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Abstract
We study the impact of anomalous gauge boson and fermion couplings on the production
of WTW ™ pairs at the LHC. Helicity amplitudes are presented separately to demonstrate the
sources of new physics contributions and the impact of QCD and electroweak corrections. The
QCD corrections have important effects on the fits to anomalous couplings, in particular when
one W boson is longitudinally polarized and the other is transversely polarized. In effective
field theory language, we demonstrate that the dimension-6 approximation to constraining new

physics effects in W W ™ pair production fails at pr ~ 500 — 1000 GeV.
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I. INTRODUCTION

The SU(2) x U (1) structure of the electroweak sector of the Standard Model completely
determines the WHW ™V interactions (V = v, Z). The amplitudes for the production of
WHW ™ pairs involve subtle cancellations between contributions that grow with energy,
and individual Feynman diagrams violate perturbative unitarity [I-3]. In models with
new high scale physics, the form of these interactions can be changed, potentially spoiling
the cancellations that impose unitarity conservation, and so the pair production of gauge
bosons can be extremely sensitive to new physics interactions, providing a stringent test of

the Standard Model (SM). Precision constraints on anomalous 3—gauge boson couplings

have been found from ete™ — W*W ™ measurements at LEP-II [1], and even stronger
constraints have been derived at the LHC from W*W ™ production [5-9]. The experimen-
tal analyses [10, 11], however, assume that all the new physics is in the 3—gauge boson

couplings. In principle, both the fermion couplings to Z bosons and W bosons could be
altered, changing the results of the fits to new physics contributions [5, 7, 9]. Although the
Z —fermion couplings are highly constrained by LEP data, they can still have numerically
significant effects on the fit to W W~ pair production.

A consistent theoretical analysis requires the use of effective Lagrangian techniques.
The new physics is parameterized as an operator expansion in inverse powers of the high

scale, A, where the new physics is assumed to occur,

o
0 (1)

Lsurrr = L ~ Lan + Z
im
where OZ(”) has mass dimension-n and Lgy; contains the complete SM Lagrangian. Ne-
glecting flavor, there are 59 possible operators at dimension-6 [12, 13], but only a small
subset contribute to WW ™~ production. The goal of this work is to consistently extract
limits on potential new physics effects in pair production of W+W ™~ at the LHC, including
modifications to both three-gauge-boson vertices and fermion—gauge-boson vertices. We
first review the effects of non-SM interactions in the various helicity channels, since the
W+HW ™ helicity amplitudes have differing behaviors at high energy, which may facilitate
the extraction of anomalous couplings [1-3, 14, 15].
The effects of new physics contributions to gauge boson pair production can be ex-

pected to be of the same order of magnitude as QCD and electroweak (EW) corrections,
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and so these contributions must be included when extracting limits on new physics. The
SM QCD corrections to WHW ™~ pair production are known to NNLO [16, 17], includ-
ing the effects of a jet veto [18, 19]. The EW corrections are typically small [20-22],
and the combined QCD/EW corrections including leptonic W decays have been imple-
mented [23-25]. We perform an analysis including QCD [26] and EW corrections [21],
along with modifications of both the three-gauge-boson and fermion couplings. Section II
reviews the formalism of anomalous couplings in W W™ pair production and lowest order
(LO) and next-to-leading order (NLO) results are presented in Sections III A and III B.
Section IV contains some conclusions about the impact of our work on fits to anomalous

couplings.

II. BASICS

Assuming CP conservation, the most general Lorentz invariant 3—gauge boson cou-

plings can be written as [1, 3]

. - v — v — v AV — v
Ly = —igwwy <g¥ (WL W VY — W WHVY) + gV WIW, VI 4 M—EVWLW "V p> (2)
where V' = v, Z and gww, = e and gwwz = gcos by, 0y, being the weak mixing angle.
We use the abbreviations sy, = sinfy, and ¢, = cosfy,. The fields in Eq.(2) are the
canonically normalized mass eigenstate fields. In a similar fashion, we define the effective

couplings of fermions to gauge fields and assume that the structure of the charged and

neutral currents is that of the SM*,

L= g2, [gf” + 595‘1] Tevudr + 927 {gf{’ + 59?} TRVudR

+%{Wu [(1 + 891 )avudy + 09y %wq&] + h-c-} : (3)

where gz = ¢/(cysw) = g/cw, Qg is the electric charge of the quarks, and ¢ denotes

up-type or down-type quarks. The SM quark couplings are:

gp! = —spQ, and g7"=T{ — s},Q,, (4)

I Dipole operators change the structure of the charged and neutral currents. However, the dipole con-
tributions appear at dimension-8 in the amplitude squared since they do not interfere with the SM.

