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ABSTRACT: We investigate the sensitivity of the FASERv detector to new physics in the
form of non-standard neutrino interactions. FASERv, which has recently been installed
480 m downstream of the ATLAS interaction point, will for the first time study interactions
of multi-TeV neutrinos from a controlled source. Our formalism — which is applicable to
any current and future neutrino experiment — is based on the Standard Model Effective
Theory (SMEFT) and its counterpart, Weak Effective Field Theory (WEFT), below the
electroweak scale. Starting from the WEFT Lagrangian, we compute the coefficients that
modify neutrino production in meson decays and detection via deep-inelastic scattering,
and we express the new physics effects in terms of modified flavor transition probabilities.
For some coupling structures, we find that FASERv will be able to constrain interactions
that are two to three orders of magnitude weaker than Standard Model weak interactions,
implying that the experiment will be indirectly probing new physics at the multi-TeV scale.
In some cases, FASERv constraints will become comparable to existing limits — some of
them derived for the first time in this paper — already with 150 fb~! of data.
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1 Introduction

When the CNGS (CERN Neutrinos to Gran Sasso) project ended in 2012, it seemed that,
nearly five decades after the first horn-focused neutrino beam had been realized at CERN

in 1963 [1]|, accelerator-based neutrino experiments operating in Europe would become a

thing of the past. Today, CERN is making a comeback in an unexpected way: with the
Forward Search Experiment at the LHC (FASER) |2, 3|, we are for the first time able to

observe neutrinos from a collider experiment [4].

Of particular interest in this context is FASERwv [3, 4], a component of FASER consist-
ing of 1.2 tonnes of tungsten plates, interleaved with thin films of silver bromide emulsion.

FASERv is installed directly in front of the main detector and, thanks to the emulsion



technology, offers the superb spatial resolution required especially for reconstructing 7 neu-
trinos. FASER and FASERv are located downstream of the ATLAS interaction point at
a distance of 480 m, and for this reason are ideal for detecting high-energy neutrinos pro-
duced abundantly in the forward direction at the LHC. At energies up to several TeV, these
neutrinos offer novel opportunities for studying neutrino—nucleon interactions both within
the Standard Model (SM) and beyond.

It is the second possibility — probing physics beyond the SM — that we will focus on
in this paper. Our starting point will be the Weak Effective Theory (WEFT) Lagrangian,
which is the most general effective Lagrangian below the electroweak breaking scale. If non-
SM particles are much heavier than the weak scale, WEFT can be considered a lower-energy
descendant of SM Effective Field Theory (SMEFT) [5, 6], which is a SU(3) x SU(2) x
U(1) gauge invariant effective theory above the electroweak scale. Considering effective
operators of dimension-6, we will express the effects of heavy (2 100 GeV) new physics on
lower energy neutrino interactions in terms of modified flavor transition probabilities. This
approach, which was introduced in refs. |7, 8|, has the advantage that it is applicable also
to long-baseline neutrino experiments, where also neutrino oscillations play a role. We will
then comprehensively study the sensitivity of FASERv to a large set of WEFT operators,
highlighting the experiment’s excellent sensitivity especially to pseudoscalar couplings, to
couplings that lead to an anomalous flux of 7 neutrinos, and to anomalous production of
charged 7 leptons in v, or v, interactions in the detector.

While our results will be derived for the specific case of FASERv, they will, with
minimal modification and rescaling, apply also to other neutrino detectors at the LHC, in
particular to the recently approved SNDQLHC experiment [9].

Searches for non-standard neutrino interactions using LHC neutrinos will add a new
chapter to the long-standing search program for such “NSI”, which has previously focused
mostly on neutrino oscillation experiments and other low-energy searches, see for instance
refs. [7, 10-29]. Searches for other types of physics beyond the Standard Model in FASER
have previously been discussed in refs. [30-41], while refs. [42-45] have focused specifically
on FASERv. Besides FASERrv and SNDQLHC, additional proposals for detecting LHC
neutrinos have been put forwards in refs. [46, 47], highlighting even more the significant
community interest in this emerging subfield of neutrino physics.

The paper is organized as follows: in section 2 we introduce the WEFT formalism and
we compute analytically the modified neutrino event rates in the presence of new dimension-
6 interactions in the framework of WEFT. In section 3 we describe our numerical evaluation
of these rates as well as the statistical procedure we follow to determine the sensitivity of
FASERv. We present our results in section 4, and we compare them with complementary

constraints from other experiments in section 5. We conclude in section 6.

2 Formalism

Let us present in this section the Effective Field Theory (EFT) formalism that we will
use and that was introduced in refs. |7, 8]. From an EFT point of view, the most general
Lagrangian describing new physics below the electroweak scale is the WEFT Lagrangian,



in which the electroweak gauge bosons, the Higgs boson, and the top quark are integrated
out while the electroweak symmetry is explicitly broken.

The part of the WEFT Lagrangian that we will focus on here is the one that FASERv
will be able to probe. It is the part that modifies charged-current neutrino interactions
with quarks:!
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Here, v = (\/QGF)_1/2 ~ 246 GeV is the vacuum expectation value of the SM Higgs field,
Vi, are the elements of the Cabibbo-Kobayashi-Maskawa (CKM) matrix, Pr, p = 3(1F7°)
are the chirality projection operators, and o*” = %[’y“, ~v¥]. Mass eigenstates of the down-
quark, up-quark and charged lepton fields are denoted by d*, w/ and 4, respectively.
The neutrino fields v, are taken in the flavor (weak-interaction) basis here, and they are

connected to mass eigenstates through the leptonic mixing matrix: v, = 23

n=1 UomVn-

We follow the usual convention of denoting flavor indices with Greek letters, and mass
eigenstate indices with Roman letters. The interaction strengths of the new operators
in eq. (2.1) are parameterized in terms of the dimensionless Wilson coefficients [eﬂ? lags
where j, k specify the quark generations and «, S the lepton generations involved in the
corresponding dimension-6 operator. The index X denotes the Lorentz structure of the
operator and can be X = L, R, S, P,T for left-handed, right-handed, scalar, pseudo-scalar,
and tensor interactions, respectively.

In principle, the [e?)? |ap can be complex; we find, however, that the FASERv experiment
with which we are mainly concerned in this work, has hardly any sensitivity to their complex
phases. Therefore, we will treat them as real throughout this paper, with the understanding
that the sensitivity estimates we are going to present in section 4 apply to the modulus of
the [e%? Jap in the case of complex coefficients.

Note that we do not consider operators of dimension higher than 6. At first sight, this
might seem problematic, given that FASERr will only be sensitive at quadratic order to
some of the dimension-6 operators. However, it is not at odds with WEFT power counting.
Indeed, the observable of interest (the neutrino event rate) will scale as R/Rsy = 1+ ce%,
where Rgy is the count rate without new physics, and c is a numerical factor. A dimension-
8 WEFT operator with Wilson coefficient eg/v* will lead to corrections of order AR/Rgy ~
VcesE? Jv? where E is the characteristic energy scale of the process, E? ~ E, - GeV, in
FASERwv. It is therefore safe to neglect operators of dimension higher than 6 as long as
ced 2 \/cesE?Jv?, or \/cex 2 E?/v? assuming the dimension-6 and higher-order Wilson
coefficients are of similar order of magnitude. We will see from our results in section 4 that
this condition is always satisfied for models saturating the expected FASERv limits.?

"'We assume here that total lepton number is conserved.
2The dimension-7 WEFT operators [48] cannot interfere with the SM amplitudes, so their contribution
is always smaller than that from dimension-6 operators and can therefore be neglected in this discussion.



In our analysis, we take the Wilson coefficients in eq. (2.1) to be given at a renormal-
ization scale = 2 GeV in the MS scheme. This is appropriate for neutrino production in
meson decay. In principle, neutrino—nucleus interactions in the detector occur at energies
about an order of magnitude larger than this, so in principle, one needs to consider renor-
malization group running in the computation of the neutrino cross-sections. Given that
RGE effects are expected to be smaller than the systematic uncertainties in our flux pre-
dictions, we will neglect them here. We will, however, include RG effects when comparing
the sensitivity of FASERv to the sensitivity of collider searches in section 5.

The WEFT Wilson coefficients can be matched onto the parameters of the SMEFT at
a scale p ~ myy, see e.g. refs. [7, 49, 50]. As discussed in ref. 7], this matching exercise
shows that all the ex Wilson coefficients receive contributions at O(A~2), where A is the
SMEFT ultraviolet completion scale. Moreover, one finds [e%f lag X dap at O(A™2), while
the remaining ex can be off-diagonal in the lepton flavor indices at this order. However in
this paper we allow for flavor-off-diagonal [e%C lag, 1. a # B, which can be generated by
new physics below the electroweak scale.

The new interactions introduced in the Lagrangian of eq. (2.1) can affect the production
and detection of neutrinos, modifying the observed event rate, flavor composition, and
oscillation pattern compared to the SM. Let us assume each neutrino is produced from a
source particle S together with a charged lepton fy: S — X/{lyv,. When this process is
mediated at the parton level by the u/d¥ — ¢fv, transition (or another transition related
by crossing symmetry), the corresponding production amplitude is denoted by Mﬁ,{"’ For
instance, neutrino production in charged pion decay (7 — u™1,) corresponds to a matrix
element of the form Mz’ 4. Similarly, we denote by M/%lj " the amplitude for neutrino
charged-current scattering on a quark in the target nucleus: v,d* — u? EE. The amplitude

for the scattering on an anti-quark, v,@’ — Jkﬁ[g, is denoted by Mg’lj * The structure of
the EFT Lagrangian in eq. (2.1) implies that these amplitudes take the general form

S.gk _ prx 7S,k Jkrrx 2 Sk
Marz - UomAL,a + Z [GX U]omAX,a ’
X=L,R,S,PT

D,jk D,jk ik D.jk
MG = U A+ Y[R UIsn AR, (2.2)
X=L,R,S,P,T

and an analogous relation fo? M?ﬁj F agd A)D(%k These equations implicitly define the
reduced matrix elements A‘?{’j{f and Ag’%k (with all PMNS matrix elements and WEFT
coefficients factored out). For anti-neutrinos eq. (2.2) holds with U — U*, and with Aiﬂf,

Ag’gf replaced by the corresponding anti-neutrino amplitudes. The differential event rate
for neutrinos of flavor 3 at a neutrino detector at a distance L from the source is [8]?

dRg _

SM S,SM DS
5, = Nros (Ey) Y ®5M(EB,) Py(By, L), (2.3)

a,S

Ref. [8] considered a single monochromatic source and a single type of target particles. In this paper we
generalize their expressions to the case of multiple sources moving with different energies in the lab frame,
and to account for DIS scattering on the target nucleus.



where Nt is the number of target particles, @g’SM(EV) and O'EM (E,) are the SM neutrino
flux from the source S and the SM detection cross section, respectively, both at neutrino
energy F, in the target’s rest frame. For the anti-neutrino flux and cross-section we use the
notation ®5°M and O'%M The sum in eq. (2.3) runs over the flavor of the charged lepton
produced together with the neutrino, and over all types of source particles S, in particular
S = 7% K% K% K*, etc. We stress that both 5°M(E,) and O'%M(Ey) are calculated in
the absence of any new physics. The latter is included in the modified flavor transition
probabilities given by

EV,L Zeszmnm /(2E,)

S,jk ‘, S, jkx " S,jk ‘, * ik
|:U:7LU04WL + Z pXi NeY ] anUOém +Z XJL aU:Zn am + Z X%’a ] an [6%/ U] m:|
X5,k X,j,k X,Y, 5,k
< [Usnlim + X i Ui + 3 AL Ul U+ 3 vl ULanl U
X,r,s X,r,s X,Y,rs
(2.4)

where Am?2, = m? —m2 are the neutrino mass squared differences, L is the baseline

(the source—detector distance), and U is again the 3 x 3 leptonic mixing matrix (the PMNS
matrix). It is important to note that the expression in eq. (2.4) is not an oscillation
probability in the usual sense. In particular, it can be larger than one. We use the tilde in
155 to remind ourselves of this fact. Nevertheless, 155 is a useful quantity as it encapsulates
all the new physics effects in neutrino production, detectlon and propagation in a single
quantity. In the SM limit, where the Wilson coefficients ex are zero, P B reduces to the
standard oscillation probability.

