of the Standard Model Gauge
Bosons, Nuovo Cim. A 100 (1988) 357.

[28] B.A. Kniehl, Two Loop Corrections to the Vacuum Polarizations in Perturbative QCD,
Nucl. Phys. B 347 (1990) 86.

[29] A. Djouadi and P. Gambino, Electroweak gauge bosons self-energies: Complete QCD
corrections, Phys. Rev. D 49 (1994) 3499 [hep-ph/9309298].

[30] F. Halzen and B.A. Kniehl, Ar beyond one loop, Nucl. Phys. B 353 (1991) 567.

[31] A. Freitas, W. Hollik, W. Walter and G. Weiglein, Complete fermionic two loop results for
the My — Mz interdependence, Phys. Lett. B 495 (2000) 338 [hep-ph/0007091].

[32] A. Freitas, W. Hollik, W. Walter and G. Weiglein, Electroweak two loop corrections to the
My — Mz mass correlation in the standard model, Nucl. Phys. B 632 (2002) 189
[hep-ph/0202131].

[33] M. Awramik and M. Czakon, Complete two loop electroweak contributions to the muon
lifetime in the standard model, Phys. Lett. B 568 (2003) 48 [hep-ph/03052438].

[34] M. Awramik and M. Czakon, Complete two loop bosonic contributions to the muon lifetime
in the standard model, Phys. Rev. Lett. 89 (2002) 241801 [hep-ph/0208113].


https://doi.org/10.1103/PhysRevLett.75.3394
https://arxiv.org/abs/hep-ph/9504413
https://doi.org/10.1016/0550-3213(87)90284-7
https://doi.org/10.1016/0370-2693(92)91960-H
https://arxiv.org/abs/hep-ph/9205238
https://doi.org/10.1016/0550-3213(93)90448-X
https://doi.org/10.1016/0370-2693(93)90810-5
https://doi.org/10.1016/0370-2693(96)00720-4
https://arxiv.org/abs/hep-ph/9603374
https://doi.org/10.1016/S0370-2693(96)01677-2
https://arxiv.org/abs/hep-ph/9611363
https://doi.org/10.1007/BF02812964
https://doi.org/10.1016/0550-3213(90)90552-O
https://doi.org/10.1103/PhysRevD.49.3499
https://arxiv.org/abs/hep-ph/9309298
https://doi.org/10.1016/0550-3213(91)90319-S
https://doi.org/10.1016/S0370-2693(00)01263-6
https://arxiv.org/abs/hep-ph/0007091
https://doi.org/10.1016/S0550-3213(02)00243-2
https://arxiv.org/abs/hep-ph/0202131
https://doi.org/10.1016/j.physletb.2003.06.007
https://arxiv.org/abs/hep-ph/0305248
https://doi.org/10.1103/PhysRevLett.89.241801
https://arxiv.org/abs/hep-ph/0208113

W mass: a theory overview Giuseppe Bozzi

[35] A. Onishchenko and O. Veretin, Two loop bosonic electroweak corrections to the muon
lifetime and Mz — My interdependence, Phys. Lett. B 551 (2003) 111 [hep-ph/0209010].

[36] M. Awramik, M. Czakon, A. Onishchenko and O. Veretin, Bosonic corrections to Ar at the
two loop level, Phys. Rev. D 68 (2003) 053004 [hep-ph/0209084].

[37] J.J. van der Bij, K.G. Chetyrkin, M. Faisst, G. Jikia and T. Seidensticker, Three loop leading
top mass contributions to the rho parameter, Phys. Lett. B 498 (2001) 156
[hep-ph/0011373].

[38] M. Faisst, J.H. Kuhn, T. Seidensticker and O. Veretin, Three loop top quark contributions to
the rho parameter, Nucl. Phys. B 665 (2003) 649 [hep-ph/0302275].

[39] Y. Schréder and M. Steinhauser, Four-loop singlet contribution to the electroweak p
parameter, Physics Letters B 622 (2005) 124.

[40] K.G. Chetyrkin, M. Faisst, J.H. Kuhn, P. Maierhofer and C. Sturm, Four-Loop QCD
Corrections to the Rho Parameter, Phys. Rev. Lett. 97 (2006) 102003 [hep-ph/0605201].

[41] R.Boughezal and M. Czakon, Single scale tadpoles and O(G Fm?aﬁ) corrections to the rho
parameter, Nucl. Phys. B 755 (2006) 221 [hep-ph/0606232].

[42] M. Awramik, M. Czakon, A. Freitas and G. Weiglein, Precise prediction for the W boson
mass in the standard model, Phys. Rev. D 69 (2004) 053006 [hep-ph/0311148].

[43] G. Degrassi, P. Gambino and P.P. Giardino, The mw — m  interdependence in the Standard
Model: a new scrutiny, JHEP 05 (2015) 154 [1411.7040].

[44] J. de Blas, M. Ciuchini, E. Franco, A. Goncalves, S. Mishima, M. Pierini et al., Global
analysis of electroweak data in the standard model, Phys. Rev. D 106 (2022) 033003.

[45] J. Haller, A. Hoecker, R. Kogler, K. Monig, T. Peiffer and J. Stelzer, Update of the global
electroweak fit and constraints on two-Higgs-doublet models, Eur. Phys. J. C 78 (2018) 675
[1803.01853].

[46] G. Bozzi, J. Rojo and A. Vicini, The Impact of PDF uncertainties on the measurement of the
W boson mass at the Tevatron and the LHC, Phys. Rev. D 83 (2011) 113008 [1104.2056].

[47] G. Bozzi, L. Citelli and A. Vicini, Parton density function uncertainties on the W boson

mass measurement from the lepton transverse momentum distribution, Phys. Rev. D 91
(2015) 113005 [1501.05587].

[48] R. Hamberg, W.L. van Neerven and T. Matsuura, A complete calculation of the order a — 52

correction to the Drell-Yan K factor, Nucl. Phys. B 359 (1991) 343.

