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ABSTRACT: We discuss interference in the limit %, /s — 0 in the Standard Model Effective
Field Theory (SMEFT). Dimension six operators that contribute to ) — 9’1’ 330
scattering events can experience a suppression of interference effects with the Standard
Model in this limit. This occurs for subsets of phase space in some helicity configurations.
We show that approximating these scattering events by 2 — 2 on-shell scattering results
for intermediate unstable gauge bosons, and using the narrow width approximation, can
miss interference terms present in the full phase space. Such interference terms can be
uncovered using off-shell calculations as we explicitly show and calculate. We also study the
commutation relation between the SMEFT expansion and the narrow width approximation,
and discuss some phenomenological implications of these results.
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1 Introduction

When physics beyond the Standard Model (SM) is present at scales larger than the Elec-
troweak scale, the SM can be extended into an Effective Field Theory (EFT). This EFT
can characterize the low energy limit (also known as the infrared (IR) limit) of such physics
relevant to the modification of current experimental measurements. Assuming that there
are no light hidden states in the spectrum with appreciable couplings in the SM, and that
a SUp(2) scalar doublet with hypercharge y, = 1/2 is present in the IR limit of a new
physics sector, the theory that results from expanding in the Higgs vacuum expectation
value /2 (HTH) = vy over the scale of new physics ~ A is the Standard Model Effective
Field Theory (SMEFT).

When the SMEFT is formulated using standard EFT techniques, this theoretical frame-
work is a well defined and rigorous field theory that can consistently describe and charac-
terize the breakdown of the SM emerging from experimental measurements, in the presence
of a mass gap (vr/A < 1). For a review of such a formulation of the SMEFT see ref. [1].
The SMEFT is as useful as it is powerful as it can be systematically improved, irrespec-
tive of its UV completion, to ensure that its theoretical precision can match or exceed the
experimental accuracy of such measurements.

Calculating in the SMEFT to achieve this systematic improvement can be subtle.
Well known subtleties in the SM predictions of cross sections can be present, and further



subtleties can be introduced due to the presence of the EFT expansion parameter vp/A < 1.
Complications due to the combination of these issues can also be present. As the SMEFT
corrections to the SM cross sections are expected to be small < % level perturbations, it is
important to overcome these issues with precise calculations, avoiding approximations or
assumptions that introduce theoretical errors larger than the effects being searched for, to
avoid incorrect conclusions. For this reason, although somewhat counterintuitive, rigour
and precise analyses on a firm field theory footing are as essential in the SMEFT as in
the SM.

In this paper we demonstrate how subtleties of this form are present when calculating
the leading interference effect of some £6) operators as m%/v 17 /s — 0. We demonstrate how
this limit can be modified from a naive expectation formed through on-shell calculations
due to off-shell contributions to the cross section. Furthermore, we show! how to implement
the narrow width approximation in a manner consistent with the SMEFT expansion.

These subtleties are relevant to recent studies of the interference of the leading SMEFT
corrections in the m%v/z /s — 0 limit, as they lead to a different estimate of interference
effects than has appeared in the literature when considering experimental observables.

2 CCO03 approximation of ¥ — ' 94’ 34,

The Standard Model Effective Field Theory is constructed out of SU(3) x SUL(2) x Uy (1)
invariant higher dimensional operators built out of SM fields. The Lagrangian is given as

(d)
&_4@.‘” for d>4. (2.1)

ng
Lovprr = Lsm + L5 +£O +£0 4 @ ="
=1

We use the Warsaw basis [4] for the operators (Ql@) in £, that are the leading SMEFT
corrections studied in this work. We absorb factors of 1/A? into the Wilson coefficients be-
low. We use the conventions of refs. [1, 5] for the SMEFT; defining Lagrangian parameters
in the canonically normalized theory with a bar superscript, and Lagrangian parameters
inferred from experimental measurements at tree level with hat superscripts. These quan-
tities differ (compared to the SM) due to the presence of higher dimensional operators. We
use the generic notation X = X — X for these differences for a Lagrangian parameter X.
See refs. [1, 5] and the appendix for more details on notation.

