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CP-conserving effective operators for neutral triple gauge couplings
(nTGGs)

nTGCs are absent in tree level SM and SMEFT O = iHT E,“,BW){D,J7 DV}H + h.c.,
up to Dimension-6

Di ion- i he nT . .
imension-8 can contribute to the nTGCs OBN is equivalent to OE

O- and OEB do not contribute to ZV~y

: - < - sign(¢)) col:JVp‘)/ring for on-shell Z and

AL(dim-8) = 70 = > 9 :
j=1 j=1 J
Operators with Higgs field: Pure Gauge operators:
Oz, = iH'BLW"{D, D"}H+hc.,
_ — = app av v A a

Opyy = iH'BLW"{D, D*}H+hc, €96+ = BuWTH(D,DAWTTHDIDTWS,),
Opw = 1HW,W*{D, D'}H+hc, gOc_ = B, W**(D,D,W™*-D"D W3 ).

Using the equation of motion, both of these operators can be related to a sum of operators with
additional Higgs doublets and additional fermion bilinears:

Oc, = {iH'B,, W"?[D,, D*]H+i2(D,H) B,, W*’D"H +h.c.} + O._,
O = Osw+t Ocs;
where O, and O_ denote the following dimension-8 fermionic contact operators:

Ocy = B,W[D,(hT>" W) + D" (G T,u)].

B,. weake [Dp(JL ) — D”(ET"’ypr)] :

o,



NTGC Vertex

O, contributes to both the ZyZ* and Zyv* vertices in the following forms:
o v(gE—M3)
r?f?q(qp %, q3) = _S'En(ccﬂﬁ (Q§ Ga, €1 + 2q§‘¢73u<72055”w)7
z
2
raﬁu ( R ~ SwVv a3 2 afBuv 2g% Buvo
Zome (A1, 02, 03) = 5|gn(cG+)7M Ao (95 92ve 1203 3,920 € )
Cw Mz

Contributions from the initial-state right-handed fermions to the sum of the
amplitudes T[ff—Z*—Z~] and T[ff—~*—Z~] vanish.
O _ contribution to the nTGC coupling Zyv*,

SWVMZ 2
)ﬁfaﬁ‘w%u%v

i r?f’& _(91,92,93) = —sign(é_

for on-shell gauge bosons Z and ~ plus a virtual photon ~*.

Higgs-related dimension-8 operator OEW yields the following effective ZvZ* coupling,

2 2
. rafBp o ~ VMZ(q3_MZ) afBuv
T 2@ (9 %2 @) = sign(Zg ) — 5= qy,



Z~ Production at eTe™ Colliders

Kinematical structure of the reaction e (p1)e™ (p2)— Z(q1)v(g2) — v(q2)f(ki)f(k2)

l("‘,"ﬁsinese Physics C

p, = E(1,0,0,1), p, = E/(1,0,0, —1),
g, =(Ez, gsind, 0, gcosh),
g, = q(1, —sinf, 0, — cosh),

M2
B a= R 5=

M
I<1=TZ (1, sinf,cos¢, , sinf,sing,, cosb, ),

M
kZZTZ (1, —sind, cos¢,, —sinf, sing,, —cosh, ).
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Feynman Diagrams

(b) Y

(d Y
Signal: (a);

Irreducible background: (b) (with on-shell Z);
Reducible background: other diagrams.

For analytical study, we only consider (a) and (b). All diagrams are included in
numerical results.



Total cross section for e"e™ — Z+, including the contributions of O, :

e4(cE+c,2?)[—(s—M§)2—2(52+M§) Insin$ |

Z =
o+(27) 8ms2, ct/(s— M2)s?
2 2 2
e‘aqx Mz (s—M 1
+ sign(EG+)—L t Z( Z) v
Ams,cy, S A
3
st ME)(s=Mz) 1, 50
481 s N8 ’
do,

Define fé = ojidjg
where the angles £ € (0, 0, ¢,), and the cross sections o; (j = 0, 1,2) represent the SM
contribution (o), the O(A~™*) contribution (), and the O(A~#) contribution (o,), respectively.
fé* for quarks:

1 372(cf —c2)*My+/5 (s+M32) cosg, — 8(c? +c3)*M2 s cos2¢,

fg = —+ + 0(6),
P 27 16m(c?+c2)2[(s— M2)2+ 2(s2+ M%) Insin g | ©
a _ 1 37(q? — q3) (M2 + 55) cos ¢ n 5cos2¢,
St 27 256(q7 +q%)Mz+/s 8rM2
2 _ 1 9m(ai—dg)Mzy/5cosh,
Pt 27 128(q?+q2)(s+M3)