[49] R.V. Harlander and W.B. Kilgore, Next-to-next-to-leading order Higgs production at
hadron colliders, Phys. Rev. Lett. 88 (2002) 201801 [hep-ph/0201206].


https://doi.org/10.1016/S0370-2693(02)03004-6
https://arxiv.org/abs/hep-ph/0209010
https://doi.org/10.1103/PhysRevD.68.053004
https://arxiv.org/abs/hep-ph/0209084
https://doi.org/10.1016/S0370-2693(01)00002-8
https://arxiv.org/abs/hep-ph/0011373
https://doi.org/10.1016/S0550-3213(03)00450-4
https://arxiv.org/abs/hep-ph/0302275
https://doi.org/10.1103/PhysRevLett.97.102003
https://arxiv.org/abs/hep-ph/0605201
https://doi.org/10.1016/j.nuclphysb.2006.08.007
https://arxiv.org/abs/hep-ph/0606232
https://doi.org/10.1103/PhysRevD.69.053006
https://arxiv.org/abs/hep-ph/0311148
https://doi.org/10.1007/JHEP05(2015)154
https://arxiv.org/abs/1411.7040
https://doi.org/10.1103/PhysRevD.106.033003
https://doi.org/10.1140/epjc/s10052-018-6131-3
https://arxiv.org/abs/1803.01853
https://doi.org/10.1103/PhysRevD.83.113008
https://arxiv.org/abs/1104.2056
https://doi.org/10.1103/PhysRevD.91.113005
https://doi.org/10.1103/PhysRevD.91.113005
https://arxiv.org/abs/1501.05587
https://doi.org/10.1016/0550-3213(91)90064-5
https://doi.org/10.1103/PhysRevLett.88.201801
https://arxiv.org/abs/hep-ph/0201206

W mass: a theory overview Giuseppe Bozzi

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

C. Anastasiou, L.J. Dixon, K. Melnikov and F. Petriello, High precision QCD at hadron
colliders: Electroweak gauge boson rapidity distributions at NNLO, Phys. Rev. D 69 (2004)
094008 [hep-ph/0312266].

K. Melnikov and F. Petriello, The W boson production cross section at the LHC through
O(a?), Phys. Rev. Lett. 96 (2006) 231803 [hep-ph/0603182].

K. Melnikov and F. Petriello, Electroweak gauge boson production at hadron colliders
through O (a?), Phys. Rev. D 74 (2006) 114017 [hep-ph/0609070].

S. Catani, L. Cieri, G. Ferrera, D. de Florian and M. Grazzini, Vector boson production at
hadron colliders: a fully exclusive QCD calculation at NNLO, Phys. Rev. Lett. 103 (2009)
082001 [0903.2120].

S. Catani, G. Ferrera and M. Grazzini, W Boson Production at Hadron Colliders: The
Lepton Charge Asymmetry in NNLO QCD, JHEP 05 (2010) 006 [1002.3115].

C. Duhr, F. Dulat and B. Mistlberger, Drell-Yan Cross Section to Third Order in the Strong
Coupling Constant, Phys. Rev. Lett. 125 (2020) 172001 [2001.07717].

C. Duhr, F. Dulat and B. Mistlberger, Charged current Drell-Yan production at N3Lo,
JHEP 11 (2020) 143 [2007.13313].

C. Duhr and B. Mistlberger, Lepton-pair production at hadron colliders at N°LO in QCD,
JHEP 03 (2022) 116 [2111.10379].

U. Baur, O. Brein, W. Hollik, C. Schappacher and D. Wackeroth, Electroweak radiative
corrections to neutral current Drell-Yan processes at hadron colliders, Phys. Rev. D 65
(2002) 033007 [hep-ph/0108274].

S. Dittmaier and M. Kriamer, Electroweak radiative corrections to W boson production at
hadron colliders, Phys. Rev. D 65 (2002) 073007 [hep-ph/0109062].

U. Baur and D. Wackeroth, Electroweak radiative corrections to pp — W* — {*v beyond
the pole approximation, Phys. Rev. D 70 (2004) 073015 [hep-ph/0405191].

V.A. Zykunov, Radiative corrections to the Drell-Yan process at large dilepton invariant
masses, Phys. Atom. Nucl. 69 (2006) 1522.

C.M. Carloni Calame, G. Montagna, O. Nicrosini and A. Vicini, Precision electroweak
calculation of the charged current Drell-Yan process, JHEP 12 (2006) 016
[hep-ph/0609170].

V.A. Zykunov, Weak radiative corrections to Drell-Yan process for large invariant mass of
di-lepton pair, Phys. Rev. D 75 (2007) 073019 [hep-ph/0509315].

C.M. Carloni Calame, G. Montagna, O. Nicrosini and A. Vicini, Precision electroweak

calculation of the production of a high transverse-momentum lepton pair at hadron
colliders, JHEP 10 (2007) 109 [0710.1722].

10


https://doi.org/10.1103/PhysRevD.69.094008
https://doi.org/10.1103/PhysRevD.69.094008
https://arxiv.org/abs/hep-ph/0312266
https://doi.org/10.1103/PhysRevLett.96.231803
https://arxiv.org/abs/hep-ph/0603182
https://doi.org/10.1103/PhysRevD.74.114017
https://arxiv.org/abs/hep-ph/0609070
https://doi.org/10.1103/PhysRevLett.103.082001
https://doi.org/10.1103/PhysRevLett.103.082001
https://arxiv.org/abs/0903.2120
https://doi.org/10.1007/JHEP05(2010)006
https://arxiv.org/abs/1002.3115
https://doi.org/10.1103/PhysRevLett.125.172001
https://arxiv.org/abs/2001.07717
https://doi.org/10.1007/JHEP11(2020)143
https://arxiv.org/abs/2007.13313
https://doi.org/10.1007/JHEP03(2022)116
https://arxiv.org/abs/2111.10379
https://doi.org/10.1103/PhysRevD.65.033007
https://doi.org/10.1103/PhysRevD.65.033007
https://arxiv.org/abs/hep-ph/0108274
https://doi.org/10.1103/PhysRevD.65.073007
https://arxiv.org/abs/hep-ph/0109062
https://doi.org/10.1103/PhysRevD.70.073015
https://arxiv.org/abs/hep-ph/0405191
https://doi.org/10.1134/S1063778806090109
https://doi.org/10.1088/1126-6708/2006/12/016
https://arxiv.org/abs/hep-ph/0609170
https://doi.org/10.1103/PhysRevD.75.073019
https://arxiv.org/abs/hep-ph/0509315
https://doi.org/10.1088/1126-6708/2007/10/109
https://arxiv.org/abs/0710.1722

