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Probing CP Violation in h — Z+ with Background Interference
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Abstract

We show that the parity of the hZ~y vertex can be probed by interference between the gluon fusion
Higgs production, gg — h — vZ — v¢*¢~, and the background, gg — vZ — v¢T¢~, amplitudes.
In the presence of a parity violating hZ~ vertex, this interference alters the kinematic distribution
of the leptons and photon compared to Standard Model (SM) expectations. For a Higgs with
SM-sized width and couplings, we find that the size of the effect enters at most at the 1072 level.
Such a small effect cannot be seen at the LHC, even with futuristic high luminosities. Should there
exist other broader scalar particles with larger production cross-section times branching ratio to

Z~y, then the parity structure of their Z+ couplings can be probed with this technique.



I. INTRODUCTION

Measurement of the Higgs boson couplings is a primary search channel for New Physics
(NP). The magnitude of the Higgs couplings can be tested against Standard Model (SM)
predictions via measurement of Higgs production cross sections, branching fractions, and
overall decay rate. On the other hand, these couplings may also encode NP in exotic parity
structure, which cannot be probed by Higgs branching fractions, but instead requires a
more sophisticated analysis. For example, angular distributions in the four body final state
processes h — ZZ* — {0~ ¢t{~ or h — WW* — (*tvl~ v probe the parity structure of the
hZZ and hWW couplings [1H3].

In this work we concentrate on the hZ~vy vertex. To lowest order this vertex has two
effective couplings: ¢, which is parity even, and ¢ which is parity odd (see definitions in
eq. below). In the SM, ¢ is generated at one-loop level, while ¢ = 0 to a very good
approximation because it violates parity. Since the leading order SM contribution arises
only at one-loop, this raises the possibility that one-loop NP effects can be comparable to
the SM terms, producing P-violating effects in the h — Z~ decay at the O(1) level. By
contrast, O(1) parity violating effects are already ruled out in the h — ZZ and h — WW
channels, that are dominated by tree level SM contributions.

Several prior studies have suggested several different approaches to probe of the structure
of the hZ~ vertex. In Ref. [4] the parity structure is probed through a forward-backward
asymmetry in the h — vZ — ~£t¢~ decay, exploiting the parity violating coupling of
the Z to leptons. This asymmetry requires the presence of a non-negligible relative strong
phase in the ¢ coupling. This strong phase is generated by on-shell b-quark loops, and
thus the asymmetry is typically suppressed by m;/m;. Another approach is to exploit
the interference between one-loop h — Z~* — £T¢~¢*¢~ and the much larger, tree-level
h — ZZ* — (70~ ("¢~ amplitude [0, [6]. The challenge here is to distinguish P-violating
effects arising from P-odd hZ~ operator and a P-odd hZZ operator, which is not excluded
from arising at the one-loop level. Similarly, interference of hZ~ and hy~y P-even and P-odd
operators in h — (T{~y may generate a forward-backward asymmetry [7]. Since the Z
is dominantly on-shell but the photon is virtual, this interference is suppressed by I'z/m.
Moreover, one cannot distinguish contributions of the P-odd h — Z~ and h — ~~ operators.

Finally, one might use converted photons, in a similar fashion to what was proposed for



h — ~~ [8H11]. The drawback in this approach is the currently limited experimental ability
to resolve the leptonic angular structure of the conversion.

In this work we explore another option to probe the parity structure of the hZ~vy ver-
tex: Exploitation of the interference between gg — h — vZ — v¢*¢~ and its background
99 — vZ — v¢*t¢~. In particular, we construct, in a general model-independent fashion,
an angular kinematic observable whose oscillatory probability distribution is amplitude-
modulated and phase-shifted by interference effects in the presence of parity violation. SM
Higgs-background interference effects have been previously considered for the h — v~ chan-
nel [12H14], though not in the context of searches for exotic parity structure.

While in principle our method provides a new handle to unambiguously probe the hZ~y
vertex, one may expect that performing the analysis in practice will be challenging. In
the first instance, the gluon fusion process, gg — vZ — £, is characteristically sup-
pressed by (ay/4m)? pdf(gg)/pdf(¢q) ~ 0.02 compared to the dominant ¢g — vZ — v ¢~
background. The gg and the ¢¢ channels albeit add incoherently, so that the background
interference effect is not spoiled in principle. Nevertheless, the observables discussed in this
paper will therefore be buried in this ¢¢ background. Moreover, the narrow Higgs width,
['y, ~ 4 MeV in the SM, significantly reduces the phase space over which interference effects
with the background can be large.

