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Abstract: A series of new physics scenarios predict the existence of the extra charged gauge boson W’, which can
induce charged-current (CC) non-standard neutrino interactions (NSIs). The theoretical constraints on the simplified
W’ model and further on the CC NSI parameters EZZ,’Y from partial wave unitarity and W’ decays are considered.
The sensitivity of the process pp — W’ — £y to the W’ model at the LHC and high-luminosity (HL) LHC experi-
ments is investigated by estimating the expected constraints on EZZ/Y (a =B =e or ) using a Monte-Carlo (MC)
simulation. We find that the interference effect plays an important role, and the LHC can strongly constrain Eqag/L.
Compared with those at the 13 TeV LHC with £ =139 fb~!, the expected constraints at the 14 TeV LHC with
L =3ab~! can be strengthened to approximately one order of magnitude.
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I. INTRODUCTION

The Standard Model (SM) has achieved great success
in describing elementary particles and interactions. Nu-
merous experimental studies have verified its predictions
with very high accuracy. However, the SM does not re-
veal the origin of the neutrino mass. Strong evidence
shows that neutrinos with different flavors cannot oscil-
late with each other without small mass differences. The
origin of neutrino mass requires new physics beyond the
SM (BSM) [1, 2], many examples of which share the
common feature of emerging effective non-standard neut-
rino interactions (NSIs) between neutrinos and matter
fields [3—7]. NSIs are generally divided into two types:
the neutral-current (NC) NSI and charged-current (CC)
NSI. The NC NSI mainly affects neutrino propagation in
matter, whereas the CC NSI is associated with neutrino
production and detection processes (for recent reviews,
see Refs. [5—8]). These new interactions lead to rich phe-
nomenology in neutrino oscillation experiments and high-
and low-energy collider experiments. Very strong con-

straints on the NSIs have been obtained, see, for example,
Refs. [4, 9-18]. The experiments generally impose more
strict restrictions on the CC NSI than on the NC NSI [19,
20].

Recently, numerous phenomenological studies have
been conducted on NSIs. For example, the new gauge bo-
son Z' can introduce NC NSIs [12, 21-26]. Refs. [12,
24-26] studied the constraints on NC NSIs in the context
of a simplified Z’ model using mono-jet signals at the
Large Hadron Collider (LHC). Many BSMs predict the
existence of W’, such as the left-right symmetry model
[27, 28], little Higgs models [29], and models with extra
dimensions [30, 31], which can lead to CC NSIs. Previ-
ous searches for the W’ boson at the LHC have been car-
ried out by the ATLAS and CMS collaborations with data
collected at the center-of-mass (c. m.) energy +/s =7 TeV
[32, 33], 8 TeV [34, 35], and 13 TeV [36, 37]. The most
sensitive channels are ev and wpv production, with the
constraints to date set in Refs. [38, 39], which can be
translated to constraints on CC NSIs. The LHC experi-
ments have further promoted theoretical research on W’
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properties [40— 42]. Although there are other new
particles that can also cause the CC NSI, such as charged
scalar particles (for example, see [14]), in this paper, we
focus on the simplified W’ model.

It has been shown that there is a well-known “degen-
eracy' between the parameter spaces of NSIs in neutrino
oscillation experiments because the effects of NSIs
strongly depend on the flavor structure and oscillation
channel being studied [43]. Although it is difficult to
break the degeneracy at neutrino facilities, the LHC plays
a complementary role in the study of NSIs [4, 11, 14, 44],
and it is believed to be able to break the degeneracy be-
cause the effects of NSIs at the LHC do not distinguish
between different neutrino flavors [25, 26]. Furthermore,
the LHC is sensitive to both vector- and axial-vector in-
teractions, whereas neutrino oscillation experiments are
not sensitive to the latter.

Thus far, various studies have been completed on the
detection of W’ at the LHC, and searching for this type of
new particle will continue to be important at the future
LHC with higher luminosities (HL-LHC). Based on a
Monte-Carlo (MC) simulation, the expected constraints
on the CC NSI parameters via the process pp — {*v, are
studied with an emphasis on the effects of the interfer-
ence between the CC NSI and the SM. Moreover, the
sensitivities at future runs of the LHC are also discussed.

The remainder of this paper is organized as follows:
In Sec. II, we consider the theoretical constraints on the
simplified W’ model and further on the CC NSI paramet-
—=49'Y

ers €,;, (a=p=e orp) in terms of partial wave unitar-

ity and W’ decay. The sensitivities of the process pp —
(v to the parameters EZ;Y at the current LHC and future
runs of the LHC are studied in Secs. III and IV, respect-
ively. Our conclusions and discussions are given in Sec.
V.