’J k and dj)'?y g» quantify how strongly a

The production and detection coefficients, p'y
given WEFT operator affects the neutrino event rate. Roughly speaking, the production
coefficients parameterize the ratio of the decay width into neutrinos of energy FE, including
new physics to the decay width into neutrinos at the same energy in the SM. Similarly,
the detection coefficients parameterize the ratio between the interaction cross section for
neutrinos of energy F,, including new physics and the one without new physics. They carry
indices indicating the Lorentz structure of the interaction (X, Y'), the charged lepton flavor
(ar, B), and the involved quark flavors (7, k).

The production coefficients are defined as

de ¢S(ES Z /BS ES dep/ASh]kAS“]k* (2 5)
- des‘ﬁSTfS)Z o B3 (Es) [dTTp, A7 ‘

S,k
Pxya =

Here dEg ¢s(FEg) denotes the number of source particles of type S with lab frame energy
in a small interval dEg around Eg. The sum over i enumerates all decay modes of S
that at the parton level include the transition uw/d* — ¢,v. For instance, if S = KT,
we need to sum over the leptonic and semileptonic decay channels. The differential dIT P!
in eq. (2.5) is the phase space integration measure for the i-th production process, but
without the integral over neutrino energy: dllp, = dII P! dFE,. Implicitly, this differential
also implies sums/averages over polarizations and any other unobserved degrees of freedom.



The factor 1/Eg that appears in both the numerator and in the denominator of eq. (2.5)
arises because the lab frame decay rate of S is proportional to 1/Eg. Finally, the factor
37 (Eg) appearing in the numerator and the denominator of the production coefficients
describes the experimental acceptance corresponding to a given production channel 7. In
most cases, it is possible to absorb this factor into the definition of ¢g(Fg). The one
exception relevant to us will be neutrino production in kaon decays, K, Kg, K*, in which
case the acceptance for neutrinos from 2-body decays differs from the one for neutrinos
from 3-body decays because of the different energy spectra. We determine each of the
corresponding Bis (Es) factors as the ratio between the relative flux fraction of channel i at
FASERv and the SM branching ratio.
The detection coefficients for neutrinos are defined as

_ D,jkx ,D,jk D,jkx ,D,jk
djk ZN:p,n nN fdx dQ2 T 2 [AXHJB Ay,é g(l’, QQ) + AXHJB AY,E féj(xa Qz)]

XV, = o ADJEx DK Diikis Dk :
> oNepin gy N [dw dQ2 a2 [Ap ST A ST [N (2, Q%) + AL T T AL R 1T (2,Q7)]
(2.6)

Here, n, and n, are the numbers of protons and neutrons in the target nucleus. The
Bjorken variable z is the fraction of the nucleon momentum that is carried by the initial
state quark and Q? = —(pgﬁ — py)? is the momentum transfer. The functions fév(:n, Q?)
are the parton distribution functions (PDFs) describing the quark ¢ content of the nucleon
N, where we set the factorization scale equal to (. For anti-neutrinos, the role of quarks
and anti-quarks is swapped in eq. (2.6), and the corresponding detection coefficients will
be denoted by JQCY’L?.

Our definition of the production coefficients is valid only if the neutrino flux from a
given type of source particle S depends linearly on the decay width. This is the case for
neutrinos from 7+, Kg, and K* decays because only a small fraction of these mesons with
Eg 2 100 GeV can decay before being stopped in the material surrounding the LHC beam
pipe and tunnel. In other words, the exponential decay law can be linearized for these
decays. Our production coefficients are also valid for Kg and charm meson decay because
for these mesons, the branching ratio into leptonic and semileptonic modes is fairly small
so that new physics is only going to affect the branching ratios, but not the total decay
rate. Equation (2.5) would, however, not be valid for a hypothetical parent particle whose
lab-frame lifetime is comparable to or smaller than its free-flight distance, and whose total
decay width is significantly affected by new physics.

Note that the production and detection coefficients satisfy

S,jk S, jk

A comment is in order on the SM neutrino fluxes ®5° ™ (E, ) appearing in eq. (2.3). Pre-
dicting these fluxes requires simulations, but simulations typically depend on many input
parameters that are derived from data, for instance measured decay rates and branching
ratios. Therefore, in the presence of new physics that affects decay rates and branching
ratios, the predictions of typical simulations may be contaminated by new physics effects.
Such simulations are therefore unsuitable for predicting the purely Standard Model fluxes



@g’SM(EV). Furthermore, the simulations depend on the CKM matrix elements, which
have to be determined experimentally and again may be “contaminated" by new physics.
In this study we will ignore this problem because, at this point, the difference between simu-
lated fluxes and those obtained from first principles are much smaller than the uncertainties
from other sources, e.g. from imperfect modeling of forward QCD scattering or from nuclear
structure effects in neutrino-nucleus scattering. In a fit to actual data, however, care should
be taken so that those pieces of the simulation that are prone to new physics contamination
— namely meson decay rates and branching ratios — are derived from first principles with-
out input from data. This will not lead to an increase of systematic uncertainties because
already the calculation of the production coefficients according to eq. (2.5) depends on sim-
ilar first-principles calculations and therefore suffers from similar systematic uncertainties.
Furthermore, in these future studies one should adopt some consistent CKM input scheme,
for example the one proposed in ref. [51], to address the problem of CKM contamination.
In a similar way, also the neutrino interaction cross section entering eq. (2.3) as O'B M(E,)
should be calculated without using any measurements that may be affected by the WEFT
operators we are aiming to constrain. This is a non-trivial task, given that the cross section
depends on PDFs, and the measurements from which PDFs are extracted can be affected
by the effective operators considered in this work. See e.g. ref. [52] for a possible approach

to disentangling new physics from the PDF fits.

Before we proceed to the calculation of the production and detection coeflicients p XY o
and d'yy B let us remark that, in the case of FASERv with its very high neutrino energies
and rather short baseline, it is Justlﬁed to set L = 0, in which case we can simplify eq. (2.4):

DS S,jk k S, k* S,7k k k
Paﬂ(El/)LiO - Z |:504’75045 + Z pXJL « 6?)( oy 045 + Z pXia ary €X as T Z pX%’a eé{ O{,Y[E%/]a(;:|

%) X,j,k X,j5,k X,Y,j,k
X [557556 + Z d;?L,B[Eg?]Bv‘SBé + Z d?i,géﬂw[éﬂ};(s + Z dgfy,ﬁ[erxs]ﬂv[fgfs]fﬁ} .
X,r,s X,r,s X,Y,rs

(2.8)

We see that pgﬁ(El,) =0 depends only on the EFT parameters ex weighted by the appro-
priate production and detection coefficients, while the the dependence on U,, has been
eliminated by using unitarity of the PMNS matrix.

2.1 Neutrino Production in Meson Decays

Essentially all neutrinos observed in FASERv are produced in decays of light mesons and
baryons. Details on FASER2’s neutrino fluxes are given in section 3 and in ref. [3], see
in particular Table 1 in that reference. It was found that the dominant flux reaching the
FASERv detector consists mainly of (anti-)neutrinos from pion and kaon decays. In the
following we derive the production coefficients for these two dominant sources. We also
derive the production coefficients for Dy meson decays, which are the main source of 7
neutrinos in FASERv. Our discussion concerns neutrino production, but for anti-neutrinos
the analytic results are the same up to negligible effects due to CP violation in the neutral
kaon system.



2.1.1 Pion Decay

Charged pion decays are mediated at the parton level by ud — £1v, thus, they are sensitive
to the [€%],s Wilson coefficients in the WEFT Lagrangian of (2.1). In our formalism,
this translates to pion decays contributing to the pg(’q;,fla production coefficients, whereas
p;gfa = 0 for jk # ud. The main decay channel is 2-body: 7+ — ¢}v, while other channels
have tiny branching fractions and can be safely neglected here. This leads to a tremendous
simplification because 2-body matrix elements depend only on the masses of the involved
particles and not on the kinematics. Pulling the amplitudes in front of the integrals in (2.5),
the integrals cancel between the numerator and the denominator, and we are left with a
compact expression:
T,ud Ag(ljfldAg{Zd*
p)éY,a = r.ud . (2.9)
|ALa I°

Thanks to this simplification, the coefficients pg(qu,da only depend on the fundamental physics
ud

o In particular they are independent of the energy

encapsulated by the amplitudes A%
distribution of the parent pions.

To evaluate pyﬁa, we need the pion decay amplitude, both in the SM and in the
presence of new physics with non-standard Lorentz structures. Regarding the latter, we can
infer from the quantum numbers of the charged pion, J© = 07, that only the axial-vector
current @y*~°d and the pseudoscalar current %y°d can have non-zero matrix elements. The
vector and scalar currents are parity-even; for the tensor current, one can argue that no
antisymmetric tensor can be formed from the only available Lorentz vector in the problem,
namely pf, the pion 4-momentum. All in all, the amplitudes entering in (2.9) can be

expressed as

Vi

ud ud - )
AT = — A7 = 2@y Prog,) (O] dysu |7 (or)
T Vd _ 5
AT = 5 (W, Prog,) (0] dysulnt (pr))
;ud ,ud
ASe = ATe =0, (2.10)

where vy, 4, are the Dirac spinor wave functions of the charged lepton and the neutrino,
respectively.* The hadronic matrix elements in (2.10) are customarily parameterized as [53]°

2

_ , - . omg
(Ol dy*ysu |7 ¥ (pr)) = iphi fxs  (Oldysul|n™ (pa)) = —mew- (2.11)

where fr = 130.2(0.8) MeV [53] is the pion decay constant (which will cancel from our final
results), my is the charged pion mass, and m,, mg are the up and down quark masses.
With eq. (2.11), the left-handed and pseudoscalar amplitudes become

V, V, 2
AT = iV P, )(fame,) AR = i P, ST (919)

My, + My

4Note that u in wu, stands for the positive energy solution of the Dirac equation and should not be
confused with the field operator u of the up-quark field.

®The second expression in (2.11) can be obtained from the first one by contracting the latter with p
and using the equations of motion.



and their squares, summed over spins, are

Vu2df72r 2 2 2
alz s ( ),

Jud
D AT = = mi (md — m,

_ V2 2 m
Aﬂ',udAﬂ',Ud — _“udJm 2 2 T

Z La “*Pa v M (mw mé“)m + myq
V2, f2 m2
A™udi2 _ Yudlwo 2 020y T 2.13

> AR ot (e =g, (my +mq)? 219

Plugging eq. (2.13) into eq. (2.9), we obtain the production coefficients [8]

Toud _ mud Toud 1
Prra =PRRa = “PLRa = 1>
d d m2
it — —prd — T~ 97 (—5600) foro=p(e),  (2.14)

g, (Mg + my)
T, ud mjlr ~ 7 f
PPpa = 2 (i T ma)? 730 (3.1 x 10") or = p (e),

where in the numerical evaluation we have used m,, + my = 6.82(9) MeV [53|. The factor
mx /My, appears in the production coefficients involving pseudoscalar interactions because
they, unlike the SM ones, do not suffer from chiral suppression. Thus, even a small pseu-
doscalar coupling [¢%],~ (with o = p, ) present in the effective Lagrangian (2.1) leads to
a significant enhancement of the FASERv neutrino fluxes compared to the SM prediction.
This enhancement will allow us to obtain particularly strong constraints (~ 1073) on some
of the Wilson coefficients e}éd. Note, however, that in many extension of the SM the Wilson
coefficients corresponding to new scalar and pseudoscalar operators are expected to scale
as the corresponding quark masses, which would cancel this enhancement when considering
the sensitivity to the parameters of the ultraviolet-complete BSM model. We also note that
the bare quark masses appearing in eq. (2.14) are heavily dependent on the renormalization
scale. However, this scale dependence is canceled by the scale dependence of the Wilson
coefficients, allowing us to set robust constraints in spite of the scale dependence.