Using numerical simulations we estimate that the background interference effect is present
at the 1072 to 1073 level for the amplitude modulation and phase shift respectively. Un-
fortunately, these effects are small enough that they cannot be seen at the LHC, even with
maximal parity violation in the hZ~v vertex and a futuristic luminosity of 3 ab=!. If, how-
ever, there is a new scalar with either a larger gluon fusion production cross-section times
branching ratio to Z~ or a larger total width, for instance, a singlet scalar or a heavy Higgs
arising from a two-Higgs doublet model, then the parity structure of this coupling may be

probed by this method.



II. FRAMEWORK
A. Higgs Effective Theory

Keeping terms up to dimension d = 5, the effective theory of interest for the gluon-fusion

Higgs production channel gg — h — vZ — v~ is
Ly = ¢ hF,,Z" + < hFWZ’“’ 9 h G%, G . (1)
v 2v v K
Here F', Z, and G* denote respectively the photon, Z and gluon field strengths, v = 246
GeV is the electroweak vacuum expectation value, and the dual field strength is defined as
usual as X* = "X 5. We also assume the Higgs is a JF¢ = 0*+ state. The leading
order SM expressions for the couplings are explicitly
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Expressions for the functions Af) /o can be found in Ref. [15] (see also [16]).
Provided the digluon invariant mass s < 2myy, rescattering phases in the hZvy vertex
arise only from on-shell b quark loops, and are therefore suppressed by m;/m,. This is the
origin of the small imaginary parts in egs (2)). Consequently, for s ~ mj, — the invariant mass
interval of interest in this paper — we may neglect these small strong phases, and assume
that c, ¢, and ¢, are real.
The parity odd and parity even contributions add incoherently in the h — Z~ rate, so
that Tz, o ¢ + ¢*. We define
_Dhszy P48

HzZy = sm 2
Fh—>Z'y CSm

(3)

We assume that there are no NP effects in the Higgs-gluon couplings, that is, ¢, = ¢y, and

the only source of P violation is the hF'Z operator. It is then convenient to define

= tan ' (¢/c) , (4)



and rewrite the hZvy couplings as
€ = [izCsm COSE ¢ = jiz,ComSing . (5)

In the case that the partial width I',_, 2, is SM-like, i.e. pz, = 1, then £ alone encodes
the parity structure: All NP effects manifest in &, with £ = 0 in the SM to a very good

approximation.

B. Amplitude Factorization

Since we are interested in processes with only two external gluons, the color structure in
any amplitude must be proportional to the identity. We therefore drop color indices hence-
forth, treating the gluons formally as photons, and consider only color-stripped amplitudes:
appropriate traces and color factors are kept implicit.

Both the Higgs channel, g9 — h — vZ — v¢*¢~, and background, gg — vZ — y{T{~
process, factorize into a 2 — 2 scattering, a Z propagator, and a 1 — 2 Z decay. Close
to the Z mass shell, the propagator is well-approximated by a Breit-Wigner form. With
respect to the effective theory , the Higgs channel has the diagrammatic form

P+, T+
klv )\1 P, T
7
(M, = S b
O--@
k2, Az k, A
2
— Juv — p,upl//mZ M A1Aap M v 6
- p2 o m2Z + imZFZ[ 2—>27h])\ [ 1—>2]7L7'+ : ( )
Similarly, the background amplitude is given by
2
Guv — PuPv /MM v
Mgy, = S PP (g, sl )

p?>—m% +imzly
Here Mj_,5 is the Z — ("¢~ amplitude, while My 5} (Ma_,o1,) are the 2 — 2 Higgs
channel (background) scattering amplitudes. The momenta and helicities of the gluons
(photon) are respectively denoted by k; and A; (k and ), p denotes the Z momentum, while

p+ are the lepton momenta and 7. = + are their respective spins. Hereafter we neglect



the lepton masses, so spins correspond to definite helicity states. The Z chiral couplings to
leptons are denoted by zr g.
In the massless lepton limit, the Z — ("¢~ amplitude, [M;»]” . , annihilates the

pupy/m% piece of the Z propagator via the lepton equations of motion. We may then

make use of the Z polarization completeness relation for any p? # 0

— G+ Dupu/D° =D €5 (D)es(p) | (8)

K

to rewrite eqs. @ and into the factorized form

1
Mgy, = Y Mooy A Msa]r (9)
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where k is the helicity of the Z, defined in a consistently chosen frame (for instance, the
digluon center-of-mass frame). Hence, the amplitude factorizes into two Lorentz invariant
factors and a Breit-Wigner propagator.