II. THEORETICAL CONSTRAINTS ON THE
SIMPLIFIED W MODEL AND NSI
PARAMETERS

NSIs are new vector interactions between neutrinos
and matter fields, induced by either a vector or scalar me-
diator. They can be parameterized in terms of the low-en-
ergy effective four-fermion Lagrangian [19, 20, 44, 45].
CC NSIs with quarks are given by the effective Lagrangi-
an

Lnsicc = -2 ‘/EGFEZZVY (@Y Pyq'] [V_a%zPLfﬁ] +hc., (1)

where Gy is the Fermi constant, a and f are lepton flavor
indices, «,B € {e,u,7}, and Py is a chiral projection oper-
ator (P, or Pg). We assume that there are only left-
handed neutrinos in the above equation. The parameters

EZZY are dimensionless coefficients that quantify the

strengths of the new vector interactions. According to
Hermiticity, EZZY = EZZ' ™ The CC NSI might change the
production of neutrinos through its effects on processes
such as muon decay and inverse beta decay [46, 47].

Because momentum transfer can be very high to re-
solve the further dynamics of new physics at the LHC,
the influence of the CC NSI may not be simply described
by the effective operators. In this paper, we focus on a
simplified model with the CC NSI induced by the ex-
change of aW’ boson. The effective Lagrangian can be
written as [48—50]

Ly =— i [qurc_])/ﬂ (A(;‘q/ P+ A;qu'PR) q’
V2
+ By (oY PLvg|W, +hc., 2)

where WA denotes the new force carrier with a mass My,
and g is the electroweak coupling constant. g = {u,c,t}
and ¢ ={d,s,b} are up-type and down-type quarks, re-
spectively. V,, is the Cabbibo-Kobayashi-Maskawa
(CKM) matrix element, in which the non-diagonal terms
contribute to flavor changing neutral current (FCNC) pro-
cesses [51], and the contributions are very small and neg-
ligible. For simplicity, one can also absorb gV, / V2 into
the coupling parameters A% and B .

In a simplified model framework, the relationship
between Eq. (1) and Eq. (2) can be thought of as egg,y ~
g%/M3, with X representing a charged mediator. Because
the Wilson coefficients of an effective field theory (EFT)
are typically functions of energy scales, Eq. (2) implies a

substitution of GZZ,,Y in Eq. (1), EZZ,Y_)EZZ?,Y(S)’ with

99Y N — a2 =99Y ( a2 ) 9q'Y _—qq'Y
€ap (s) = Mw,e(w /(s—Mjy,), and €p = Cap when

s — 0, and

L My ' g My \*
~q99'L _ 499 @k —~q9'R _ x99 Qi
6048 - AL B/Z (MW' ) ’ 6aﬁ - AR BﬁL (MW/ ) N E))

However, it can also be considered that the effective
operator in Eq. (1) corresponds to the leading order of ex-
pansion of eggly(s) in s/M2,, whereas Eq. (2) also col-
lects the contributions of the higher dimensional operat-
ors corresponding to the higher orders of s/M3, .

In principle, there are also flavor violating NSI coup-
lings. Neutrino oscillation and scattering experiments are
found to have tight constraints on diagonal NSIs, where-
as off-diagonal NSIs are primarily constrained by vari-
ous low-energy processes, such as atomic parity viola-
tion and charged-lepton flavor violation (cLFV) [14]. Be-
cause only diagonal NSIs are relevant for the process
pp — v, we concentrate on the a = 8 case in this paper.
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A. Unitarity constraints from the ff — V,V, process

In a weakly coupled renormalizable theory, the high-
energy behavior of the scattering amplitude of bosons un-
der the perturbation calculation is expected to respect
unitarity. It has been shown that the constraint on Mz can
be obtained using partial wave unitarity bounds derived
from the ff — V;V, process, where V represents vector
bosons, including SM W, Z bosons and also the new
gauge bosons W, Z’, and fand f are fermions and anti-
fermions [52]. The helicity amplitudes can be expanded
as [53, 54]

M, g

7
where m; = oy — 0, and my = A3 — A4 are the helicity dif-
ferences of fermions and vector bosons, respectively.
dj, ., are Wigner d-functions [53], ¢ and 6 are the azi-
muth and zenith angles of V in the rest frame of the fer-
mions whose Z-axis points in the direction of f. The par-
tial wave unitarity bound is |T,| < 1 [55, 56], where T} is
the coefficient of partial wave expansion. As noted in

Ref. [52], we only need to consider processes with the
longitudinal final states f.. ﬂu — Via=0V2.1,=0, Whose

and M

-V, ﬁfz"vl v,’
where ‘—+’ in Superscrlpt means f er , and ‘+-’ means
Z 2

Vau,

) o= 1(1711—171 wd;/]m n, (9’ ¢)TJ’ (4)

I[1

amplitudes are denoted as M( )

for f_%. In the following, we only consider tree-level pro-
cesses, including ¢#-channel, u-channel, and s-channel pro-
cesses. The corresponding Feynman diagrams are shown
in Fig. 1. There is also an s-channel scalar exchange dia-

to MUP and

gram, which only contributes A

M(f_f_) Vv therefore, it is not shown.
M;_};'LV ,, and M?},LV ,, can be expanded in terms
of sas
MED  — As+ A+ A s + A4 (5)

SihoViVs

Partial wave unitarity should be satisfied for arbitrary s.

h Vi fi

f2 Vy fo
Fig. 1.

