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ABSTRACT: We study the potential of fully-differential measurements of high-energy dilep-
ton cross-sections at the LHC to probe heavy new physics encapsulated in dimension-6
interaction operators. The assessment is performed in the seven-dimensional parameter
space of operators that induce energy-growing corrections to the Standard Model partonic
cross-sections at the interference level, and in the two-dimensional subspace associated
with the W and Y parameters. A considerable sensitivity improvement is found relative
to single-differential measurements, owing to the possibility of probing at the interference
level more directions in the seven-dimensional parameter space. The reduction of parton
distribution function uncertainties in the fully-differential fit is also found to play a sig-
nificant role. The results are interpreted in the minimal Z’ new-physics model, providing
a concrete illustration of the advantages of the fully-differential analysis. We find that
high-energy dilepton measurements can extend the Z’ exclusion and discovery potential
well beyond the reach of direct searches in a large region of the parameter space.
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1 Introduction

The Drell-Yan (DY) production of high-energy lepton pairs at the LHC and at its High-
Luminosity successor (HL-LHC) is a powerful probe of new physics encapsulated in Effec-
tive Field Theory (EFT) operators [1-4]. It is particularly sensitive to the operators that
induce growing-with-energy effects in the partonic cross-sections through their interference
with the Standard Model (SM) contribution. These are the flavor-universal operators con-
structed with one quark and one lepton current, listed in table 1.! Thanks to the high
energy that is available at the LHC, DY measurements can extend the current experimental
sensitivity to these operators by more than one order of magnitude. This generically holds
also for operator combinations that are already accurately probed by the ElectroWeak
Precision Tests (EWPT) performed at LEP and other low-energy experiments [2].

The relevance of high-energy DY measurements actually extends beyond their intrinsic
sensitivity to new physics. The DY processes are the simplest concrete incarnation of the
so-called “high-pr” probes of new physics, aimed at capturing growing-with-energy EFT ef-
fects in the tail of kinematical distributions. Other candidate processes include diboson and
boson-plus-Higgs [5-19], diquark and top production [20, 21] and others [22, 23]. Robust

LOperators that are diagonal in the fermions mass-basis, but not flavor-universal, can also interfere.
However they are generically too strongly constrained by flavor measurements to be relevant.



phenomenological studies of DY, possibly accompanied by preliminary LHC experimental
results and HL-LHC projections, are instrumental to reveal issues and outline solutions
towards the development of the high-pr measurement program and its extension to the
other processes listed above. For instance the DY process is the simplest playground for
the assessment of the impact of Parton Distribution Function (PDF) uncertainties and of
the potential advantages for new physics sensitivity of reducing them with a simultaneous
fit to the EFT and to the PDF [24].

The DY final state is so simple that it can be characterized completely with fully-
differential cross-section measurements. Fully (i.e. triply) differential measurements of the
neutral DY process have already been performed by ATLAS with early run-1 data [25].2
Quantifying the sensitivity to the EFT operators of fully-differential measurements of the
neutral ((7¢~) and charged (¢v) DY processes at the LHC, and its improvement relative
to the sensitivity of the single-differential analysis, is the purpose of the present paper.
We employ the framework of ref. [4] to obtain accurate DY predictions in the presence of
the 7 EFT operators of table 1 by analytic event reweighting. This allows us to explore
the 7-dimensional EFT parameter space efficiently, based on few Monte Carlo simulations
performed under the SM hypothesis. The large dimensionality of the EFT parameter
space, combined with the large number of analysis bins that are employed for the fully-
differential analysis, would have made this project computationally too demanding if em-
ploying a Monte Carlo implementation not based on reweighting. The statistical treatment
of uncertainties is also borrowed from ref. [4].

The paper is organized as follows. In section 2.1 we develop a qualitative understanding
of the fully-differential measurement potential to improve the sensitivity to new physics in
several directions of the 7-dimensional EFT parameter space. Sensitivity projections for
HL-LHC are presented in section 2.2 focusing on the 2-dimensional “Universal” subspace
that corresponds to the W any Y parameters [2, 4]. The 7-dimensional global analysis
results are presented in section 2.3 by employing a basis in the parameter space that
is designed to outline the hierarchy in sensitivity among the various directions and to
make the differential analysis advantages manifest. In section 3 we quantify the fully-
differential analysis potential concretely in a simple Beyond the SM (BSM) Z’ scenario.
We report our conclusions in section 4. Finally, in the appendices we discuss the definition
of the kinematical variables beyond the tree-level approximation (appendix A), we give the
explicit expressions for the tree-level amplitude (appendix B) and we report some selected
results of our analysis for the LHC run 3 (appendix D)

2 Fully-differential Drell-Yan

We start our investigation of the fully-differential DY dilepton production and its sensi-
tivity to new physics by developing a semi-analytic qualitative understanding based on
the structure of the tree-level distributions. Quantitative estimates of the sensitivity are
performed in sections 2.2 and 2.3.

2Double differential measurements have been performed in refs. [26, 27].
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Table 1. Left table: quark-lepton current-current operators in the Warsaw basis [28]. The operators
are flavor universal and thus the generation indices have been suppressed. Right table: the operators
related to the W and Y parameters, together with their rewriting in terms of Warsaw basis operators.

2.1 Tree-level distributions

Consider the neutral process qg — £7¢~. The fully-differential cross-section is given by

d3c T 9 9
= 14c, : 1—cy ,—y)| Pd
dm2,de,dy  3-647mj, Zq:{ [( ) Lg(Ty)+ (1) Lyg(T y)} 3 (mee) 21

()L, )+ ()L ()] Pg(m%)},

where my = V/5 is the dilepton invariant mass and 7 = /S (with v/S the collider energy),
while y is the absolute value of the rapidity (relative to the beam axis) of the dilepton
system. We define ¢, = cos 6, as the cosine of the angle formed, in the rest frame of the
dilepton pair, by the charge-minus lepton and the direction of motion of the dilepton rest
frame relative to the lab frame. At tree-level, 0, as defined above is the angle between the
¢~ and the most energetic incoming parton.® The detailed definition of the kinematical
variables beyond tree-level is reported in appendix A.

The sum in eq. (2.1) spans over the light quarks ¢ = {u,d, ¢, s, b}, and, for each quark
species ¢, L, is the product of the corresponding ¢ and g parton distribution functions
(PDFs), namely

Lq(1,y) = fo(VTe¥smiy) fa(VTe ¥ imiy) . (2.2)

The coefficient functions P? (P?) parametrize the contributions, including both SM
and new physics, from the subprocesses where the chirality of the incoming quarks is the
same (opposite) one of the outgoing leptons. Our target new physics operators are flavor-
universal, like the SM contribution to the scattering amplitudes. Therefore the coefficient

3Tt is essential not to define @, with respect to a fixed beam-axis orientation. With that definition,
the fully-differential cross-section in eq. (2.1) would depend only on the combination (PJ + PZ) like the
single-differential cross-section in eq. (2.4), and all the advantages of the fully-differential analysis would
be lost.



functions are the same for all the up-type and for all the down-type quarks, for a total of
four independent functions P*? and P%?. In the high energy regime my > myz, and at
the linear interference level in the new physics contribution, the coefficient functions read

7d ¥ ~\ 7d
P;L7d(m%) = PSM,S + m%@ (V;u,d ’ G) = PgM,s + m%@ G?d )
(2.3)
d e = d
P (mye) = P&y, + mi, (Vou’d ' G) = Pt + mi Got

where G denotes the Wilson coefficients of the seven effective four-fermion operators defined
in table 1. In these expressions both the SM terms PSul{/CIl, s and PSqM7 o» and the vectors 17;(;‘1,
are kinematics-independent numerical coefficients, reported in appendix B. At the linear
level, and up to tiny effects suppressed by mQZ / mﬁg, the neutral DY cross-section depends
on new physics only through the four linear combinations G?”g = ﬁ“’d -G of the seven
Wilson coefficients. With the fully-differential analysis we can probe each of these four
directions in the new physics parameters space independently, at least in line of principle.