In the I'y — 0 limit, the Breit-Wigner denominator in the squared amplitude

1 1 9 9
p2 . TTL2Z + Z.mZFZ 2 - ﬂ-erzé(p - mZ) ) (10)

which ensures the Z is on-shell. That is, the full 2 — 3 amplitude is well-approximated with
an internal on-shell Z, up to corrections of order I'%/m?% < 1. Hereafter we shall therefore
replace the squared Breit-Wigner propagator by the I'y — 0 limit d-function, and enforce
an on-shell Z. It should be emphasized, however, that the helicity amplitude analysis that
follows below relies only on the factorized form @D, which holds typically up to mg/my
corrections, and independently from the I'; — 0 limit. Off-shell Z effects merely alter the
overall normalization of the square amplitude and the phase space volume, but do not affect

the helicity amplitude structure encoded by eq. @D

C. Phase space coordinates

In general, a 2 — 3 phase space is described by five variables. One of them is the
dilepton invariant mass (p; +p_)? ~ m% in the narrow Z limit. Correspondingly to eq. @D,
the remaining four-dimensional phase space may be partitioned into two Lorentz invariant

phase spaces: the phase spaces of the 2 — 2 and the 1 — 2 processes.



We assume only longitudinal gluon boosts with respect to the beam line. The 2 — 2
phase space is then described conveniently by the digluon invariant mass (k; + k2)? = s, and
the photon polar angle, 6., defined with respect to the beam axis, b, in the gluon center of
mass frame (see Fig. . The remaining two variables encode the 1 — 2 phase space, and
are conveniently chosen to be the polar and azimuthal angle of the positively charged lepton
in the Z rest frame, 6, and ¢, defined with respect to the photon momentum and beam
axis in that frame (see Fig.[I). In appendix [A] we write down the construction of the {s, 6.}

and {0z, ¢z} coordinates in terms of 2 — 2 Mandelstam and other Lorentz invariants.
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FIG. 1. Definition of polar angles. Left: photon polar angle, 6., with respect to beam line in gluon

center of mass frame. Right: Positron polar angles, 87 and ¢z, with respect to photon and beam

line, b, in Z rest frame.

Applying egs. @ and , it follows from these choices that the full differential cross-
section )
d0(3a97;927¢Z) _ (S_mQZ) ‘M(‘S?Q’Y;QZagbZ)‘ (11>
d(cosf,)d(cosblyz)dpy — 21732 mzly ’

where
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ITII. PARITY OBSERVABLE
A. 1— 2 Amplitudes

We now construct explicit expressions for the 1 — 2 helicity amplitudes of eq. and
examine their properties under discrete transformations. Amplitudes are computed with

spinor-helicity methods. Our particular choices for the polarizations and reference momenta



are shown in Appendix [Bl With these choices, the Z — ¢*¢~ amplitudes can be shown to
take the simple form
= V2myzpe? sin(6,/2) |

(Mol (02, 62) = —V2mzze'®? cos*(07/2)

T ( )
( )
(MisalT (02,62) = —V2mzzre %% cos*(07/2) |
(Mi)=. (02, 02) = V2mzzre 7 sin*(0,/2) ,
(Mio]) (02, 02) = —mzzpsiny |
Mi]2 (02, ¢2) = —mzzrsinby (13)

and all other amplitudes are zero. Here 2y g are the Z chiral couplings to leptons. Note
that these amplitudes are j = 1 Wigner d-matrix functions. In the massless lepton limit,

the non-zero 1 — 2 amplitudes require 7_ = —7,, so hereafter we shall always write
(Mio]f = M7 . (14)