W mass: a theory overview Giuseppe Bozzi

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

A. Arbuzov, D. Bardin, S. Bondarenko, P. Christova, L. Kalinovskaya, G. Nanava et al.,
One-loop corrections to the Drell-Yan process in SANC. (Il). The Neutral current case, Eur.
Phys. J. C 54 (2008) 451 [0711.0625].

A. Kotikov, J.H. Kuhn and O. Veretin, Two-Loop Formfactors in Theories with Mass Gap
and Z-Boson Production, Nucl. Phys. B 788 (2008) 47 [hep-ph/0703013].

W.B. Kilgore and C. Sturm, Two-Loop Virtual Corrections to Drell-Yan Production at order
asa>, Phys. Rev. D 85 (2012) 033005 [1107.4798].

S. Dittmaier, A. Huss and C. Schwinn, Mixed QCD-electroweak O(aa) corrections to
Drell-Yan processes in the resonance region: pole approximation and non-factorizable
corrections, Nucl. Phys. B 885 (2014) 318 [1403.3216].

R. Bonciani, F. Buccioni, R. Mondini and A. Vicini, Double-real corrections at O(aay) to
single gauge boson production, Eur. Phys. J. C 77 (2017) 187 [1611.00645].

R. Bonciani, F. Buccioni, N. Rana, I. Triscari and A. Vicini, NNLO QCDXEW corrections
to Z production in the qq channel, Phys. Rev. D 101 (2020) 031301 [1911.06200].

R. Bonciani, F. Buccioni, N. Rana and A. Vicini, Next-to-Next-to-Leading Order Mixed
QCD-Electroweak Corrections to on-Shell Z Production, Phys. Rev. Lett. 125 (2020)
232004 [2007.06518].

L. Cieri, G. Ferrera and G.F.R. Sborlini, Combining QED and QCD transverse-momentum
resummation for Z boson production at hadron colliders, JHEP 08 (2018) 165
[1805.11948].

D. de Florian, M. Der and I. Fabre, QCD®QED NNLO corrections to Drell Yan production,
Phys. Rev. D 98 (2018) 094008 [1805.12214].

M. Delto, M. Jaquier, K. Melnikov and R. Réntsch, Mixed QCDRQED corrections to
on-shell Z boson production at the LHC, JHEP 01 (2020) 043 [1909.08428].

L. Cieri, D. de Florian, M. Der and J. Mazzitelli, Mixed QCD®QED corrections to
exclusive Drell Yan production using the qr -subtraction method, JHEP 09 (2020) 155
[2005.01315].

L. Buonocore, M. Grazzini, S. Kallweit, C. Savoini and F. Tramontano, Mixed QCD-EW
corrections to pp = Eve+ X at the LHC, Phys. Rev. D 103 (2021) 114012 [2102.12539].

R. Bonciani, L. Buonocore, M. Grazzini, S. Kallweit, N. Rana, F. Tramontano et al., Mixed
Strong-Electroweak Corrections to the Drell-Yan Process, Phys. Rev. Lett. 128 (2022)
012002 [2106.11953].

T. Armadillo, R. Bonciani, S. Devoto, N. Rana and A. Vicini, Two-loop mixed QCD-EW
corrections to neutral current Drell-Yan, JHEP 05 (2022) 072 [2201.01754].

11


https://doi.org/10.1140/epjc/s10052-008-0531-8
https://doi.org/10.1140/epjc/s10052-008-0531-8
https://arxiv.org/abs/0711.0625
https://doi.org/10.1016/j.nuclphysb.2007.07.018
https://arxiv.org/abs/hep-ph/0703013
https://doi.org/10.1103/PhysRevD.85.033005
https://arxiv.org/abs/1107.4798
https://doi.org/10.1016/j.nuclphysb.2014.05.027
https://arxiv.org/abs/1403.3216
https://doi.org/10.1140/epjc/s10052-017-4728-6
https://arxiv.org/abs/1611.00645
https://doi.org/10.1103/PhysRevD.101.031301
https://arxiv.org/abs/1911.06200
https://doi.org/10.1103/PhysRevLett.125.232004
https://doi.org/10.1103/PhysRevLett.125.232004
https://arxiv.org/abs/2007.06518
https://doi.org/10.1007/JHEP08(2018)165
https://arxiv.org/abs/1805.11948
https://doi.org/10.1103/PhysRevD.98.094008
https://arxiv.org/abs/1805.12214
https://doi.org/10.1007/JHEP01(2020)043
https://arxiv.org/abs/1909.08428
https://doi.org/10.1007/JHEP09(2020)155
https://arxiv.org/abs/2005.01315
https://doi.org/10.1103/PhysRevD.103.114012
https://arxiv.org/abs/2102.12539
https://doi.org/10.1103/PhysRevLett.128.012002
https://doi.org/10.1103/PhysRevLett.128.012002
https://arxiv.org/abs/2106.11953
https://doi.org/10.1007/JHEP05(2022)072
https://arxiv.org/abs/2201.01754

W mass: a theory overview Giuseppe Bozzi

[79] F. Buccioni, F. Caola, H.A. Chawdhry, F. Devoto, M. Heller, A. von Manteuffel et al.,
Mixed QCD-electroweak corrections to dilepton production at the LHC in the high
invariant mass region, JHEP 06 (2022) 022 [2203.11237].