When s — oo, a finite |T,| implies A; =0, which results

in a set of 'sum rules' [52, 57],

L/R L/R _ L/R L/R L/R L/R
ZgV.f.ﬂszfzfz Z 8v. i 8vipf T ngzf.f gy (0)

Js Ja

where V)3 and fi 234 are allowed vector bosons and fer-
mions in the Feynman diagrams in Fig. 1, respectively.

For the scattering amplitudes of the process fifp —
ViV,, a new gauge boson Z' must have non-zero coup-
ling with fermions and other gauge bosons, and the exist-
ence of Z’ is necessary to maintain the perturbative unit-
arity of all amplitudes. Therefore, triple gauge couplings
involving Z’ and Z’-fermion couplings must be involved
in the calculation of the Feynman diagrams shown in Fig.
1. There are enough 'sum rules' to solve all unknown
couplings of Z’ using Eq. (6), that is, the Z’-fermion
couplings are automatically fixed when the W’-fermion
couplings are fixed [52]. Certainly, the W—-W’ and Z-Z7’
mixings would modify the relevant SM couplings
slightly, which can affect the amplitudes of the process
fifo = V1 V. It has been shown that the correction effect
is less than 1% [52, 58]; hence, for simplicity, we neglect
it in our calculations. With the help of Eq. (6), the amp-
litudes corresponding to the Feynman diagrams in Fig. 1
are written as Eq. (A1).

Using the relationship |7,| < 1, one can obtain a con-
straint on A‘fﬂ' or B}® from each of the above processes.
All of these constraints should be satisfied; therefore, we
concentrate on the tightest ones, which depend on the free
parameters My, and Myz. In the case of 0.2TeV <
My <2TeV [25] and s — oo, the tightest bounds on A'{,”l
or B{* are given in Eq. (A2). The relationship between
My, and the coupling parameters according to Eq. (A2)
are shown in Fig. 17. It can be seen that in the wide range
of My, the tightest bound on AZ‘/ originates from the
process ud (dit) — W’'Z. Similarly, the tightest bound on
B¢ mainly arises from the process e"e* — W’Z. For sim-
pllClty, we only use the above bounds. For A%, the two
tightest bounds (depending on My ) are both con51dered.
Consequently, the perturbative unitarity constraints on the
parameters em are

Wi h

Vs fa

Tree-level Feynman diagrams of the process ff — V| Va.

043111-3



Chong-Xing Yue, Xue-Jia Cheng, Ji-Chong Yang

Chin. Phys. C 47, 043111 (2023)

2012 Ag2
115202 M2 M2,

q'L
et <

etk

ma Vg | W8 <2M%V’ + M%)z
48 V2nMz M2,

SewMy (2M§V, + M%)

gheyy |qu/ |2 (2M2W' + M%)z ’
11527 MZM3,

< min

1221, M3y, + 53,82 |Vey [ (53, M2~ M)

7
SO
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By using Eq. (1), the unitarity bounds on €%4” can be

directly obtained from the process ff — ff. However,
because the W’ model corresponds to the substitution
el - €497 (s), where the latter is just the “form factor
unitarization' widely used in the study of SM EFT
[59-61], that is, unitarity is guaranteed with this substitu-
tion; therefore, the unitarity bounds from the process

ff — ff are not considered.

B. Constraints from W’ decays

From Eq. (2), the total decay width of the W’ boson at
leading order can be written as

2 ’ ’
| =MW'(fg6_ﬂ Z |qu, |2 (|Azq |2 + |A;1€q |2>
£ (P et +lrT) ) ®

Without loss of generality, using the case of A% 0,
B #0 as an example, when the mass of fermions are
negligible compared with My,

'y g2|qu’|2 12 g2
—T =y 2 AT 2 B
My, qqzy 167 24 487rZ€:| Ll

g |Vud| ud 2 ee|2
> A ——|B
| | 87T| L |
2|V |2 2 2
8°1Vud ud \/ 8 ce
= A — =B
[\/ lex ~ b V48r ]
8 |Vud2| Z 8 Vud AudBee
7687 8V3n )

The first inequality takes the equals sign at A%7*" =

A;’;’ = B}*** = 0, whereas the second inequality takes the

equals sign at g2|Vud|2/167rA]’fd= w/g2/48nBeLel). These
inequalities hold for all AZqR and BY and set an upper
bound on 4" x M3, when Ty, /My is fixed,

qY
B

For simplicity, taking [Egg”| as an example, the max-
imally allowed |'€';§’Y | as a function of My, is shown in
Fig. 2 for different values of the ratio I'y. /My, . The unit-
arity bounds given by Eq. (7) are also shown in Fig. 2. It
can be seen that with additional assumptions on 'y, /My,
that is, for some values of I'y. /My and My, tighter con-
straints can be obtained. For larger My, the perturbative
unitarity constraints become stronger than those from W’
decays. If we take Ty /My =0.1 [25, 26],

€178 <10.868 x M2, /M3, for 1TeV <My <7TeV, and

€17 < 10.868 x M2, /M3, for My, <4TeV. Meanwhile,
unitarity constraints are

the perturbative
Gt <7.584x M3 M3, [eidt] <3.637x M3 /M3, and

€ <2.089x M2, /M2, for My =5TeV, 6TeV, and
7 TeV, respectively.