Consider ) — /' 9hi)’s) scattering in the SMEFT with leptonic 1 and quark
U Wha)' 31, fields. The differential cross section for this process in the SM can be approxi-
mated by the CCO03 set of Feynman diagrams,? where the W bosons are considered to be
on-shell. This defines the related differential cross section do (i) — WHTW™)/dS), which is
useful to define as an approximation to the observable, but it is formally unphysical as the
W bosons decay. The lowest order results of this form were determined in refs. [6-13] and
the CCO3 diagrams are shown in figure 1. The amplitude for ¥p — WTW = — o/ i’ 31

'For past discussions see refs. [1-3].
230 named as CC indicates charged current.
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Figure 1. The CC03 Feynman diagrams contributing to ) — 1’14’39, with leptonic initial
states.

in this approximation is defined as

_ 1
= Dw 512)DW(534)M/\ M/\H Ms Dy (sij) = - e —,
e {;A zZ} v sij — miy + iLwmw + ie
AE={+-}

(2.2)
where a constant s-independent width for the W propagators Dw(szj) is introduced? and

i A12A34 A A o o— i A12A34 A A
M - Mee—>WW,u 5)\+6)\,’ M - Mee—>WVV,V ’
)\12 )\12 >\34 >\34
M ./\/lWJrﬁflf2 ML MW h

where V = {A, Z}. Here A2 and \34 label helicities of the intermediate W+ bosons with
four momenta s19, s34, and A+ label helicities of the 1 initial state fermions. Transversely
polarized massive vector bosons are labeled as A13/34 = &+ and the remaining polarization
(in the massless fermion limit) is labeled as A;5/34 = 0. The individual sub-amplitudes are
taken from ref. [2] where the complete SMEFT result was reported (see also refs. [14-24]).
The total spin averaged differential cross section is defined as

do Z\M)A(iP Z At 2 = P 2 Z At AE %
dS2dsi2dssy - (27r)283 ’ My |7 = [Dw (s12) Dy (s34)] My (Mx )",
X={v,A,Z}
Ai:{+7_}

(2.3)
where dQ = d cos Oy, dpapy d cos 0,.q dpeq d cos 0 do, with 0, ¢ the angles between the W1 and
£~ in the center of mass frame. The remaining angles describing the two body decays of the
W* are in the rest frames of the respective bosons. The integration ranges for {si2, 534}
are s34 € [0,(v/s — y/512)%] ,512 € [0,5]. It is instructive to consider the decomposition
of the general amplitude in terms of helicity labels of the initial state fermions, and the
intermediate W * bosons in the limit ThW/Z/s — 010, 12, 19, 25-27]. Note that the results
we report below are easily mapped to other initial and finals states, so long as these states
are distinct.

3We have checked and confirmed that the novel interference effects we discuss below persist if an s
dependent width is used.
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Table 1. Expansion in x,y < 1 for the near on-shell region of phase space of the CC03 diagrams
approximating 1 — 1)’ 5104, For exactly on-shell intermediate W+ bosons s; = s3 = 1. We
have used the notation §F}, = (§FZ + §F®)/4né, SA?Y = 6Az — 04, 0kZ® = Skz — 0K, and
dg7* = dgf — gt

2.1 Near on-shell phase space

First, consider the near on-shell region of phase space for the W+ bosons defined by
Case 1: S19 = 81 m%/, 834 = 83 ma, (2.4)

This expansion is limited to the near on-shell region of phase space for the intermediate
W bosons (s; ~ s3 ~ 1) by construction. Introducing x = 7y //s and y = s/A? an
expansion in x,y < 1 can be performed by expressing the dimensionful parameters in terms
of these dimensionless variables, times the appropriate coupling constant when requlred
The §X parameters were rescaled to extract these dimensionful scales as 22y 6X = X — X
where required. This gives the results shown in table 1.



Table 1 shows an interesting pattern of suppressions to L£©) operator corrections de-
pendent upon the helicity configuration of the intermediate W polarizations. This result
is consistent with recent discussions in refs. [19, 25-27]. In the near on-shell region of phase
space a relative suppression of interference terms by z? for amplitudes with a + polarized
W¥ compared to the corresponding case with a 0 polarization is present. These results for
the A\joAgg At A- = £ + +— and £ + —+ helicity terms (which correspond to initial state
left and right handed leptons respectively) involve an intricate cancellation of a leading SM
contribution between the CCO03 diagrams as

Avt—t  _p [<1+5)\a %)a—(H—é)\Z y)jJr. .

47y 2
~ —S“;g (OXa—0Az) ¥, (2.5)
Arry . y 1 y 1
ira = swd <1+5’\a2>ap01e =99 <1+5A22) 92 ] | T
0 z pole 0/ v
sin @ 1
~ — 1-— —0Aa | . 2.
3 (g ve-on 20)

Here we have labeled the contributions by the internal states contributing to M ))‘(i. The
{v,a, Z} contributions to the scattering events populate phase space in a different manner
in general. These differences are trivialized away in the near on-shell limit, leading to
the cancellation shown of the leading SM contributions in the expansion in x, but can be
uncovered by considering different limits of s12, s34 and considering off-shell phase space.