Consider for comparison the single-differential cross-section do/dm2,. By integrating
eq. (2.1) over ¢, and y, we get

ac

do T q
= P4 pa 2.4
dm%e 79 ,R_mz%z Z dr [ s (mf[) + 155 (mgg)] ) ( )

where the parton luminosities are defined as

Ymax
ac, 1
e / dyLy(T,y),  Ymax = —3 log 7. (2.5)
—Ymax

We see that the single-differential cross-section only depends on the sum of the “s” and “o”
coefficient functions. At linear level, using eq. (2.3), it is thus only sensitive to G¥ + G¥
and G¢ + GY, i.e. to two combinations of the four directions in the EFT parameter space
that the fully-differential analysis can probe. Actually it is not difficult to see that the
single-differential analysis is not even sensitive to G% +G¥ and G¢ + G? independently, but
only to the combination

(G + G +0.5 (G2 +GY). (2.6)

This is because the ratio between the up and the down quarks luminosities (that dominate
over the one of the other quark flavors) is nearly constant in 7 in the most sensitive energy
range my ~ 1 — 2TeV. The ratio is approximately equal to 2 owing to the valence quarks
content of the proton.

The advantages of performing a fully-differential measurement can now be appreciated
by analyzing the various regions in the (¢, y) kinematic space. In the kinematical regime
with small center of mass rapidity (y ~ 0), one has L4(7,y) ~ L4(7, —y), and the cross-
section in eq. (2.1) becomes proportional to (1 + ¢2)L,(7,0)(P4 + PJ). Hence this region
provides sensitivity to the same combination of Wilson coefficients that can be probed
through the da/dmfe distribution. On the other hand, in the region with large y we
have L4(7,y) > L4(1,—y) for the (dominant) up and down quarks because the valence



quarks are typically more energetic than the sea anti-quarks. Therefore the cross-section is
proportional to (14 ¢x)2P+ (1 —¢,)?P? and it is sensitive to both P4 and PY for ¢, ~ +1
and c, >~ —1, respectively.

Measuring the fully-differential distribution can also mitigate the degeneracy between
the up and down quark contributions that is due, as previously discussed, to the similar
shape of the parton luminosities. Indeed the dependence of L,(7,y) on y is significantly
different for the two quark species. In particular the up quark distribution is peaked at
larger values of y than the one of the down quark.?

The discussion above shows that the fully-differential cross-section measurement has
the potential to disentangle the four Gf;:g linear combinations of Wilson coefficients. This
is a significant improvement relative to the single-differential measurement that is sensitive
to one combination only. The quantitative assessment of this improvement is postponed
to section 2.3.

It should be stressed that our findings are based on the dependence of the cross-section
on the Wilson coefficients at the linear order. At the quadratic level, all Wilson coefficients
enter in the PZ, functions with comparable coefficients (see the explicit expression for
the amplitudes in appendix B). Therefore also the combinations of parameters that do
not enter or are suppressed in the linear term can be determined through their quadratic
contributions. These combinations are all expected to be tested less effectively than the
ones contributing to the linear terms, but with similar precision among them.

A similar analysis can be performed for the charged DY process q¢’ — fv. In this

case, however, a fully-differential measurement has a milder impact. The reason for this
(3)
lg >
that no issue in disentangling various new physics contributions is present. Second, due to

is twofold. First, the charged process is only affected by one operator, namely O SO
the presence of a neutrino, only two independent kinematic variables can be accessed, for
instance the transverse momentum of the charged lepton pr, and its rapidity 7,. The new-
physics contributions depend on the center of mass energy v/3, which is closely correlated
with pr ¢, but has a very mild correlation with 7,. The additional benefit of considering
both kinematical variables rather than only pr, is therefore expected to be small. However
it should be taken into account that more differential information in the charged channel
might help reducing the impact of PDF uncertainties in the combination with the fully-
differential neutral DY measurements. Indeed some advantage of the doubly-differential
measurement in charged DY will be observed in the analyses presented below.

2.2 Bounds on the Universal parameters W and Y

As a first quantitative analysis we focus on the specific set of dimension-6 operators related
to the Universal parameters W and Y. As in refs. [2, 4], we define the W and Y parameters

: 9 , g”
oW = —mwa 9B = _va (2.7)
in terms of the coefficients of the four-fermion operators
Oy = JHJIE s Osp = JyJy s (2.8)

*A detailed discussion of this feature can be found in ref. [29] (see in particular figure 3).
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Figure 1. Left panel: absolute value of the logarithmic derivative of the tree-level differential cross-
section with respect to the W and Y parameters in the (c,,y) plane. Right panel: level contours
of the tree-level SM differential cross-section (in arbitrary units). Both plots are obtained at fixed
Myy = 1 TeV.

built from the SU(2);, and hypercharge U(1)y currents

JPt =R, T =D MYy S (2.9)
7 7

In the DY processes, Oy, and O 5 are equivalent to lepton-quark operators.” The explicit
correspondence is given in table 1.

There are some crucial differences between the W and the Y parameter, which make
the latter more difficult to test. While W can be probed in both the charged and the neutral
DY channels, Y only affects the neutral DY process. Furthermore, if the neutral channel is
analyzed by fitting only the invariant mass distribution, the single combination of Wilson
coefficients that is probed at the linear level, in eq. (2.6), turns out to be proportional
to W+ 0.6Y (using table 8). Therefore the sensitivity to Y is almost two times weaker
than to W.

As we discussed above, a fully-differential analysis in the neutral channel can help
to disentangle different new physics contributions. This happens also for the W and Y
parameters. To illustrate this point we show in the left panel of figure 1% the logarithmic
derivatives of the tree-level differential cross-section with respect to W and Y, namely

1 ddo 1 Odo

— — 2.1
do OW SM ’ do 0Y SM ’ ( O)

evaluated at the SM point W = Y = 0. For definiteness the dilepton invariant mass has
been set to my, = 1 TeV in the figure. The logarithmic derivative scales like m%z as a
function of the mass. As expected, in most of the kinematic space, i.e. for small rapidity

5This only holds up to EW running effects. These effects are included in our prediction as in ref. [4],
duly taking into account the contribution to the running of the quark-quark and lepton-lepton components
of Oby, and Of . The operator coefficients, and in turn W and Y, are defined at the renormalization scale
of 10 TeV.

5We employed the package of ref. [30] to obtain semi-analytic expressions for the PDF.
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Figure 2. 95% CL allowed regions for W and Y at the 14 TeV HL-LHC. The green and or-
ange shaded regions correspond to the bounds from charged and neutral DY, respectively, whereas
the combined bounds are given by the blue shaded regions. The fully-differential analysis results
are reported with solid contours while the dashed contours represent the sensitivity of the single-
differential measurements.

and for ¢, 2 0, the cross-section dependence on W is roughly twice stronger than on Y.
In particular this happens in the regions with larger cross-section, as can be seen from the
plot in the right panel of figure 1.

The behavior, however, drastically changes in the corner with ¢, < —0.5 and
Y/Ymax 2 0.5. For these configurations the differential cross-section mostly depends on
Y, while the sensitivity to W is small. This feature can be easily understood from the
analysis we performed in the previous section. For large rapidity and c, ~ —1 the differ-
ential cross-section is controlled by PJ, which gets contributions from subprocesses with
opposite fermion chiralities. Since W corresponds to an operator with only left-handed
fields, it can contribute only to the same-chirality subprocesses and not to PZ. Exploiting
the fully-differential distribution for the fit is thus expected to improve the determination
of Y. It must be however noticed that the differential cross-section in the y ~ ymax and
cx ~ —1 corner is somewhat suppressed, and is an order of magnitude smaller than in the
¢« > 0 region. This means that a significant improvement in the Y determination can be
obtained only when a high number of signal events are collected, so that the y ~ ymax and
cx ~ —1 region is sufficiently populated at high my,. To give an idea, at the HL-LHC, out
of ~12000 SM events with my, > 1.1 TeV, only 210 events are expected in the region with
Y/Ymax > 0.4 and ¢, < —0.6.