Let us now examine the discrete P, C and CP transformations of [M;_s]%. The index x
is defined by the choices to be the Z helicity in the digluon center-of-mass frame. &
changes sign under parity, P, as does the lepton helicity 7. This is equivalent to z; <> zg
and ¢, — —¢z, the latter arising because the sense of the azimuthal twist of the lepton
momenta around their parent changes sign under parity. In other words, ¢ acts like a weak

phase under parity conjugation. From eqs. , one may explicitly check that

[PMi10)5 (07, ¢z) = [Mis2| 2502, 02) = [Mie)5(02, —¢2)

(15)

ZL$PZR
Charge conjugation C switches 7, and 7_, and hence sends 7 — —7. Equivalently z; <> zg,

0; - m—0z, and ¢, — ™+ ¢z. That is,

[CM12)5(07,02) = [Mis2]" (07, 02) = [Mio]i(m — 0z, 7+ ¢z)

ZL$PZR
which can similarly be explicitly checked from egs. . Finally, combining eqs. and
(16)), under CP

[CPM )50z, 02) = (M2 " (02, ¢2) = [Misoi(m — 0z, — ¢2)
= (1) [Miso]i(m =07, —¢2) , (17)

where the second line here follows from the special explicit form of the 1 — 2 amplitudes .
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B. 2 — 2 Amplitudes

With reference to the effective theories and to eqs. @, the Higgs channel 2 — 2
amplitude factorizes into gg — h and h — Z~ amplitudes, connected by a propagator. One
finds that

2 .
s(s —m%) iz Cogy CsM pire

)\1:)\2 0 —
(Moo w352 (s, 6,) 02 s —m3 +impl'y,

(18)

and all other amplitudes are zero. Note that the amplitude does not depend on 6, since the
Higgs is a scalar. This amplitude carries a phase arising from the Higgs propagator, which
acts as a strong phase under parity conjugation. On the other hand, £ is a weak phase.

That is, the parity relation for the non-zero amplitudes is

[P Mo an]3 2 (s) = [Maan] 322 (5) = [Masanlit (s) (19)

ot

Computation of the background 2 — 2 helicity amplitudes requires evaluation of box
diagrams with light internal quarks. Note that these amplitudes may contain non-negligible
strong phases, arising from on-shell internal degrees of freedom, relative to ¢, ¢ and ¢,. Ex-
plicit results for the helicity amplitudes as functions of Mandelstam variables are available in
Ref. [I7]. However, the Z polarization basis chosen therein is not necessarily commensurate
with the choices that lead to the especially simple results in eqs. . Instead, for the
purposes of this general analysis, we leave the background amplitudes in the abstract form
[Mzaz,bg]ifﬁ’b(s, 6,), and note only that all phases contained in these amplitudes are strong
phases under parity conjugation. In Appendix [C] by taking the heavy quark limit, we show

that their parity transformation is
[PM2%2,bg]§}<)\2 (s,0,) = [M2%2,bg]:f\\1—;)\2 (s, 0,) = —(—1)”[M2H27bg];‘;’\2(s, 0,) - (20)

Comparing to , the parity transformation for the Higgs channel amplitudes also has
parity —(—1)%, since those amplitudes are trivially zero in the case k = 0. Eq. implies
that the k = 0 background channel is odd under parity, while the x = +1 Z channels are

even. Note finally that the C transformation on all Ms_,» amplitudes is trivial.



C. Discrete Symmetries of the Differential Cross-section

Combining the CP transformations , and , the full amplitude has a CP
transformation
[CPMN (5,0, 07, 02) = IMITNT™ (5, 0,302, 62) = =M (s, 0,57 — 07, —2)
e
The corresponding polarized differential cross-sections , after marginalizing over 6, phase
space, therefore obey

dlo) 33 (5,041 62) _ dlo]ar(s, 043 —¢2)
dcos0.,doy dcos0.,doy

: (22)
§——¢

because f_ll fmr—60z)dcosly = f_ll f(0z)dcos By for any integrable f. It follows that the

unpolarized differential cross-section

d0(37 97; CbZ) _ d0(37 e’y; _CbZ)
dcosbO,doz dcosb,doz

(23)

§——¢
L.e. it is invariant under the simultaneous weak phase transformations & — —¢ and ¢z —
—¢z. Similar application of the C transformation

[CMIN2(s,0,: 07, ¢2) = M2 (5,04 02, 62) = [MINL2(s, 0, m—07, m+¢z) , (24)
Z[$PZR

yields
do(s,0,;¢02)  do(s, 0,7+ ¢z)
dcos0.,doy ~ dcos 0,doz

(25)

ZL$?ZR

I.e. the unpolarized differential cross-section is invariant under the simultaneous transfor-

mation ¢, — 7+ ¢z and zp, <> zg.