2.2 Both W= bosons off-shell phase space

For example, consider the off-shell region of phase space defined through
Case 2: S12 = 51 8, $34 = 83 S, (2.7)

with s1 < 1,53 < 1. In this limit, one finds the expansions of the CC03 results

AL~ —47dsind \/ A(s1,83) [(14—5)\0[ %)a
Afir ~—4mdasingy/ ;\(51, s3) (1—1—5)\@ %)a e ((1—2183> (1+5)\Z g)) ,

z pole
47 é sin b —(s1+s3)+(s1—53)(s1—53F \/ A(51, 53))

|| ——— |1+

253 5\(51,53) 1—31—53+\/5\(51,53) cos 6 ) bole

(2.9)

—(1+5>\Z %) ]+ , (2.8)

z

Here we have defined \/:\(31, s3) = \/1 — 251 — 2853 — 251 83+ 57 + s3. In the case of left
handed electrons, the differences in the way the various ¢ and s channel poles populate phase



space are no longer trivialized away, and a SM contribution exists at leading order in the z
expansion. This SM term can then interfere with the contribution due to a £ operator
correction in the SMEFT. The complete results in this limit for the helicity eigenstates are
reported in table 2.

2.3 One W= boson off-shell phase space

One can define the region of phase space where one W* boson is off-shell as
Case 3a: S19 = 81 8, 834 = S3 m%v,
Case 3b: 19 = S1 77_112,[,, S34 = 83 8,

with s1 < 1,83 ~ 1 for Case 3a, and s1 ~ 1,83 < 1 for Case 3b. In these limits, the

~

expansions of the CCO03 results are as follows. In Case 3a one has Ailf, 4 and

~ A ésinfr /A Y N Y
Apiy o~ —47é sinfy/ A(s1,0) <1+5)\a 2)ap016 ((1 232) (1+5)\Z 2))
6 z pole
A7 & sin 6 251 (1—s1£1/A(s1,0)) (2.10)

—"_ f 1+81_ — .
232 A(s1,0) 1—s1+1/A(s1,0) cos 0  pole

While in Case 3b one finds ./43[";37 4 and

~ A& sinfi/ A Y _ b Y
Asyy - ~ —47a sinfy/ (0, s3) (1+5)\a 2)(“)016 ((1 233) <1+5)\Z 2)) 1
z pole
47 ésind 233(1—5343\/ 5\(07 53)) (2.11)

SO ) s h .
28; A0, s3) 1—s3+1/A(0, s3) cos O  bole

Again, the SM term for left handed initial states does not vanish and can interfere with the

contribution due to a £ operator correction in the SMEFT in these regions of phase space.
The complete results in this limit for the helicity eigenstates are reported in table 3, 4.

These results make clear that non-interference arguments based on on-shell simpli-
fications of the kinematics of decaying W= bosons get off-shell corrections for an LHC
observable that includes off-shell intermediate W* kinematics. (Admittedly a somewhat
obvious result.) Such kinematics are parametrically suppressed by the small width of the
unstable gauge boson, but are generically included in LHC observables due to realistic
experimental cuts.?

3 Mapping to past results

The results in table 1, 2, 3, 4 are input parameter scheme independent, and can be applied
to more than one basis for £(®). Specializing to the Warsaw basis of operators, and the

4In some cases, off-shell effects are not relevant for physical conclusions. For example, ref. [28] used
helicity arguments similar to those employed here to study the approximate holomorphy of the anomalous
dimension matrix of the SMEFT [29]. Ref. [28] was focused on the cut-constructable part of the amplitude
related to logarithmic terms and the corresponding divergences. As noted in ref. [28] such reasoning does
not apply to finite contributions, which can come about due to off-shell effects.
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Table 2. Expansion in z,y < 1 for the off-shell region of phase space of the CC03 diagrams
in when s12 = 18,834 = s3s. Here we have used a short hand notation A = A(sy,s3) and

F3(Aa,Az) =

((26 ) OAz — A ) to condense results.

electroweak input parameter scheme {dey, Mz, Gp} the (re-scaled) 22y §X parameters are

given by
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Table 3. Expansion in z,y < 1 for the off-shell region of phase space of the CC03 diagrams. Here
we have used a short hand notation A = A(s1,0).
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with 65z, ds3 defined in the appendix. The left and right handed couplings are (g0 )SM =
-1/2 + sz, and (g%)5M = 53“ Here s = {1, 2,3} is a flavour index labeling the initial state
leptons. The results in table 1 can be more directly compared to refs. [19, 25-27, 30] using
this procedure, finding agreement in the subset of terms that were reported in these works.
This comparison also utilizes the naive narrow width limit to simplify the amplitudes as

follows. In the sense of a distribution over phase space, the following replacement is made