The theoretical constraints given in Fig. 2 are used as
a reference for the MC studies in the next section. It can
be seen from Fig. 2 that the larger the mass of the W’ bo-
son, the tighter the constraint on E’gfﬂ. However, with
fixed T'y./My., the W’ contributions to the process
pp — e*v, typically decrease with increasing My ; there-
fore, the larger the value of My, the larger the value of
ré‘?‘fLi needed to observe the signal at the LHC. However,

8 \/gﬂ'M%V FW/

_ 10
g2|VQCI'|M€V' My (10

N — 7T T T3
—r,,/M,= 005

M\ —TI,/M,= 0.1
e\ —r,/M,= 02 3

EN N ]

EoN N = = unitarity bound on [F*] ]
— L ~ ]
> \ - ~udR
T g o1 D unitarity bound on [¢77| |
R

M, (TeV)

(color online) Constraints on the CC NSI parameter
[¢4¥| from partial wave unitarity and W’ decays for different

Fig. 2.

values of the ratio Ty /My .

1) The equal sign can be taken only in the sense of mathematics, which corresponds to the loosest case. There is no physical motivation behind it. For a physical

scenario this constraint should be even tighter.

043111-4



Charged-current non-standard neutrino interactions at the LHC and HL-LHC

Chin. Phys. C 47, 043111 (2023)

IE;‘ZL| must satisfy the unitarity constraint given by Eq.

(7). In the following MC analysis, we take into account

the theoretical constraints on the NSI parameters eagY ,

set I'y. /My, = 0.1, and assume that the mass My is from
1 TeV to 7TeV.

III. EXPECTED CONSTRAINTS ON &
AT THE LHC

A simple and efficient way to search for the gauge
boson W’ at the LHC is through its single s-channel res-
onance and subsequent leptonic decays [62]. Because the
main components of protons are u and d quarks, the con-
tribution of the ud process is considerably larger than that
of the ¢§ process. It has been noted that the luminosity of
ud quarks is two orders of magnitude larger than that of
c§ quarks [63]. If €7 are at the same magnitude as €s”,
the contribution of ¢5 — ¢*v, is negligible compared with
ud — t*v;; therefore, we neglect the contribution from
non zero ?;gy with ¢q’ # ud. In this paper, we consider
the subprocess ud — ¢*v,, where ¢ is e or u, which cor-
responds to € or €. Figure 3 shows the Feynman
diagram of the subprocess ud — v, (£ = e or ) induced
by W’ exchange at the LHC.

In numerical estimation, the Lagrangian described by
Eq. (2) is implemented using FEYNRULES [64—66], and a
Universal Feynrules Output (UFO) file is generated and
taken into the MadGraph5 aMC@NLO toolkit [67, 68] with
the standard cuts

pr>10GeV, Ind<2.5

A fast detector simulation is applied using Delphes
[69] with the CMS detector card. The parton distribution
functions are taken as NNPDF2.3 [70, 71]. To highlight the
signal from the background, the kinematical features of
the signal and Dbackground are studied using
MadAnalysis5 [72]. The processes in the SM with the
same final states are considered as the background. At
tree level, there is only one type of background in which
¢y, are from the SM W boson. The main difference
between the signal and the background is that for signal
events, the leptons are from a W’ boson with a consider-
ably larger mass My, than that of the SM W boson. As a
consequence, the transverse momenta of charged leptons
for signal events are generally larger than those for back-
ground events. p}. has also been used in previous studies
to highlight the signal of W’. The normalized distribu-
tions of p% for pp — e*v, are shown in Fig. 4 (a). It can
be seen that pf is generally smaller than 360 GeV for
background events, whereas signal events have large p’
tails. In this paper, we only keep events with pf. > 360
GeV. For the same reason, the missing transverse energy

Fig. 3.
production of the W’ boson and subsequent leptonic decays.