Hence, we neglect them.



1
where Ty = iﬁ' For the 3—gauge boson couplings we define g;" = 1+4dg}, sV = 1+ s,
and in the SM dg{" = 6" = AV = 0. Because of gauge invariance we always have dg] = 0.

We assume SU(2) invariance, which relates the coefficients,

sgy = o977 —og7",
2
Z z , Sw
097 = Or” + %5%;7,
N o= )\, (5)

where f denotes up-type quarks and f’ down-type quarks.
The helicity amplitudes for ¢qg — WTW ™~ have been derived in many places [1, 3, 14,
], and we summarize the results in Appendix A. In the high energy limit, s > M3, the
SM amplitude has the behavior A(qg — WTW~) ~ O(1). In the presence of anomalous
couplings, the leading contribution in the high energy limit comes from the longitudinal
gauge boson amplitudes, resulting from the interference of the SM amplitudes with the

non-SM contribution. The amplitude Agyyy for g,qs — WW5,, where s, ', A\, X' label

the respective particle helicities, has the high energy limit,

2
Ay g0 — % sin@{éﬁz (S%/VQq = Tf) - S%VQq(SH'Y — 5gfq + 2T3q(5gzv},
w
923 . 2 Z Z
A_+00 — W SIHG{SWQq <(5:‘€7 — 0K > + 5gRq} . (6)
w

We have retained only the linear contribution from the anomalous couplings here and 6
is the angle between the beam axis and the gauge boson direction in the center-of-mass
system. At high energies the longitudinal amplitude coming from the non-SM couplings is
enhanced and is O(s/Mg3,), while the SM amplitude for longitudinal W*IW~ production
is O(1). Hence, the interference between SM and anomalous couplings is O(s/Mg3;) and
grows with energy.

The SM and anomalous amplitudes for producing 2— transverse W bosons with oppo-
site helicities in the g,q- — Wi W< configurations are O(1), while the SM amplitudes
with same helicity W bosons in the g,q- — W WL configurations are O(M{,/s) and

the leading term from the anomalous couplings is,

Ap_is = —g?NTY sin 6, (7)

2M2,



leading to a growth at high energies in the transverse amplitude in the presence of non-
zero A?. The configurations with right-handed quarks with same helicity W bosons,
7_qy — WEWZL, are O(1) and opposite helicity W's, §_q, — W W=, are zero. Following
this discussion, even though the anomalous coupling amplitude grows with energy, it is
clear that the interference between SM and anomalous couplings is at most O(1).
Finally, the SM amplitude for producing one longitudinal and one transverse gauge
boson is suppressed by My, /+/s, while the contribution from anomalous couplings is

O(v/s/My ), making this channel also quite sensitive to anomalous couplings,
q

2 2
9*V's T. s

A oz =Ai 10 — NG (1 =+ cos 9){595(1 —2T35g) + 73 (2(591Z + A%~ %5/&7) +

sty Q, (0K

(5 )
W
2 s3 Sk

Acsor = Aossn = S0 cos) oy 2% (0 anf ) | ®

V2My, 2 Cw

As with the the two transverse W case, when one W is transverse and the other longitu-

dinal the interference between SM and anomalous couplings is O(1).