[80] A. Arbuzov, D. Bardin, S. Bondarenko, P. Christova, L. Kalinovskaya, G. Nanava et al.,
One-loop corrections to the Drell-Yan process in SANC. 1. The Charged current case, Eur.
Phys. J. C 46 (2006) 407 [hep-ph/0506110].

[81] W. Ptaczek, S. Jadach and M.W. Krasny, Drell-Yan processes with WINHAC, Acta Phys.
Polon. B 44 (2013) 2171 [1310.5994].

[82] L. Barze, G. Montagna, P. Nason, O. Nicrosini and F. Piccinini, Implementation of
electroweak corrections in the POWHEG BOX: single W production, JHEP 04 (2012) 037
[1202.0465].

[83] C. Bernaciak and D. Wackeroth, Combining NLO QCD and Electroweak Radiative
Corrections to W boson Production at Hadron Colliders in the POWHEG Framework,
Phys. Rev. D 85 (2012) 093003 [1201.4804].

[84] A. Miick and L. Oymanns, Resonace-improved parton-shower matching for the Drell-Yan
process including electroweak corrections, JHEP 05 (2017) 090 [1612.04292].

[85] R.K. Ellis, G. Martinelli and R. Petronzio, Lepton Pair Production at Large Transverse
Momentum in Second Order QCD, Nucl. Phys. B 211 (1983) 106.

[86] P.B. Arnold and M.H. Reno, The Complete Computation of High pr W and Z Production in
2nd Order QCD, Nucl. Phys. B 319 (1989) 37.

[87] R.J. Gonsalves, J. Pawlowski and C.-F. Wai, QCD Radiative Corrections to Electroweak
Boson Production at Large Transverse Momentum in Hadron Collisions, Phys. Rev. D 40
(1989) 2245.

[88] E. Mirkes, Angular decay distribution of leptons from W bosons at NLO in hadronic
collisions, Nucl. Phys. B 387 (1992) 3.

[89] E. Mirkes and J. Ohnemus, Angular distributions of Drell-Yan lepton pairs at the Tevatron:
Order a — s* corrections and Monte Carlo studies, Phys. Rev. D 51 (1995) 4891
[hep-ph/9412289].

[90] R. Boughezal, C. Focke, X. Liu and F. Petriello, W-boson production in association with a
jet at next-to-next-to-leading order in perturbative QCD, Phys. Rev. Lett. 115 (2015)
062002 [1504.02131].

[91] A. Gehrmann-De Ridder, T. Gehrmann, E.W.N. Glover, A. Huss and T.A. Morgan, Precise
QCD predictions for the production of a Z boson in association with a hadronic jet, Phys.
Rev. Lett. 117 (2016) 022001 [1507.02850].

12


https://doi.org/10.1007/JHEP06(2022)022
https://arxiv.org/abs/2203.11237
https://doi.org/10.1140/epjc/s2006-02505-y
https://doi.org/10.1140/epjc/s2006-02505-y
https://arxiv.org/abs/hep-ph/0506110
https://doi.org/10.5506/APhysPolB.44.2171
https://doi.org/10.5506/APhysPolB.44.2171
https://arxiv.org/abs/1310.5994
https://doi.org/10.1007/JHEP04(2012)037
https://arxiv.org/abs/1202.0465
https://doi.org/10.1103/PhysRevD.85.093003
https://arxiv.org/abs/1201.4804
https://doi.org/10.1007/JHEP05(2017)090
https://arxiv.org/abs/1612.04292
https://doi.org/10.1016/0550-3213(83)90188-8
https://doi.org/10.1016/0550-3213(89)90600-7
https://doi.org/10.1103/PhysRevD.40.2245
https://doi.org/10.1103/PhysRevD.40.2245
https://doi.org/10.1016/0550-3213(92)90046-E
https://doi.org/10.1103/PhysRevD.51.4891
https://arxiv.org/abs/hep-ph/9412289
https://doi.org/10.1103/PhysRevLett.115.062002
https://doi.org/10.1103/PhysRevLett.115.062002
https://arxiv.org/abs/1504.02131
https://doi.org/10.1103/PhysRevLett.117.022001
https://doi.org/10.1103/PhysRevLett.117.022001
https://arxiv.org/abs/1507.02850

W mass: a theory overview Giuseppe Bozzi

[92] R. Boughezal, J.M. Campbell, R.K. Ellis, C. Focke, W.T. Giele, X. Liu et al., Z-boson
production in association with a jet at next-to-next-to-leading order in perturbative QCD,
Phys. Rev. Lett. 116 (2016) 152001 [1512.01291].

[93] R. Boughezal, X. Liu and F. Petriello, W-boson plus jet differential distributions at NNLO
in QCD, Phys. Rev. D 94 (2016) 113009 [1602.06965].

[94] A. Gehrmann-De Ridder, T. Gehrmann, E.W.N. Glover, A. Huss and D.M. Walker,
Next-to-Next-to-Leading-Order QCD Corrections to the Transverse Momentum
Distribution of Weak Gauge Bosons, Phys. Rev. Lett. 120 (2018) 122001 [1712.07543].

[95] Y.L. Dokshitzer, D. Diakonov and S.I. Troian, On the Transverse Momentum Distribution of
Massive Lepton Pairs, Phys. Lett. B'79 (1978) 269.

[96] G. Parisi and R. Petronzio, Small Transverse Momentum Distributions in Hard Processes,
Nucl. Phys. B 154 (1979) 427.

[97] J.C. Collins, D.E. Soper and G.F. Sterman, Transverse Momentum Distribution in Drell-Yan
Pair and W and Z Boson Production, Nucl. Phys. B 250 (1985) 199.

[98] G. Bozzi, S. Catani, D. de Florian and M. Grazzini, Transverse-momentum resummation
and the spectrum of the Higgs boson at the LHC, Nucl. Phys. B 737 (2006) 73
[hep-ph/0508068].

[99] S. Catani and M. Grazzini, QCD transverse-momentum resummation in gluon fusion
processes, Nucl. Phys. B 845 (2011) 297 [1011.3918].