We show in figure 2 the comparison of the projected exclusion reach on the W and Y
parameters obtained from a fit taking into account the fully-differential distribution or the
single-differential (invariant mass or transverse momentum for neutral and charged DY,
respectively) distributions. To obtain the bounds we considered the HL-LHC benchmark,



with collider energy 14 TeV and £ = 3 ab~! integrated luminosity, and we assumed that
the experimental measurements of the cross-section coincide with the SM predictions.” The
fit of the charged DY process was obtained by considering a set of bins in the transverse
momentum and rapidity of the charged lepton, whose boundaries are

pr.e {150,180, 225, 300, 400, 550, 750, 1000, 1300, 7000} GeV (2.11)
M/ Mmax :{0,1/3,2/3,1}, (2.12)

where Npax i the minimum between the acceptance cut of 2.5 and the maximal kinemat-
ically allowed rapidity arctanh[(1 — 4p2T7Z /S8)/2]. For the neutral DY channel we instead
used a binning in myy, ¢, and y, with boundaries

mee :{300, 360, 450, 600, 800, 1100, 1500, 2000, 2600, 14000} GeV , (2.13)
¢, {—1,-0.6,-0.2,0.2,0.6,1}, (2.14)
Y/Ymax :{0,0.2,0.4,0.6,1} . (2.15)

The cross-section predictions are obtained as in ref. [4], at NLO in QCD combined with
parton showering (based on POWHEG [31] and PYTHIA 8 [32]) and at the NLL order in the
EW expansion. The effects due to the W and Y parameters (and the EW logarithms) are
included through reweighting, which enables fast and accurate Monte Carlo predictions in
the relatively large number of bins (a total of 234) that we consider in the fully-differential
analysis. The Ofy,, O% 5 operators have been defined at the renormalization scale of 10 TeV.

The projected bounds take into account, following again ref. [4], the PDF uncertain-
ties estimated through the Hessian set PDF4LHC15_ NLO_30_ PDFAS [33-37], and a 2%
luminosity uncertainty. We considered an 80% reconstruction efficiency for each muon and
65% for each electron. The results do not take into account any additional experimental
systematic uncertainty. This is because we expect that the size and the correlation of
these uncertainties will strongly depend on the binning and it will be quite different in
the fully-differential measurement and in the single-differential one. Since a quantitative
estimate of the uncertainties is not available, we set them to zero for a fair comparison of
the two analysis procedures. A qualitative assessment of their potential impact is presented
in section 2.4.

From figure 2 we see that the fully-differential analysis gives a strong boost to the
sensitivity of the neutral DY channel, improving in particular the sensitivity along the
W + 0.6 Y = 0 line that is weakly probed by the single-differential analysis as previously
discussed. The charged DY sensitivity also improves. However it should be taken into
account that the single-differential analysis is performed (like in refs. [2, 4]) on the sum
of the charge plus and charge minus cross-sections in each pr, bin. The two charges are
instead separately measured and combined in the fully-differential analysis, which is helpful
to mitigate the impact of PDF uncertainties. The improvement we observe in the charged
channel is partly due to this effect.

"Results for the LHC run 3 benchmark are reported in appendix D.



Interestingly, the improvement of the fully-differential analysis is quite significant for
the combination of the neutral and charged DY channels. The 95%CL single-parameter
bounds from the combined fit are given by

W: [-2.9,3.0] x 107° ([-4.9,5.2] x 1077),

(2.16)
Y: [-6.8,7.1] x 1077 ([-8.3,8.8] x 1079),

where the numbers in parentheses correspond to the single-differential fit. The constraint on
W becomes nearly a factor 2 more stringent, whereas the determination of Y improves more
mildly. It is interesting to notice that part of the improvement in the W determination does
not come from the naive sum of the log likelihood for the neutral and charged processes,
but is instead a consequence of the reduced impact of the PDF uncertainties. The PDF
errors, in fact, are strongly correlated in the two channels, so that including both of them
simultaneously in the fit allows one to distinguish their effects from the contributions due
to new physics.

2.3 General quark-lepton interactions

We now consider the impact of the fully-differential analysis on the determination of the
complete set of lepton-quark current-current operators listed in table 1. In order to make
the comparison with the single-differential analysis more straightforward, it is convenient
to choose a basis in the space of Wilson coefficients which is aligned with the directions that
appears in the invariant mass distribution for the neutral dilepton channel. As we discussed
in section 2.1, the do/ dm%z distribution depends at the linear level only on two particular
combinations of parameters, G% + G% and G?¢ + G4, with G?ﬁ defined as in eq. (2.3).
Moreover the ratio of up and down parton luminosities singles out one combination of
Wilson coefficients (2.6) that is most effectively probed in the invariant mass distribution.
We thus include in our basis the combination

GE=(GY+GY) +0.5(G4+GY), (2.17)
and the orthogonal one, which we denote by
Gy =05(GY+GY) — (G2 4+ GY). (2.18)

We further consider the two remaining combinations of parameters, which contribute to the
fully-differential distribution at the linear level but not to the invariant mass distribution

GH=(GY -G +0.5(G1-GY), Gy =05(GY - G*) — (G2 -GY).  (2.19)

3)
q
additional combinations, G+ and G, that are orthogonal to all the others. The explicit

Finally, we complete the seven-dimensional basis with the é’l(g) = G; coefficient and two
expressions are reported in appendix B. The GSL and GOL coefficients contribute (at the
quadratic level) to the same-chirality and opposite-chirality subprocesses, respectively. It
is important to stress that the change of basis we are performing is not orthogonal. In
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Figure 3. Logarithmic derivative of the tree-level differential cross-section with respect to the
G% o coefficients in the (c,,y) plane. The plots are obtained setting mg = 1 TeV.

(3)
~ lg
Gl(j) (with the same value), but also gives a correlated contribution to the Gf’o coeflicients.

particular this means that the G, coefficient of the Warsaw basis not only gives rise to

Fully-differential measurements improve the determination of the different parameters
defined above, relative to the single-differential analyses, to different extents. The él(j)
coeflicient is mainly tested in the charged DY process, where the impact of the differential
analysis is less pronounced. Its (single-operator) determination can thus improve only
mildly from the combination with the neutral channel and the associated possible reduction
of the impact of the PDF uncertainties. The G and G coefficients contribute only at
quadratic order or through very small subleading terms in the m2Z /m?e expansion, both
to the single and to the fully-differential cross-section. Therefore they will be tested with
lower accuracy and they will not improve significantly with the fully-differential analysis.
We thus focus on the remaining four coefficients GEO. Among those, GE will not improve
much, since it is already effectively probed in the invariant mass distribution. A significant
improvement is instead possible for the other ones.

For a first assessment of the perspectives for progress we show in figure 3 the logarithmic
derivative of the tree-level fully-differential cross-section for the neutral DY channel with
respect to the four GfEE o parameters. In the low-rapidity region (y/ymax < 0.5) the cross-

~

section is sensitive dominantly to GE. This is not surprising since, as we saw in section 2.1,

~10 -
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the distribution in the low-rapidity region depends on the same combination of coefficient
functions that enter in the invariant-mass distribution. The high-rapidity configurations,
on the contrary, show very different sensitivity patterns to the GEO coeflicients. One can
see, in particular, that the ¢* > 0 region, which has a high SM cross-section (see the right
panel of figure 1), shows a relatively large logarithmic derivative with respect to GJ(S. The
fully-differential analysis is therefore expected to improve significantly the determination
of this coefficient and to disentangle it from GE, which gives a different dependence of the
logarithmic derivative as a function of y.

On the other hand, the G, coefficient affects the distribution mainly in the ¢, ~ —1,
Y ~ Ymax corner, in which the cross-section is rather small. For this reason we expect its
determination to remain relatively poor. Finally the G, coefficient is in an intermediate
situation. The related logarithmic derivative is significantly smaller than for GE and G 3,
but nevertheless shows a distinctive pattern in the region with y/ymax < 0.5, which has a
good cross-section. We thus expect that the fully-differential analysis could provide some
improvement on its determination.

To estimate the sensitivity to GEO we performed the same analysis presented in sec-
tion 2.2 for the W and Y parameters. The two-dimensional 95% CL contours for each pair
of coefficients, setting the others to zero, are shown in figure 4.° Different sets of bounds

8The plots are obtained by combining the neutral and charged DY channels. Notice that the charged
channel does not depend on the GE and Gg coefficients, so its contribution is only indirect, through a
reduction of the impact of the PDF uncertainties. This effect is however small.
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are compared in the plots. The solid contours correspond to the 95% CL constraints
from the fully-differential analysis, whereas the dashed ones are obtained exploiting the
invariant-mass distribution in the neutral channel and the transverse-momentum distribu-
tion (summed over the two charges as discussed in section 2.2) in the charged channel.
The blue shaded regions are obtained by considering the full dependence on the Wilson
coefficients in the cross-section, while the orange shaded regions are found by taking into
account only the linear terms. The axes of the ellipses for the fully-differential analysis at
the linear level are aligned with the reference axes of each plane, owing to our judicious
choice of the basis.