The Lagrangians of Egs.(2) and (3) can be mapped onto the effective Lagrangian (EFT)
of Eq.(1), where we work to dimension-6, assuming that the scale A is much larger than
the weak scale, and that the couplings C; are perturbative. For simplicity, we work in the

Warsaw basis [13] and the dimension-6 operators relevant for our analysis are,
OSW _ Each;jVWprngM7
Onp = | 2(D,®) P,
OHWB = (I)TO'aq)WSVBMV
— _
Off = i( ¥/ Bie)Frto i
. Ap=g -
O = i(0'B,8) i,
=
Ony = i(‘I’TDﬂ’)qR’Y“C]R,
OHud = i(&)TDHq))ER’deR,
Ou = (") (T Lyule), (9)

/ =
where D,® = (8, — i $0°WS —i$ B,)®, Wi, = 0,W¢ — 0,W + ge™WiWe, &' D & =
=
®'D,®—(D,®")®, and &' D ¢® = &1D,,0"®—(D,P")o"®. P stands for the Higgs doublet

5



field with a vacuum expectation value (®) = (0,v/v/2)T. The Lagrangian of Eq.(1)
introduces non-canonically normalized gauge fields. The input parameters we choose for
our analysis are G = 1.16637 x 107> GeV~2, M, = 91.1876 GeV and My, = 80.385 GeV,
taken from their experimental values. In the mapping from EFT operators to anomalous
couplings we have to take into account the EFT shifts g, — g, + dg,, v — v(1 + dv),
st — s4, + 0s¥, in the definition of the model input parameters for the gauge couplings,

as well as for sy, so that we get back to canonically normalized gauge fields. This

gives [27, 28]
@ 1
v? 1
09y = N ((51) + ZOHD) 3
5 v spoy 1
(5SW = —Fm QSWCW 5U+Z_10HD +CHWB s (10)
where the tree-level relations are still valid:
1 M2 2M
2 2 w Z g €
\/§pr SW M% ) 9z v C P ( )

Using these shifts and the operators defined in Eq.(9) we find the following mapping,

v? 1 S 1
0 = ——— (WO -C )
91 AQC%/V_S%/V (CW HWB+4 gp T 0V |,

2
7 v 1 1
51{ = Fm (QSWCWCHWB + ZOHD + 60) s
v? e
Ok! = —Pi HWB>
X = %3MW03W,
v
)\Z — ﬁ?)MWo3W7
5 w o v? 0(3) 2 5 5 2
I = Hg T Cw09z + 08y,
2
v
Sgp = WCHud
2
Zu v (1) 3) 1 2 2 2
ogr" = oA (CHq - CHq> + §5QZ + 3 (55W - 3W5gz) ;
597t = —U—Q (C(l) + 0(3)) — l5gZ 1 (652 — 52,09 )
L 2A2 Hgq Hgq 2 3 w w Z)
Zu v? 2 2 2
2
5920 = — " Ca— L (65 — s280) (12)
R 2A2 Hd 3 w w gZ ?



in agreement with Refs. [0, 29]

The operator Op,q can mediate sources of flavor violation in addition to the SM.
To suppress this new source, we work under the assumption of minimal flavor violation
(MFV) [30, 31]: all flavor violation is generated via the Yukawa matrices. Under this
assumption Cg,g ~ Y, Yy, where Y, and Y, are up- and down-quark Yukawa matrices,
respectively [32]. Hence, for light initial state quarks we can safely assume dgh = 0.
Additionally, CS;, Cl(ql;, and Cpy are assumed to be flavor diagonal and universal.

The amplitude for W*TW ™ production is generically written as,
1
A~ Agum + F.AEFT + ... (13)

In a consistent EFT approach, one should keep only the contributions to the cross section

proportional to 1/A% and so the amplitude-squared is,

o~ §<| Asm |2 +AS Akt + .. ) (14)

SM A2

Dropping the 1/A? terms (and beyond) means that the cross section is not guaranteed to
be positive and the region of validity of the EFT is hence restricted [33]. We will discuss

this in detail in the next section.