2.1.2 Kaon Decay

The second most important contribution to FASERv’s neutrino flux comes from kaon de-
cays. At the parton level the relevant decays are mediated by us — £}y transitions,
therefore they are sensitive to the Wilson coefficients [e}’],5. The evaluation of the corre-
sponding production coefficients pﬁgsa is more involved than in the pion case. The reason
is that relevant decay channels are both 2-body (Kt — £fv) and 3-body (K+ — mollv,
K. s — 7 ¢fv). Moreover, the kinematics and phase space integrations are quite cumber-
some for 3-body decays. In the following we only quote the results, leaving more details of
the derivation for appendix A.
We write the production coefficients in the form

K,us Nxy

SENEEAD. o S 2.15



where Nxy stands for the numerator in (2.5), and DL’gb stand for 2-body and 3-body
contributions to the denominator in (2.5).

Starting with the denominator, the 2-body contribution due to the K™ — (v decay
is given by

4 2
us ¢ E min max
Dy = et (i — ) [am 2 (o, - mp) — 0 (B, - B,

(2.16)

where px = \/E% —m3., ¢r+(Ek) is the energy distribution of the parent K* mesons,
©(z) is the Heaviside step function, the charged kaon decay constant is fx = 155.7(3) MeV [53],
and

. m2 — m2 m2 - m2
Elrjnln = K ea ) EII/naX = M . (217)
2(Ex — pK cos ) 2(Ex — pK)

Above, 0y is the kinematic cut on the direction of the emitted neutrino in the lab frame,
relative to the beam axis. In our numerical analysis we use the value fy = 5.6 x 10™4, based
on the geometry of the FASERv detector [3]. The factor 1/pg in eq. (2.16) comes from the
2-body phase space integral, which can be written as dIlay, = dcos 8, cmEyem/(8mmy) =
dE,/(8mpk), where 6, is the angle between the direction into which the neutrino is
emitted in the center-of-mass frame and the beam axis, and E, .y is its energy in that
frame, while FE, is its energy in the lab frame.

The 3-body contribution to the denominator arises due to semileptonic kaon decays.

We find

1 * dEg dcosf qmax
D3b — E 2 AK us
LL ™ 19873 /‘%in Ex ;qﬁK K / Er — pKCOSQ/ Z‘ ’

E coS Omin spin
(2.18)
where ), runs over semileptonic K, Kg, K|, decays, and
2EKE, 2
€08 Opin = max [cos 0y, K K + (e + me,) } ,
QPKEI/
. m2
B = K E, . w? = m3 4+ 2E, (px cos§ — Fx). (2.19)

m3, — (mx +mg,)?

The ¢? integration limits are given in eq. (A.25). The amplitude squared occurring in
eq. (2.18) is given in eq. (A.19).
For the numerators in eq. (2.15) we have

Nir = Ngg = D¥} + D3 |

Ny =—-D? + D3,

2

m
K=+ 2b
Nyp=—-Npp=—"7-—"7"—"-—-D177,
mye,, (My + M)
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Figure 1. Production Coeflicients for kaon decay. Left: decay to electrons. Right: decay to muons.

Npp= —y TS pan (2.20)
PP = mg (my +m;)? LL '
and
1 & dEK 1 dcos@ dimax 9 K K us
Nxy = / — Y ¢i(Ex / / dg Alius gKius
12873 Efr?in(E”) EK ; Z( ) €08 Omin EK —Px cos ¢ qt2nin 511)21 B e

(2.21)

for XY = LS, LT,SS, TT,ST. The expressions for the amplitudes needed in eq. (2.21) are
collected in eq. (A.19). Moreover, Nrg = Nps and Ngr = Npp, Ngsp = Npp = 0.

The production coefficients relevant to our work are plotted in fig. 1 as a function of
neutrino energy. For muonic decays of kaons the flux at the relevant neutrino energies is
dominated by the leptonic channel. For this reason pfﬁf Z, pfﬁ‘j, and pgﬁ‘; are almost
flat in energy, similar to the production coefficients for purely leptonic decays of pions,
cf. eq. (2.14). The effect of the semileptonic admixture is to produce non-zero produc-
tion coeflicients associated with the scalar and tensor interactions: pﬁ;}fj, pf’Tlf;, p?équ, etc.
Their shape, quickly decreasing with FE,, is due to the fact that the domination of leptonic
over semileptonic fluxes becomes stronger at high energy. Conversely, for electronic decays
of kaons, semileptonic channels largely dominate over the chirally suppressed K — ev.
Therefore the production coefficients associated with the scalar and tensor interactions are
approximately constant, their variation being due to the energy dependence of the corre-
sponding matrix elements. The production coefficients associated with the pseudoscalar
interactions, pf]ﬁf °, and pgﬁz are still relatively large, because they are chirally enhanced
by mg /me. Their sharp increase with energy is due to the semileptonic fluxes quickly shut-
ting off at large E,,, which leads to the relative contribution of the leptonic decay becoming

more important at higher energies.

2.1.3 Charm Decay

The decays Ds — £} v are mediated at the parton level by ¢5 — ¢ v, thus they are sensitive
to the [€§]os Wilson coefficients in the EFT Lagrangian of (2.1). While their contribution
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to the neutrino flux is much smaller than that of pion and kaon decays, they are the
main source of tau neutrinos in FASERv. Consequently, they give us access to the [€5],
Wilson coefficients, which cannot be probed by pion and kaon decays. The calculation is
completely analogous to the one for pion decay in Sec. 2.1.1. We find the non-vanishing

pg’ésa production coefficients:

Dys _  Dyes Dycs 1
Prr,a = PRRa = "PLRa = 1>
D D m2D 3
cs cs s ~ .
pPL,oc = _pPR,a = —m ~ —16, —27, —5.5 x 10 fOI‘ a=T, U, €, (222)
D mp
PP = —3 = ~ 25,710, 3.0 x 107 fora=1,p,e.

my (me + my)

In the numerical evaluation we used m, = 1.280(13) GeV and m, = 92.9(7) MeV [54].
We will neglect new physics contributions to neutrino production in D and D° decays
because they only make very small contributions to the overall neutrino flux.

2.2 Neutrino Detection via Deep-Inelastic Scattering

At FASERwv energies, neutrino detection proceeds almost exclusively through charged-

current deep-inelastic scattering (DIS),
v+N—=I{+X, (2.23)
where N = n, p is a nucleon and X can be any hadronic final state.

2.2.1 Deep-Inelastic Scattering in the Standard Model

In the SM, the differential cross section for deep-inelastic charged-current neutrino scatter-
ing on a nucleon N is

R m; (3-QH(E—-Q*—mj,)
BN _ 3 N 2 s N 2
d.ﬁUdQ2 - 27_”]4 |:(1 - § ) Z fq (Q’J,Q )+ §2 Z fq (x’Q ):|
q=d,s q=u,c
(2.24)
for neutrino scattering, and
e m3 (5 Q)3 - Q*—m3)
BN 3 N 2 i N 2
d.%‘dQQ - 271"(}4 |:<1 - 3 ) Z fq (.’L’,Q )+ §2 Z fq (:1:7Q ):|
g=d,5 q=u,c
(2.25)

for anti-neutrino scattering. In these expressions, we have set all quark masses to zero.
my, denotes the mass of the outgoing charged lepton of flavor (which is not completely
negligible for 8 = 7) and

dmpyE?

_EMNBY o~ 9mn By, 2.26
2E, +my N (2.26)

»>
Il
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Figure 2. SM cross sections for neutrino (solid) and anti-neutrino (dashed) charged-current (CC)
deep-inelastic scattering on tungsten. We have used the LO MSTW PDFs [55], see text for details.

is the invariant mass squared of the neutrino—quark system. Next, = is the fraction of the
nucleon momentum carried by the incident quark, and Q? = —(p, — pgﬁ)2 is the invariant
momentum transfer. The functions fév (x,@Q?) are the PDFs of the nucleons.

The SM limit of the detection cross section for a neutrino scattering on a nucleus, which
is denoted as G'E)M(Ey) in the master formula of eq. (2.3), is obtained by integrating (2.24)
over the  and Q? variables and summing over the nucleons:

SM

§— m/B UﬁN
Z nN/ d:I:/ d:];dQQ’ (2.27)

N=n,p

where Qg ~ 1GeV and zp = (Q%—i—mfﬁ )/(2mnE,). An analogous formula holds for the anti-
neutrino cross section 5§M (E,). The target nucleus in FASERv is tungsten with n, = 74
protons and on average n, ~ 110 neutrons. The results of the numerical integration are
shown in fig. 2 as a function of the incident neutrino energy. For the proton PDFs we used
the MSTW set [55] at leading order. The neutron PDFs are related to the proton ones by
the isospin symmetry: f;! = f4 and fJ = fi. The distributions of the strange and charm
quarks and anti-quarks are the same for protons and neutrons. We find a good agreement
with ref. [3].

2.2.2 Deep-Inelastic Scattering in EFT Extensions of the Standard Model

We move to discussing the effects of new physics on the detection side, encoded in the
detection coefficients defined in eq. (2.6). To calculate these, we need the amplitudes for a
neutrino scattering on a quark inside a target nucleon in the presence of non-SM interaction
in eq. (2.1). For v,d* — Eguj the amplitude decomposes as in eq. (2.2) with the reduced
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amplitudes given by
2Vik

ALY = == (@ Prua) (i, Prw)

AR = 2 Gy Praag) (g, P

A?,Zk = _%(@uud)(ﬂe[gPLuu) ; (2.28)
423 = V2 ) (i, Pr)

Aggk = —%(ﬂua“”ud)(ﬂgﬁauyPLuy) ,

where u; are the spinor wave functions of the involved quarks and leptons. For v,/ — Egd_k

the reduced amplitudes A ’ék are obtained from the above ones by replacing u, — v, (up

to an irrelevant minus sign from Fermi statistics). For anti-neutrino scattering one needs
to replace u — v in the lepton’s wave functions and take the complex conjugate.

In the limit where quarks are treated as massless, the spin-summed amplitudes squared
are given by the compact expressions

1 2
ZAD,]kAD,]k* 6|ij‘| (S . m2 ) 7

U4 ZB

spin
S AP AR _ g, (X = R, S, P,T),
spin

D.jk D, ihox 16|ijl2 2 2
D ARG ARE = — (- Q) (- Q% - mi,) (2.29)
spin

D.jk D,]k*_ D,jk Dﬁjk*_z‘VM 2(Q* +
ZA A — ZA A = Q (Q )
spin spin

. AV]?

S apeaRy = AT 28 - @ - mi i - @)
spin

Note that, because we have taken the quark masses to be zero, all ZAD’JkAD’J M with
X # L, and thus all detection coefficients d x p With X # L, vanish. This implies that the
only Wilson coefficients that can modify the detection process at linear order are the eik.