We also report, in table 2, the expected sensitivity to all the seven parameters GEO,
Gsl’o and él(g). We list both the single-parameter bounds obtained by setting all the oth-
ers to zero and the bounds profiled over the other parameters. In the case of the fully-
differential analysis we also report the results of the linearized fit.

We see from the figure and the table that the single-operator determination of GE is
only marginally modified, with a modest improvement or order 10%. This was expected, as
previously discussed, since the determination of GE from the invariant-mass distribution
is already quite good. Since GJEC contributes at the linear level and it is well probed, no
significant difference is present between the full fit and the linearized one in this direction.

A strong improvement is instead found in the sensitivity to Gg, as anticipated. The
bound from the full fit (i.e. including both the linear and quadratic dependence on the Wil-
son coefficient in the cross-section) improves roughly by a factor of 3. The improvement in
the linearized fit is even more dramatic, since Gg does not contribute to the invariant mass
distribution at the linear level up to small effects, as previously discussed. Correspondingly,
an approximate flat direction is present for Gg (see for instance the middle plot on the top
row of figure 4) in the single-differential linearized contour. The fully-differential analysis
is instead strongly sensitive to Gg at the linear level and the linearized and the full fit
agree very well.

The impact of the fully-differential analysis on the G, and G parameters follows a
slightly different pattern. In the full fit a mild improvement of the bounds, of order 15%,
is found. The results, however, change drastically at the linearized level. In this case the
fully-differential analysis is able to significantly improve the constraints on both parameters
(see for instance the middle plot on the second row of figure 4).

The profiled bounds reported in table 2 are more difficult to interpret. They sig-
nificantly differ from the single operator ones, signaling the presence of non-negligible
correlations among the various parameters. We notice that for many parameters the fully-

differential analysis improves the profiled bound more than the single-operator one. This
(3)
lq
for Gg and G. The origin of this behavior can be traced back to the reduction of flat

pattern is particularly visible for the G , GJEC and G parameters, and, to a lesser degree,
directions in the fully-differential fit, which helps in reducing the correlations among the
various Wilson coefficients.

For completeness, we report in table 3 the bounds on the four-fermion operators in
the Warsaw basis. In this basis we find that Gl(s’) is expected to be determined with
much higher precision than the other parameters. Moreover its determination is only
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95%CL single parameter profiled
[1073 TeV 2| fully diff. fully diff. lin. single diff. fully diff.  fully diff. lin. single diff.
él(s) [-0.36, 0.35] [—0.36, 0.36] [—0.49, 0.50] | [—0.53, 0.48] [-0.57, 0.57] [-0.97, 0.77]
G, [-0.20, 0.19] [-0.20, 0.20] [-0.27, 0.25] | [-0.55, 0.32] [—0.60, 0.60] [—1.19, 0.45]
Gy [~0.61, 0.65] [~1.02,1.02] [~0.77,0.90] | [~1.52, 1.30] [~1.62, 1.62] [-3.31, 1.94]
G§ [-0.38, 0.35] [-0.37,0.37] [-1.01, 1.19] | [-0.44, 0.60] [—0.82,0.82] [—1.32, 2.17]
Go [-0.77, 0.65] [—2.74, 2.74] [-0.95,0.79] | [—1.58, 1.80] [—5.85, 5.85] [—2.06, 3.20]
GL [~2.14, 1.44] [—3.74, 3.74] [—2.24, 1.59] | [—2.46, 2.19] [—10.5, 10.5] [—2.91, 2.41]
Gt [-0.69, 0.67] [—18.6, 18.6] [—0.85, 0.84] | [—0.98, 0.89] [—25.5, 25.5] [—1.26, 1.31]

Table 2. 95% CL projected bounds (in 10~% TeV ™2 units)

for the seven coefficients G

+
lg C;(E,O

and ijo. The first three bounds correspond to single-operator fits, in which all other parameters
are set to zero, while the last three are profiled over the other parameters. For each set of bounds
the three columns correspond to the complete fully-differential fit, the linearized one and the single-
differential measurement fit.

95%CL single parameter profiled

[10-3 TeV_z] fully diff.  fully diff. lin. single diff. fully diff.  fully diff. lin. single diff.
G [0.46, 0.44] [~0.45, 0.45] [~0.80, 0.75] | [~0.53, 0.48] [—0.57, 0.57] [~0.97, 0.77]
Gy [~1.95, 2.42] [~2.15, 2.15] [—2.42, 3.55] | [—4.69, 5.28] [—12.8, 12.8] [—5.93, 8.75]
Goe [-2.13,3.20] [-2.56, 2.56] [-3.19, 6.19] | [~4.31, 5.35] [-139, 139] [-7.11, 7.05]
Gla [~1.76, 2.12] [~1.92, 1.92] [~2.87, 4.22] | [~3.18, 5.41] [—69.2, 69.2] [—7.38, 8.57]
G [-8.98, 5.01] [~7.09, 7.09] [~11.9, 6.92] | [~9.89, 8.95] [-148, 148] [-12.6, 14.0]
Geu [~1.22, 1.30] [~1.26, 1.26] [~1.51, 1.65] | [~3.38, 5.75] [—16.3, 16.3] [—4.46, 7.29]
Grea [—4.74, 3.55] [-4.03,4.03] [-7.12, 4.47) | [-9.25, 9.33] [-41.3,41.3] [-10.7, 12.7]

Table 3. 95% CL projected bounds for the four-fermion operator coefficients in the Warsaw basis.
The bounds are given in 10~3 TeV 2 units.

mildly affected by profiling, differently from the bounds on the other coefficients that
This behavior is clearly due to the fact that
Gg’) is tested with high precision in the charged DY channel, which is not affected by

significantly degrade in the profiled fit.

the other effective operators. The impact of a fully-differential analysis is quite large
3)
lq
roughly 40% tighter, while the constraints on the other operators improve by an amount of
order 10 — 20%.

As a last point, we investigate the dependence of our results on the maximal energy

for many Warsaw operators. In particular the bounds on G Gg4e and Gy, become

scale, Acyt, of the measurements included in the fit. This gives useful indications on the
measurements that contribute more to the final sensitivity and on the energy range of
validity of the EFT description of new physics that is theoretically required for the bounds
to apply. Following refs. [2, 4], we show on the left panel of figure 5 how the single-operator
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Figure 5. Left panel: expected bounds on the Wilson coefficients as a function of the upper
cut on the energy of the events A.y. Right panel: relative change in the bounds in the last two
bins in Acy;. The darker shadowing corresponds to the fully-differential analysis, while the lighter
shadowing corresponds to the single diff. analysis.

bounds change by retaining in the fit only the bins where mys < Acyt in the neutral channel
and pry < Acut/2 in the charged one. We see that the bounds on the Wilson coefficients
with more stringent constraints, namely él(2)7 GE and GJOF, saturate around Acye ~ 2 TeV.
In particular, removing the last bin (starting at 2600 GeV) has an extremely mild impact.
The constraints on the other coefficients, on the contrary, receive sizable contributions from
the events in the last bin. This behavior can be explained by recalling that the bounds
on the él(;’), GE and Gg coeflicients in the fully-differential analysis are mainly driven by
the linear interference terms in the cross-section prediction. These terms grow linearly
with the partonic § so that the energy region with good sensitivity, which we find to be
V§ ~ 1 —2TeV, is where this growth starts being balanced by the decrease of the quark
luminosity. For the other parameters, instead, the bounds are driven mostly by the square
of the BSM contributions, which grow like 32. The faster growth pushes the sensitive region

to higher energies.