Leading-order (LO) Feynman diagram for the single

Fr for the signal events is also typically larger than those
for the background events. The normalized distributions
of Fr are shown in Fig. 4 (b). The background events are
dominantly distributed in the region F7 <460 GeV,
which is not the case for the signal events. In this paper,
we only keep events with fr > 460 GeV. The normal-
ized distributions for the process pp — u*v, are shown in
Fig. 5. When searching for the signal of the W’ boson
with an unknown mass, the cuts are applied uniformly.
However, the event selection strategies can be further im-
proved. If the signal is not found, the goal should be to
constrain the parameter € for different My, . For this pur-
pose, the event selection strategy can be different for dif-
ferent My, and therefore, it can be further optimized ac-
cording toMy.. For My. =1TeV, which is close to the
mass of the W boson in the SM, we use the looser cuts
pY >300GeV and Er > 250 GeV.

Because the masses of fermions are negligible, the in-
terference between EZ}” and EEE’R is neglected in this
study for simplicity. To focus on the sensitivities of the
process on €, we assume € is a real number in numerical
estimations. The cross-sections of the process pp — £*v,
including the W’ contributions can be parameterized as

(@) = osm + Nt (€) + gy (6, (11)

UR(E)ZUSM+U§SI(E). (12)

oint(€) = aiy X € originates from the interference between
the SM and W’ contribution, and o, represents the con-
tribution from only W’ exchanges with o} (€) = a’, X €.
After the event selection strategy, the dependencies of the
factors ajn; and al’l’si on My, can be fitted with the results
of the MC simulation for different My at /s = 13 TeV,
which are listed in Table 1. For My, =2 ~7TeV, o§, =
0.0034 pb and oy, = 0.0027 pb (05, = 0.021 pb and oy,
= 0.027 pb for Mj, =1TeV owing to different event se-
lection strategies). Taking pp — e*v, as an example, the
cross-sections of the process pp — e*v, after cuts for dif-
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Fig. 4. (color online) For the process pp — e*v,, the normalized distributions of pr and Fr for the signal and background events. The

cases for A% = 0 are shown in (a,b), while the cases for A% = 0 are shown in (c,d).

Table 1. After the event selection strategy, ai, and a"l’si are fitted for different My, at /s = 13 TeV.

pp— eV, pp = 1y
My [TeV

@int/pb a;/pb ag;/pb @in/pb ag;/pb af;/pb
1 -3.29 6873.86 8878.72 -3.18 9127.30 8360.4
2 —2.49 5215.94 5911.49 -231 5966.57 5872.99
3 —2.45 3225.12 3164.77 -2.43 3618.67 3518.60
4 -2.23 1621.66 1584.89 -2.14 1754.81 1668.15
5 —2.07 964.73 893.93 -2.07 1030.03 881.07
6 —2.07 649.12 614.93 -1.88 669.24 604.85
7 -1.95 508.87 501.16 ~1.84 511.24 499.81

ferent My. are shown in Fig. 6. The numerical results fit Seut = VL X (‘ U(E?;’/Y)—USM] / /o_ (E;’,?Y)) (13)

the bilinear functions in Egs. (11) and (12) very well. Fig.
6 shows that the interference plays an important role in
oL(é). Moreover, as shown in Fig. 6 and presented in the
next section, the sensitivity of the process pp — £*v,; on
W’ at the LHC has already reached the region where the
interference effect should be considered.

The expected constraints on € are estimated with the
help of the statistical significance defined as

where ogy and O_(E??,y
total cross-section including the W’ contributions after

. : —=qq'L —=99'R
cuts are applied, respectively. When €/~ and €,/ " are

) are the SM cross-section and

both non zero, o(€"e)=ogm+oNT(€h)+0kg (")
+0F o (€). For Sga = 2, 3, and 5, the upper limits on the

@l and @R plane are shown in Fig. 7. For clarity, in

ee
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Fig. 5. (color online) Same as Fig. 4 but for the process pp — u*v,.
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Fig. 6. (color online) After the event selection strategy, the relationship between €4 (left panel), €9F (right panel), and the cross-

section of the process pp — e*v, for different My . The case of M, =1

Fig. 7, we use the signal significance of events that ex-
ceed the SM. The constraints are approximate eccentric
ellipses, indicating the importance of the interference
term.

To study the sensitivities, it is assumed that only one
of " and €" is non zero. For My in the range of

043111

ee

TeV is not shown.

1 TeV ~ 7 TeV, the expected constraints on %}‘fy at the 2o,
30, and 50 confidence levels (CLs) are shown in Table
2. In Figs. 8 and 9, we show the expected constraints on
2 9L®) and EﬁffL(R) for different My, at the 13 TeV LHC
with £ = 139fb~!. The tightest theoretical constraints

discussed in Sec. II are also presented in Figs. 8 and 9.
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Fig. 7. (color online) For Sy, equaling 2 (left panel), 3 (middle panel), and 5 (right panel), the relationship between the expected con-
straints on €4" and €k at the 13 TeV LHC with £ =139 fb™".

Table 2. Expected constraints on?;;” detected at the 20, 30, and 50 confidence levels (CLs).