III. NUMERICAL RESULTS
A. Lowest order and NLO electroweak effects

It is well known that both anomalous fermion couplings and non-SM three gauge
boson couplings lead to cross sections which grow at high energy, Eq.(6). By fitting
to the deviation of the high pr spectrum from the SM prediction, limits are obtained
on the size of the anomalous couplings. Both ATLAS and CMS [31] have searched for
anomalous triple gauge boson couplings at the 8 TeV LHC. Using the ATLAS bounds on
the anomalous triple gauge boson couplings, at leading order we determine a range of the

cross section

> d
o < o = g (p" > 500 GeV) = / L (15)
500 GeV dpy
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FIG. 1: Results of a parameter scan over (red dashed lines) anomalous triple gauge
boson and fermion couplings and (solid blue lines) anomalous triple gauge boson
couplings with fermion couplings set to their SM values. The allowed regions are inside

the ellipses.

where o = o(pp — WHW ™) is the WHW~ hadronic production cross section and p}’ i
is the W™ transverse momentum?. It is assumed that any o™ above ¢S% or below ¢S4%
would have been observable and any point violating these bounds is rejected. Using this
technique, we reproduce both the ATLAS and CMS bounds on anomalous 3—gauge boson
couplings. Next, we perform a scan over all anomalous triple gauge boson couplings and

fermion couplings. The anomalous fermion couplings in our scan are constrained by LEP

2 We use the complete | A |? for the scans.



limits [5]:

§g7" = (—2.6£1.6) x 1073,

§g74 = (2.34+1) x 1073,

§g5" = (=3.6£3.5) x 1073,

Sg5t = (16.0 £5.2) x 1072 (16)

The results of these scans are shown in Fig. 1; the allowed regions are within the ellipses?.
The blue lines consider only anomalous triple gauge boson couplings with fermion cou-
plings set to the SM values. These results are consistent with the ATLAS results. The red
lines consider both non-zero anomalous triple gauge boson and anomalous fermion cou-
plings. As can be seen, by including the anomalous fermion couplings the central values
of the allowed parameters change and the areas of the allowed regions increase*. Although
LEP constrains them to be very small, the importance of the anomalous fermion couplings
is already apparent. We have checked that these results are stable against changes in the
P lower bound in Eq.(15).

We consider two representative scenarios, allowed by global fits to anomalous fermion
couplings and anomalous 3-gauge-boson couplings [5, 7, 36] both at the same time. The

scenarios we consider are:

3GB : 597 = 0.0163, 67 = 0.0239, \? = 0.00452,
Ferm : §g7" = —0.00239, dgZ* = —0.0069,
§g7% = 0.00271, 6g2% = 0.0212. (17)

In addition, dg)¥', A7, and §k7 are determined by the relations from Eq.(5), and dg}
is set to zero according to our MFV assumption. In the “3GB” scenario we set the
fermionic anomalous couplings to zero (only the three-gauge-boson anomalous couplings
are considered), while in the “Ferm” scenario we set the three-gauge-boson anomalous
couplings to zero (only the fermionic anomalous couplings are considered). The anomalous
couplings of Eq.(17) can be translated to the EF'T Wilson coefficients using Eq.(12) for the

two scenarios considered. In the “Ferm” scenario we have in general C = Chyy =0 as
HWB 3W

3 The ellipses were determined using the Khachiyan Algorithm as implemented in Ref. [35].
4 Fits to CMS W+W~ data lead to similar conclusions.



well as O = 20}, — 40}5’2 , while for the “3GB” scenario all coefficients are in principle

non-zero in our operator basis and have the following relations,

1 1
Cra = ACY), Cyq = —20%),

3 Cyy S c 1 ay 1
w w w

We obtain the following Wilson coefficients in the “3GB” scenario,

1

1 1
F (C}{gl) - §Cll + ZCHD> — 236 X 1078 GeV_Q,

C C
Na- = T61x 107 GeV =, —UF =234 1077 GeV ™,
C(l) 0(3)
% = —6.18 x 107® GeV 2, ﬁ =2.09 x 1077 GeV 2,
C C
Ao = ~2AT X 1077 GeV™H, =8 = 1.24 x 1077 GeV ™, (19)

and we obtain the following Wilson coefficients in the “Ferm” scenario,

1 1 1
e (CSZ) - 5011 + ZCHD> = 0,

C3W _ CYHWB _ 0
A2 A2 7
0(1) 0(3)
ﬁ = 528 x107% GeV? | ﬁ = —8.41 x 1078 GeV 2,
Crru _ 298 x 1077 GeV 2 Cra _ —6.99 x 1077 GeV 2 (20)
A2 =2 e D A2 . e .

Assuming that all C; are perturbative (C; < 1), the lower bound on the EFT scale is
A Z 28 TeV.