2
’D{/V(Slg)bw(534)|2 dsio dssy — _27(772 5(812 - m%/v) 5(534 — TTL%V) ds19 dssy. (3.1)
miy Ly
The result of this replacement is a factorizing of the diboson production mechanism do (11
— W+ W™)/dQ and the branching ratios of the W= decays into specified final states as
s1 = s3 = 1 is fixed in table 1. This approximation holds up to O(I'yy /My ) corrections to
eq. (3.1). The corrections in tables 2, 3, 4 are present and should not be overlooked by the
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Table 4. Expansion in x,y < 1 for the off-shell region of phase space of the CC03 diagrams and
A = X0, s3).

construction of a simplified high energy expansion, that is formally unphysical. It is not
advisable to extrapolate the limited phase space results of table 1 to the full phase space.

Another key difference between more recent studies of interference in the SMEFT in
the high energy limit, compared to the past studies of interference of higher dimensional
operators in the high energy limit for gluonic operators [31, 32], is the presence of an unsta-
ble massive gauge boson. Such massive gauge bosons have been studied using the narrow
width approximation. However, a too naive version of the narrow width approximation
does not commute with the SMEFT expansion.

This non-commutation can be seen as follows. Expanding the propagator of the inter-
mediate W boson in the SMEFT

1

= 2 2\ *
(p _mw) +FWmW o (p2 _ m%v)g +f‘12/vm12/v(1 +5Dw(p )+(5Dw(p ) ) (3'2)

one has

1 T
5DW(p2) = " = " X [(1 — ! AW ) (5m‘2/V — Z'T?Lw(;FW (33)

p? —md, + ilwimw 2mw

By first doing the narrow width approximation, and then doing the SMEFT expansion,



one obtains
dp? wdp
(p2 — m%V)Q + f%vm%[, T'wmw

S o6r ). (34)

2my, Iy
Reversing the order of operations, we square the expanded propagators and then do the
narrow width approximation. For a general function f(p?), we find that after integrating

f(p?)dp?
(p? — mhiy)? + T g,

(1 + 5Dw(p2) + 5Dw(p2)*)

Tsm2,.  (3.5)

L, )T (1 _omiy 6FW) L Lndy)
Tywmw

Ty 2ng,  Tw
In a naive version of the narrow width approximation, we simply replace my by my
in eq. (3.4). The operations of expanding in the SMEFT and doing the naive narrow
width approximation don’t commute in general. The reason is that the naive narrow width
approximation assumes that the part of the integrand that is odd in its dependence on
the invariant mass cancels out in the near on-shell region. With the SMEFT corrections,
this is no longer the case, as the real part of §Dyy gives a finite contribution to this
part of the integrand. This difference is proportional to the shift of the mass of the W*
boson. The correct way to implement the narrow width approximantion in the SMEFT
is to use eq. (3.4) and expand the general fuction f(p?) in the SMEFT expansion after
integration. We then obtain eq. (3.5), and see that the commutation property is restored.
Furthermore, we note that the & expansion parameter itself can be chosen to be myy /+/s or
mw /+/s when studying the high energy limit (we choose the former expansion parameter).
This is another ambiguity that can be introduced into studies of this form, when using a
{&, 7z, Gr} scheme.

4 Single charge current resonant contributions (CC11)

It is well known in the SM literature, that the CC03 diagrams, with W* bosons fixed
to be on-shell, are an insufficient approximation to a 1 — ¥/ 951’51} cross section to
describe the full phase space of scattering events [33-39]. Such scattering events need not
proceed through the CCO03 set of diagrams, so limiting an analysis to this set of diagrams is
formally unphysical. This issue can be overcome using the standard techniques of expanding
around the poles of the process [40-42] and including more contributions to the physical
scattering process due to single resonant or non-resonant diagrams. Including the effect of
single resonant diagrams allows one to develop gauge invariant results for such scattering
events [33-38] when considering the full phase space (so long as the initial and final states
are distinct). Including the single resonant diagrams is frequently referred to as calculating
the set of CC11 diagrams in the literature. Some of the additional diagrams required are
shown in figure 2.5

®Note that the CC03 diagrams are a (gauge dependent) subset of the CC11 diagrams [13] which can be
seen considering the differences found in CCO03 results comparing axial and R¢ gauges.