To appreciate better this point, we show in the right panel of figure 5 the relative
change in the bounds on the various parameters when the last bin is removed. For the
fully-differential fit (darker shadowing), a variation below around 10% is observed for él(g)’
G’JEr and GJOF. The G, G+ and GL coefficients, instead, show a relatively large change in
the bounds (~ 30%). Finally, the G coefficient shows an intermediate behavior, which
is explained by the fact that for its determination the linear interference terms and the
quadratic terms have comparable weight. It is interesting to notice that the sensitivity to
the last bin of Gg is quite lower in the fully-differential fit than in the single-differential
one (displayed with lighter shadowing in the figure). This is because in the former case
the bound is driven by the linear terms, while in the latter it is mainly driven by the
quadratic terms. This difference can be also seen in the single-parameter bounds on Gé,
which improve by roughly a factor 3 with the fully-differential analysis (see figure 4 and

table 2).
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Running effects. Our cross-section predictions include EW corrections at the single-log
accuracy, among which the ones associated with the Renormalization Group evolution of
the EFT operators [4].° Therefore our results depend, in line of principle, on the operator
renormalization scale. This has been set to 2'TeV because the measurements at that scale
dominate the sensitivity as previously shown. However the running effects are extremely
small and our results do not depend on this choice in practice. This has been verified
by repeating the fit in two ways. In one case we switched off completely the running,
while in the other one we fixed the values of the Wilson coefficients at an energy scale
E =10 TeV. In both cases the bounds on the Wilson coefficients, both single-operator and
the profiled ones, change at most by few %. Our results can thus be safely applied even to
EFT operators defined at several tens of TeV.

It is important to keep in mind that only quark-lepton current-current operators are
included in our calculation. Other EFT operators do not produce growing-with-energy
effects in high-energy DY, therefore their contribution is very suppressed relative to the
quark-lepton ones and completely negligible if their size is not anomalously large. In
particular this means that operators induced by the quark-lepton ones through running
are completely negligible because running is itself a small effect. The contribution to the
running of the quark-lepton operators by the other ones is also negligible, for the same
reason. On the other hand, one cannot firmly exclude the presence of other EFT operators
with anomalously large coefficients that are not already excluded or that can not be probed
with other LHC measurements. Such operators, if found to exist after a more systematic
global exploration of the LHC EFT potential, should be included in the predictions.

2.4 Experimental uncertainties

This section is devoted to uncertainties that are not included in the analysis presented
above, namely the presence of systematic uncertainties in the experimental cross-section
measurements other than the luminosity uncertainty that was already taken into account.

Like in ref. [4], our fits are based on the Poisson likelihood, which takes automati-
cally into account the statistical component of the cross-section measurement errors. The
systematic component of the experimental error is instead incorporated by nuisance pa-
rameters on the expected Poisson countings. Only the nuisance corresponding to a 2%
luminosity uncertainty has been included in the analysis and its effect is very small as
expected. The dominant experimental errors are indeed those that, unlike the luminosity,
distort the shape of the differential distributions [4]. We cannot rely on any estimate of the
size of these uncertainties, nor of their correlations across different analysis bins which on
the other hand are expected to have a major impact on the sensitivity to new physics. In
order to get a feeling of their possible impact, we adopt a crude parametrization of these
effects by introducing a fully-uncorrelated 2% error in all bins, both for the fully-differential
and for the single-differential fit.

9The tools in ref. [38] have been employed for the implementation.
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95%CL single parameter profiled

(1073 TeV ™3| fully diff. fully diff. lin. single diff. fully diff.  fully diff. lin. single diff.
el [-0.46,0.46] [-0.46,0.46] [-0.62,0.63] | [-0.68,0.59] [~0.72,0.72] [-~1.06,0.84]
Gt [~0.25,0.23] [-0.24,0.24] [~0.38,0.32] | [~0.67,0.36] [~0.73,0.73] [-1.51,0.51]
Gy [0.67,0.70] [—1.45,1.45] [—0.85,0.95] | [~1.80,1.61] [~1.96,1.96] [—3.73,2.24]
G5 [~0.41,0.37] [~0.40,0.40] [-1.07,1.24] | [-0.48,0.72] [~0.97,0.97] [—1.43,2.49]
G5 [-0.79,0.67] [~3.01,3.01] [-0.99,0.83] | [-1.84,2.00] [-6.21,6.21] [-2.33,3.61]
Gt [~2.18,1.50] [~4.21,4.21] [-2.31,1.70] | [~2.59,2.44] [~11.9,11.9] [-3.17,2.85]
Gt [~0.71,0.69] [-22.2,22.2] [-0.89,0.88] | [~1.03,0.91] [~31.8,31.8] [-1.47,1.46]

Table 4. 95% CL projected bounds for the seven coefficients él(s), G%, G% and G+

5,07

including a
2% uncorrelated systematic uncertainty.

95%CL single parameter profiled
[10-3 TerZ] fully diff.  fully diff. lin. single diff. fully diff.  fully diff. lin. single diff.
sz) [—0.57,0.55] [—0.56,0.56] [—0.89,0.82] | [—0.68,0.59] [—0.72,0.72] [—1.06,0.84]
Gy [—2.21,2.97] [-2.50,2.50] [—2.90,6.60] | [—5.28,5.88] [—14.9,14.9] [—6.65,9.92]
Ge [—2.39,4.33] [-3.02,3.02] [-3.78,7.83] | [—4.40,5.67] [—174,174] [-7.70,8.19]
G [~1.98,2.53] [-2.21,2.21] [-3.49,8.10] | [—3.29,5.74] [-86.7,86.7] [—7.95,9.81]
Gua [—10.1,5.58] [—8.83,8.83] [—13.1,8.00] | [-10.57,9.19] [-179,179] [-15.0,15.3]
Gey [—1.48,1.63] [—1.55,1.55] [—1.95,2.30] | [—3.46,6.58] [—18.7,18.7] [—4.65,8.67]
Ged [~7.83,4.39] [-5.42,5.42] [-12.7,5.62] | [~11.0,9.81] [-46.5,46.5] [—13.3,13.5]

Table 5. 95% CL projected bounds for the four-fermion operator coefficients in the Warsaw basis,
including a 2% uncorrelated systematic uncertainty.

Including these uncorrelated systematic errors, the combined 95% CL bound on the
W and Y parameters become

W: [-3.6,3.7) x 1075 ([-5.3,5.8] x 107?)

with 2% uncorr. syst. . (2.20)
Y: [-84,89]x107° ([-10.9,12.0] x 1075)

The numbers in parentheses refer to the single-differential fit. Comparing with the results
in eq. (2.16), we see that the bounds from the fully-differential analysis become roughly
25% weaker. In the case of the single-differential analysis, the bounds on Y suffer from
a similar change, while the ones on W are less affected and are only 10% weaker. The
advantage of a fully-differential analysis is however still evident also in these results.

In tables 4 and 5 we give the bounds on the lepton-quark four-fermion operators
including the uncorrelated systematic uncertainty (the corresponding correlation matrices

for the fully-differential linearized fit are reported in appendix C). The impact of the
(3)
lq
weaker. The reduction in sensitivity on the other coefficients is instead milder, at most

uncertainty is relatively large on G)” and GE, whose determination becomes roughly 25%
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of order 10%. Similar results are found for the operators in the Warsaw basis (table 5).
3)
lqg >
of order 25%, while the bounds on the other operators are quite stable. One can also

In this basis the most affected operators are GG Gey and Gq, with a loss of sensitivity
see that the impact of the systematic uncertainty on the fully-differential fit and on the
single-differential one is comparable.

3 Sensitivity to minimal Z’ models

For a concrete assessment of the benefits of the fully-differential analysis, we consider in this
section a minimal BSM scenario featuring a single additional vector boson that gauges a
generic linear combination of the hypercharge U(1)y and B— L. The Lagrangian describing
the new vector boson is

1 1
Ly = _Zij - 5M2A2 + A, J* (3.1)
with the current
_ 1 —
JH=>"gyY (f) + gBL(B — L)(f)] fA*f + QY§HTDH, (3.2)

f

where f denote the SM fermions and H is the Higgs doublet. In the above formula gy
and gpr are free parameters, while Y(f) and B(f) and L(f) are the hypercharge, the
baryon and the lepton numbers of the various fermions, respectively. This model has
been studied extensively in the literature and in particular in ref. [39] (see also refs. [40—
48]), where a first projection of LHC direct searches sensitivity was given, and compared
with the indirect constraints from precision measurements (EWPT) performed at LEP and
other experiments.!?