For neutrino—anti-quark scattering, we have

ZAD ]kAD Jkx ZAD ]kAD Jhkx

spin spin
Z AD,]]CAD,]’C* Z AD,]kAD,]k’* (230)
spin spin

and the remaining Zspin ARk ADIR* a1 identical to their counterparts for neutrino—quark

scattering.
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neutrinos ‘ anti-neutrinos

ditv s d¥xp Sxp | d¥xs  d¥xs ANk

L 091 52x107% 69x1072| 082 3.1x107%2 0.14
R 045 86x107% 72x1072| 161 7.8x107%2 0.15
S/P 004 45x107* 55x1073| 0.07 3.3x107% 0.01
T 059 6.0x107% 6.7x1072| 1.07 4.7x1072 0.12

Table 1. Detection coefficients for the scattering of neutrinos and anti-neutrinos with energy
E, = 1TeV on tungsten. The values shown are for 5 = e, but they are practically equal for

B=pT

T T Y T
10k Neutrino dyy ., 3 10F  Anti—neutrino dyy ,, 3
ud
. drR
= 100 /u d 3 = ]00 E /ml
L Feiw { 2 ar
= dis = dpy —
B 101k d$ 4 B 10 oo R drrd
=1 - = —ud (/] I
(-c) Jud dt (: dsspr T
) ass/pr " IS art
B 1072F s ‘_/_1\’_I§,, B | 4
2 e : 5 2 E ds;
A m=eT ds ey dti T T B B .
1073k - 1073k -
1 1 1 PR S | 1 1 1 1 1 a2l 1 1 1
100 200 500 1000 2000 5000 100 200 500 1000 2000 5000
Neutrino Energy E, [GeV] Anti—neutrino Energy E, [GeV]

Figure 3. Energy dependence of the detection coefficients defined in eq. (2.6). Solid curves
correspond to tensor couplings, dashed curves to scalar and pseudoscalar couplings, and dot-dashed
curves to right-handed couplings.

To calculate the detection coefficients we can now insert eq. (2.29) into eq. (2.6) and
evaluate numerically the integral over the nucleon PDFs. The results for a particular neu-
trino energy F, = 1TeV are shown in table 1. For each Lorentz structure X, the largest
d])'? X8 corresponds to the jk& = ud quark structure, which profits from the large PDFs of
the up and down quarks in the nucleons and from the lack of Cabibbo suppression. We
note that, in most cases, the detection coefficients for anti-neutrinos are larger than the
ones for neutrinos. One reason is that the detection coefficients are inversely proportional
to the SM scattering rate, which is roughly three times smaller for anti-neutrinos than for
neutrinos. For right-handed couplings, the numerator in eq. (2.6) is moreover larger for
anti-neutrinos than for neutrinos. The scalar and pseudo-scalar coefficients are suppressed
by small numerical factors, while the right handed and tensor ones are much larger. This
translates to a better sensitivity to the €% ¢ and € ¢ Wilson coefficients on the detection side.
As for quark flavor structures other than ud, the detection coefficients dgf},, 5 are suppressed
by the small PDFs of strange and charm quarks,® while the d}L{SY, 5 are suppressed by the

5Note, however, that FASERv has the capability of tagging charm mesons. This could be used to reduce
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Figure 4. Neutrino and anti-neutrino fluxes at FASERv predicted by the SM for an integrated
luminosity of 150fb~!. This corresponds to the luminosity expected in Run 3 of the LHC, at a
collider center-of-mass energy of 14 TeV. The kaon curves correspond to summed (anti-)neutrino
fluxes from K*, K; and Kg decays. Figure based on [56, 57].

Cabibbo angle squared. Consequently, the sensitivity to €5’ and €5 is weak on the detec-

tion side. The coeflicients dg?Y, 5 are suppressed by both the charm PDF and the Cabibbo
angle, and we therefore do not consider them any further in this work. The dependence of
the detection coefficients on the incident neutrino energy is shown in fig. 3. Most of the
detection coefficients are, to a good approximation, energy-independent. A dependence on
E, appears due to the lepton masses, Q? dependence of the PDFs, and subleading terms
in the relation between § and F,, which are small effects at energies relevant for FASERwv.

3 Predicting the Sensitivity of FASERv

In this section we explain our procedure for estimating the sensitivity of FASERv to new
physics encapsulated in the Wilson coefficients ex of the WEFT Lagrangian eq. (2.1).
The master formula, eq. (2.3), for calculating the FASERv event rate requires as input
the number of target nuclei (N7), the SM neutrino fluxes at production (<1>§’SM), the SM
neutrino detection cross section on the target nucleus (O’EM), and the modified oscillation
probability (p(fﬁ) The number of tungsten nuclei in FASERv is Ny = 3.14 x 10?7, which

the background to interactions of the form v + s — £~ + ¢, recovering some sensitivity to d¥y 5.
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corresponds to a fiducial mass of 0.96 tons. Fiducialization takes into account a geometrical
acceptance of 80% in order to suppress backgrounds [3].

We use neutrino fluxes that were kindly provided to us by the FASERv collaboration
[56] and are shown in fig. 4. They correspond to the fluxes from ref. [57], see also ref. [58].
The event generator used was SIBYLL 2.3c [59-62]. The detection cross section is given by
eq. (2.24) for neutrinos and by eq. (2.25) for anti-neutrinos. We sum over the contributions
from scattering on protons and on neutrons, taking into account the fact that tungsten has
n, = 74 protons and on average n,, ~ 110 neutrons. In our formalism, all dependence on
new physics is contained in the modified transition probability of eq. (2.8). Up to quadratic
order in the Wilson coefficients it takes the form

~g gk 1k ik gk
Ps(By) =0~ dap+2 Y P (K lacdas +2D diy (€)1 5500s
X,j,k J.k

gk k: ik ik
+ Z |:pX§’a €] aﬁ[ﬁy] af +dXY5[€X]ﬁa[€Y]ﬁa} (3.1)
XY, 5.k

Here, we have taken into account that the detection coefficients djx vanish for X =
R, S, P, T, and that for all processes we consider here the production and detection coefhi-
cients are real. By construction, the Wilson coefficients [ej}é€ lap that we want to constrain
enter the experimental count rate only through eq. (3.1). The production and detection
coefficients have already been computed in section 2. The terms cubic and quartic in ey,
which are omitted from eq. (3.1) (but kept in our analysis), are relevant only when ex 2> 1.

In the SM limit, where all € x are zero, we recover Isag = 0qp3- At linear order in the new
physics couplings, FASERv is sensitive only to the lepton flavor-diagonal Wilson coefficients
[6]; Jaa- In fact, the linear terms are due to new physics modifying the partial decay widths
of the source mesons into neutrinos and the detection cross-section. As these observables
can be measured more precisely in dedicated (non-neutrino) precision experiments, we
do not expect that the FASERv sensitivity to the linear terms can be competitive. The
situation changes at the quadratic level in ex, where the transition probability is no longer
proportional to d,3. The advantage of FASERY over non-neutrino precision experiments
is here that it can identify the flavor of the emitted neutrino, and thus gain better access
to the off-diagonal elements of the [6&? Jap matrices. In particular, FASERv’s sensitivity
to the [eg? Jer and [eﬂf ]ur couplings is greatly enhanced by the large ratio of v, over v,
fluxes. Thus, even a tiny fraction of v, from a production process that in the SM produces
only v, and v, can be easily detected. Similarly, the sensitivity to even a small amount of
anomalous 7 lepton production in the detector induced by v, or v, is excellent, which leads
to an enhanced sensitivity of FASERv to [€} X]re and [ej)éC |

As an example, consider the effects of the Wilson coefficients eﬁd on the number of tau
events measured in FASERv. We find

N, ~ NM [1 +0.25 [ef)2, + 100 [e8]2 + 40 [e4!)2, + 180 [e)2,, + 0.87[e4]2, |,  (3.2)

where N> SM' ~ 17 before applying acceptance and efficiency factors, and NEM ~ 10 with
these factors included. The sensitivity to [€%] . and [¢%!],, comes from the detection side,
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when the 7 lepton is produced in the detector from incident v, or v, respectively. Even
though the detection coefficients are only O(1) (d%k, ~ 0.5 for neutrinos and d%, ~ 1.6 for
anti-neutrinos), the large incident flux of v, and v, still leads to a sizeable event rate. The
effect is 5 times larger for [e%];, than for [¢%'] . simply because the incident flux of muon
neutrinos is that much larger than the flux of electron neutrinos. The sensitivity to [e%d]ﬂ
and [elj%d] ur comes from the production side from the decays m — ev, or m — pv;. In the
presence of non-zero [¢%!],,;, the large number of pion sources leads to sizeable anomalous
production of v, albeit the effect is a bit smaller than for new physics on the detection
side because [e}‘%d] ur does not affect neutrinos from kaon decays. By a similar argument,
we also expect that the sensitivity to [€%]., will be very poor. While the flux of electron
neutrinos in the SM is sizeable, that flux is entirely dominated by kaon, charm, and hyperon
decays (see fig. 4), which are unaffected by [e}f—id]w. Only m — ev decays are enhanced, but
their strong chiral suppression precludes any sizeable increase in the overall count rate at
FASERv. This simple example gives a qualitative understanding of the sensitivity to various
Wilson coefficients, which in the following is estimated by a more elaborate analysis.

We fold the event rate with a Gaussian energy smearing function with a width of
0.3E, [3], and we then apply the vertex reconstruction efficiency taken from fig. 9 of ref. [3]
as well as the charged lepton identification efficiency, which is close to e, = 100% for
electrons, ¢, = 86% for muons, and e, = 75% for taus, see sec. VI.C of ref. [3]. Moreover,
note that the differences in acceptance between 2-body and 3-body kaon decays are already
accounted for by the factors 57 (Es) in the production coefficients in eq. (2.5). The main
sources of background at FASERv are muons produced at the ATLAS interaction point or
further downstream, as well as secondary particles that could mimic the neutrino signals.
However, these backgrounds can be suppressed to a negligible level by the fiducialization
cut, by only considering reconstructed neutrino energies E, > 100 GeV, and by additional
kinematic cuts whose effect on the signal is encoded in the above-mentioned efficiency
factors. This last set of cuts, discussed in detail in sec. V.C of ref. [3], includes for instance
a cut on the total momentum fraction carried by the highest momentum particle, as well
as a cut on its angle with respect to the other particles in the event.

In our analysis, we consider neutrino energies 102 GeV < E, < 10* GeV, sorted into 15
log-spaced bins for v, and v, and combined into a single bin for v,. With the efficiencies
taken into account, we predict that, without new physics, FASERv will detect about n. +
ne = 908 electron neutrinos and anti-neutrinos, n, + ngz = 4979 muon neutrinos and anti-
neutrinos, and n, + n; = 17 tau neutrinos and anti-neutrinos. These numbers differ from
the ones shown in Table II of ref. [3] because we are using updated neutrino fluxes [56, 57|
compared to that reference. We have checked that, using instead the neutrino fluxes from
ref. [3], we do reproduce the event numbers from that paper. We plot the expected event
spectra for the different neutrino flavors in fig. 5.

To investigate the sensitivity of FASERv to new physics, we define the Gaussian log-
likelihood function

NSM,z

Ni(a@,ex) — 2 a?
R D S L Y 53

- X €
vU B=e,u,m @ ’ X) a=e,u,T
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Figure 5. Predicted event spectra at FASERv. All the €’s for v, and v, are set to 0.2, while
they are 0.01 for the v, events. For pseudoscalar couplings we rescale the number of events by the
indicated factor.

where the number of vg-like events in the i-th energy bin is given by NSM’i for the SM,
and by Né (@, ex) in the presence of new physics. The latter quantity depends not only on
the Wilson coefficients ex, but also on a set of nuisance parameters a,, (o = e, u, 7) which
parameterize a systematic normalization bias in the primary meson and SM neutrino fluxes.
More precisely, based on eq. (2.3), Né(d’, €x) is given by

i

Emax ~
Nj(d, ex) = NT/ dB, oM (B,) Y (1+ aa)®5™(E,) PYs(E,, L), (3.4)

Efnin a,S
where E! . and E! . denote the boundaries of the i-th energy bin. For the uncertainties

of the nuisance parameters, we will use two sets of values, namely a more optimistic one
with o, = 5%, 0, = 10%, and o, = 15% for electron, muon, and tau (anti-)neutrinos,
respectively (based on Table II of ref. [3]), and a more conservative one with o, = 30%,
o, = 40%, and o, = 50%. Finally we sum over neutrinos and anti-neutrinos.