~10 -
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Figure 2. A subset of the CC11 Feynman diagrams contributing to ¢ — v/ 95’ 310 with
leptonic initial states.

Considering the results in the previous sections, it is of interest to check if single reso-
nant diagrams contribute to the physical 1) — 1’5/ 31} observables in a manner that
potentially cancels the contributions for the off-shell phase space results in tables 2, 3, 4.
We find this is not the case, as can be argued on general grounds, and demonstrated in
explicit calculations which we report below.

In general, an expansion of a SM Lagrangian parameter with a SMEFT correction is
generically considered to be a correction of the form

X =X +2%ysX (4.1)

in the high energy limit considered, and one expects the SMEFT shifts to enter at two
higher orders in the x expansion compared to a SM result. In addition the SMEFT can
introduce new operator forms that directly lead to high energy growth and scale as a y
correction to the amplitude, such as the effect of the operator Qu in 1) — ' b 31
scattering.

The CC03 diagram results are quite unusual due to the intricate cancellation present
between the leading terms in the x expansion in the SM, at least in some regions of phase
space. This leads to the SM and SMEFT terms occurring in some cases at the same
order in z, contrary to the expectation formed by eq. (4.1). Conversely, the CC11 diagram
contributions® follow the expectation in eq. (4.1).

4.1 Single charge current resonant contributions — the SM

We use the results of refs. [33-38], in particular ref. [34], for the SM results of the CC11/
CCO03 diagrams. We neglect contributions suppressed by light fermion masses. The generic
SM amplitude is defined to have the form

. OaO0bp0c040e0 .4 _o _o, _o _o
ZMVl VZ ¢ f(pmpb,pcapd,pevpf) =—4ie 5‘7fl=_‘7b6‘7C7_ad50“’_Gfngl)fafggVZfgfbgifcfdgV;feff

Dva (pc+pd)DV2(pe+pf) Ca\0e,0
X A327%(Das Pos Pes Pds P, Py )-
(Po+petpy)? 2 (P, Po.e: P, Pe. D)

(4.2)

SModulo the CCO03 diagrams which we indicate with CC11/CC03.

- 11 -



We have adopted the conventions of ref. [34], and the initial and final states are labelled

as ab — cde f. See the appendix for more notational details. The functions A5*7*?¢ are
given in terms of spinor products as [34, 43],
AT (Pa, os Pes Py e Py) = (Pape) (pops) ™ ((Popa) ™ (Pope) + (paps)*(pepy)) »
(4.3)

and satisfy [34, 43]

A++ (Pas Pbs Des Pds Pes D) = AT (Pas Db Pes P> Df > Pe) (4.4)
" (Pas Pos Pes Pas Pes Pf) = A3 T (Day Db, Dds Pes Pes f ) (4.5)
A+ ~(Pa> Pbs Pes Pa> Pes r) = A3 (Das Pos P Des Df, De) (4.6)
( ) (4.7)

*
A3 7% (Da, Py, Des Py Des Dy <A§’ 7e "d(pa7pb,pc,pd7pe,pf)> :

The CC11/CCO03 results are

04,0-,01,02,03,04 __ 01,—02,04,0—,—03,—04
M+ 102,035,704 = § [MV (_kb _k27p+7p—7 _k37 _k'4)7
V=AZ

+M_0-37_a4 AR _02( k37 _k47p+7p*) _k17 _kQ)’
+M—O’1,_0'27_0'37_0'4,0'+7 ( kl,—kg,—kg,—k4,p+7p—);
F M 03, 04,—01,—02,04,0 “(—ks, —kq, —k1, —ko,pr,p_)]. (4.8)

As the final state fermions couple to one W= boson, and fermion masses are neglected,
{01,02,03,04} = {— + —+}. We denote the amplitude by the helicities of the incoming
fermions, M7+:7-91:02:93,:04 = A7+:9~ and find using [34] in the x < 1 limit for Case 1

and right handed electrons

é4Ql sin @ sin élg sin é34 Qf1 - I]%I - sz + I3 ) Qf4 3 - Qf3 + 133

= 4.9
M 455 ¢ s a” s3— 1+ ijw 81—1+Z’YW » (49)
and for left handed electrons
4 _é4 sin 6 sin 512 sin 534
M= 454 % 522
6 0
[Qrs3(Qu = I7) + I} (I} — Qus2)] — (Qp, s3(Qu — IP) + I (I} — Qu s)]
s3— 1+ Z’A)/W
N [Q83(Qu—I}) + I} (I} — Qus2)] = [Qpy $3(Qu — I}) + I} (I} — Qi 53)]

s1— 1+iyw

(4.10)
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Here 4y = T'w /w, Qy, is the electric charge and I 3i = +1/2 is the isospin of the fermion
fi. Similarly for Case 2 we find using [34] the results for right handed electrons