The coefficients (¢, cg) = (—+ +siy, si) and (q,, gg)= (T;— Qsgy, —Qsy).
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Normalized angular distributions in the azimuthal angle ¢, for e™ et Z~ followed by Z — dd decays, as generated by OG+ at the
collision energies /s = (0.25, 0.5, 1, 3) TeV, respectively. In each plot, the black, red, and blue curves denote the contributions from
the SM, the interference term of O(A74], and the quadratic term of O(/\fs), respectively, where we note that the blue and black

curves almost coincide. We have imposed a basic cut on the polar scattering angle, sin & > sin §, with § = 0.2 for illustration.



O¢_, OBW and O, :

et (e + )~ (s—M3)* —2(s®>+M3) Insind ]

V4
o(Z7) 8mws2, ct (s — M2)s?
+sign(&;) (e~ cpxp) Mz (s— M3) (s+M3) RS
/ 87s,, Cyy 52 A
3
n (xE+xp)M3 (s+ M) (s—M3)" 1 + 0(8)
487 52 A8 ’
where the relevant coupling coefficients (x;, xz) are defined as
(x> xg) = (55V7 5\2/1/)7 (for Oj: Og_),
s xm) = (= F+shys sh), (for O;= Ogy,),
(X, xg) = (%, 0), (for Oj: OCJF)‘

The normalized angular distribution functions fé* for quarks,

1 3772c2_ 2_M s (s+M?2) cos *7862 2 M2 s cos2 "
B, = g T M. D BT M 22 s oG,
27 167cip, a7 [(s—M2)2+ 2(s24+ M%) Insin §]

a 1 9 (e, X, +CcrXp)(aE — G3)/S cosg, n 5cos2¢,
Px 2 128(c; x, — cpxp ) (G2 +a%)M,, 4m(s+M32)’

2 = 1 9m(xf —x3) (a7 — q&)Mz+/5 cosg,
[ 27 12802 +x2) (P +q2)(s+M2)

with the coefficients (ci, qi):(cf + cf?7 qf + q,z?).
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Normalized angular distributions in the azimuthal angle ¢ for e e™ — Z~ followed by Z — dd decays, as generated by OEW at the

collision energies /s = (0.25, 0.5, 1, 3)TeV, respectively. In each plot, the black, red, and blue curves denote the contributions from

the SM, the interference term of O(/\74), and the quadratic term of O(/\fs), respectively, where we note that the blue and black

curves almost coincide. We have imposed a basic cut on the polar scattering angle, sin & > sin §, with § = 0.2 for illustration.



For Og4, we note that the cos2¢. term dominates f(;*. Thus, we can construct the
following observable Of :

05 = oy / d6do,d¢,dM, fVsign(cos2¢, )|,
where
4
@ _ do; .
J o; dodo,d¢,dM,
For O¢_, OEW and O, the leading term in the differential cross section at O(N*)
is proportional to
2
/‘\/4)\//’; [C1(1+cos2 6) + C; cosf cost), | sin%0, cos ¢, ,
z

where the coefficients C1:(chL+cRxR)(qf—q,2?) and C2:2(chL—cRxR)(qE+q,2?) .
We construct the following observable Of for the effective operator O _ :

0f =

Ul/deG*d¢>*dM* f1(4)sign(c059) sign(cosb, ) sign(cosg,.)| -
And Of for the effective operator OBW :

0f =

o / d6do, d¢, dM, fl(4)sign(cos¢*)' .



12
10|
g8
=3
<
4
2]
o 1 2 3 4 5 o 1 2 3 4 5
Vs (Tev) Vs (Tev)
14]
12
10)
£ 8
of
4
2
o 1 2 3 4 5 0 1 2 3 4 5

Vs (Tev) Vs (Tev)

Reaches of the new physics scale A as functions of the ete™ collision energy /s . In each plot, the combined sensitivities are presented
at 20 (solid curve) and 50 (dashed curve) levels, and for each individual dimension-8 operator among (OG+’ Og_» OEW, OC+)
which correspond to the (red, purple, blue, black) curves, respectively. Plots (a) and (c) are for unpolarized e T beams, whereas plots (b)
and (d) are for polarized e T beams with (P¢, Pﬁ,) = (0.9, 0.65). The plots(a) and (b) have input a sample integrated luminosity

£ =2ab— L, while the plots (c) and (d) have used as input a sample of £=5ab~1.