D. CP sensitive observable

We now proceed to show that the parity violating parameter ¢ manifests as a phase in the
probability distribution of the kinematic observable ¢,. First, egs. and together
imply that the Z helicity, x, encodes the weak phase structure of the amplitude. That is,
we can rewrite the amplitude into the form

M/\I)Q(GZ,(?Z) _ ZT|:Z[Ah]A1A2( ) m(§+¢>z) LAbg})qu( Z)emqﬁz _ (26)

K== k=0,%
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where the s, 0, arguments have been omitted for brevity, and we have explicitly extracted
the chiral coupling z,—+ = 21 p as well as weak phase ¢z, { dependence from the 1 — 2

amplitudes . We may further rewrite (26)) more compactly as

M0, 67) = 2. Z (AN (02) exp {ine } (27)

k=h+,0,+

where the A, terms arise from the Higgs channel ~ note that [A, ]3» = 0 for A = F
respectively — and the A 4 terms are the background amplitude contributions. The 7 are
the corresponding weak phases: n,, 0+ = (£ + ¢z), 0, and +¢4 respectively. Comparing
eq. with the parity relations , and , one deduces that the Aj transform

under parity as

[P(AI = = (=D A (28)

with the notational understanding that (—1)*=*h+ = —1 and (—1)*0 = 1.
The CP relation implies that the differential cross-section do/dcosf,d¢y is the

average of itself and its weak phase conjugation,
do/dcos0,dp; = [do/dcosb,dpy + do/dcosb,dy |77k_>_77k:| /2. (29)

Applying this result to the explicit form 7 one may then show that

d0(8,67§¢Z) _ (s — {ZBkk s, 9 +ZBM s, 0 )COS [nk —771}} ) (30)

dcost,doy  $2m ZFZ oy
wherein

—0ki
Bri(s,0,) 2117T3 Z / dcosHZRe [Ap A3 (s, 97,92)} : (31)

One then further deduces from the C relation . that the unpolarized marginal differential
cross-section, integrated over an interval s € I containing the Higgs peak s = m?, must have

the form

do?! 1
67~ maT {(zi+ 212-‘9[ S oclrlel . 0 Jeos(o)
g 7z k=h+,0,£

Lel el Jeos(202) + [CL +CL ] cos(e + 2@)}

+(27 — %) {[cf +Cl ] cos(¢z) + [C,LO +C} ] cos(€ + §Z5z):| } : (32)
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in which do’/d¢, = [,(do/d¢y)ds, and

¢l — 2—5k1/1 S Z/ / d cos 0d cos 0 Re{[AkAl]’\l’\Q(s 07,6’2)} . (33)

Note that the £ dependent terms arise manifestly from Higgs and background interference
terms. The terms proportional to zZ — 2% arise from the combination of the parity violating
Z-lepton chiral couplings and interference between the x = 0 and x = +1 background
channels. The parity relations for the A1 imply that these terms are parity odd, so
that they vanish under the dcos 6, integral. This is to be expected, as the background QCD

process is not parity violating. Hence, in summary

do?! 1 9 9 I I I
o’ _ _{(ZL . ZR>{ Sl Ol +CL ] eos(e)

oz mzlz k=h 0.+

+[CL_ +CL, ) cos(2¢7) + [C,IH_ +Ch_Jcos(E+2p7)| . (34)

Eq. is the main analytical result of this paper. In the presence of background interference
the parity structure of h — Z+ can be probed through the phase structure of do’/d¢,. In
particular, the differential cross-section is asymmetric about ¢z = 0 if and only if £ # 0. If
Cl, are known, then fitting this function permits in principle extraction or bounding of £.
The cos(§ + 2¢z) term in eq. further implies that a quadrant-type asymmetry can

be generated by integrating over the ¢, quadrants
[=[0,7/2], H=[r/2,n], Il=][r37/2], and IV =[37/2,27], (35)

and taking their alternating sum. In particular,

1 do?! 2 cl —+cCl | ]sin(€)
oz = _/ (d ) L R 39
o J u-nv \doz ﬂZk o T | het T h_ -] cos(§)

is non-zero if and only if £ # 0.