When integrated out at tree-level, the massive Z’' produces all the flavor-universal
(3)
lq
computed in terms of the three free parameters gy, gpr, and M (see eq. (B.6)). Clearly the

lepton-quark operators in table 1 except O with Wilson coefficients that are readily
Wilson coefficients are quadratic polynomials in the ratios gy /M and gpr/M, which are
therefore the only two parameter combinations that can be probed by indirect searches.!!
Furthermore the indirect constraints are symmetric under an overall change of sign of the
couplings (g9y,98r) — (—g9v,—9pr). The 95% CL reach on the model at the HL-LHC
is displayed in figure 6 on the (gy /M, gpr/M) plane (left panel) and on the (gy,gpr)
plane for a fixed mass M = 7TeV (right panel). The bounds are obtained from the fully
and single-differential analyses described in the previous section, but including in this

0For the model to be free of gauge anomalies, 3 right handed neutrinos with B — L coupling must be
present. We take these states to be light, so that Z' — vgvg is allowed. Heavy vg’s would only modify
the Z" width " and the direct searches, strengthening the reach on the coupling by a factor y/Tiight /Theavy-
This factor is in the interval [1,1.2] in the entire range of couplings.

"This statement is true only at tree level. In fact, already at our level of accuracy (NLL), the RG flow
induces an additional logarithmic dependence on M in our observables. However these effects are extremely
small as can be appreciated in figure 7, where the indirect searches contours are well approximated by
straight lines.
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Figure 6. Left panel: 95% CL exclusion reach in the (gy /M, gpr/M) plane from EWPT (gray
shaded region) [39] and projected exclusion at the HL-LHC (blue and orange shaded regions). Right
panel: comparison of direct (green shaded region) and indirect (blue and orange shaded regions)
exclusions at the HL-LHC for a heavy vector of mass M = 7 TeV. In both panels the blue shaded
region corresponds to the fully-differential fit, while the orange shaded region is obtained with the
single-differential one. In the left panel, the dashed lines correspond to the exclusion reach obtained
including only the linear terms in the fit, while the solid ones correspond to the full fit taking into
account also the quadratic terms.

case a 2% uncorrelated experimental uncertainty in the measurements, aiming at a more
conservative result.

The advantage of the fully-differential analysis over the single-differential one is mainly
in the region gpr ~ —gy. This region is particularly difficult to probe as it entails the
cancellation of the Z’ coupling to the right-handed electrons as well as the suppression
of the couplings to the left handed quark doublets, the right-handed up-type quarks and

the left-handed lepton doublets. Therefore in this region Gye, Gey and Geq vanish and
oW (3)

lq lq
suppression of the couplings to quarks also determines a reduction of the direct production

G, and Gjq are suppressed (and G, is always zero). We notice in passing that the
cross-section at the LHC, which makes direct searches less effective. The fully-differential
analysis not only improves the sensitivity along the gp; = —gy direction, it also mitigates
the impact of the quadratic terms in the cross-section prediction. This is shown by the
dashed lines in the left panel of figure 6, reporting the results of the linearized fits. The
single-differential linearized analysis possesses two very pronounced flat directions that
correspond to directions in the (gy,¢pr) plane where the GE coefficient cancels. The
fully-differential analysis linearized contour is instead quite close to the full fit thanks to
the improved sensitivity to Gg at the linear level.

In the left panel of figure 6 we also compare our result with existing EWPT constraints,
extracted from ref. [39]. With the fully-differential analysis, the progress of the HL-LHC is
of a factor around 3 in g/M in most of the directions in the (gy /M, gpr,/M) plane, which
corresponds to an improvement of one order of magnitude in the sensitivity to the Wilson
coefficients that scale like (g/M)?. Furthermore, notice that the EWPT bounds in the figure
are based on actual experimental measurements whose central value, while compatible
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Figure 7. HL-LHC 95% CL (1 d.o.f) exclusion reach in the mass/coupling plane for three different
7' benchmark models, namely ggr, = 0, ggr = —¢gy and ggr, = gy. The blue shaded region
can be excluded through the fully-differential di-lepton DY analysis, while the orange one can be
probed with the invariant-mass fit. The green shaded region corresponds to the exclusion from
direct searches.

with the SM, disfavors the Z’ model. This is easily verified in the direction gg;r = 0,
where integrating out the Z’ produces only the O); operator with negative coefficient,
that corresponds to a positive Y parameter. The central value of Y measured at LEP is
instead negative (see e.g. ref. [2]) making the EWPT exclusion on the model stronger. Our
HL-LHC projections assume instead a central value at the SM point. Depending on the
sign of central value that will be eventually observed the actual sensitivity to the model
could be stronger or weaker than the projection.

We turn now to the comparison of our findings with the projected HL-LHC sensitivity
for direct searches of the Z’ particle, which are most effectively performed in the dilepton
final state. The exclusion on the resonant production cross-section times branching ratio
is obtained from the projections in ref. [49], slightly improved to take into account the
The Z’ production cross-section is obtained
by two MADGRAPH [51] simulations (at each Z’ mass) with the Z’ coupling only to up-

more recent and refined results in ref. [50].

or to down-type quarks, rescaled based on the analytical calculation of these couplings
as a function of gy and gpr. The branching ratio is also computed analytically. The
results are reported in figure 7, in the mass/coupling plane for three benchmark models
(9y = 9« 980 = 0), (9v = 9+/V2, gL = —9+/V2) and (9y = g./V2, gL = 9+/V2).
Notice that the plot extends up to the maximal g, coupling for which, depending on the
model, the width over mass ratio I'/M of the Z’ is reasonably small (< 0.3) enabling a
perturbative treatment. The indirect reach from our analyses, and from EWPT) is also
reported in the plots. We find a substantial improvement of the mass reach for relatively
large g, up to around 30 TeV in the first and in the second benchmark model. Finally, in
the right panel of figure 6 we compare direct and indirect searches in the (gy, gpr) plane
at a fixed mass M = 7 TeV, slightly below the threshold of around 8 TeV after which direct
searches become ineffective. The direction gy, = —gy is difficult to probe also directly,
as anticipated. The sensitivity improvement of the fully-differential analysis along this
direction is significant.
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Figure 8. Left panel: 50 discovery reach for HL-LHC and 95% CL EWPT exclusions. Right
panel: 95% CL likelihood contours assuming the presence of a Z’ with ggr/M = 0.12 TeV~! in
the measurements.

Discovery and characterization. High-energy measurements have the potential to
discover the Z’. This is shown on the left panel of figure 8 by comparing the HL-LHC
50 discovery reach with the current exclusion bound from EWPT in the (gy /M, gpr/M)
plane. For M of several TeV or more, direct searches are ineffective and high-energy
measurements will provide the only evidence for the existence of the Z’. While “indirect”,
i.e. not based on the detection of a resonant peak, this evidence would be a conclusive and
convincing proof of the existence of new physics thanks to the peculiar behavior (growing
with energy) of the observed signal and to the possibility of getting confirmations on its
nature by the study of angular distributions. The fully-differential analysis would clearly
play a major role in this context, on top of course of enabling the discovery itself in a larger
region of the parameter space.

We illustrate the benefits of the fully-differential analysis for the characterization of
a putative signal by picking up a point (gpr,/M = 0.12 TeV~! and gy = 0) which is
discoverable at the HL-LHC, but close enough to the boundary of the discovery region to
make characterization more difficult. We assume the presence of the corresponding signal
in the data and we obtain the 95% CL likelihood contours on the right panel of figure 8. A
simple question related to characterization is whether we can establish that the underlying
Z' couples to the B — L current, rather than for instance to the hypercharge current. The
figure shows that this is possible only with the fully-differential analysis.

4 Conclusions

We studied the potential of fully-differential DY measurements to probe the seven flavor-
universal current-current operators listed in table 1. We found (see table 2) that five
directions in this parameter space can be probed effectively at the linear interference level
with the fully-differential analysis, while with single-differential measurements this is pos-
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sible for only two directions. At the HL-LHC, the strongest single-parameter sensitivity
improvement, by a factor of 3, is for the parameter Gg because of the reasons explained
in section 2.1. Improvements in the ballpark of 30% or 10% are observed for the other
single-parameter bounds. The improvement is significantly more pronounced for the pro-
filed bounds, owing to the reduction of correlations in the fully-differential fit. The aug-
mented sensitivity at the interference level makes the fully-differential results generically
more stable when the quadratic new physics terms are excluded from the predictions. This
is beneficial for considerations related to the validity of the EFT, as it lowers the scale
of the measurements that drive the sensitivity and reduces the impact of removing the
highest-energy cross-section bins as shown in figure 5.