In computing the projected limits on the Wilson coefficients, we assume that FASERv
will observe exactly the number of events predicted by the SM in each flavor. We allow
only one of the [ej)éC lap coefficients to be non-zero at a time.

4 Results

We now proceed to the discussion of our main results, namely the projected constraints on
the Wilson coefficients appearing in eq. (2.1). We summarize these constraints in figs. 6
to 9 for right-handed, scalar, pseudoscalar, and tensor couplings, respectively. In addition
to quoting limits in terms of the dimensionless [egéc]ag parameters (top axis and labels
inside each bar), we also express them in terms of the effective new physics scale [Aj)éf lag =
v/ ([e])éc Jag)'/?. Operators for which ¢ > 1 is required to saturate the limit are shown in
gray to emphasize that, for such large couplings, our formalism is expected to become less
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Figure 6. The projected FASERy constraints on the Wilson coefficients of new pseudoscalar
interactions in the Weak Effective Field Theory (WEFT) framework. Projected limits are reported
both in terms of the dimensionless couplings [ej)éc lap (top axis) and in terms of the effective new
physics scale [AMg]as = v/1/[€5F]ap (bottom axis). Each colored bar indicates the limit on one
particular interaction, with the shorter, darker piece corresponding to conservative assumptions on
the systematic uncertainties, the lighter colored piece corresponding to more optimistic assumptions,
and the unshaded extension on the right indicating the sensitivity of FASERv during the high-

luminosity LHC phase, with a factor of 20 more statistics.
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accurate due to threshold effects as the cutoff scale of the theory approaches the center-of-
mass energy of neutrino scattering in FASERv. We do not consider WEFT corrections to
left-handed interactions in our analysis because the intricate interplay of these interactions
with SM processes implies that deriving a reliable constraint would require re-extracting the
CKM elements from the data, taking into account possible contamination by new physics.
As mentioned already in section 3, we allow only one of the [eﬂ? Jap coefficients to be non-zero
entries at a time. Each row of figs. 6 to 9 shows three overlapping bars, the leftmost one

1072 107! 1 10 102
A=v/V g [TeV]

Figure 7. Similar to fig. 6, but showing constraints on right-handed couplings.
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Figure 8. Similar to fig. 6, but showing constraints on scalar couplings.
€
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Figure 9. Similar to fig. 6, but showing constraints on tensor couplings.
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corresponding to very conservative systematic uncertainties, the middle one corresponding
to more optimistic systematic uncertainties (see section 3), and the rightmost one indicating
the sensitivity of FASERv during the high-luminosity LHC phase, with 3ab~! of integrated
luminosity. Further improvements could of course be expected if also the detector were to
be enlarged.

Starting with constraints on pseudoscalar couplings, we see from fig. 6 that FASERv
will be able to constrain many of the entries of the e%d and €%’ matrices at the per mille
level (see top and middle parts of fig. 6). The reason for FASERY’s excellent sensitivity
to these couplings is the strong chiral enhancement of the production coefficients for fully
leptonic meson decays, see e.g. eq. (2.14) for the case of p}?gi and p;’;ﬁi. The impact of this
enhancement may not be immediately obvious for the decays 7t — p*v, and K+ — utu,,
which are already dominant even in the SM. As an already large branching ratio cannot
be enhanced much further by new physics, one might expect that lifting chiral suppression
would not change the v, flux by a lot. However, the presence of new physics changes also
the total meson decay rate, and thus the fraction of mesons that can decay before being
stopped in the matter they encounter downstream of the ATLAS interaction point (beam
pipe, tunnel walls, etc.). Effectively, by detecting neutrinos from dominant decays like
mt — pty, and K+ — ptv,, FASERv is carrying out a precision measurement of the pion
and kaon partial decay widths into a specific neutrino flavor. Comparing this measurement
to a first-principles prediction (based on lattice QCD results for the decay constant) is what
allows the experiment to set limits on new physics even when the new physics affects the
leading meson decay modes. For new physics operators that affect only sub-leading decays,
one can typically achieve smaller theory errors because no first-principles prediction of a
total decay rate is necessary — the latter is fixed in-situ by measuring the dominant decay
mode. All that is needed in this case is a prediction for the branching ratio of the sub-
dominant decay channel. Chiral enhancement is even stronger for charged meson decays to
electrons, such that the decay 7+ — e'v, is enhanced to the extent that the constraints

d d
on [€%']cq are as strong as the ones on [e}5'],qa.

Constraints on couplings to light flavor quarks involving 7 leptons ([¢%!], and [¢%],4)
depend entirely on the detection process because pions and kaons cannot decay to 7’s.
These constraints are therefore generally weaker than those on couplings to electrons and
muons. They are weaker for [€%],, than for [¢4!],, because neutrino interactions through
the former are in addition suppressed by the CKM element V,,5 (see our definition of [¢§’].g
in eq. (2.1)) and by the strange quark PDF. (Anti-neutrinos can still interact on valence
up quarks, but their flux is slightly lower.)

Chiral enhancement is weak in the case of fully leptonic charm decays because of the
appearance of m, in the denominators of eq. (2.22). As the fully leptonic branching ratio
of charm mesons is very small in the SM, the enhancement is not sufficient to significantly
increase the associated neutrino flux, therefore constraints on €} (bottom part of fig. 6)
are generally weaker than those on e’;,d and €}’. The exception are couplings involving 7
leptons because, unlike pions and kaons, charm mesons can decay to 7s.

Comparing FASERY’s sensitivity to pseudoscalar new physics to the existing constraints

that will be discussed in more detail in section 5, we see that for some couplings — especially
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those benefiting from chiral enhancement — FASERy will be more sensitive than other
LHC searches. On the other hand, precision measurements of meson decays in low-energy
experiments will typically still have an edge over FASERwv, even though for some operators
future measurements with LHC neutrinos will be quite competitive. Should a deviation
from the SM prediction be found, an important aspect of FASERv and other, similar,
experiments will be their sensitivity to the neutrino flavor, an observable that meson decay
measurements are insensitive to. This highlights the unique potential of LHC neutrinos in
hunting for new physics and is one of the main conclusions of this paper.

We now turn our attention to right-handed couplings involving first-generation quarks,
eﬁd. We see from the top part of fig. 7 that FASERv’s sensitivity to new physics in this sector
will be at the 10% level. This is worse than the sensitivity to pseudoscalar interactions due
to the lack of chiral enhancement. Nevertheless, some of the eqéd benefit from other types
of enhancement: for the diagonal couplings [€%].. and [¢%],,, interference with the SM
amplitude implies sensitivity at the linear order. The off-diagonal coupling [e}‘%d] ur converts
part of the very large muon (anti-)neutrino flux into v, for which the SM background flux
is low. Constraints on [¢%],. and [¢%!],,, are entirely based on detection processes in which
a v, or v, creates a 7 lepton. Once again, these processes benefit from the low SM rate in
the 7 channel. There is no contribution from the production side because pions (the only
unflavored mesons we consider) cannot decay to 7 leptons.

Considering next right-handed couplings to up and strange quarks (middle part of
fig. 7), we find fairly strong constraints for all lepton flavor structures thanks to the fact
that the flux of forward kaons at the LHC is large, and that kaons have sizeable branching
ratios into both muons and electrons. Only the limit on [e%];; is weaker than the others
because it comes purely from modified detection processes, given that kaons cannot decay
to 7 leptons for kinematic reasons.

Constraints on right-handed couplings to charm and strange quarks (bottom part of
fig. 7), are in general weaker because the flux of charm mesons is lower than the one of
pions and kaons, and because detection reactions sensitive to €5 are suppressed by sea quark
PDFs. Among the [e}7]os coefficients, the most strongly constrained ones are [€%] e, [€5]r4,
and [ef]7-. The first two of these lead to the production of 7 leptons in the detector off
the large v, and v, fluxes, while the latter one profits from sensitivity at the linear order.
Similarly, [e%]e, allows v, to produce electron-like signatures, and since the background
of electron-like events is lower than the one for muon-like events, this leads to enhanced
sensitivity.

In comparison to existing limits, we see that FASERv constraints on eg will not be
quite competitive yet. However, the difference in sensitivity is small in some cases and
may be overcome by future upgrades to FASER with a larger detector (and hence larger
acceptance) [63] and with an increased neutrino flux from the high-luminosity LHC.

Looking next at constraints on scalar couplings (fig. 8), we remark that we do not show
expected limits on egd and €§ here. The reason is that the production coefficients for these
couplings vanish in the case of pion and charm decays (see section 2.1), and the detection
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coefficients are small (see section 2.2). The sensitivity to egd and €g' is therefore extremely
poor. For the case of €4°, on the other hand, we obtain decent limits thanks to the sizeable
production coefficients in 3-body kaon decays. Nevertheless, these limits are not quite
competitive with existing constraints from collider studies and precision measurements of
kaon decays.

Last but not least we have investigated FASERvV’s potential to constrain tensor inter-
actions parameterized by ez‘fk, see fig. 9. We first note that the production coefficients p%l/,
pg‘(dT, 5y, and pS, vanish (see discussion in section 2.1), while the detection coefficients
are sizeable (see table 1). This leads to limits that are decent, but not competitive. We
see that here, the eu, 7e, and 7u elements of e%d and €77 are the most constrained ones be-
cause they correspond to interactions in which a neutrino flavor with a sizeable flux creates
charged leptons that in the SM can only be produced by a less abundant neutrino species.
This leads to an excellent signal-to-background ratio for these channels. It is noteworthy
in particular that the FASERv limit on [e%d]m can potentially beat the one from 7 decays
(though not the one from top decays, see section 5). For couplings to up and strange
quarks, the production coefficients do not vanish, but are still very small (see fig. 1), and
the detection coefficients are CKM-suppressed. Therefore, limits on €%’ are very weak and
are not shown here.

5 Comparison with other experiments

In figs. 6 to 9, we have already compared FASERV’s sensitivity to new neutrino interac-
tions with existing constraints from other experimental probes. In the following, we explain
how these external limits are obtained. We will focus on bounds obtained in the frame-
work of WEFT, that is bounds from low-energy experiments sensitive to charged-current
interactions. For many couplings, we will also show constraints that are only valid if the
UV-completion of WEFT is SMEFT. We will do so in particular when the bounds obtained
in SMEFT are superior to the WEFT-only constraints.

The bounds from neutrino experiments, meson (semi-)leptonic decay and f-decays can
be directly compared to the FASERv projections as they are evaluated at an energy scale
that is well captured by the WEFT. On the other hand, bounds from colliders and charged-
lepton flavor violation are valid only under the assumption that WEFT is UV completed
by SMEFT. Bounds are given at 90% CL (unless otherwise stated), assuming only one
operator is nonzero, and using a renormalization scale i = 2GeV in the MS scheme. We
assume all Wilson coefficients are real, and the bounds given in the following refer to their
absolute value, ][ej)f Jagl- We collect the strongest bound, to our knowledge, for each Wilson
coefficient in table 2, 3 and 4. Entries printed in bold face in these tables have been derived
in this work, while those printed with a normal font weight are taken from the literature.