M = 46 Q 1?1 - Qn R 1}0’2 - Qp, R
= 2.2 X s d 1= X e d 2
85C55 s3(1 — s1 + s3 — Acosbi2) s3(1 — s1 4+ s34+ Acosbi2)

-Q I3 -Q
f3~ _ R3 o fa f4~ _ R4
51(1+51*83*)\C08934) 81(1+81*83+>\C08934)

. (4.11)

and for left handed electrons

e = —46 [Qns3@Q = I + B (7 - Qusf) - Qpsy(@ — 1Y) + T U7~ Qusf)
sgczs 53(1 — 81 + 53 — Acosb12) 53(1 — 51 4 s3 + Acosbq2)
L USBQ-I G Qs QuspQ- I+ U - Qi
s1(1+ s1 — s3 — Acos f34) ’ s1(1+ s1 — 53+ Acosf34) o
(4.12)

The functions R;,L;, i = 1,...,4 are given in the appendix, along with additional defini-
tions. For Case 3a one finds for right handed electrons

A4Ql sin 9~34

c3s2?(s3—1+ivw)

-+ _
M 453

x(sm@sm&lg 14+s1)++/s1e” ”’12(1 coaH)(H—cos012)+\/>61¢12(1+cos0)(1 cos@lg))

[(Qn—T})-(Qp—1})] (4.13)

and for left-handed electrons

6 sin ég4
sz?(s3—1+iyw)

M = (4.14)

45302

< (@1 QTP I3, (1P~ Qi) ~ (@ AQu TP+ T, (TP~
X [sin9sin912(1—|—31)—\/§e_”~’12(1—|—cos 0)(1+cos élg)—\/ﬁei&”(l—cos 0)(1—cos 912)] ,

and finally for Case 3b one finds for right-handed electrons

4Ql sin élg

2522 (s1—14+iyw)

M T = 7,
450

X (51n951n O34 (1+4s3)— \/Qe_i‘g“(l—cos 0)(1—cos §34)—\/£ew;34(1+cos 0)(1+cos §34)) )

[(Qs—13)—(@Qp~1},)] (4.15)

and for left-handed electrons

é4 sin é12
dsic2sz?(s1—1+ivw)

x| (Qrs3 (1= Qusd)+ T, (1P - Qus) ~ Qs3I ~Qus)+ T, (17~ Qus?)|

M = (4.16)

X |sin 0 sin fs4 (14-53)++/53¢~ “’534(1—1—0059)(1 cos f34) /53¢ ¢34(1 COS@)(1+C08934):|
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Figure 3. A subset of ¢* operator insertions contributing to 1) — 1/7’11,/)51/7’31/)21 scattering.

4.2 Single resonant contributions — the SMEFT

The SMEFT corrections to the single resonant charged current contributions to 1) —
V' Wi 51, follow directly from the results in the previous section. These corrections follow
the scaling in = expectation formed by eq. (4.1), and the spinor products are unaffected
by these shifts. As the charges of the initial and final states through neutral currents are
fairly explicit in the previous section, it is easy to determine the coupling shifts and the
SMEFT corrections to the propagators (0 Dy, z) by direct substitution.

We find that the single resonant contributions are distinct in their kinematic depen-
dence compared to the novel interference results we have reported in section 2. The direct
comparison of the results is somewhat challenged by the lack of a meaningful decomposi-
tion of the single resonant diagrams into helicity eigenstates of two intermediate charged
currents, when only one charged current is present. Furthermore, we also note that the
angular dependence shown in the single resonant results in eqs. (4.11)—(4.16) reflects the
fact that the center of mass frame relation to the final state phase space in the case of
the CCO03 diagrams is distinct from the CC11/CCO03 results. This is the case despite both
contributions being required for gauge independence in general [13].

To develop a complete SMEFT result including single resonant contributions, it is
also required to supplement the results in the previous section with four fermion diagrams
where a near on-shell charged current is present. For diagrams of this form see figure 3.
These contributions introduce dependence on £(%) operators that are not present in the
CCO03 diagrams, and once again the angular dependence in the phase space is distinct from
the CCO3 results.