The observed sensitivity improvement is due to two distinct factors. The one with the
strongest impact is the extended linear-level sensitivity mentioned above and explained
in section 2.1 in details. The second, which is also quite a strong effect, is the reduction
of the impact of PDF uncertainties due to their correlations across different analysis bins.
These correlations are typically different from the ones of the EFT differential cross-section
predictions, making harder for the PDF nuisance parameters to mimic the signal and to
reduce the sensitivity. Of course the effect is quantitatively so important because the PDF
are among the dominant sources of uncertainties in our fit, compatibly with the findings of
ref. [4]. Correspondingly, the benefits of the fully-differential analysis are (mildly) reduced
when other sources of systematic uncertainties are assumed to be present, lowering the
relative impact of PDF uncertainties in the total error budget. We have verified this fact
in section 2.4 by including a 2% systematic uncertainty uncorrelated across all bins, on top
of the fully correlated luminosity uncertainty that is present (but has a totally negligible
impact) in the results of sections 2.2 and 2.3.

The dependence (at the 10% or 20% level) of our results on the assumed patterns of ex-
perimental systematic uncertainties outlines the need of detailed experimental projections
for DY measurements. Experimental uncertainties that are fully correlated in all bins as
in sections 2.2 and 2.3 are definitely unrealistic. However assuming the uncertainties to
be fully uncorrelated, as in section 2.4, is equally unrealistic. We do expect correlations,
especially in the fully-differential measurements, whose impact could be beneficially for the
sensitivity analogously to what we have found happening for the PDF. The final HL-LHC
sensitivity could thus be closer to the one in sections 2.2 and 2.3 than to the one in sec-
tion 2.4. Furthermore, our findings are based on the statistically sub-optimal strategy of
comparing cross-section measurements with EFT predictions, rather than comparing di-
rectly the EFT with the observed data. More sophisticated and unbinned strategies could
be considered to further improve the sensitivity.

A significant improvement in the sensitivity is also found in the LHC run 3 projections
(see appendix D). The gain is however much milder than for the HL-LHC, mostly because
the number of expected events is too low to efficiently reconstruct the full angular distri-
butions at high energy (i.e. to populate enough all the bins required for a fully-differential
analysis).

The sensitivity improvement of fully-differential measurements has a direct impact on
concrete putative new physics scenarios, as we discussed in section 3 for a simple minimal Z’
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3)
lq
single-differential DY analysis is mostly sensitive to a single EFT parameters combination:

model. The point is that in models where the charged current O, 7 operator is absent, the
GJEF. In the new physics model it will be generically possible to suppress Gg without
particular fine-tuning, making the single-differential analysis loose sensitivity in a large
region of the parameter space as in figure 6. The fully-differential analysis will boost the
sensitivity in that region.

The results of section 3 also outline the effectiveness of high-pr probes on a well-
established new physics benchmark that has been investigated since the beginning of the
LHC program. High-pp probes by high energy DY measurements extend (see figure 7) the
projected HL-LHC exclusions well beyond the reach of direct searches in a large region of
the parameter space, with sensitivity to masses from 10 to 30 TeV. Discovery is also possible
up to around 20 TeV. In the event of a discovery, fully-differential measurements will play
a crucial role in the characterization of the observed signal as illustrated in figure 8.
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A Kinematical variables

The charged leptons momenta we employ in our analyses are obtained by recombining
photons (and lepton pairs from photon splitting) within a AR'™ = 0.1 recombination

cone, with thresholds pJ. . = 10GeV and |n|},, = 3. Acceptance cuts p%min = 25 GeV
L

max = 2.0 are applied to the reconstructed lepton momenta. Events are selected to

and |n)|
have 2 (same-flavor) or 1 reconstructed leptons for, respectively, the neutral and charged
DY analyses.

The two variables employed in the charged analysis are the transverse momentum pr
and the rapidity 7, of the single observed lepton.

In the neutral case, the three variables are the invariant mass mys of the dilepton pair,
the rapidity of the dilepton system relative to the beam axis in absolute value (called y)
and the cosine of the scattering angle ¢, = cos#,. Two alternative definitions of 8, can be
considered. The simplest option is to define it as the angle formed, in the rest frame of the
dilepton pair, between the charge-minus lepton and the direction of motion of the dilepton
rest frame relative to the lab frame. The second option is to define 0, as the angle between
the momentum of the charge-minus lepton and the z axis in the Collins-Soper frame, along
the lines of ref. [52]. More precisely, ¢, is defined by the formula

_ 2200 Pep-BEe —pa B
M|z el (MG + 7 g)Y?

(A1)

where Ey+ and p, o+ denote the energy and longitudinal momentum of each lepton, while
Dz and p ¢ are the longitudinal and transverse momentum of the lepton pair. The two
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definitions only coincide for the tree-level kinematics, where the dilepton pair has vanish-
ing transverse momentum. However we have checked that the differential distributions
obtained with the two definitions are almost identical, thus giving nearly equal results for
the fits (the differences in the bounds being at most 2 — 3%). The results reported in the
paper are obtained with the Collins-Soper definition of c,.

We remark that the definition in eq. (A.1) contains the factor p. ¢¢/|p. ¢¢|, which takes
into account the direction of the boost of the CoM system. Its presence is essential for the
effectiveness of the fully-differential analysis as emphasized in Footnote 3. This factor is
duly taken into account in existing experimental measurements (see e.g. ref. [25]).

B Explicit formulas

In this appendix we collect the explicit expressions for the tree-level amplitudes.
Adopting the notation of ref. [4], the four coefficient functions P¢, appearing in the
fully-differential cross-section for the neutral DY process, eq. (2.1), can be expressed as

P =3 ((Colaz, 1r))*+ (Colar. 1r))*) . P =5 ((Colar, 1r))*+ (Colar, 12))*),  (B.1)

where the Cy functions can be split as

Coldxgr ) = CgM(S;qXW ba) + /ngq,le ; (B.2)
with a SM contribution
0 (a4 g2T3(qu)T3(le) =+ glzy(qxq)y(lm) m3,
CSM(S; Axq> lxl) = 3 + 0O ? s (Bg)

and new physics effects encoded in ]C(q)xmlxl' The explicit expressions for the latter are
reported in table 6 for the quark-lepton interaction in the Warsaw basis, and in table 7 for
the W and Y parameters.

From the previous equations one can easily derive the expressions for the vectors V;‘{O
defined in eq. (2.3) as

Gud=vet. G, (B.4)

s,0 —

where G are the Wilson coefficients in the Warsaw basis. Analogously we defined the V;J-O
vectors

GSL,O = ‘_/;J,;) ’ é (B5)

We recall that the Gio coefficients are chosen to have components only along the operators
contributing to the neutral DY process and to be orthogonal to the coefficient combi-
nations G;‘,’g. Moreover ‘_/'SL and ‘701- contribute to same-chirality and opposite-chirality
subprocesses, respectively. We report the explicit values of the 1% components in table 8.

The explicit expressions for the GE and Gg coeflicients can be derived by substituting
the above expressions in the definitions in egs. (2.17), (2.18) and (2.19).
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Table 6. Explicit expressions for the new physics coefficients ICSX I defined in eq. (B.2) for the
q’ L

(Xg>X1) (L,L) (L,LR) (R.L) (R,R)
u — U subprocess Gl(;) — Gl(qg) Ge G, Gey
d-—d subprocess Gl(ql) + Gl(qg) Ge Gl Ged

generic quark-lepton operators in the Warsaw basis (table 1).

Table 7. Explicit expressions for the new physics coefficients ICSX Iy, defined in eq. (B.2) for the
0

(XQ7Xl) (LaL) (LaR) (RaL) (R7R)

_ 2 /2 /2 /2 /2
u — @ subprocess | 3¢ 1\;\”“29 Y it g-Y 29°Y
my, GmW 3mW 3mW

- _ 2.2 12 /2 12 /2
d — d subprocess 3912\7th y ¢x¥ _gxY _g°Y
miy, GmW GmW SmW

Oby and O 5 operators.