[100] P.F. Monni, E. Re and P. Torrielli, Higgs Transverse-Momentum Resummation in Direct
Space, Phys. Rev. Lett. 116 (2016) 242001 [1604.02191].

[101] G. Bozzi, S. Catani, G. Ferrera, D. de Florian and M. Grazzini, Transverse-momentum
resummation: A Perturbative study of Z production at the Tevatron, Nucl. Phys. B 815
(2009) 174 [0812.2862].

[102] G. Bozzi, S. Catani, G. Ferrera, D. de Florian and M. Grazzini, Production of Drell-Yan
lepton pairs in hadron collisions: Transverse-momentum resummation at
next-to-next-to-leading logarithmic accuracy, Phys. Lett. B 696 (2011) 207 [1007.2351].

[103] A. Banfi, M. Dasgupta, S. Marzani and L. Tomlinson, Predictions for Drell-Yan ¢* and Q1
observables at the LHC, Phys. Lett. B 715 (2012) 152 [1205.4760].

[104] M. Guzzi, PM. Nadolsky and B. Wang, Nonperturbative contributions to a resummed
leptonic angular distribution in inclusive neutral vector boson production, Phys. Rev. D 90
(2014) 014030 [1309.1393].

[105] S. Catani, D. de Florian, G. Ferrera and M. Grazzini, Vector boson production at hadron
colliders: transverse-momentum resummation and leptonic decay, JHEP 12 (2015) 047
[1507.06937].

13


https://doi.org/10.1103/PhysRevLett.116.152001
https://arxiv.org/abs/1512.01291
https://doi.org/10.1103/PhysRevD.94.113009
https://arxiv.org/abs/1602.06965
https://doi.org/10.1103/PhysRevLett.120.122001
https://arxiv.org/abs/1712.07543
https://doi.org/10.1016/0370-2693(78)90240-X
https://doi.org/10.1016/0550-3213(79)90040-3
https://doi.org/10.1016/0550-3213(85)90479-1
https://doi.org/10.1016/j.nuclphysb.2005.12.022
https://arxiv.org/abs/hep-ph/0508068
https://doi.org/10.1016/j.nuclphysb.2010.12.007
https://arxiv.org/abs/1011.3918
https://doi.org/10.1103/PhysRevLett.116.242001
https://arxiv.org/abs/1604.02191
https://doi.org/10.1016/j.nuclphysb.2009.02.014
https://doi.org/10.1016/j.nuclphysb.2009.02.014
https://arxiv.org/abs/0812.2862
https://doi.org/10.1016/j.physletb.2010.12.024
https://arxiv.org/abs/1007.2351
https://doi.org/10.1016/j.physletb.2012.07.035
https://arxiv.org/abs/1205.4760
https://doi.org/10.1103/PhysRevD.90.014030
https://doi.org/10.1103/PhysRevD.90.014030
https://arxiv.org/abs/1309.1393
https://doi.org/10.1007/JHEP12(2015)047
https://arxiv.org/abs/1507.06937

W mass: a theory overview Giuseppe Bozzi

[106] F. Coradeschi and T. Cridge, reSolve — A transverse momentum resummation tool, Comput.
Phys. Commun. 238 (2019) 262 [1711.02083].

[107] W. Bizon, X. Chen, A. Gehrmann-De Ridder, T. Gehrmann, N. Glover, A. Huss et al.,
Fiducial distributions in Higgs and Drell-Yan production at N°LL+NNLO, JHEP 12 (2018)
132[1805.05916].

[108] W. Bizon, A. Gehrmann-De Ridder, T. Gehrmann, N. Glover, A. Huss, P.F. Monni et al.,
The transverse momentum spectrum of weak gauge bosons at N3 LL + NNLO, Eur. Phys. J.
C179 (2019) 868 [1905.05171].

[109] S. Alioli, C.W. Bauer, A. Broggio, A. Gavardi, S. Kallweit, M.A. Lim et al., Matching
NNLO predictions to parton showers using N3LL color-singlet transverse momentum
resummation in geneva, Phys. Rev. D 104 (2021) 094020 [2102.08390].

[110] S. Camarda, L. Cieri and G. Ferrera, Drell-Yan lepton-pair production: qT resummation at
N3LL accuracy and fiducial cross sections at N3LO, Phys. Rev. D 104 (2021) L111503
[2103.04974].

[111] T. Becher and M. Neubert, Drell-Yan Production at Small qr, Transverse Parton
Distributions and the Collinear Anomaly, Eur. Phys. J. C 71 (2011) 1665 [1007 .4005].

[112] T. Becher, M. Neubert and D. Wilhelm, Electroweak Gauge-Boson Production at Small qr:
Infrared Safety from the Collinear Anomaly, JHEP 02 (2012) 124 [1109.6027].

[113] M.G. Echevarria, A. Idilbi and 1. Scimemi, Factorization Theorem For Drell-Yan At Low g
And Transverse Momentum Distributions On-The-Light-Cone, JHEP 07 (2012) 002
[1111.4996].

[114] M.G. Echevarria, A. Idilbi and 1. Scimemi, Soft and Collinear Factorization and Transverse
Momentum Dependent Parton Distribution Functions, Phys. Lett. B 726 (2013) 795
[1211.1947].

[115] M.A. Ebert and F.J. Tackmann, Resummation of Transverse Momentum Distributions in
Distribution Space, JHEP 02 (2017) 110 [1611.08610].

[116] T. Becher and M. Hager, Event-Based Transverse Momentum Resummation, Eur. Phys. J. C
79 (2019) 665 [1904.08325].

[117] M.A. Ebert, J.LK.L. Michel, I.W. Stewart and F.J. Tackmann, Drell-Yan gt resummation of
fiducial power corrections at N3LL, JHEP 04 (2021) 102 [2006.11382].

[118] T. Becher and T. Neumann, Fiducial qr resummation of color-singlet processes at
N3LL+NNLO, JHEP 03 (2021) 199 [2009.11437].