2L(x10-) aR(x107) G- (<107 G (<107
2 [~1.78,3.36] [-8.09,8.09] [-1.77.3.35] [=7.31,7.31]
30 [-2.45,4.10] [-10.02,10.02] [-2.43,4.09] [-9.55,9.55]
S50 [-4.08,5.24] [-13.23,13.23] [-3.92,5.20] [-12.61,12.61]
B (x 1079 2R (x 1072)
2r ll ‘\\\\\\\‘\\------
08 015}
04 RIS mmm o e
.:::??:::: _______________________________________________ 0.05
. . . . . = My (TeV) -
________ b il g o i - SIS
_________________ -0.05
04t~ T EEEEssmeme—e—aoa-.

-0.8 1+ / -0.15 /
-12+ -0.25}
Fig. 8. (color online) For Sy, equaling 2 (dotted line), 3 (solid line), and 5 (dashed line), the expected constraints on €% (left panel)

e
and @R (right panel) as functions of My, at the 13 TeV LHC with £ = 139 fb™!. The red solid lines originate from the tightest theoretic-
al constraints.
gt (x 107) gl (x 107?2)
i il \\\\\\\\\\\\\----
08 015}

0.05

-0.05

-015F
ol 1///”’/”,,,,,,,,,,,
Fig. 9. (color online) Same as Fig. 8 but for ?;ﬁL (left panel) and EﬁgR (right panel).

The results of ?;fy satisfy the unitarity bounds generated pected constraints are similar for ?;jL. This can be under-
by Eq. (7) and satisfy the constraints given by Eq. (10). stood by looking at Table 1; ajy are at the same order of

From Figs. 8 and 9, we find that for different My, the ex- magnitude. Therefore, when the interference term is dom-
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inant, the expected constraints are insensitive to My . For on €9R are generally looser than those on €¢“. Except

o ow
the same reason, the positive and negative expected con- for the case of My, =1TeV, the expected constraints are
straints are different for €/". This is not the case for €X. looser when My, is larger because the cross-section de-

Because there is no interference, the expected constraints creases rapidly with increasing My.. For My, =1TeV,
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Fig. 10. (color online) For |A‘{,"/| = |Bg“| = 1, the expected constraints on My obtained by events generated at My- = m. My~ on the left

hand side of the dashed-dotted line is ruled out. The intersection of the dashed-dotted lines and the dotted lines gives the lower bound
for Sy = 2 as an example.
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the mass of the W’ boson is closer to that of the SM W
boson; therefore, the event selection strategy is less effi-
cient. As a consequence, even though the cross-section of
the signal is larger, a stronger expected constraint cannot
be reached compared with the case of My, =2 TeV.

It is interesting to discuss the expected constraints for
special cases. In the case of IA?V‘]'I =|B?| = 1, which cor-
responds to the SSM [73], the expected constraints on €
can be translated to the lower bounds on My . The res-
ults are shown in Fig. 10. However, because the MC sim-
ulation is carried out for fixed My, if the lower bound on
My, is larger than the value of My, used in the simula-
tion, such value should be ruled out. Consequently, an ex-
pected constraint can be set on My.. The expected con-
straints of the process pp — e*v, on My, for Sy = 2, 3,
and 5 are My > 6.3 TeV, My >52TeV, and My > 3.8
TeV, respectively. The expected constraints of the pro-
cess pp — u*v, on My for Sy = 2, 3, and 5 are My >
6.5 TeV, My >5.4TeV, and My, > 3.9 TeV, respect-
ively. The results of the LHC experiments are My, > 6.0
TeV for the ev, channel and My >5.0TeV for the uv,
channel at the 200 CL (we choose the largest lower
bounds from Refs. [36—39]). By considering the interfer-
ence effect, these results can be further improved.

T T T T T
% ! — M, ~1TeV é—
2 — M:,:znv E
e} . — My, =3TeV
- 107" — My, =4TeV =
4 — My, ~5TeV =
E — My, =6TeV —
Z. 102 — My =TTeV
= -~ Background E_
~ =
-3
10 E_
10 3
1 1 1 1 1 1 1
0 500 1000 1500 2000 2500 3000 3500 4000
1
P (GeV)
(a)
T T T T T
% — My, ~1TeV é:
&) — MyA2TeV =
= — My, =3TeV
f — My, =4TeV ?_
— M, =5TeV 3
% —My,=6TeV —
— - — My =TTeV
E E -~ Background E:
< - .
E E
E 1 1 1 1 1 1 3
0 500 1000 1500 2000 2500 3000 3500 4000
1
P (GeV)

(c)

Fig. 11.

(1/N) dN / 50 GeV

(1/N) dN / 50 GeV

IV. SENSITIVITIES OF THE HL-LHC
1O 2

In this section, sensitivities to €“4Y in future runs of
) ot

the LHC with higher luminosity, known as the HL-LHC,
are investigated. We assume that the HL-LHC runs at
Vs= 14 TeV with integrated luminosities of 300 fb~!,
1ab~!, and 3 ab~! [74, 75]. Taking the process pp — e*v,
as an example, the normalized distributions of pr and Er
for the signal and background are shown in Fig. 11.