5 Conclusions

In this paper, we have shown that off-shell effects in CC03 diagrams contributing to ¢ —
Y W)’ 31, observables lead to interference between the SM and L) operators in the high
energy limit. These effects can be overlooked when studying a simplified limit of these
scattering events, as defined by the CC03 diagrams and the narrow width approximation.
We have determined the results of the CC03 diagrams in several novel regions of phase
space, compared to recent SMEFT literature, and have shown that single resonant diagrams
do not change these conclusions when included into the results. We have also illustrated
how to make the narrow width approximation consistent with the SMEFT expansion.
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The off-shell phase space of the CC03 diagrams considered, and the phase space of the
single resonant diagrams, is parametrically suppressed in an inclusive 1) — 1’141 31 ob-
servable. The full phase space is dominated by the near on-shell contributions of the CC03
“or ~ (Tw s /p?)
where p? is a Lorentz invariant of mass dimension two. The exact degree of suppression

diagrams which can be parametrically larger by ~ (fW mw /v2)

that the off-shell region of phase space experiences strongly depends on the experimen-
tal cuts defining the inclusive 1) — ')t/ 31); observables, which should be studied in
a gauge independent manner including all diagrams that contribute to the experimental
observable, i.e. including all CC11 diagrams.

In some sense, our results coincide with the overall thrust of the discussion of ref. [25],
which emphasizes that searching for the effects of £(®) operators interfering with the SM
in tails of distributions (i.e. in the m,/s — 0 limit) can be challenged in some helicity
configurations, by the smallness of such interference effects. Arguably, this encourages
prioritizing SMEFT studies on “pole observables” and makes such LHC studies a higher
priority compared to pursuing such suppressed “tail observables”.” At the same time, we
stress that the results of this work indicate that the strong statements on non-interference
of the SM and £ operators, in subsets of phase space, and for some helicity configura-
tions, are tempered by finite width effects, in addition to perturbative corrections [25, 32]
and finite mass suppressions [25]. Finally, our results also demonstrate that a careful ex-
amination of historical and rigorous SM results, in the well developed SM literature, are
an essential foundation to precise and accurate SMEFT studies.
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A Conventions and notation

We use the generic notation 6X = X — X for the differences for a Lagrangian parameter
X [1, 5] due to £©) corrections in the SMEFT and define

1 C
6Gp = —— \/§c<3>—i), Al
g V2Gr ( 2 ( )
1 72 9l/4, [z
dmy = E%CHD # HW B, (A.2)
F

7(5GF émQZ S6Ch

—
\/iQmQZﬁGF

a1 2( /3 om?, 2 2
691 = T Sé 26Gf+ﬁ +Cé529"UTCHWB 5
Coh my

8z = Cuwa, (A,3)

"For a recent discussion on a systematic SMEFT pole program see ref. [5]. One of the comparative
strengths of the pole observable program is that observables can be optimized so that interference suppres-
sion effects enhance theoretical control of a process for SMEFT studies.
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g2 dm, _
5g2 = oy { (\f(SGer — >+83”529”’U%CHWB:|7 (A.4)
my
552 = 20262 0g1 092 452520%0
6 — 0°0 §1 g2 ur P) HWB, <A5)
-2
mw «_¢ 1 3 1(582
—=0gw = - @ ,i —-=2
A 09w = (C +5 c ) vy (A.6)
I O T 0 0] _ 2% 012 034 ; 0 0
Ry = [ Y12€ “*2 co s2sm7751n2c057 Yig€ "3t cos — 5 c057+y34e 612 gin ;2 sm%}
i O 01 0.0 % 012 . 034 0 ).
/51 | e 12 8in - cos =2 21 s eif12 == ei934 12 O34
{ 1{ 2 +712005251n 5 Y12€ COS —— 5 sin +’y3 sin 5 COS7
i3 0 034 0 . 034 o
—/83 |:7€ 34cos§cos 2 +734sm251n ; (¢12+¢34)\/5153712'y34 (A.7)
_ 0 i ié 0 . 01 - 012 . Os4 0 0
Ro = [’yus1n2cos 5 +e 12605581117 [ Y12€ b1z gipy 712 5 51n7—'yg4e ¢34cos%cos§}
0 61 b 0 0 _ 012 ) ).
{\/51 {Cosgcos%—'ﬁ;e d’lzsmgsm%} |:712€Z¢34COS 5 cos@—FvMeZsz n%sm%}
0 . 031 0 0]\ -
+ {’734sm§sm%—e P34 €08 5 Co8 ; } } Z(¢12+¢34)w/8183’712’}/34 (A.8)
_ & 0 Osa . 0 . O34 O12 054 012 0
R3 = [fy el "4cos§cos7—s1n§sm7 ~Y1z€ 1934 005 V12 5 cos——&—fy&lew”s 5 sm%‘l}
Cidsa . 0 O 0 O3 Y 6 034 o 0 j
{1/53 {e 34 sin g sin == —y34c08 5 cos = | | —712€ ®126in ;2 c057+73 P34 cos ;2 sm%}
+ ~ Slnecosg +61¢1zco Q : 912 —i(p12+d34) + -
V81 | zsing 5 s5sin— e V/8183V1234 (A.9)
Ry = +singsin53476i¢;34 0 9~34 — id12 é12 934 ib3a é12 9~34
Y3aSin g sin == cos 5 cos = | | 71ze sin —= 3 51n7+y34e C0S == C08 —