[119] G. Billis, B. Dehnadi, M.A. Ebert, J.K.L. Michel and F.J. Tackmann, Higgs pT Spectrum
and Total Cross Section with Fiducial Cuts at Third Resummed and Fixed Order in QCD,
Phys. Rev. Lett. 127 (2021) 072001 [2102.08039].

14


https://doi.org/10.1016/j.cpc.2018.11.024
https://doi.org/10.1016/j.cpc.2018.11.024
https://arxiv.org/abs/1711.02083
https://doi.org/10.1007/JHEP12(2018)132
https://doi.org/10.1007/JHEP12(2018)132
https://arxiv.org/abs/1805.05916
https://doi.org/10.1140/epjc/s10052-019-7324-0
https://doi.org/10.1140/epjc/s10052-019-7324-0
https://arxiv.org/abs/1905.05171
https://doi.org/10.1103/PhysRevD.104.094020
https://arxiv.org/abs/2102.08390
https://doi.org/10.1103/PhysRevD.104.L111503
https://arxiv.org/abs/2103.04974
https://doi.org/10.1140/epjc/s10052-011-1665-7
https://arxiv.org/abs/1007.4005
https://doi.org/10.1007/JHEP02(2012)124
https://arxiv.org/abs/1109.6027
https://doi.org/10.1007/JHEP07(2012)002
https://arxiv.org/abs/1111.4996
https://doi.org/10.1016/j.physletb.2013.09.003
https://arxiv.org/abs/1211.1947
https://doi.org/10.1007/JHEP02(2017)110
https://arxiv.org/abs/1611.08610
https://doi.org/10.1140/epjc/s10052-019-7136-2
https://doi.org/10.1140/epjc/s10052-019-7136-2
https://arxiv.org/abs/1904.08325
https://doi.org/10.1007/JHEP04(2021)102
https://arxiv.org/abs/2006.11382
https://doi.org/10.1007/JHEP03(2021)199
https://arxiv.org/abs/2009.11437
https://doi.org/10.1103/PhysRevLett.127.072001
https://arxiv.org/abs/2102.08039

W mass: a theory overview Giuseppe Bozzi

[120] T. Neumann, The diphoton qt spectrum at N°LL' + NNLO, Eur. Phys. J. C 81 (2021) 905
[2107.12478].

[121] J. Collins, Foundations of Perturbative QCD, vol. 32 of Cambridge Monographs on

Particle Physics, Nuclear Physics and Cosmology, Cambridge University Press (7, 2023),
10.1017/9781009401845.

[122] J.C. Collins and T.C. Rogers, Equality of Two Definitions for Transverse Momentum
Dependent Parton Distribution Functions, Phys. Rev. D 87 (2013) 034018 [1210.2100].

[123] J. Collins and T. Rogers, Understanding the large-distance behavior of
transverse-momentum-dependent parton densities and the Collins-Soper evolution kernel,
Phys. Rev. D 91 (2015) 074020 [1412.3820].

[124] I. Scimemi and A. Vladimirov, Analysis of vector boson production within TMD
factorization, Eur. Phys. J. C 78 (2018) 89 [1706.01473].

[125] I. Scimemi and A. Vladimirov, Non-perturbative structure of semi-inclusive deep-inelastic
and Drell-Yan scattering at small transverse momentum, JHEP 06 (2020) 137
[1912.06532].

[126] V. Bertone, I. Scimemi and A. Vladimirov, Extraction of unpolarized quark transverse
momentum dependent parton distributions from Drell-Yan/Z-boson production, JHEP 06
(2019) 028 [1902.08474].

[127] A. Bacchetta, V. Bertone, C. Bissolotti, G. Bozzi, F. Delcarro, F. Piacenza et al.,
Transverse-momentum-dependent parton distributions up to N°LL from Drell-Yan data,
JHEP 07 (2020) 117 [1912.07550].

[128] MAP (MULTI-DIMENSIONAL ANALYSES OF PARTONIC DISTRIBUTIONS) collaboration,
Unpolarized transverse momentum distributions from a global fit of Drell-Yan and
semi-inclusive deep-inelastic scattering data, JHEP 10 (2022) 127 [2206.07598].

[129] MAP collaboration, Flavor dependence of unpolarized quark transverse momentum
distributions from a global fit, JHEP 08 (2024) 232 [2405.13833].

[130] S. Camarda, L. Cieri and G. Ferrera, Drell-Yan lepton-pair production: qT resummation at
N4LL accuracy, Phys. Lett. B 845 (2023) 138125 [2303.12781].

[131] T. Neumann and J. Campbell, Fiducial Drell-Yan production at the LHC improved by
transverse-momentum resummation at N4ALLp+N3LO, Phys. Rev. D 107 (2023) L011506
[2207.07056].

[132] S. Dittmaier, A. Huss and C. Schwinn, Dominant mixed QCD-electroweak O(asa)
corrections to Drell-Yan processes in the resonance region, Nucl. Phys. B 904 (2016) 216
[1511.08016].

15


https://doi.org/10.1140/epjc/s10052-021-09687-4
https://arxiv.org/abs/2107.12478
https://doi.org/10.1017/9781009401845
https://doi.org/10.1103/PhysRevD.87.034018
https://arxiv.org/abs/1210.2100
https://doi.org/10.1103/PhysRevD.91.074020
https://arxiv.org/abs/1412.3820
https://doi.org/10.1140/epjc/s10052-018-5557-y
https://arxiv.org/abs/1706.01473
https://doi.org/10.1007/JHEP06(2020)137
https://arxiv.org/abs/1912.06532
https://doi.org/10.1007/JHEP06(2019)028
https://doi.org/10.1007/JHEP06(2019)028
https://arxiv.org/abs/1902.08474
https://doi.org/10.1007/JHEP07(2020)117
https://arxiv.org/abs/1912.07550
https://doi.org/10.1007/JHEP10(2022)127
https://arxiv.org/abs/2206.07598
https://doi.org/10.1007/JHEP08(2024)232
https://arxiv.org/abs/2405.13833
https://doi.org/10.1016/j.physletb.2023.138125
https://arxiv.org/abs/2303.12781
https://doi.org/10.1103/PhysRevD.107.L011506
https://arxiv.org/abs/2207.07056
https://doi.org/10.1016/j.nuclphysb.2016.01.006
https://arxiv.org/abs/1511.08016

W mass: a theory overview Giuseppe Bozzi

[133] C.M. Carloni Calame, M. Chiesa, H. Martinez, G. Montagna, O. Nicrosini, F. Piccinini
et al., Precision Measurement of the W-Boson Mass: Theoretical Contributions and
Uncertainties, Phys. Rev. D 96 (2017) 093005 [1612.02841].