5.1 Neutrino experiments

From a qualitative point of view, the bounds from the NOMAD experiment [69, 70| are
equivalent to those expected from FASERv in the sense that they depend on the same
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Coupling Low energy (WEFT) High energy / CLFV (SMEFT)

90 % CL bound process 90 % CL bound process
[E%d}ee 4.6 x 1077 FTr—>e1//I‘7r—>/,w
G 7.3 x 1076 Troser/Trsyw [7] 2.0 x 1078 i — e conversion
(€%, 73x107%  Trer/Trnmw [7] 2.5 x 1073 LHC [64]
[e}éd}#e 2.6 x 103 Trer/Trosw 2.0 x 10~8 it — € conversion
(€%, 9.4 x 105 Trser/Traosuw
(4] ,.r 2.6 x 1073 Troer/Trow
(€] 9.0 x 10~2 | A 5.8 x 1073) /4.4 x 10~* LHC [65] / 7 decay [64]
(€%, 9.0 x 102 Trm 5.8 x 10730 LHC [65]
[ew], 8.4 %1073 7-decay [65] 5.8 x 10730 LHC [65]
[f%s]ee 1.1 x 10~6 I‘Kﬁel//I‘Kﬁul/
(€8] en 2.1 x 1073 Iker/TKow 6.2 X 107 1 — e conversion
[€%]er 2.1 x 1078 Tkoer/TKR- 7.1 x 1072 LHC [64]
(€5 e 2.3 x 1073 Tkoer/TKouw 6.2 x 10~7 1L — e conversion
[€5] 2.2 x 1074 Tker/TKouw
(€%]r 2.3 x 1073 Tkoer/TKR-
[€%] e 6.4 x 102 ok /T | 3.1 x1072()/81x 1072 LHC (data [66]) /7-decay [64]
(€57 6.4x107%2 Tk, /Tkow 3.1 x 10720 LHC (data [66])
(€% 77 1.3 x 1072 7-decay [67] 3.1 x 10720 LHC (data [66])
[€%]ee 48 %1073 I'p,sev 1.3 %1072 LHC [68]
[€B]en 4.6 x 1073 I'p,ev 1.3%x107? /2.7 x 107%  LHC [68] / p — e conversion
[€5]er 4.6 x 1073 I'p,ser 1.3x107% /1.9%x 1072 LHC / 7-decays [64, 68]
[€B] e 8.9x10°8 T'pyouw 2.0x 1072 /2.7 x 1078 LHC [68] / u — e conversion
(€] 1.0 x 1073 by 2.0 x 1072 LHC [68]
(€55 ur 8.9 x 1073 I'p,—uw 2.0 x 1072 LHC [68]
(€] re 2.0 x 1071t I'b,r 1.6 x 1072 / 1.9 x 1072 LHC / 7-decays [64]
(€5 2.0 x 1071 I'p.sr 2.5 x 1072 LHC [68]
(€] 77 3.2x 1072 I'p,r 2.5 x 1072 LHC [68]

Table 2. Summary of 90% CL bounds on the absolute value of pseudoscalar WEFT Wilson
coefficients. The results in the left column are independent of the underlying high-energy theory,
whereas the right column shows bounds derived under the assumption that SMEFT is the underlying
theory at energies above the electroweak scale. Empty cells in the right column indicate operators
for which we are unaware of a SMEFT bound in the literature, or for which the SMEFT bound is
significantly weaker than the WEFT constraint. Bounds shown in bold face have been calculated
in this work. Bounds marked with (%) are given at the 95 % rather than 90 % CL.

physical processes. NOMAD bounds on [€%].,, re.ru have been evaluated in [16] and have
been found to be at the O(1072 — 1073) level.

For scalar and tensor interactions, the only limits from neutrino experiments available
in the literature are from reactor data, ¥, — 7, [7]. The relevant observables are sensitive
to the [¢¥], and [€%]., coefficients with X = R,S,T at the linear order. The current
bounds on [€%].,, and [€%]., are in the 0.05-0.10 range [7].

We are not aware of limits on pseudoscalar interactions from neutrino experiments.
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Coupling Low energy (WEFT) High energy / CLFV (SMEFT)
90 % CL bound process 90 % CL bound process

[Glﬁi]ee 2.5 x 1073 FW—)eV/FW—)uV

(€%, 3.7x 1072 vy = ve [16, 69, 70] - -

[evd]er 4.1 x 1072 Troer/Trow - -

(€8] e 7.1 x 1072 Lo /Ty - -

(€%, 2.5 x 10—3 Trser/Trosuw

(%] ,.r 7.1 x 1072 Troer/Trow - -

[6%1 re 0.12 ve — vy [16, 69, 70] - -

(€%, 1.8x 1072 v, — v, [16, 69, 70| - -

(%], 6.1 x1073 7-decay [65]

[Elﬁs]ee 5.2 x 1073 I‘Kﬁeu/l—‘Kﬁ;tlI

[€4] s 1.0 x 1071 Tk er/TK - -

[E?]CT 1.0 X 1071 FK—)eu/FK—mu - -

(€% e 5.5 X 10~2 Tker/TKouw - -

G4 5.2 x 1073 T'kser /TR

(€] ur 5.5 x 1072 IF'koer/TKo - -

[€%]) e 10.7 x 10—2 Lok /TR - -

G 10.7 x 102 Tk /T - -

€8] 1.5 x 1072 7-decays [67]

[eR]ee 1.3x 1072  T'pokuw/TposKer

[€%]en 0.13 I'pokuw/TDoKer - -

[E%]ST 0.13 FD*}K}U//FD%KSV - -

[Efﬂuc 0.16 FD—>KuV/FD—>Keu - -

(%] 1.3 x 1072 I'pokuw/TDoKer

[5%];”' 0.16 FD*}KIU,I//FD%KGV - -

[€B]re 3.2 x 107! ', - -

G 3.2 x 1071 I'p.—r . -

(€517 5.0 x 102 I,

Table 3. Summary of 90% CL bounds on the absolute value of right-handed WEFT Wilson
coefficients. The results in the left column are independent of the underlying high-energy theory.
In the right-hand column we indicate with dashes the lepton flavor off-diagonal operators, which
are not generated from dimension-6 SMEFT operators. Empty cells in the right column indicate
operators for which we are unaware of a SMEFT bound in the literature, or for which the SMEFT
bound is significantly weaker than the WEFT constraint. Bounds shown in bold face have been
calculated in this work.

5.2 (Semi-)leptonic Hadron Decays and (-decays

Precision measurements of leptonic and semi-leptonic hadron decay rates as well as -decay
rates are sensitive to the lepton-flavor off-diagonal EFT coefficients at quadratic order,
similarly to FASERv. Compared to FASERr, meson decay measurements typically benefit
from higher statistics because they do not require neutrino detection. This leads to a typical
uncertainty in the 1072-1072 range for the event rates, and consequently in the 10711072
range for the EFT coeflicients, except when additional enhancements are present, such as
for pseudoscalar operators. Limits on flavor-diagonal coefficients are typically stronger than
those on off-diagonal coefficients because the corresponding amplitudes can interfere with
the SM ones, leading to sensitivity already at the linear order [65, 71, 72|.
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Coupling Low energy (WEFT) High energy / CLFV (SMEFT)

90 % CL bound process 90 % CL bound process
[€4%] e 7.0 x 1073 K-decays [71]
[€&]en 0(1072) K-decays 6.2 x 1077 /4 — e conversion
[€&]er 0(1072) K-decays 7.1 x 1072 LHC [64]
(€8] e 0(1072) K-decays 6.2 x 10~7 i — e conversion
(€8] 1.3 x 1073 K-decays [71]
[€&]ur 0(1072) K-decays
[€4] e o101 7 decays 3.1 x 10720 LHC (data [66])
[€%°] 74 O(1071) 7 decays 3.1 x 10720 LHC (data [66])
[€4] -7 2.4 x 1072 7 decays [67] 3.1 x 1072 LHC (data [66])
(€3] 2.1x1073 B-decays [72]
(%], 3.3 x 1072 [-decays 3.6 x 1077 1t — e conversion
[€2] 3.3 x 1072 B-decays 1.1x 1073/5.7 x 10™*  LHC [64] /7 decays [64]
[€4] e - 3.6 x 107 it — e conversion
[G%d]uu -
(4], - O(‘10*4) LHC top decays [64, 73]
(%] 0(1071) 7 decays 1.1x1073/5.7 x 10™*  LHC [64] /7 decays [64]
[e49],, 0(1071) 7 decays 5.2 x 10730 LHC [65]
[e44],, 1.3 x 1072 r-decays [65] 5.2 x 10730 LHC [65]
(€55 ce 0.62 I'pokuw/T'poKey 8.8 %1073 LHC [68]
(€5 e 0.61 I'pokuw/ITDoKer 8.8 x 1073 LHC [68]
[€5%)er 0.61 I'bokuw/ITDoker | 88 %1073 / 1.3 x 107 LHC [68]/7 decays [64]
(€5 e 0.76 I'pokuw/T'DoKey 1.2 x 1072 LHC [68]
(€] 0 0.21 bk /TDoKer 1.2 x 1072 LHC [68]
(€5, 0.76 I'pokuw/TDoKer 1.2 x 1072 LHC [68]
[€5%] e - 1.1x1072 / 1.3 x 10" LHC [64]/ 7 decay [64]
(€57 - 1.6 x 1072 LHC [68]
(€577 - 1.6 x 1072 LHC [68]

Table 4. Summary of 90 % CL bounds on the absolute value of scalar and tensor WEFT Wilson
coefficients. The results in the left column are independent of the underlying high-energy theory,
whereas the right column shows bounds derived under the assumption that SMEFT is the underlying
theory at energies above the electroweak scale. Empty cells in the right column indicate operators
for which we are unaware of a SMEFT bound in the literature, or for which the SMEFT bound is
significantly weaker than the WEFT constraint. Bounds shown in bold face have been calculated
in this work. Bounds marked with (%) are given at the 95 % rather than 90 % CL.

We can classify the processes sensitive to the [¢%],s coefficients in several groups:

e [-decays are sensitive to the ee, ey and et elements of the [egcd]a/g matrices. We

follow the analysis of ref. [72] modified so as to include the effects from lepton-flavor
off-diagonal Wilson coefficients. We find that the [€%]., and [¢%]., are bound to be
smaller than 3 x 1072, while the constraint on the ee coefficient is about an order of
magnitude stronger.

¢ Leptonic pion decays (7 — ey ;, e ) are sensitive to the ey, e, pe and ur coef-

d d

ficients of the axial and pseudoscalar interactions, i.e. €' and €}'. The pseudoscalar

contribution enjoys large chiral enhancement, see section 2.1, which translates into

— 98 -



strong bounds. Using the ratio I'(m — ev)/T'(m — uv) [54, 74| and switching on one
operator at a time one obtains bounds at O(107%) and O(1073) for lepton-flavor off-
diagonal couplings to electrons and muons, respectively [7], and at the 10~ and 10~*
level for the diagonal ee and pu couplings, respectively [71]. Note that, if couplings to
both electrons and muons were present, and if the corresponding Wilson coefficients
scale with the charged lepton masses, the two contributions would cancel in the ratio
I(m — ev)/T(m — pv), see e.g. [75]. In this case, slightly weaker bounds can still be
obtained from the individual decay widths using the decay constants calculated on
the lattice [53, 71]. Even these constraints can be relaxed if one allows for fine-tuned
cancellations between diagonal and off-diagonal terms [75]. Indirectly these processes
also probe scalar and tensor couplings as these mix with the pseudoscalar couplings
through loops |7, 76].

e Hadronic 7 decays are sensitive to the Te, T7u, and 77 elements of the e’j(d matri-
ces, with any Lorentz structure. Lepton-flavor diagonal coefficients were studied in
ref. [65], leading to constraints in the 1072-1072 range. Since decay rates are sen-
sitive to the off-diagonal Wilson coefficients only at quadratic order, the bounds on
these coefficients are expected to be weaker, in the 10711072 range. We derived such
bounds for the pseudoscalar [eqjgd]mm coefficients from 7 — 7w decays. Deriving pre-
cise bounds for the scalar and tensor coefficients would require a nontrivial dedicated
analysis, therefore we only give an order-of-magnitude estimate in table 4.