20 50 20 50 20 50 20 50
Vs NG NG N6~ NG~ Nw w N A

0.25 (1.3,1.6)  (1.0,1.2) (0.9,1.1) (0.72,0.89) (1.2,1.3) (0.97,1.0) (1.2,1.6) (0.97,1.2)

05 (23,27)  (1.9,22) (1.3,1.7) (1.1,1.3) (1.8,1.9) (1.4,1.4) (1.8,22) (1.4,1.7)

1 (39,47) (3237 (1.9,24) (16,1.9) (26,26) (2.0,21) (26,29) (2.0,2.4)

3 (9.2,11.0) (7.2,86) (3.3,42) (27,33) (43,45) (3.5,3.6) (4.4,52) (3.4,4.1)

5 (13.4,15.9) (10.8,12.7) (4.4,55) (3.4,4.4) (5.7,5.9) (4.547) (57,6.8) (455.5)

Sensitivity reaches of the new physics scale A (in TeV) for each of the dimension-8 nTGC

operators or related contact operator (Og,, Og_, Oz, Oc,), at the 20 (exclusion) and 50

BW’
(discovery) levels, as obtainable from the reaction e~ eT— Zy— qgy at different collider energies
V/s (in TeV), with (unpolarized, polarized) eT beams as marked by (blue, red) colors in each
entry. We choose a sample integrated luminosity £=5ab~!and the e beam polarizations

(P, PR) = (0.9, 0.65).



€20 2,50 0,20 2,50

NG c N2 Ne® L2 LS
(energy)  (ab™')  (unpol,pol)  (unpol,pol)  (unpol,pol)  (unpol, pol)
250 GeV 2 (0.93,1.1)  (0.74,0.87)  (0.56, 0.65) (0.4, 0.51)
5 (1.0,1.2)  (0.83,097) (0.63,0.73)  (0.49, 0.57)
500 GeV 2 (1.7, 2.0) (1.3,1.5) (0.8,1.0)  (0.64, 0.78)
5 (1.9, 2.2) (1.4,17) (090, 1.1) (0.7, 0.87)
1TeV 2 (2.8, 3.3) (2.3, 2.7) (12,1.4) (091, 1.1)
5 (3.1, 3.7) (2.6, 3.0) (1.3, 1.6) (1.0, 1.2)
3TeV 2 (6.5, 7.7) (5.1, 6.0) (2.0, 2.5) (1.6, 2.0)
5 (7.3, 8.6) (5.7, 6.7) (2.2, 2.8) (1.8, 2.2)
5TeV 2 (9.5,11.2) (7.5, 8.8) (26, 3.2) (2.0, 2.6)
5 (10.6, 12.5) (8.4, 9.9) (2.9, 3.6) (2.2, 2.9)

Sensitivities for probes of the new physics scale A (in TeV) of the nTGC pure gauge operator O,
in comparison with that of the Higgs-related nTGC operator OEW’ at the 20 (exclusion) and 50

(discovery) levels for different dimension-8 operators, as obtained from the reaction

e~ e" Z~— 00~ at different collider energies, for £L=2ab 'and £=>5ab ™} respectively. The
sensitivity limits on A are shown in pair inside the parentheses of each entry and correspond to the
cases with (unpolarized, polarized) eT beams, which are marked with (blue, red) colors and under

the abbreviations (unpol, pol) in the second row. The polarized eT beams correspond to

(Pg, P§) = (0.9, 0.65).
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Conculsion

We study systematically how dimension-8 operators that contribute to neutral
triple gauge couplings (nTGCs) can be probed via the reaction eTe™— Z~

We have constructed a new set of dimension-8 CP-conserving pure gauge
operators Oc+ that contribute to the nTGC vertices with a leading energy
dependence o E®.

Hadronic Z decays with larger branching fractions increases the sensitivity
significantly, as compared to leptonic decay channels.

Dimension-8 pure gauge operator O, provides the most sensitive probe to the

new physics scale of nTGCs, namely, the /\G+ can be probed up to the range

(1 —5) TeV for the CEPC, FCC-ee and ILC colliders with /s =(0.25 — 1) TeV,
and up to the range (10 — 16) TeV for CLIC with /s =(3 —5) TeV, choosing in
each case a sample integrated luminosity of £=5ab~1.

The present findings demonstrate that the reaction ete™ — Z~ provides an
important opportunity to explore the dimension-8 SMEFT contributions to
nTGCs, with sensitivity reaches of the corresponding new physics scales extending
well into the multi-TeV range.
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