Generic quark-lepton operators WandY
¢» &V G. Gu. Gu G G W Y
lq lg qe lu ld eu ed
‘77/, 3g2+g’2 —392—9,2 O O O _49,2 O 92(3g2+g/2) _9/2(392+65gl2)
s 6 6 3 24m?2, 72m2,
vd 3g2—g'2  3g2—g'> 0 0 0 0 29" 92(392_912) 2(392_179/2»)
S 6 6 3 24m€v 72m%y
—»u g/2 2g/2 59/4
Vv, 0 0 -5 === 0 0 0 0 ~ T8mzZ,
/d g7 g2 g
\ % 0 0 3 0 3 0 0 0 omz
—»J_ 29/2 _392_912 g/2_3g2 . g/4
& 0 3 0 0 0 12 6 0 18m3,
_‘J_ 29/2 _ﬁ 29/2 _ 9/4
V; 0 0 3 3 3 0 0 0 om2;

Table 8. Explicit expressions for the components of the V;‘{o and ngo vectors. The first part of the
table gives the components along the generic quark-lepton operators in the Warsaw basis, while the

last two columns correspond to the components along the W and Y parameters.
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Finally, we report the Wilson coefficients in the Warsaw basis (see the left column of
table 1) that are obtained by integrating out the minimal Z’ model of section 3

a® 0
l‘{ 9BL + 9BLIY 9%
Gy T3 Ty
a 9L | gBLOY | Iy
Ge 1 923 +5 5 T 52
_ IBL 9BLIY Iy
98rL _ 9BL9Y _ 9y
Gia 5 6.
g 2g
Geu “BL + gpLgy + —3-
Gea 9hL _ 9y
3 3

C Correlation matrices

In this appendix (see tables 9 and 10)we report the correlation matrices for the fully-
differential linearized fit on the 7 4-fermion Wilson coefficients presented in section 2.4.
The fit includes a 2% uncorrelated systematic uncertainty. The corresponding 95% CL

Table 9. Correlation matrix for the linearized fit in the basis defined in section 2.4.

G G Gee Gu Gu Gew G
GVl 1 009 023 02 -026 -0.097 -0.027
G| 009 1 04 039 -039 094 -0.78
Gee | 023 04 1 099 -098 047 -0.55
G | 02 039 099 1 -095 044 -0.49
Gu | 026 039 -098 -095 1  -052 0.64
Geu | -0.097 094 047 044 -052 1 -0.94
Geq | 0027 -0.78 -0.55 -049 0.64 094 1
Table 10. Correlation matrix for the linearized fit in the Warsaw basis.

— 95—

bounds are given in table 4 for the él(;’), GE 107 Gj-/o coefficients and in table 5 for the
Warsaw basis.
Gy Gh Gy G5 Gg Gf G

GPl 1 061 045 -0.056 -0.22 -021 -0.1

Gg -0.61 1 -0.39 0.32 0.74 0.56 0.56

Gg 045 -0.39 1 0.28 -0.078 -0.36 0.1

Gg -0.056  0.32 0.28 1 0.26  -0.43 0.47

Go -0.22  0.74 -0.078 0.26 1 0.64 0.56

GSl -0.21 0.56  -0.36 -0.43 0.64 1 0.25

G- | -01 056 0.1 047 056 025 1



95%CL single parameter profiled

[10-3 TeV_Q] fully diff.  fully diff. lin. single diff. fully diff.  fully diff. lin. single diff.
Gy [—0.87, 0.87] [~0.87, 0.87] [—0.97, 0.97] | [~1.19, 1.06] [—1.30, 1.30] [—1.51, 1.27]
Gt [~0.53, 0.47] [—0.50, 0.50] [—0.60, 0.53] | [~1.30, 0.74] [~1.50, 1.50] [~2.01, 0.85]
Gy [~1.13,1.20] [—2.66, 2.66] [—1.30, 1.51] | [~3.56, 2.80] [—4.54, 4.54] [—5.03, 3.29]
G5 [~1.07, 0.87] [~1.00, 1.00] [—1.74,1.94] | [~1.16, 1.45] [-2.17, 2.17] [-2.16, 3.41]
G5 [1.30, 1.16] [-7.88, 7.88] [~1.53, 1.35] | [-3.02, 3.70] [~17.9, 17.9] [-3.41, 4.90]
Gt [3.48, 2.75] [~11.0,11.0] [-3.52, 2.81] | [~4.05, 3.79] [-30.5, 30.5] [-4.38, 3.92]
Gt [~1.19, 1.17] [-51.9,51.9] [-1.42, 1.40] | [~1.65, 1.47] [~70.2, 70.2] [~2.00, 2.00]

Table 11. 95% CL projected bounds (in 10~2 TeV ™2 units) for the seven parameters él(s)v Gi“,o
and G+, at the 14 TeV LHC with £ = 300fb~".

D LHC projections

In this appendix we report the projections for the LHC run 3, assuming an energy of 14 TeV
and an integrated luminosity £ = 300fb~!.
The 95% CL, single-parameter bounds for the Universal parameters W and Y are
given by
W: [-6.8,7.2] x 107 ([-8.2,8.9] x 107°),

(D.1)
Y: [-17,19] x 1075 ([-18,20] x 107?),

where the two sets of intervals correspond to the fully-differential and single-differential
combined bounds (the latter in brackets). These bounds are obtained including only a
2% luminosity uncertainty, but no additional experimental systematic error. Comparing
with the analogous HL-LHC bounds in eq. (2.16), we see that the all bounds are roughly a
factor 2 weaker. The fully-differential analysis provides an improvement in the sensitivity,
although significantly milder than in the HL-LHC case. This pattern is not unexpected,
since the benefits of a fully-differential analysis tend to be larger when the number of
expected events is large enough to allow the fits to be dominated by the linear interference
terms. At the LHC with £ = 300fb~! the importance of the quadratic terms in the fits
is still high, thus explaining the much milder gain in sensitivity. As we will see in the
following, a similar pattern is found for the fits on the seven 4-fermion operators and on
the minimal Z’ model.

In tables 11 and 12 we report the LHC run 3 bounds for the single parameter and the
profiled fits in the basis introduced in section 2.3 and in the Warsaw basis, respectively.
Also in this case the bounds are derived assuming no uncorrelated experimental systematic
uncertainty. As for the HL-LHC, the main benefit of the fully-differential fit is in the
determination of the Gg parameter, which improves by roughly 40% in the single-parameter
fit. Mild improvements in the sensitivity to the other parameters (of order 10 — 20%) are
also found.
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95%CL single parameter profiled

[10-3 TeV_z] fully diff.  fully diff. lin. single diff. fully diff.  fully diff. lin. single diff.
Gl(s) 1.09, 1.03] [-1.06, 1.06] [—1.35, 1.25] [-1.19, 1.06] [-1.30, 1.30] 1.51, 1.27
GE;) 4.68, 7.51] [-5.66, 5.66] [—5.11, 10.64] | [—8.62, 10.56] [—35.6, 35.6] 9.72, 13.5

471, 8.62] [6.57, 6.57

[~ ]

[~ ]

[- ] [-6.11, 10.9] 7.23,9.37] [-375,375] [-10.9, 11.3
G [~4.22, 6.42] [-5.01, 5.01]

[~ ]

[~ ]

[~ ]

[- ]
[~ ]

[- [- [- ]

[5.88,10.6] | [-6.05,10.3] [~187,187] [~11.6, 13.7]
G 16.3,10.2] [~18.0,18.0] [-19.2,12.5] | [~16.9, 14.9] [-419, 419] [-20.2, 20.9]
Geu 3.10, 3.54] [-3.30, 3.30] [~ [~ [- ]
[- [- [- ]

G 13.5, 8.18] [~10.3, 10.3

3.29, 3.83] 6.20, 10.3] [—46.9, 46.9] [—7.25, 11.7
15.5, 8.69] 16.9, 16.0]  [—121, 121]

17.9, 18.7

Table 12. 95% CL projected bounds (in 10~% TeV ™2 units) for the four-fermion operator coeffi-
cients in the Warsaw basis at the 14 TeV LHC with £ = 300fb .
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-~ EWPT 0.5 - EWPT
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Figure 9. 95% CL (1 d.o.f) exclusion reach in the mass/coupling plane for three different Z’
benchmark models at LHC with £ = 300 fb~'. The blue shaded region can be excluded through
the fully-differential di-lepton DY analysis, while the orange one can be probed with the invariant-
mass fit. The green shaded region corresponds to the exclusion from direct searches.

Finally in figure 9 we report the projected LHC exclusion reach in the mass/coupling
plane for the three benchmark Z’ models considered in section 3. The mass exclusion
reach is roughly 25% weaker than the projections for the HL-LHC (compare figure 7). The
improvement due to the fully-differential analysis is clearly visible. In particular it plays a
significant role in the difficult-to-test benchmark with gy = —gpr, allowing one to cover
part of the parameter space not yet excluded by the EWPT, which is not accessible with
the single-differential analysis.
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