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The decay H — (T¢~~, { = e, u, receives contributions from H — Z[— £7¢~]y and a non-
resonant contribution, both of which are loop-induced. We describe how one can separate these
sub-processes in a gauge-independent way, define the decay rate I'(H — Z+~), and extract the latter
from differential H — ¢7 £~ branching ratios. For £ = p also the tree decay rate, which is driven
by the muon Yukawa coupling, is important. We propose kinematic cuts optimized to separate the
three contributions, paving the way to the milestones (i) discovery of H — Z~, (ii) discovery of
H — 1™ 7400 and (iii) quantification of new physics in both the effective H-Z-v and non-

resonant H-¢-¢~ - couplings.

I. INTRODUCTION

Currently ATLAS and CMS put substantial effort into the discovery of the decay H — Z~. However,
this process is only well-defined when the Z boson is taken on-shell. If one includes the effect of a non-
vanishing Z decay width I'z by smearing the off-shell H — Z~ decay amplitude with a Breit-Wigner
distribution one finds an unphysical, gauge-dependent result [1]. If the Z boson is detected through its
leptonic decay, H — Z~ is a sub-process of H — ¢*/~~. The one-loop diagrams contributing to the
process H — £ ¢~ can be divided into three classes, namely diagrams with off-shell Z boson (describing
H — Z*[— (T47]y), those with off-shell photon (involving H — ~*[— ¢T£~]y), and box-diagrams.
The calculations of the H — ¢7{~ decay amplitude in an arbitrary linear R¢-gauge in Ref. [2] has
revealed how the sum of all diagrams in each class depend on the gauge parameter & of the W boson. This
dependence cancels in the final physical result after the summation of all contributions. Complete one-loop
calculations of differential decay rates (and asymmetries) of H — ¢*¢~~ in the Standard Model (SM) have
been performed by several groups [1-5] and Ref. [2] contains a detailed comparison of the numerical results

presented in these references.
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Nevertheless, it is possible to define a gauge-independent resonant contribution which peaks near s =
M% where /s is the invariant lepton mass. The remaining contribution to H — ¢*{~~, consisting of
H — ~+*[— £T47]y, box diagrams, and the gauge-dependent off-peak pieces of H — Z*[— (T4 ]y
are all non-resonant and can be experimentally distinguished from the resonant term of interest. Next one
can employ the narrow-width approximation (NWA) to relate the latter to the product of the decay rate
B(H — Z7) and the branching ratio B(Z — ¢*¢~). Thus one arrives at a physical, experimentally
accessible definition of I'(H — Z7). Then ruling out I'(H — Z~) = 0 at five standard deviations will
constitute the desired discovery of this decay mode. At several steps of this derivation (for instance by
modifying the NWA) one could change the definition of I'(H — Z+) by terms of order FQZ /M % and arrive
at equally valid, yet different results. This feature is intrinsic to any decay into an unstable particle detected
only through its decay products. In view of the smallness of I', /M2 ~ 1073, however, this ambiguity is
phenomenologically irrelevant.

The differential decay rate dI'(H — u* 1) /ds peaks at the photon and Z poles at s = O and s ~ M2,
respectively, and rises towards the end of the spectrum at s = M3 (see Fig. 2). The latter effect is due to
the tree-level contribution involving the small muon Yukawa coupling. ATLAS has already found evidence
for H — ¢*¢~ in the low invariant mass region dominated by the photon pole [8]. To discover H — Z~y
one must study the complementary region and in the H — p™p~~ data carefully separate the Z peak
from H — i p™ 7 00- A discovery of the latter contribution will constitute a manifestation of the Higgs
Yukawa coupling to muons, independent of and complementary to the observation of H — 1+~ The loop
contribution to the decay rate of H — e*e ™+ is several orders of magnitude larger than the corresponding
tree contribution, as the latter is suppressed by the square of the tiny electron Yukawa coupling. We do
not consider the process H — 777~ which is dominated by the tree-level contribution. The light lepton
masses are neglected in the loop contributions which are found infrared-finite in this limit.

With increasing statistics one will be able to quantify deviations from the SM predictions not only for
the effective H-Z- vertex, but also for the effective non-resonant H-¢*-¢~-~ couplings. To this end the
data sample with ¢/ = e and ¢ = p should not be combined, as new-physics (NP) contributions are likely
to be different. Through the Higgs vev H-u™-u~ -7 couplings can contribute to the anomalous magnetic
moment of the muon, whose measurement significantly deviates from the SM prediction [6]. The non-
resonant region between photon and Z pole is best suited to probe those NP operators which are unrelated
to the effective H-Z-~ vertex, because the SM contribution is small.

This paper is organized as follows: In Sec. II we separate the gauge-independent resonant contribution
to H — 70~ related to the H — Z~ sub-process. Sec. Il proposes various kinematic cuts to enhance

the sensitivities to H — Z~, H — pt ™ 7l;,00. OF non-resonant NP. In Sec. IV we define B(H — Z~)



and relate this quantity to the resonant piece of H — ¢/~ ~ and Sec. V presents the conclusions. Two

appendices contain numerical input values and the loop function for H — Z~.