[134] A. Behring, F. Buccioni, F. Caola, M. Delto, M. Jaquier, K. Melnikov et al., Estimating the
impact of mixed QCD-electroweak corrections on the W-mass determination at the LHC,
Phys. Rev. D 103 (2021) 113002 [2103.02671].

[135] S. Quackenbush and Z. Sullivan, Parton distributions and the W mass measurement, Phys.
Rev. D 92 (2015) 033008 [1502.04671].

[136] M. Hussein, J. Isaacson and J. Huston, A Study of the Role of the PDF Uncertainty on the
LHC W-Boson Mass Measurement, J. Phys. G 46 (2019) 095002 [1905.00110].

[137] J. Gao, D. Liu and K. Xie, Understanding PDF uncertainty in W boson mass
measurements*®, Chin. Phys. C 46 (2022) 123110 [2205.03942].

[138] G. Bozzi, L. Citelli, M. Vesterinen and A. Vicini, Prospects for improving the LHC W boson
mass measurement with forward muons, Eur. Phys. J. C 75 (2015) 601 [1508.06954].

[139] E. Bagnaschi and A. Vicini, Parton Density Uncertainties and the Determination of
Electroweak Parameters at Hadron Colliders, Phys. Rev. Lett. 126 (2021) 041801
[1910.04726].

[140] E. Bagnaschi, F. Maltoni, A. Vicini and M. Zaro, Lepton-pair production in association with
abb pair and the determination of the W boson mass, JHEP 07 (2018) 101 [1803.04336].

[141] A. Bacchetta, G. Bozzi, M. Radici, M. Ritzmann and A. Signori, Effect of
Flavor-Dependent Partonic Transverse Momentum on the Determination of the W Boson
Mass in Hadronic Collisions, Phys. Lett. B 788 (2019) 542 [1807.02101].

[142] G. Bozzi and A. Signori, Nonperturbative Uncertainties on the Transverse Momentum
Distribution of Electroweak Bosons and on the Determination of the Boson Mass at the
LHC, Adv. High Energy Phys. 2019 (2019) 2526897 [1901.01162].

[143] DO collaboration, Measurement of the W Boson Mass with the DO Detector, Phys. Rev. Lett.
108 (2012) 151804 [1203.0293].

[144] CDF collaboration, High-precision measurement of the W boson mass with the CDF 11
detector, Science 376 (2022) 170.

[145] ATLAS collaboration, Measurement of the W-boson mass in pp collisions at \[s =7 TeV
with the ATLAS detector, Eur. Phys. J. C 78 (2018) 110 [1701.07240].

[146] A. Collaboration, Improved W boson Mass Measurement using 7 TeV Proton-Proton
Collisions with the ATLAS Detector, ATLAS-CONF-2023-004 (2023) .

[147] LHCs collaboration, Measurement of the W boson mass, JHEP 01 (2022) 036
[2109.01113].

16


https://doi.org/10.1103/PhysRevD.96.093005
https://arxiv.org/abs/1612.02841
https://doi.org/10.1103/PhysRevD.103.113002
https://arxiv.org/abs/2103.02671
https://doi.org/10.1103/PhysRevD.92.033008
https://doi.org/10.1103/PhysRevD.92.033008
https://arxiv.org/abs/1502.04671
https://doi.org/10.1088/1361-6471/ab2e5d
https://arxiv.org/abs/1905.00110
https://doi.org/10.1088/1674-1137/ac930b
https://arxiv.org/abs/2205.03942
https://doi.org/10.1140/epjc/s10052-015-3810-1
https://arxiv.org/abs/1508.06954
https://doi.org/10.1103/PhysRevLett.126.041801
https://arxiv.org/abs/1910.04726
https://doi.org/10.1007/JHEP07(2018)101
https://arxiv.org/abs/1803.04336
https://doi.org/10.1016/j.physletb.2018.11.002
https://arxiv.org/abs/1807.02101
https://doi.org/10.1155/2019/2526897
https://arxiv.org/abs/1901.01162
https://doi.org/10.1103/PhysRevLett.108.151804
https://doi.org/10.1103/PhysRevLett.108.151804
https://arxiv.org/abs/1203.0293
https://doi.org/10.1126/science.abk1781
https://doi.org/10.1140/epjc/s10052-017-5475-4
https://arxiv.org/abs/1701.07240
https://doi.org/10.1007/JHEP01(2022)036
https://arxiv.org/abs/2109.01113

W mass: a theory overview Giuseppe Bozzi

[148] P.M. Nadolsky, H.-L. Lai, Q.-H. Cao, J. Huston, J. Pumplin, D. Stump et al., Implications of
cteq global analysis for collider observables, Phys. Rev. D 78 (2008) 013004.

[149] P. Golonka and Z. Was, PHOTOS Monte Carlo: A Precision tool for QED corrections in Z
and W decays, Eur. Phys. J. C 45 (2006) 97 [hep-ph/0506026].

[150] U. Baur, S. Keller and D. Wackeroth, Electroweak radiative corrections to w boson
production in hadronic collisions, Phys. Rev. D 59 (1998) 013002.

[151] U. Baur, O. Brein, W. Hollik, C. Schappacher and D. Wackeroth, Electroweak radiative
corrections to neutral-current drell-yan processes at hadron colliders, Phys. Rev. D 65
(2002) 033007.