Similar to the bounds on ud couplings extracted from the rates of processes involving pions
and neutrons, one can also derive bounds on the us coefficients by replacing pions and
neutrons by kaons and hyperons. For instance, bounds at the level of 107> can be obtained
for the pseudoscalar coefficients [€/’]¢;, e from the ratio of K — pv and K — ev decays.
Strong bounds on the us coefficients can be obtained as well from semileptonic kaon de-
cays. Typical analyses of strange decays have focused on lepton-flavor diagonal coefficients,
e.g. [71], which interfere with the SM contribution. Bounds on [€%°]c. can be derived based
on the effect of these couplings on the kinematics of K — mer decays parameterized in
terms of the Dalitz plot [71]. Since the dependence on the Wilson coefficients is mainly
quadratic, we estimate similar ©(10~2) bounds on the ex and er couplings. Comparable
bounds can also be expected on pe and ur coefficients using K — wuv data, although such
an analysis has never been carried out as far as we know. Finally, [€4°],,, was constrained
in Ref. [71] using K — mur data and lattice input on the scalar form factor.

Limits on the c¢s coefficients can be obtained from (semi)leptonic D meson decays, see
e.g. ref. |77] for a recent such analysis. We derive these limits by comparing the theoret-
ically predicted event rates with the new physics corrections discussed in section 2 to the
experimentally observed ones. The latter are taken from the 2020 edition of the Particle
Data Group review, ref. [54], while for theoretical input such as form factors from the lat-
tice, we rely on the FLAG 2019 Review [53]. Note that the tauonic coeflicients (€3], are
unconstrained because (i) they do not contribute to Dy — 7 and (ii) the semileptonic
decay D — Krv is kinematically forbidden.
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5.3 Collider bounds

If the SMEFT is a valid theory at LHC scales, then WEFT coefficients can be written as a
linear combination of SMEFT coefficients (“matching") [49, 50]. We use tree-level matching
to translate collider bounds on SMEFT operators into constraints on WEFT operators (see
ref. [78] for loop corrections). For the running and mixing effects between the operators we
follow ref. [76]. Besides requiring the validity of these approximations, we also assume that
contributions from higher-dimensional SMEFT operators (dim > 6) are negligible. This
is not a trivial assumption because LHC bounds are often dominated by processes that
depend quadratically on the dimension-6 coefficients.

For (pseudo-)scalar and tensor operators (X = P, S, T'), which flip chirality, interference
with chirality-conserving SM processes is effectively zero at high energies. As a result,
collider observables are only quadratically sensitive to ep g 7, and thus the bounds that have
been obtained on lepton flavor-diagonal operators [egf S,T]aa should actually be interpreted
as bounds on the incoherent sum over all three neutrino flavors, 4 [e{;’f s7)ag- This allows us
to write the bounds obtained from pp — e+MET (ATLAS, 13 TeV, 36 fb~! [79]) in ref. [80]
as [€%]eq <2 x 1072 for a = e, u, 7 and X = S, P,T. The same dataset [79] can be used to
search for operators where the down quark is replaced by a strange quark, although with
less sensitivity due to PDF suppression. Bounds on couplings involving muons are obtained
in the same way as those on couplings involving electrons, while constraints on couplings
to T leptons are slightly weaker [65, 71, 81]. The bounds on the [¢%],, (X = S, P, T) based
on pp — 7+ MET (ATLAS, 13TeV, 36fb~! [66]) were evaluated in [65] and found to be
0(1073).

Here we perform a similar analysis to ref. [65] in order to put upper bounds on [€%];4
(X =S, P). We simulate the new physics signal (7 + MET) in MADGRAPH 5 v2.9.2 [82]
with the SMEFTsim plugin [83, 84] for the hard process, PYTHIA v 8.2 [85] for the showering
and hadronization, and DELPHES v 3.4.2 [86] as a simple detector simulation. In Delphes,
we use the default implementation of the ATLAS detector, but we set the tau tagging
efficiency to one in order to prevent Delphes from discarding events. Instead, we later
apply weight factors corresponding to the tau tagging efficiencies reported in ref. [66]. That
way, we make optimal use of the generated Monte Carlo statistics (10 000 events for each of
the considered SMEFT couplings [creqq)3321, [Cgigu]gggl, [Céigu]gggl) and avoid discarding
events. Following ref. [66], we take the tau tagging efficiency to be 60% at transverse
momentum pr, < 100 GeV, 30% at pr, > 2TeV, and we interpolate linearly in between.
In a similar way, we also apply trigger efficiencies, which are 98% at missing transverse
momentum p,, > 250 GeV and 80% at Pp =150 GeV; we once again use linear interpolation
in between. We apply the following cuts: there must be at least one 7 lepton in the
event, the missing transverse momentum must by larger than 150 GeV, the leading 7 must
satisfy prr > 50GeV and |n;| < 2.4 (s in the pseudorapidity window 1.37 < [n,| < 1.52
are excluded, though), the transverse momentum ratio pr,/p, must be between 0.7 and
1.3, and the azimuthal angle between the 7 and the missing momentum vector must be
Ao(T, pT) > 2.4. We have verified that our simulation reproduces the SM transverse mass
distribution shown in fig. 1 of ref. [66], especially its high-my tail, very well when all new
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physics effects are switched off. We can therefore confidently use it to set limits on the
aforementioned SMEFT operators. We do so for one operator at a time by determining the
value of its Wilson coefficient at which the predicted signal cross-section matches the 95 %
confidence level bound shown in fig. 2 of ref. [66]. We do this for different m7 thresholds,
and we pick the one that gives the optimal limit. We find that upper bounds on the Wilson
coefficients are O(few x 1073). Once again, we perform the matching between SMEFT
and WEFT, see for instance ref. [7]. We finally run the Wilson coefficients down to the
2 GeV scale using the relations given in ref. [76]. For WEFT operators that can originate
from more than one SMEFT operator we use the limit obtained when switching on the most
weakly constrained SMEFT operator only. Our final result — a limit of [¢&p]ro < 5.8 X 1073
— is quoted in tables 2 and 4.

For operators with couplings to charm and strange quarks, finally, we adopt the LHC
bounds from ref. [68].

5.4 Charged-lepton flavor violation

Assuming SMEFT is the UV—completlon of WEFT, the same dimension-6 operators that
generate lepton-flavor off-diagonal €}/ " coefficients in the low-energy (WEFT) limit also gen-
erate neutral current interactions between quarks and two charged leptons of different flavor.
Such charged-lepton-flavor violating (CLFV) interactions are strongly constrained because
they generate processes that are forbidden in the SM, such as p — ey, 7 — py, or p — e
conversion on nuclei. Here, we focus on tree-level effects of this type. Following the discus-

sion in ref. [87], the experimental bounds on @ — e conversion on gold nuclei [88] constrain
the SMEFT Wilson coefficients [Cz(elgu]eull and [¢jedglep11 to be smaller than O((100 TeV)~2),

assuming only one SMEFT operator present at a time. Also the tensor operator [le;u]eun

can be constrained thanks to its renormalization group mixing with [Cz(elgu]eull- The result-
ing limit is about an order of magnitude weaker than the ones on [Cl(elgu]eull and [Cledgleptt-
In our calculation, we include RGE running according to ref. [89], and we use the wave

function overlap integrals from ref. [90]. As the SMEFT operators [Cl(elgu}eullv [Cledgleut1,

and [Cl(jgu]eull contribute to charged current interactions as well, the strong limits that
[ — e conversion imposes on them translate into equally strong bounds on their WEFT
counterparts. In particular, we find [egflp] pe $2x 1078 and [¢4],e < 4 x 1077, The same
bounds hold for [es L )en and [€44].,,, while slightly weaker bounds are found for operators
involving the strange quark: [€&p]peen S 6 X 1077 and [€%]eppe S 7 x 1076,

Constraints on 7 — e transitions were recently discussed in ref. [64], who found O(107%)
constraints on the tensor and pseudoscalar coefficients [e”jﬂ‘fp]mm.

We stress again that both collider and CLFV bounds do not hold when SMEFT is not
a valid effective theory above the electroweak scale, for instance because new particles exist
at or below the electroweak scale.
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6 Discussions and Conclusions

In summary, we have highlighted the significant potential of the FASERv detector at CERN
to constrain new physics affecting neutrino interactions with matter. Working in Weak
Effective Field Theory (the most general effective theory at pu ~ few GeV, assuming the ab-
sence of non-SM particles at this scale), we have identified the charged-current dimension-6
operators that modify the observable neutrino rates in FASERv. The effects of the corre-
sponding Wilson coefficients [ej)éC lap are encapsulated in the modified neutrino oscillation
“probability” ]504,3. In this object, the Wilson coefficients are weighted by so-called produc-
tion and detection coefficients p}g(’%/k ., and dg?Y, o» Which describe how neutrino production
and detection rates differ from their counterparts in the SM. We evaluated the production
and detection coefficients for the dimension-6 operators with all possible Lorentz structures
X,)Y = L, R,S,P,T. This amounts to a comprehensive characterization of heavy new
physics in FASERv at the leading order in the relevant EFT.

We have found that neutrino production in fully leptonic meson decays, which accounts
for most of FASERV’s total neutrino flux, enjoys a particularly strong enhancement if there
are new pseudoscalar interactions. The reason is that such interactions do not suffer from
chiral suppression, unlike the SM V—A interactions. Consequently, the Wilson coefficients
of some pseudoscalar operators can be constrained at the per mille level ([e{f Jlag S 1073),
corresponding to sensitivity to new physics scales up to ~ 10TeV. We also find good
sensitivity to some operators that lead to an anomalous v, flux, or to the creation of 7
leptons in charged-current interactions of v, and v,,. The reason for this is the very low v,
background in the Standard Model. Most other interactions will be constrained down to
[ei? lag ~ 0.01-0.1, corresponding new physics at the TeV scale.

Compared to existing limits from other experiments, FASERv will, for a number of
operators, reach similar sensitivities, showing that LHC neutrinos offer an interesting new
way of probing physics beyond the Standard Model. Unlike other probes (meson decays,
ATLAS and CMS analyses, etc.) a collider neutrino experiment like FASERv has the unique
capability to identify the neutrino flavor. This is crucial complementary information in case
excesses are found elsewhere in the future. Moreover, it allows to lift parameter degeneracies
that may affect the interpretation of other measurements. One can, for instance, imagine
a situation where different new physics effects with different signs conspire to leave a given
meson or 7 decay branching ratio unchanged compared to the SM, but change the flavor
of the emitted neutrinos. Only a neutrino detector like FASERy would be able to uncover
such a conspiracy.

Our main results — the FASERwv sensitivity estimates and their comparison to other
constraints — are summarized in figs. 6 to 9.

We conclude that even a relatively cheap experiment like FASERvr can make important
contributions to neutrino physics, indicating that neutrinos produced in LHC collisions offer
interesting untapped potential for discovery. Exploiting this potential with FASERwv, in the
recently approved SNDQLHC detector 9], and in other future projects will give a whole
new dimension to the LHC physics program and thus benefit both the collider community
and the neutrino community.
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A Production coefficients in kaon decay

In this appendix we provide details on the derivation of the production coefficients for kaon
decays in section 2.1.2.

A.1 Amplitudes

We begin by writing down the amplitudes for the leptonic K* — ¢}v and semileptonic K —
7m0 v kaon decays mediated by the effective interactions in the Lagrangian of eq. (2.1).