E. Simulations

It remains to estimate the C{; coefficients of eq. (34). This is achieved with a privately
modified version of the gg — vZ — v¢*{~ process found in MCFM-6.8 (process #300) [18],

customized to include an interfering set of gg — h — vZ — ~v¢*¢~ helicity amplitudes. The

12



relative strong phase between the extant MCFM background amplitudes and the Higgs channel
couplings (2)) is hard to extract from Refs. [I5] and [I8]. We have checked, however, that any
potential mismatch of conventions, leading to an extra strong phase, is of small numerical
significance for the purposes of estimating the Ci, coefficients: It introduces at most an
extra signed O(1) factor. We choose the Higgs peak region I = {/s € (124,128) GeV}. All
simulations are generated for a pp collider running at 14 TeV, with photon transverse cuts
pr > 20 GeV and |n| < 2.5, and dilepton invariant mass my, € (66,116) GeV.
For the sake of brevity, let us rewrite the integrated version of eq. in a compact form
do”!
d<72(¢z; §) = ap + az cos(2¢z) + by cos(§) + by cos(2¢z7 +§) . (37)
This may be further rewritten into an SM-normalized form
do’  oly 1
do 21 14 bo/ag

where oy is the SM (£ = 0) gg — vZ — (™ cross-section on the interval I, including

14 ay/agcos(2¢z) + bo/ag cos(§) + by /ag cos(2¢7 + &) |, (38)

Higgs interference effects. We may now in principle extract the relative coefficients as/ay,
bo/ap and by/ay by generating ¢, distributions over I for various values of ¢ and ¢, €
{—m, 7}, and fitting a2 and by 2 to eq. . However, very high statistics are required to
sufficiently sample over the narrow SM Higgs width, [';, ~ 4 MeV, in order to extract the
by 2 coefficients with satisfactory precision.

Instead, let us apply the Higgs coupling and width rescalings
c— (e, ¢— (¢, and Iy — Ty . (39)

The pure Higgs Cp, 5, terms, which exclusively arise in ay, are dominated by on-shell Higgs
contributions ~ (c? + ¢*)/T,, and therefore are invariant under this rescaling. The pure
background C4 and Cyy terms are invariant by definition. Hence as and a¢ are unchanged by
the transformation . However, the Higgs-background interference terms Cj, 4+ — the b
coefficients — are enhanced by a ( factor. The larger Higgs width and enhanced interference
effects together admit faster numerical convergence of the coefficients of eq. : The by 2
coefficients extracted for ¢ > 1 may then be rescaled by (~! to determine their SM values.

While we shall use the ( rescaling as a numerical tool, it should be noted that (
itself can be measured or bounded: Constraints on interference effects far off the Higgs
mass shell may also be used to bound the total Higgs width, and hence ( (see e.g. [19-
23]). Currently, bounds from the h — 4¢ channel imply ¢ < 3 [24, 25]. The h — Z~

13



partial width itself is invariant under the rescaling , but the current upper bound on
o x Brlgg = h — vZ — ~{T{"] is approximately an order of magnitude above the SM
value [20], 27]. There is, therefore, still some room for NP enhancements of the h — Z~
rate itself. Collectively, possible NP effects in the Higgs total and partial Zv width can be
encapsulated by the rescalings and , Viz.

c—>ulz/3Cc, 5—>le/72§5> and I, — Iy, . (40)

with ¢ $ 3 and pz, S 10.
Under this rescaling approach, we generate ¢ distributions for ( = 10, and £ = 0, 7/4,

/3, /2 and w. After rescaling the byo coefficients to their SM values, one finds in this

manner
as/ag = % = (0.143 £ 0.001
bo/ag = % = (6.61 £0.08) x 107*
by/ag = % = —(0.9240.08) x 1073 . (41)

with cross-section ofy; ~ 2.33 fb. The errors here are purely statistical in origin. The
cos(2¢y + &£) and cos(€) coefficients are non-zero at high statistical confidence. A typical
MCFM ¢z distribution, for ¢(* = 10 and uz, = 3, together with its best fit curve are shown
in Fig. 2| in which the expected shifted cosine can be seen.