In Figs. 2 and 3, we show the tree-level cross sections for transverse-transverse
(T'T), transverse-longitudinal (TL+LT or simply LT), and longitudinal-longitudinal (LL)
WTW ™ polarizations, along with the sum over polarizations. We use CT14QED_inc
PDFs [37] implemented via LHAPDF [33], and set the renormalization and factorization
scales to be My, . For the anomalous coupling scenarios, we present both the amplitude-
squared using the amplitudes given in Appendix A, and the EFT result consistently
truncated at O(1/A?). The TT amplitude is by far the largest contribution to the SM
rate. As shown in the left-hand side (LHS) of Fig. 2, the W W, rates in our anomalous

coupling scenarios are indistinguishable from the SM when truncating at O(1/A?); the
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FIG. 2: Tree-level cross sections for W, W, (LHS) and W W, + W} W, (RHS)
production at the 13 TeV LHC in the SM and in the scenarios of Eq.(17). The curves
labelled |A]? include the square of the dimension-6 amplitudes, while the curves labelled
1/A? have the EFT result consistently truncated at 1/A% The LT curve (RHS) for the
3GB amplitude in the EFT should be truncated at p;r ~ 500 GeV, where the LT rate

becomes negative and the EFT expansion fails.

complete effect of the 3GB anomalous couplings (red line on the LHS of Fig. 2) comes
from the square of the anomalous coupling contribution. The growth of the TT ampli-
tude with energy is due to the non-zero \¥ = A\ (Csy). The right-hand side (RHS) of
Fig. 2 has the contribution from WW7 production. The “3GB” scenario shows the EF T
O(1/A?) Born contributions becoming negative at pr ~ 500 GeV, indicating the failure
of the EFT dimension-6 approximation for these parameters. A comparison of the blue
and red lines on the RHS of Fig. 2 illustrates the huge numerical impact of including
the full amplitude-squared, as compared to the 1/A? truncation. Similarly, at 1/A? the
anomalous fermion coupling contribution is indistinguishable from the SM and their full
effect occurs at the amplitude-squared level.

The LL contribution is shown on the LHS of Fig. 3 and at high pr, we see the growth
of the amplitude-squared in both the “3GB” and “Ferm” scenarios. The effects from
anomalous gauge boson couplings and from anomalous fermion couplings are numerically
very similar in the scenarios we have chosen here, and the effects cannot be separated by

a measurement of WW*W ™ production alone. As in the LT case, we see that truncating
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FIG. 3: Tree-level cross sections for W, W, (LHS) and the sum of all polarizations
(RHS) at the 13 TeV LHC in the SM and in the scenarios of Eq.(17). The curves
labelled |A|? include the square of the dimension-6 amplitudes, while the curves labelled
1/A? have the EFT result consistently truncated at 1/A% The LL (LHS) and total
(RHS) curves for the 3GB amplitude in the EFT should be truncated at pr ~ 350 GeV,
where the LL rate becomes negative and the EFT expansion fails. The SM curve on the

RHS includes the complete set of electroweak corrections.

the 3GB rate at O(1/A?) leads to negative cross sections at small pr.

The unpolarized cross sections are shown on the RHS of Fig. 3. The green and red
curves on the RHS of Fig. 3 demonstrate that the growth of the cross section at high
pr results from the square of the anomalous coupling contribution. This contribution is
formally of dimension-8 and is potentially of the same size as the neglected dimension-8
contributions. The RHS of Fig. 3 also shows the effect of adding the complete electroweak
corrections to the SM prediction [21]. Even at pr ~ 3 TeV, these corrections are small
and so are neglected in the rest of this work.

As the previous discussion indicates, for the parameter point “3GB” the EFT approx-
imation begins to fail at a W™ transverse momentum of a few 100 GeV. However, where
the EFT fails strongly depends the values of the anomalous triple gauge boson couplings.