According to Fig. 11, for different masses (1 TeV ~
7TeV), we choose the same cuts such that p% > 300 GeV
and Hr >280 GeV for pp — e*v, and pl >300GeV and
Er >340GeV for pp — u*v,. The cross-sections after
cuts are also fitted using Egs. (11) and (12), oy,
0.022 pb, and o%y; = 0.016 pb. The results are shown in
Table 3 and Fig. 12. The upper limits on the € and €<k
plane at the 14 TeV LHC with £ = 300 fb~' are shown in
Fig. 13.

The sensitivities of the process pp — £*v, at the
14 TeV LHC with £ =300 fb™" to €4 are estimated with
the help of Sye. The numerical results are summarized in
Figs. 14 and 15.

1 T T T T T
— My ~ITeV E:
—My=2TeV .
1 ~ My~3TeV
10 — M, =~4TeV E_
— My, ~5TeV =
—My,=6TeV -
102 ~ My =TTeV
-3
10 E_
107 3
1 1 1 1 1 1 1
0 500 1000 1500 2000 2500 3000 3500 4000
E; (GeV)
1 T T T T T T T
:E — My, =1TeV E:
- —My=2TeV .
-1 — My, =3TeV
10 _E % — My ~4TeV E_
i — M, ~5TeV =
{ e — My, ~6TeV -
102 ~ My ~TTeV
bkgromd
-3
10 E_
107 3
1 1 1 1 1 1
0 500 1000 1500 2000 2500 3000 3500 4000
E; (GeV)

(d)

(color online) Same as Fig. 4 but for the HL-LHC at /s = 14 TeV with £ = 300 fb~!.
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Table 3. Same as Table 1 but for the HL-LHC with +/s = 14 TeV.
pp—eve pp = 1 vy
My [TeV I R L R
Qint /Pb @ /Pb @ /Pb a’im/Pb s /pb @i /pb
1 —6.98 7782.23 6169.75 =7.01 7171.98 6588.00
2 —7.47 8729.47 6650.92 —7.18 8159.10 8507.71
3 —6.86 4910.34 4990.20 -6.76 4752.89 5137.76
4 —6.54 2510.25 2514.10 —6.06 2993.21 2888.60
5 —6.16 1256.88 1522.74 —5.68 1227.32 1638.96
6 —5.89 1146.44 1145.43 —5.67 1357.43 1120.93
7 —5.38 1067.50 798.57 —5.46 680.62 1054.37
0.028 0.030 T T T
——1Tev
0027 — 0.029 2TeV ]
2 2
= 0.026 —~0.028
>° >
‘o 0025 o
v 0027
L &
S 0024 R
Y o 0026
0.023
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0020 b 0.023
0.019 1 1 L . 0.022
-0.0004 -0.0002 0.0000 0.0002 0.0004 -0.0010 -0.0005 0.0000 0.0005 0.0010
~udL ~udR
ee € ee
Fig. 12. (color online) Same as Fig. 6 but for the HL-LHC with /s = 14 TeV.
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~udL
€ee

Fig. 13.

As shown in Figs. 14 and 15, E’;fy satisfies the unitar-
ity bounds generated by Eq. (7) and is also within the
constraints given by Eq. (10). Comparing these figures
with Figs. 8 and 9, the HL-LHC is more sensitive to the
W’ boson than the LHC. The results for higher luminosit-
ies, £ = lab! and 3ab~!, are also investigated and
shown in Fig. 16. Compared with those at the 13 TeV
LHC with £=139b™!, the expected constraints can be
strengthened to approximately an order of magnitude for
the 14 TeV LHC with £=3ab™".

0.000 0.001 0.002 0.003 0.004 0.005 0.006

0.000 0.001 0.002 0.003 0.004 0.005 0.006

zudL zudl
Eee Eee

(color online) Same as Fig. 7 but for the HL-LHC with +/s = 14 TeV.

V. CONCLUSIONS AND DISCUSSIONS

Many extensions of the SM predict the presence of
charged heavy gauge bosons that might be found at the
LHC, which are commonly referred to as the W’ boson
and can induce the CC NSI. In this paper, the contribu-
tions of W’ bosons to the process pp — fv are investig-
ated. Before MC simulation, we first consider the theoret-
ical constraints on the simplified W’ model and further on

—qq'Y . . . . .
€, from two perspectives: partial wave unitarity and
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Fig. 14. (color online) Same as Fig. 8 but for €4~ (left panel) and €4® (right panel) at the 14 TevV HL-LHC with £ = 300 fb™!.
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Fig. 15. (color online) Same as Fig. 14 but for € (left panel) and € (right panel).
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Fig. 16. (color online) Same as Fig. 14 but for €4~ at the 14 TevV LHC with £ = 1ab~! (left panel) and 3 ab™' (right panel).