The case of leptonic decays is completely analogous to the pion decay discussed in
section 2.1.1. For the summed amplitude squared we can thus borrow eq. (2.13) and replace
T — K,d— s:

AK,us 2 Vu25f[2( 2 2 2
Z| L, ‘ - U4 méa(mK_méa)a

_ V2 f3 mj
K, K, K 2 2 K
DALY AL =~ A M (mic méa)m
V2 f2 mi
AK,us 2 _ us/K m2 _ m2 7K. Al
Z| P,o | ! ( K Ea) (mu + ms)2 ( )

For the semileptonic decay the amplitude takes the form in eq. (2.2) with the production
amplitudes given by

V”LL S

Apet = ARl = — 2 W Prog) (m~| 57" u |K°) (A.2)
us VUS — — =
Al = == (u, Prog,) (n | 5u] K°) (A.3)
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(U0 Prg,) (77| 50" u | K°) (A.4)

T 2
K7
Al g, (A.5)

Kus Vus
2

where vy, and 4, are the spinor wave functions of the outgoing charged lepton and neu-
trino. In the tensor amplitude we have replaced (7~ |50 Ppu|K%) — (17 |50"u|K°)
using the Fierz identity (@o, Prv)(50*” Pru) = 0. Moreover, we have used the fact that
(17| 5y*yPu | K°) = (77| 57°u | K°) = 0 due to parity conservation in QCD. For the non-zero
hadronic matrix elements, we adopt the parametrization from [91]:

(|57 ulK°) = PR L1 (q%) + a" - (d°), (A.6)
o m2 — m?,
(n sl KO) = — K g2 (A7)
L2 VAN LN 74
(|50 u| K°) = z’p—Kp”pr”pK Br(4), (A8)

where P = p, + pi is the sum of the pion and kaon 4-momenta, ¢ = px — pr = Py + Py
is their difference. Using equations of motion one can derive the following relation between
the three form factors fi, f_, and fo:

F-(a%) = "E TR (fo(g?) - Fi(aD) (A.9)

from which it also follows that fo(0) = f,(0). For the independent form factors f, (¢?),
fo(q?) we adopt the FlaviaNet dispersive parameterization [92]:

2
Fe(@) = F+(0) + Ay 5 + 0",

™

2 2

fle®) = £:(0)+ (log € = G(0) =5 +0(a"), (A.10)

where G(0) = 0.0398(44) is calculated theoretically, and A} = 0.02422(116) as well as
log C' = 0.1998(138) are obtained on the lattice [93]. The Ny = 2+ 1+ 1 value of f,(0)
according to FLAG’19 is f1(0) = 0.9706(27) [53]. For the tensor form factor we use the
parameterization

Br(¢*) = Br(0)(1 — s77¢%), (A.11)

with Br(0)/f+(0) = 0.68(3) and sX™ = 1.10(14) GeV~2 [94].

We plug the hadronic matrix elements from egs. (A.6) to (A.8) into egs. (A.2) to (A.4)
and simplify the result with some spinor algebra. In Aﬁ’ss, we use U, § Prve, = —my, (i, Proe, ),
and @, P Prvg, = 2(t . Prue, )+me, (4, Proy, ). Similarly, the tensor matrix element Aﬁ’;‘s
can be rewritten using ph-p¥ (t, 0, Prvs, ) = i(prpe — PrPv) (U PrUG, ) + 1My, (anKPL%).
This leads to

us us Vus —
Af,’a = Ag:a = —Q)Q{Q(UulﬁKPLWa)er(qQ)
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+ méa(auPRvEQ) |:f+(q2) + (m%( o m727) f+(q2) _2 fO(q2):| } , (A12)

q
Vs m2. —m2
A = =2 (G, Prog, ) —E—— fo(q? A13
2(“ R’U@)ms_mufo(q)v ( )
us Vus _ _ B 2
Ajlfa = 2 [(prg — ppv) (U, Prug, ) + My, (quKPLW&)] ;f;i ) . (A.14)

Recall that these are amplitudes for K — 7~ ¢}v. For the conjugate process K — 7/, D,
proceeding along the same lines we obtain

K u K us VUS 7

2N 2
— e, (i, PLoy) [f+<q2> T (m} —m2) {0) — folg )] } . (A15)

q
K us Vus _ m2 - m721—
AK’ = 02 (UEaPLUV) mK_ m fU(qQ) ) (A16)
AK us Vs BT(QQ)

T = =5 | (prcpu = prcpe) @, PLv,) = m, (g, Py PLvs) | (A.17)

mg

To obtain the amplitudes K+ — 7%v (K~ — 7% ) one simply multiplies the ones in
eq. (A.12) (eq. (A.15)) by the isospin rotation factor ng+ = 1/v/2. The amplitudes for
Ksp — m {¢fv can be related to egs. (A.12) and (A.15) using |K2) = p|K°) — ¢|K"),
|K9) = q|K®) + p|K?), where |p|? = |¢?| = 1/2 up to small CP-violating effects.

We next need to evaluate the spin-summed squared production amplitudes, for which
we need in particular the spin sums

> g Proe, P = g Prvol’ = 4(px - po)(px - py) — 2m(pe - po)

spins spins
— 2 — 2
g |ty Prog, |* = E g, Proy|” = 2pe - pu s
spins spins

> (i Prog, ) (W Prug,) = = > () Proe, ) (i, PLoy) = —2my, (P - po) -

spins spins

(A.18)
The spin-summed squared amplitudes are then
K 207 V,z 2 212
3 (A = 2 "8{4[2<pr4><pr» e (pep)] £ (@)
2
4 ) £ ) £ 67) + (i — ) L) U]

2\ 2\72
i () | F4(6P) + (o = mi2) D2 I
2 2 2
$ Al AR _ g, 20 Vi M~ fo<q2>{2<pry>f+<q2>

v Mg — My,

2
— (pepy) [f+(q2) (m%{ m )f—i-( )qz folq )]}7
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us us 2 2V’ll428 B 2
S AR gl —mea”zT(“{ (ke  0) (o 1)+ (0 o) — 1 (pe - )] £ (@)

v My

2 )f+( )_f(q2)

+ [(pepv) (KDY — PEPE) + M5 (PEDY)] [f+(q2) + (mf —m

202 V2 m2 —m?2 2

K;, n T

» JAGEP = s (pepu)[K fo(q2)] ;
v ms —m

s u

q

ZAK““SAK““S _2PVE mi —m2 fo(qz)BT(QQ)
S,a -

. o 2
e — o {(pepu)(pxpe PKDy) — M, (pru)},

usp2 _ 20 Vis Br(*)’
3 |Akme2 = T T(z) {(pepy)[pru—pre]2+m?a [2(pz<-pu)2—m§<(pz-puﬂ}v

v mK
(A.19)

where n? = 1/2 for K* decays, n? = |p?| ~ 1/2 for Kg decays, and ? = |¢?| ~ 1/2 for K|,
decays.

A.2 Phase Space

In order to calculate the production coefficients defined in eq. (2.5), one needs to decompose
the phase space dllp of the final particles in the production process into dllp:dE,, where
E, is the neutrino energy in the lab frame where the target is at rest. In this subsection we
discuss this decomposition for the leptonic (2-body) K+ — ¢X v and semi-leptonic (3-body)
K — 7= {Tv decays.

For the 2-body phase space we start from the expression

1
dllp = S2E,
(A.20)
where Fx and FE, are the kaon and neutrino energies, and 6 and ¢ are the polar and
azimuthal angle parametrizing the direction of the neutrino momentum with respect to the
kaon momentum. This expression is valid in any reference frame. For example, in the kaon
rest frame where EK =mg, pxk =0, B, = EZ,, integrating over E leads to the familiar

expression dllp = dQ with E, = (m2 — mé )/2. For the present purpose we need

167 2

to take a different road so as to decompose dllp = dllp/dE,. In the following we assume
all kinematic variables are in the lab frame. Using the delta function to integrate over cos 6
we get

AMp = J5rg—AFud6. (A.21)

1672p
For unpolarized decays (thus in all practical situations in neutrino experiments) the spin-

summed amplitudes squared are numbers depending only on particles’ masses and indepen-
dent of kinematics. Thus we can integrate over ¢ to simplify

1

dllp =
P STFpK

dE,. (A.22)
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In other words dIllpr = 1/(87pk ) The integration limits for the neutrino energies are E,, €
[Emin | pmax) with

=Kl (A.23)

For the 3-body phase space it is convenient to start from the parametrization

dIlp 5 dw?dq*dcos 0, dé,, doy . (A.24)

T 102475m2
Here, w? = (px — pv)%, ¢ = (px — pr)?, 6, and ¢, are the polar and azimuthal angles
of the neutrino momentum in the kaon rest frame, and ¢, is the azimuthal angle of the
pion momentum in the rest frame of the 7—¢ system. In these variables, the phase space
integration limits are ¢, € [0,27], ¢, € [0,27], cosB, € [—1,1], w? € [(mr + my,)?, m%],
and

s m%( 1112—1—7%?0(—771,2r m§a+m,2,—w2 ) w>
Qmin = 9 w2 + m%{ - - m7%< Bq )
2 _m%[w2+mﬁa—mi+mﬁa+mi—w2+ 1_w72 5
max 9 w? m%{ m%( 1"
m2 + mg 2 4m72rm3

For unpolarized decays, the squared matrix element summed over spins depends only on
w? and ¢?. If we were interested in the decay width integrated over the neutrino energy
we could integrate eq. (A.24) over all the angular variables and recover the standard Dalitz
form of the 3-body phase space, dllp = dw?dq?/(1287%m?%). For the present purpose,
however, we need to take a different route so as to factor out dFE, from eq. (A.24). Indeed,
the neutrino energy in the lab frame is a function of w? and cos 0,:

m2 — w? )
E, = K72(EK + pK cos 0,,) , (A.26)
2ms,

where Fx and pg are the energy and momentum of the kaon in the lab frame. It follows
that

2
2my,

dw? dcos é,, =
pr(mi — w?)

dw? dE, . (A.27)

Plugging the above into eq. (A.24) and integrating over the azimuthal angles we obtain

1
- 128m3pk (m2 — w?)

dIlp dE, dw? dq* . (A.28)

2 2
mew
2

oz |Ex — px, Ex + pK].
Furthermore, it is convenient to trade w? for cos#, where 6 is the angle between the

The integration limits for the neutrino energy are F, €

neutrino and kaon directions in the lab frame. The reason is that neutrino detectors rarely
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cover the entire solid angle, and in the new variables it is easier to impose a cut on the
neutrino emission angle. The variables w? and cos @ are related by

w? = m%( +2E,(pk cosf — Ek), (A.29)

from which it follows that dE, dw? = 2E,px dE, dcosf. Plugging that into eq. (A.28) we
get

1

dllp =
P 12873 (Ex — pi cos )

dE, dcosf dq*. (A.30)

The integration limits for § and E, are cos@ € [cos Omin, 1], Ey € [0, E**], where

2EKE, —m% + (my +mg,)?

€08 Oin = max| — 1, ,
QPKEV
m2 — My + My 2
By = K (2m2 <) (Ex +pK)- (A.31)
K

Finally, in experiments such as FASERv the kaon energies in the lab frame are not
monochromatic, and observables have to be integrated over Ex. In this case, it is convenient
to swap the integration order, so that the Fx integration is performed for a fixed F,. Then
the kaon energy is in the range Ex € [ER(E,), BB where

2
B (B,) = S

E,, A.32
m%( - (mw + mZ)Q Y ( )
and ER* is set by the properties of the kaon beam. The neutrino energies can be subse-

2 2
quently integrated over the range F, € [0, E}}**] where E'®* = WE%”‘.

My
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