We consider another scenario:
3GB’: Sg7 = 0.00452, dx7 = 0.0239, \? = 0.0163,
where the anomalous fermionic couplings are set to zero. Figure 4 compares the “3GB”
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FIG. 4: Tree-level cross sections for W; W, (LHS) and W W, + W/} W, (RHS) at the
13 TeV LHC in the “3GB” and “3GB’” scenarios of Eqs.(17,21). The curves labelled
|A]? include the square of the dimension-6 amplitudes, while the curves labelled 1/A?

have the EFT result consistently truncated at 1/A2. For the “3GB” amplitude, the LL

(LHS) curves should be truncated at pr ~ 350 GeV and the LT (RHS) at

pr ~ 500 GeV, where the respective rate becomes negative and the EFT expansion fails.

For the “3GB"” amplitude, the LT(RHS) curves are negative and should be truncated at

pr ~ 650 GeV, while the LL (LHS) rates do not go negative.

and “3GB’" scenarios at leading order. The LL production rate (LHS) in the “3GB””
scenario does not go negative and the EFT approximation is valid. This is to be compared
to the “3GB” scenario where the EFT approximation fails at pr ~ 350 GeV. For the LT
case, the “3GB’” rate becomes negative at pr ~ 650 GeV. This extends the validity of
the EFT by ~ 150 GeV above where the “3GB” scenario fails.

B. NLO QCD Effects

The lowest order results can potentially be significantly changed by the inclusion of
higher order QCD and EW effects. The EFT contributions parametrized in the La-
grangians of Egs. (2) and (3) do not affect the structure of the QCD corrections. We can
therefore include the NLO QCD effects to O(a,) by calculating the virtual and real contri-
butions using the SM Lagrangian supplemented by the anomalous coupling terms, using

the same structure for the Catani-Seymour dipoles [39] to cancel the infrared divergences
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FIG. 5: Comparison of LO and NLO QCD results for the SM and the “3GB” and
“Ferm” scenarios defined in Eqs. (17), (19), and (20) for WA W, (LHS) and W;FWi
(RHS) productions. This figure includes the complete amplitude-squared.

as in the SM calculation. Hence we use the same setup as in Ref. [21] in which the details
for the SM calculation are given. The amplitudes for the NLO QCD EFT contributions
have been calculated using FeynArts-3.7 [10] and FormCalc-7.5 [11], based on our Model
File for FeynArts for the anomalous couplings developed with the help of FeynRules [12]°.
The one-loop integrals have been implemented with LoopTools-2.12 [41, 43] and the Born
and virtual pieces have been cross-checked against an independent analytical calculation.
Since the SM NLO EW corrections are small (see RHS of Fig. 3), we do not anticipate
that the O(dggppa) corrections® will be significant enough to deserve further scrutiny.

The LO results presented in the previous section have emphasized that the consistent
EFT expansion up to O(1/A?) can give sizable deviations from the SM distributions,
especially for the 3GB operators (see Fig. 3), and that the EFT expansion truncated at
O(1/A?) typically fails at moderate pr. The large effects from anomalous couplings result
from the terms which are quadratic in the squared-amplitudes. This observation is not
significantly altered by the inclusion of the NLO QCD corrections.

Figs. 5 and 6 show the LO and NLO QCD corrected results for the TT, TL+LT, LL, and

5 The open-access version of our code as well as the code giving the EW corrections in the SM and
developed in Ref. [21] are included in https://quark.phy.bnl.gov/Digital_Data_Archive/dawson/

ww_17.
6 §gppr is here generically the deviation of any coupling from its SM value.

14


https://quark.phy.bnl.gov/Digital_Data_Archive/dawson/ww_17
https://quark.phy.bnl.gov/Digital_Data_Archive/dawson/ww_17

. .
pp—>W | W, VS=13 TeV pp—W' W', ¥S=13 TeV, Total
p=M,,, CTI14QED PDFs p=M,,, CTI4PDFs

=
E T T
10" E
lo'zg
—~ E —~
> >
L 10’ L
O 10k - 9
=) =)
[STREpe I =)
~= 10 =
] =
=3 [ =3
T e 2
_8 E _8 E
oF -+ SM,NLO 1 P SRRTERE SM, NLO
107 --++ 3GB,LO ~ . 3 10"  ----3GB,LO 3
E -+ 3GB, NLO 3 Eo—-= 3GB, NLO
107777 - =+ Ferm, LO ] 107777 +—.— Ferms, LO ]
E —-- Ferm, NLO 3 E —-—-— Ferms,NLO 3
P S T B S S B RS ] S S S S S B
0 200 400 600 800 1000 200 400 600 800 1000
+ +
Pr (W) GeV Pr (W) GeV