[152] F. Landry, R. Brock, P.M. Nadolsky and C.-P. Yuan, Fermilab tevatron run-1 z boson data
and the collins-soper-sterman resummation formalism, Phys. Rev. D 67 (2003) 073016.

[153] S. Alekhin, J. Bliimlein, S. Moch and R. Placakyté, Parton distribution functions, as, and
heavy-quark masses for lhc run ii, Phys. Rev. D 96 (2017) 014011.

[154] A. Accardi, L.T. Brady, W. Melnitchouk, J.F. Owens and N. Sato, Constraints on large-x
parton distributions from new weak boson production and deep-inelastic scattering data,
Phys. Rev. D 93 (2016) 114017.

[155] T.-J. Hou, J. Gao, T.J. Hobbs, K. Xie, S. Dulat, M. Guzzi et al., New cteq global analysis of
quantum chromodynamics with high-precision data from the lhc, Phys. Rev. D 103 (2021)
014013.

[156] Harland-Lang, L. A., Martin, A. D., Motylinski, P. and Thorne, R. S., Parton distributions
in the lhc era: Mmht 2014 pdfs, Eur. Phys. J. C 75 (2015) 204.

[157] T. NNPDF Collaboration, R. Ball, V. Bertone, S. Carrazza, L. Del Debbio, S. Forte et al.,
Parton distributions from high-precision collider data, The European Physical Journal C

77 (2017) .

[158] C.M.C. Calame, G. Montagna, O. Nicrosini and A. Vicini, Precision electroweak
calculation of the production of a high transverse-momentum lepton pair at hadron
colliders, Journal of High Energy Physics 2007 (2007) 109.

[159] G. Bozzi, S. Catani, G. Ferrera, D. de Florian and M. Grazzini, Production of drell-yan
lepton pairs in hadron collisions: Transverse-momentum resummation at
next-to-next-to-leading logarithmic accuracy, Physics Letters B 696 (2011) 207.

[160] G. Bozzi, S. Catani, G. Ferrera, D. de Florian and M. Grazzini, Transverse-momentum
resummation: A perturbative study of z production at the tevatron, Nuclear Physics B 815
(2009) 174.

[161] S. Bailey, T. Cridge, L.A. Harland-Lang, A.D. Martin and R.S. Thorne, Parton distributions
from LHC, HERA, Tevatron and fixed target data: MSHT20 PDF's, Eur. Phys. J. C 81
(2021) 341 [2012.04684].

17


https://doi.org/10.1103/PhysRevD.78.013004
https://doi.org/10.1140/epjc/s2005-02396-4
https://arxiv.org/abs/hep-ph/0506026
https://doi.org/10.1103/PhysRevD.59.013002
https://doi.org/10.1103/PhysRevD.65.033007
https://doi.org/10.1103/PhysRevD.65.033007
https://doi.org/10.1103/PhysRevD.67.073016
https://doi.org/10.1103/PhysRevD.96.014011
https://doi.org/10.1103/PhysRevD.93.114017
https://doi.org/10.1103/PhysRevD.103.014013
https://doi.org/10.1103/PhysRevD.103.014013
https://doi.org/10.1140/epjc/s10052-015-3397-6
https://doi.org/10.1140/epjc/s10052-017-5199-5
https://doi.org/10.1140/epjc/s10052-017-5199-5
https://doi.org/10.1088/1126-6708/2007/10/109
https://doi.org/https://doi.org/10.1016/j.physletb.2010.12.024
https://doi.org/https://doi.org/10.1016/j.nuclphysb.2009.02.014
https://doi.org/https://doi.org/10.1016/j.nuclphysb.2009.02.014
https://doi.org/10.1140/epjc/s10052-021-09057-0
https://doi.org/10.1140/epjc/s10052-021-09057-0
https://arxiv.org/abs/2012.04684

W mass: a theory overview Giuseppe Bozzi

[162] J. Bellm et al., Herwig 7.0/Herwig++ 3.0 release note, Eur. Phys. J. C 76 (2016) 196
[1512.01178].

[163] S. Camarda et al., DYTurbo: Fast predictions for Drell-Yan processes, Eur. Phys. J. C 80
(2020) 251 [1910.07049].

[164] S. Alioli, P. Nason, C. Oleari and E. Re, NLO vector-boson production matched with shower
in POWHEG, JHEP 07 (2008) 060 [0805.4802].

[165] T. Sjostrand, S. Ask, J.R. Christiansen, R. Corke, N. Desai, P. Ilten et al., An introduction to
PYTHIA 8.2, Comput. Phys. Commun. 191 (2015) 159 [1410.3012].

[166] J. Pumplin, D. Stump, R. Brock, D. Casey, J. Huston, J. Kalk et al., Uncertainties of
predictions from parton distribution functions. 2. The Hessian method, Phys. Rev. D 65
(2001) 014013 [hep-ph/0101032].

[167] L. Rottoli, P. Torrielli and A. Vicini, Determination of the W-boson mass at hadron
colliders, Eur. Phys. J. C 83 (2023) 948 [2301.04059].

18


https://doi.org/10.1140/epjc/s10052-016-4018-8
https://arxiv.org/abs/1512.01178
https://doi.org/10.1140/epjc/s10052-020-7757-5
https://doi.org/10.1140/epjc/s10052-020-7757-5
https://arxiv.org/abs/1910.07049
https://doi.org/10.1088/1126-6708/2008/07/060
https://arxiv.org/abs/0805.4802
https://doi.org/10.1016/j.cpc.2015.01.024
https://arxiv.org/abs/1410.3012
https://doi.org/10.1103/PhysRevD.65.014013
https://doi.org/10.1103/PhysRevD.65.014013
https://arxiv.org/abs/hep-ph/0101032
https://doi.org/10.1140/epjc/s10052-023-12128-z
https://arxiv.org/abs/2301.04059

	The W boson in the electroweak sector
	Measuring the W mass at hadron colliders
	Theoretical modelling and related uncertainties
	Hadron collider measurements
	Future Prospects