W’ decays. Our numerical calculation shows that interfer-
ence effects play a vital role, and as a consequence, the
expected constraints on €- are not less mass-dependent
than in previous studies. The event selection strategy is
then studied. With the help of Sy, the expected con-
straints on € are estimated. For the integrated luminosit-
ies considered in this paper, the expected constraints are
insensitive to the nature of neutrinos (Dirac or Majorana)
[76].

To date, there have been many studies on the con-
straints on NC NSIs. For example, Ref. [26] proposed
that the LHC sensitivity to NC NSIs is €<2x 1073 for
Mz =2 TeV, and the result of Ref. [25] shows that in the

simplified Z’ model, the upper limits on € are 0.042 and
0.0028 corresponding to Z’ with Mz =0.2 and 2 TeV, re-
spectively. However, to our knowledge, studies on the
new gauge boson W’ mainly focus on the constraints on
its mass and couplings, and there are few studies on the
CC NSI in the context of a simplified W’ model, espe-
cially at the current and future LHC. We focus on the ex-
pected constraints of collider experiments on the CC NSI
induced by W’. The expected constraints on the CC NSI
parameters at the 20 CL are -1.78x107* <@ <
336x107* and -1.77x107* <€l <3.35x10™* at the
13 TeV LHC with £ = 139 fb™!. Ref. [77] carefully ana-
lyzed the contributions of W’ to several low-energy ob-
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servables, such as the leptonic decays of charged pion
mesons, semileptonic 7 decay, lepton flavor universality
in pion mesons, CKM unitarity, and superallowed f de-
cays. Among them, the tightest constraints are
€4V =710x10™* from superallowed S decays and
eggA -1.85x 1072 from the decay n* — e*v,, which res-
ult in €41 < 8.895x 1073 and |€“/R| <9.61x 1073, Thus,
the expected constraints on the CC NSI parameters at the
LHC are approximately an order of magnitude tighter
than those from low-energy observables. ATLAS and
CMS presented the analysis of data with L=36fb"" at
vs =13 TeV, setting the constraints as My, >5.2TeV in
the electron channel [361 and Mw. > 4.9 TeV in the muon

2MZ, + M2

M(u_sdy = W' Zo) =g [Vaal A“%WW
2 2
M(d_% % W(,)_ZO) _g |Vud|2AlZd*CW(2MW,+MZ)

2Mw My

channel [38], at the 20 CL using the SSM, which is
looser than the constraints 6.3 TeV and 6.5 TeV in our pa-
per. Moreover, the expected constraints at the 14 TeV
LHC with £ =3ab™! can further narrow down the expec-
ted constraints to one order of magnitude from those at
the 13 TeV LHC. We propose that the interference ef-
fects are non-negligible and should be considered in fu-
ture studies.

APPENDIX A

With the help of Eq. (6), the amplitudes correspond-
ing to the Feynman diagrams in Fig. 1 can be written as

“9sing+0(s™"),

e sind+0(s™h),

& IViual? (AW —

- ’ 7 2 g |V d|2M2
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273w
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2(M3, + M3,) - M2,

=M(uf%,uT - Wyt Wo_) =g’ B e ¥sinf+0(s™),

2 4MW/MW
L 2(ME M)+ M 1
M(e:%e; - Wy Wy :M(uf%/x; - W(;*W()*) =-g¢°B{° T Moy e sing+0(s7"),

e M3, + M5,
B€e>s

RZM MW

MZ
’1— - :
M( W M(ﬂtge;%% )= e

e sing+0(s™h),

e Ysinf+0(s™),

2MWfMZ

O(s™') indicates higher order terms. It is small and ig-
nored in this study.

Using the relationship |T;| < 1, we can obtain a con-

(AT)

All of these constraints should be satisfied; therefore, we
concentrate on the tightest ones, which depend on the free
parameters My, and Mz. In the case of

, 02TeV <Mz <2TeV [25] and s— oo, the tightest
straint on A7’ or B¢* from each of the above processes.  bounds are given by
|
AP (u_sdy — W Zo) =AW (d_siiy — Wi Zy) < 242\/§”MW'2MZ =
: e &Vl cw (2M3, + M2)
2 2312 2002 2 a2
qud (u o W’+W'—) 3 48 N2 M2, — 2 |Vl M2 + g2 |Viual* M2, 452, M2
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87 Wual" |M7, W z w
- 48 My M
AL (st — Wy W) =AM (d_sds — Wy Wg) < W W
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24\/_7TCWMW MZ
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1 1
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The relationship between My, and the coupling para- meters according to Eq. (A2) are shown in Fig. Al.
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Fig. A1. (color online) Tightest constraints on the coupling parameters A‘§"’ and BY“ as functions of My .

For a wide range of My, the tightest bound on Az",

originates from the process ud (dit) —» W’Z. Similarly, the
tightest bound on B{* mainly arises from the process

e"et > W'Z. For simplicity, we only use the above
bounds. For A%, the two tightest bounds (depending on
My,) are both considered.
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