FIG. 6: Comparison of LO and NLO QCD results for the SM and the “3GB” and
“Ferm” scenarios defined in Eqs. (17), (19), and (20) for W W, (LHS) and unpolarized
W+W~= (RHS) productions. This figure includes the complete amplitude-squared.

total WHW ™ pr spectrums for the “3GB” and “Ferm” scenarios of the previous section
compared with the SM, when the total amplitudes are squared and all terms included. The
TT cross section has significant K factors for the 3GB anomalous couplings, the “Ferm”
scenario, and the SM. At NLO the SM and “Ferm” scenarios are indistinguishable and
most of the 3GB excess is erased (LHS of Fig. 5). The LT polarization (RHS of Fig.
5) displays a large K-factor in the SM, “3GB”, and “Ferm” scenarios, larger than that
for either the TT or LL polarizations. This behavior is due to the fact that the SM
amplitude-squared is suppressed by Ms—a", enhancing naturally the K-factor. At NLO in
the LT channel, the enhancement of the rate in the “Ferm” scenario over the SM at high
pr persists; however, the “3GB” spectrum is indistinguishable from the SM. Including
the QCD corrections in the LT channel is clearly critical for obtaining accurate results.
Interestingly, in the LL channel, the NLO QCD corrections in all scenarios are small and
the excesses remain. Finally, we consider the total rate (RHS of Fig. 5). The SM NLO
QCD corrections are dominated by the TT channel, as could be espected by the large
Sudakov logarithms coming from a hard p;. jet radiating off a soft W boson; the quarks
being massless, the longitudinal W bosons decouple at high energy. At NLO, the effects of
the “Ferm” and “3GB” scenarios are largely similar, and the enhancement relative to the

SM stays intact. The “Ferm” scenario and SM have significant K-factors, while the NLO
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FIG. 7: Comparison of LO and NLO QCD results (LHS: TT polarization; RHS: LT+TL
polarization) for the SM and the “3GB” and “Ferm” scenarios defined in Eqs.(17), (19),
and (20), truncated at O(1/A?). The 3GB LT curve is truncated at pr ~ 500 GeV, since
the LO cross section becomes negative at this point, signaling a breakdown in the EFT

O(1/A?) approximation.

corrections to 3GB are unimportant at high pr. Since the LL configuration dominates
the “3GB” scenario at high pr, this conclusion was expected already from the analysis
of the LL curves. It should be noted that the effects of the fermion anomalous couplings
are largest in the LL polarization. Hence, sensitivity to these couplings would be greatly
enhanced by performing an LL polarized analysis.

In Figs. 7 and 8, we show the comparison of the SM, “3GB” and “Ferm” scenarios at
LO and NLO QCD, truncated at O(1/A?). We have cut off the curves at the points where
the LO rates go negative for each polarization in this approximation, since the EFT is
no longer valid. It is immediately apparent that the effects of the anomalous couplings
are small in the TT and LT polarizations in this EFT approximation and that the entire
effect in Fig. 5 is from the contributions quadratic in the anomalous couplings. In the LL
polarization (LHS of Fig. 8), we see that as before, the large enhancements seen earlier
also arise from terms quadratic in the anomalous couplings, although the small LO effect
of the anomalous fermion couplings at high pr does remain at NLO. The RHS of Fig. 8
reflects the dominance of the TT polarization and illustrates the necessity of extracting

polarized contributions. It also shows that the breakdown of the EFT O(1/A?) expansion
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FIG. 8 Comparison of LO and NLO QCD results (LHS: LL polarization; RHS:
unpolarized results) for the SM and the “3GB” and “Ferm” scenarios defined in
Egs.(17), (19), and (20), truncated at O(1/A?). The 3GB curves are truncated at
pr ~ 350 GeV, since the LO LL cross section becomes negative at this point, signaling a

breakdown in the EFT O(1/A?%) approximation.

happens much earlier than would be expected by the global fit analysis using c¢“ of Eq.
(15).