0 . Osa  _ _iga. . 0 7] 7] 7] ]
{\/33 {cosfsm——k'ygzle wﬁ“smfcosﬂ} { 7?261%4008 9;2 COSO&—%ww”sin Orz smgﬁ}

2 2 2 B 5 ! :
+ {WfQSingcos %—!—ei&lz cosgsin %} }e_i($12+$34)\/ﬁ7f27;1 (A.10)
L, = [—'yfgeiqhz sin g sin é2 +cos Z cos é; } [V e 1834 oo 552 Cosi+73 g 552 Sm%}
{\/5 {e—”—’l? cosgcos%—fyfgsingsin %] {_71—2614312 cos 52 smL_W dsagin %COS%}
S3 {61‘7’34 smgcos %Jr'yMcosgsm é; ] } —z(¢12+¢34)m%2734 (A‘ll)
e [_’Y;QCOSgCOS%—Fei%QSIHgsm%} [71_26“7’12 sin 0~2 Smaﬁ"‘%&w“ CcOoS éz CcoSs 0%4}
{\/5 {singcos%Jrvfge*i&m Cosgsin%} |:’Yf2€l¢34 cos 67;2 cos%Jr% i gy é; Sm%}
[rtcongan e sneos | ot st (A.12)
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oga . 00 0 _ id 0 0 o1a . D12 . O
Ls = ['ygtlem“ sinicos%Jrcosisin%} [77126“1534 cos%cos%f%ﬁewm sin#sin%}

i3 6 . 6 _ .0 6 N 0. 01> . 6
{—\/53 {e l¢34cos§sm§+’yg4sm5005%} {—’yuew’” sm%cos%-}—’yéﬁew“Cos%sm%}

+/51 {fyﬁcosgcos%+el&12 singsin %} }e—i(¢312+$34)\/518373—2%—4 (A.13)

0 . 034 gy . 0 0 — ibra Do O idss O 0
Li= [’yéﬁcos§sin%+el¢“ sinicos%} [—’yme 12 sm%sm%—v&e ¢34cos%cos§}

.0 . 6 _ i3 0 0 _ s 6 0 G . O12 . 0
{—\/33 {smfsmﬂ—%ﬂe Z‘;b?"*cosfcos.ﬂ} [—’ylzem“cos%cosﬂ—wgiew”smﬁsmi}

2 2 2 2 2 2 2
- —’yl}cosgcos%—ﬁ—ei&” singsin %} }efi(g’l"’ﬂ%"‘) /5153719 Y54 - (A.14)

A.1 Phase space

The four momenta are defined as p{ = é (1,sin 6,0, —cos ), p" = % (1,—sin 6,0, cos )
with s = (p+ + p-)? and s;; = (k; + k;)? while the final state momenta (boosted to a

common center of mass frame) are

ok
V' S12
ok
V512

(
oKL (
(

= (’m,o — 719 €08 B2, — sin By cOs P12, — sin B1a sin G2, V12,0 cos Bra + 712) , (A.15)

= (12,0 + 712 €08 B12, sin O3 cos P12, sin 12 sin 19, Y12,0 c0s O12 + 712) ; (A.16)

Nei V34,0 — Y34 €08 O34, 5in O34 COS h34, 8in O34 Sin P34, V34,0 COS O34 — 734) ) (A.17)

2k ~ .z < N 5

Nen = | 734,0 + Y34 €08 O34, — sin 034 COS P34, — Sin O34 SiN P34, —734,0 COS O34 — V34> :
(A.18)

We use the definitions A = s2 + 5%2 + 534 — 25819 — 28534 — 2519534

_ VA _ st s
Y12 = 2\/@, V12,0 = 5/5513

__ _stsm—sn
V34 = 2 /5531 V34,0 = 2 /5551
M3 = Y120 * N2, Va1 = V34,0 £ V4.

Useful identities are 7%270 -y, = fyigfyl_? = 1 and ’y§4’0 — fy§4 = 7;1%;1 = 1. A phase
convention choice on ¢12 34 in the spinors is required to be the same in the CC03 and CC11

results.
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