The asymmetry, ¥,,, for the same set of £ values is also computed, and shown in Fig. .
Fitting to the expected dependence (2/m)bssin(§)/(ag + b cos(§)) in eq. with the as-
sumption by/ayg < 1, one finds that the best fit

¢t +Cf
by/ag = W = —(0.84 4 0.07) x 1073, (42)

which is consistent with the fit from the ¢, distributions.

We see from the results that the cos(&) coefficient in eq. dominates the cos(2¢ +
€) coefficient by an order of magnitude, ~ 1% and ~ 0.1% respectively in the SM. In
Fig. 4| we show the best-fit do/d¢y function for the zero and maximal parity violating cases
¢ =0 and £ = /2, with ( = 1. For comparison we also show do/d¢, for a ( = 30

scenario, which could correspond to a hypothetical Higgs-like particle with larger width and

14



1.2 1

(1/0)(do/dez)

-7 | 77‘7/2 | 6 | 7T‘/2 | T

bz
FIG. 2. The ¢z distribution and best-fit curve (red) in the gluon fusion channel for /s €
(124,128) GeV, for ¢ = m/2 and rescaling factor (2 = 103. The Higgs couplings have been in-

creased by a further factor of three in order to enhance the visibility of the shift due to & # 0. This

shift can be seen in the displacement of the best fit curve with respect to the cosine ~ cos(2¢yz)

(dashed line).

1073 |

0 /4 /2 3 /4 T

FIG. 3. The integrated asymmetry X4, for /s € (124,128) GeV and SM Higgs width and coupling

magnitudes (¢ = 1). The best fit curve of form ~ sin(¢) is also shown (red).

couplings. We see there that the cos(§) term manifests for £ # 0 as a modulation of the
oscillation amplitude of do/d¢; compared to SM expectations. It also rescales the overall
cross-section from the expected SM value. Extracting or bounding £ by searching for these
cos¢ term effects therefore requires computation of these SM expectations to sub-percent

level, at which higher order QCD corrections likely become important. Hence this approach
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FIG. 4. Left: The ¢z best-fit SM distribution in the gluon fusion channel for /s € [124,128] GeV,
for £ = m/2 (gold) and & = 0 (blue) normalized to their respective cross-sections. Right: The
same distribution, but for a width and coupling rescaling ( = 30. Compared to the SM result, the

¢ = m/2 curve is shifted to the right, and has a larger oscillation amplitude.

is susceptible to large theory errors.

In contrast, for £ # 0 we see in Fig. [l] that the cos(2¢z+&) term manifests as a phase shift
in do/d¢, with respect to the SM cosine. Equivalently 3,, # 0. The SM expectation that
such a phase shift is zero, or £,, = 0, holds to high loop order. Hence, even though searching
for phase-shift or quadrant asymmetries is more difficult experimentally than searching for
cos(&) term effects — by /ag < by/ag and hence more statistics are required — it is theoretically
much cleaner.

Including the incoherent gq background, neglected so far in this discussion, this phase
shift effect is expected to be further suppressed to the O(107°) level, requiring exquisite
measurement of the pp — Z~ differential cross-section. Since 099/0% ~ (.02, then from
eqs. we expect ogy ~ 100 fb on the interval I. A simple estimate of the required
luminosity to detect X4, # 0 can be obtained by noting that measurement of ¥,, is a
counting experiment on the four ¢, quadrants. For a large number of total events, N, the
statistical error in 3,, is at leading order 1/ V/N. In order to reject the SM hypothesis
(€ = 0) at 95% confidence, the required precision is then 2/v/N ~ 107°, implying a required
integrated luminosity > 108 fb~!. Note further that we have neglected possible systematic
errors, which renders this estimate to be an optimistic one. Consequently, even in the

proposed high luminosity future of LHC runs, with luminosity ~ 3 ab™!, there will be
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insufficient statistics to achieve sensitivity to O(107°) effects, and hence there is no plausible

sensitivity to £ # 0 for a Higgs with SM-sized couplings.

IV. CONCLUSIONS

In this work we have shown that interference of the gluon fusion Higgs production channel
99 — h — vZ — v4*¢~ with the background 2 — 3 process gg — vZ — ~v{{~ gives rise
to an observable that is unambiguously sensitive to the parity structure of the hZ~ vertex.
This observable manifests as an amplitude modulation and phase shift of the oscillatory
angular probability distribution with respect to the azimuthal angle, ¢,. Equivalently,
the parity violation manifests respectively as a rescaling of the cross-section and a parity
asymmetry on ¢, quadrants. However, only the phase shift and its associated quadrant
asymmetry are theoretically clean observables.