IV. CONCLUSIONS

We have considered the effects of including both anomalous fermion and anomalous
gauge boson interactions to the pr spectrum of W*W ™ pair production. At LO QCD,
the inclusion of even small anomalous fermion couplings can significantly affect the fits
extracted by ATLAS and CMS. This observation has supported the need for global fits to
the spectrum of EFT couplings. When the NLO QCD corrections are included, however,
the sensitivity to anomalous fermion couplings in W*W ™ pair production diminishes;
although, a polarized analysis in the longitudinal-longitudinal mode could enhance sensi-
tivity to these couplings. The effect of the NLO QCD corrections is largest in the channel
with one longitudinal and one transverse gauge boson, since the SM rate is suppressed by
M?,/s in the high energy limit. The NLO EW corrections are small and do not affect the
fits to the anomalous couplings. We have also re-iterated the well known observation that

the sensitivity to anomalous couplings in W*W ™ pair production results almost entirely
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from contributions quadratic in the dimension-6 EFT couplings. This is not altered by
the inclusion of NLO QCD corrections.

The decays of the W bosons to fermion pairs are not included in our analysis. It should
be noted that when the decays of the W bosons are considered, different W helicities can
interfere. It was shown in Ref. [2] that the W helicities can be extracted in hadronic
collisions by measuring the azimuthal angle between the plane of the W decay products
and the plane of the incoming protons and virtual W’s. This idea has been used recently
to develop observables that are sensitive to the interference between the SM and BSM
helicity amplitudes in WZ and W+ production [44, 45]. This is the subject of on-going
study for the WHW ™ case.
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Appendix A: Helicity Amplitudes for gqg — WTW—

From Ref. [3], for the process gsqs — W W5, | the leading order helicity amplitudes

are,

Agony = \/ivzss',\,\'CLs',w(—l)AA, (A1)
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where As = (s — §')/2, AN = (A= X), J = max(|As|,|A)|). We can further decompose

the amplitudes, separating out the information from the quark couplings,

A = el (0 + 005" ) B sy Ao + Qb A
S A S
= Qqbw (A}x - s—WAfA) + 9259RQ5W8_WA§» (A2)
_ 2
A+7/\)\/ — g%c‘%v (gfq + (Sg > /BW Af)\/ + (& QQ/BWA)\)\/ + 2T§g_ (1 + 5gL ) A)\/\/
Mz Bw
with B, = /1 — 4M3,/s.
The A%, A7 and AW coefficients are (V =+, Z and dg] = 0):
1% 1% v_S
Ao = 2M2 T (591 on 2M§V> |
aw oS n 4M3, 1
00 AMZ, s 1+ B — 4T By cosd’
1
AV = AY, =AY =AY :M_\/g (1+§(5g¥+5/<av+)\v)),
w
2M2 1 1
AW:AW:*/g W 1—2T9 ——
+0 = My s 1+B%V—4T§BWcOS¢9( 3 Bw) 2)7
2M2 1 1
0+ 0 My s 1—|—B§V—4T§BW0089< + 275 Bw) 2)’
1% 1% 1% S v
A—— = A++ = 1+5gl + 2M5{/>\ )
1 2M32 1
AW — AW - _ w
- ks 2+ s 14 p% — 4T Bwcosb’
AV =AY, =0,
1
AV = AV =2v2Ty : A3
- + V2 35W1—|—53V—4T3?6W0080 (A3)
The necessary Wigner-D functions are,
67—1,+1,0,0 = 67—1,+1,—1,—1 = Cflv—1,+1,+1,+1 = —glv+1,—1,0,0 = —67+1,—1,—1,—1 = —glv+1,—1,+1,+1 =
~ ~ ~ ~ 1
d71,+1,0,+1 = d71,+1,71,0 = d+1,71,0,71 = d+1,71,+1,0 = —5 ( + cos 9) )
~ ~ ~ ~ 1
d—1,+1,+1,0 = d—1,+1,o,—1 = d+1,—1,—1,0 = d+1,—1,0,+1 5 (1 — COS ‘9)

1
(14 cosf)siné,

—d 141,141 = B}
1
2

dy1,-141,-1

do1 1411 = —dyr 11400 = 5 (1= cosf)sinf.
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