Numerical simulations with MCFM, privately modified to include Higgs-background in-
terference in the gg — vZ — v¢*¢~ channel, estimate that for the SM Higgs, the quadrant
asymmetry (cross-section rescaling) enters at the 1072 (1072) level for £ ~ 1. Unfortunately,
the large ¢¢ incoherent background, combined with the very narrow Higgs width, renders
this background interference effect too small to be seen at the LHC, even for a future high
luminosity of 3 ab™?.

The analysis in this paper, however, generically holds for any scalar that may be produced
by gluon fusion and has a decay channel to Z~. If there exists a new scalar with either a
larger gluon fusion production cross—section times Z~ branching ratio or a larger total width,
then the parity structure of this coupling may be probed or constrained by searches for a

¢z phase shift or quadrant asymmetry.
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Appendix A: Phase Space Construction

Here we provide explicit expressions for the phase space coordinates {s,0,;60z, ¢z} in
terms of kinematic observables. First, with respect to the digluon invariant mass (k; +k9)? =

s and 0., the other two 2 — 2 Mandelstam variables

t= (ki —k)*> = (m% — s)sin®(0,/2) , and wu= (kg —k)> = (m% — s)cos?(6,/2) . (A1)

Hence t — u = (s — m%) cos(f,), i.e.

0., = cos™" Lt—_n:QJ , (A2)
on the branch 6, € [0, 7]. Note that since s + ¢+ u = m% in the on-shell Z limit, the 2 — 2
amplitudes may always be expressed as functions of s and ¢t — u = (s — m%) cos(6.) alone.
That is, we see explicitly here that the 2 — 2 phase space is fully specified by s and 6,.

The polar angle 0 is similarly extracted by noting that 2(p; —p_) -k = (s —m%) cos 6.,

ie.
2(py —p-) - k
0, = cos™* [M] : (A3)
s —m3
Finally, the Levi-Civita contraction
1
Pk ko kopy, = gmz\/g(s — m%)sin(0,) sin(fz) sin(¢y) , (A4)

and
2(ky — ko) - (py —p) = (s +m%) cos(0,) cos(0z) — 2¢/smysin(6,,) sin(z) cos(dz) . (A5)

Assuming only longitudinal gluon boosts, so that the gluons are oriented along the beam
line, then the kfz lab frame components may be extracted from s and the total energy of the
outgoing states. Then, the relations (A4]) and (A5 permit extraction of sin ¢, and cos ¢,

and hence ¢z € [0, 27| without any ambiguities.

Appendix B: Conventions

Our choices for polarizations and reference momenta are

+ (k¥|oyu|k) (k) = (PF|ow|k7)
T T R A T
e;jf(p) = :|:—<I€:F|U“”pqE> Op) = L mzk (B1)

V2l T T my T 2k
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where p is the Z momentum, and p* = p* — m%k*/(2k - p) is a null associated momentum,
such that p and k form a light-cone decomposition of p. We assume the leptons are massless,

and make the spinor phase choices

(x/qo + ¢ (¢" —i¢®) /v ° + q3) . q=Dpx,D k1,

X =
((q1+iq2)/\/q0—q3,\/q0—q3> . q=kky.

(B2)

Appendix C: Parity of 2 — 2 amplitudes

A2

To deduce the parity of [MQHQ,bg]f\‘}i , we may consider the heavy quark limit. In this
case, the external spin states determine the total angular momentum, such that the 0,

dependence of each helicity amplitude is encoded by Wigner d-matrix functions, viz.
Moo ng(s,6) = f(s)(sm'|e P jym) = f(s)d), 0 (6,) . (C1)
for some f, where m and m’ are spin projections. It follows that

[M2—>2,bg]i}c)\2((97) ~ dil—,\g,,\—ﬁ(ev) ) (02)

where 2 < j < max{\; — Ay, A — k}. The parity structure of the Wigner d-matrix functions
immediately implies that the parity of these amplitudes is —(—1)*, since \;, A = +1 only.
That is,

[P Moo g3 (5, 65) = —(=1)" Moo g3t (s, 6;) - (C3)

This matches the Higgs channel result , which are similarly generated by local effective

operators, and also the massless quark results in Ref. [17].
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