II. SEPARATING THE RESONANT CONTRIBUTION

We parametrize the loop-induced amplitude for the process h — £/~ as:

Aloop = [(ku Piv — Guv k- pl)ﬂ(pZ) (CLl’YHPR + bl’YuPL)U(pl)

+ (kup2w — guv k- p2)u(p2) (a2 Pr + by Pr)v(p1)]e”* (k) , (1)

where, using the notation of Ref. [2], we denote the four-momenta of photon, lepton and antilepton by k,
P1, P2, respectively, while the chiral projectors are Pr, p = (1 F v5)/2.

The loop-functions a; 2 and b 2 depend on the Mandelstam variables
_ 2 _ 2 _ 2 _ 2 2
s = (p1 +p2)°, t=(p1+k), and u = (p2 +k)* =my +2mj — s — ¢, (2)

where my and mp denote the masses of lepton and Higgs boson. The coefficients as and b, are obtained
by exchanging the variables ¢ and v within a; and b;, respectively. Explicit one-loop expressions for the
coefficients a; and b; can be found in Ref. [2] and corresponding ancillary files.

Each of the coefficients a; 2 and by 2 can be written in the following form, e.g. for a;:

a1 (s)
s—m%+imzly’

ai(s,t) = ai(s,t) + (3)

with the obvious index replacement and the change of notation oy 2 — (312 for the coefficients by 2. Note

the relations

a1(s) = as(s) = afs) and [i1(s) = Pa(s) = B(s). 4)

As mentioned in the Introduction, the off-shell amplitude for H — ~vZ*, which determines «(s) and 3(s),
depends on the unphysical gauge parameter £&. However, the process H — ~Z involving the on-shell
Z boson does not depend on the gauge. Thus, we can isolate the £-independent part of the amplitude for
H — yZ*[— £T¢7] sub-process by setting s = m?% in a(s), 3(s), i.e. the residue of the Z-boson propagator
is gauge-independent. In the following we denote this term the "resonant” contribution.

Separating the resonant and non-resonant terms in this way yields

ai(s,t) = ai’ (s, 1) + a1°(s), (5)

O[(S) — a(m2Z) areS(S) a(m2Z)

al"(s) = ai(s,t) + ) )
1" (s) 1(s,1) s —m2 +imzly ! s —m% +imyly

(6)



We write

d2]_" . d2F100p dQFtree
dsdt —  dsdt dsdt’

where the tree contribution in the second term is to be dropped for £ = e. The loop contribution to the

differential decay rate over the variables s and ¢ is given by the formula:

d2P100p . S
dsdt 512m3m3;

[ (Ja1|* + [b1]?) + u?(Jaz|* + |b2]?)] , )

where we have neglected the light lepton masses in the phase space and w is to be substituted for the expres-
sion in Eq. (2). The non-zero value of the lepton mass impacts the value of the loop induced contribution to
the decay rate only in the dilepton invariant-mass region close to the production threshold, mg, ~ 2my, via
the kinematic effect. We avoid this region by using the cut myp i = V/3min = 0.1 my in what follows.

The square of the magnitude of a; in Eq. (6) contains three distinguishable pieces:
la1]? = [af"]* + |a7*]* + 2Re(af"a}®"), (8)

and mutatis mutandis for az and by 2. Corresponding contributions to the one-loop decay rate are

d2rloop - dQFnr d2rres d2rint
dsdt — dsdt dsdt dsdt ’

€))

where the small interference term, denoted by I';,;, corresponds to the third term in Eq. (8) and can be
safely neglected for the purposes of expected near-future measurements.

The differential decay rate for the tree contribution for H — u p ™y reads:

2T ree _ Imy + m2(—2s+t—3u)+ tu N Img + m2(—2s+u—3t)+ tu
dsdt (t —m2)? (u—m2)?
N 34my, — 2m? (8s +5(t +u)) + 2(s +t)(s + u) a0)
(t —m?2)(u—m2) ’
where
etm?
N K . an

- 3 ain2 2 3
256 77 sin” Oy myym

For this distribution, we keep the nonvanishing muon mass in the formulas for physical kinematic limits
given in Eq. (12). Note that the muon mass cannot be neglected in the phase space integral of the tree
contribution, see Eq.(12) below.

The dependence of the loop- and tree contributions to the differential decay rate on the Mandelstam
variables s and ¢ is displayed in the Dalitz plots in Fig. 1. With focus on the kinematic cuts required in the

measurements, it is interesting to observe the behaviour of the distributions in the end-point regions of the



15000 dIjo0p/(ds dt) [GeV_3] 15000 dlree/(ds dt) [GcV‘3]
10-11| ' 10’”:
10712 10-12
10000 - 10-13] 10000 10-15 1
N% 10714 % 10714
< ©
N L 10715 - 10715’
5000 - 1 5000 ¢ 1
10716 10-16
107" 1017
O Il L L L L L L L L L L L 0 L L L L L L L L L L L L
0 5000 10000 15000 0 5000 10000 15000
s [GeV?] s [GeV?]
(a) (b)

FIG. 1: Dalitz plot for (a) the one-loop contribution to the decay rate of h — £*£~~ and (b) the tree contribution to

the decay rate of h — puy.

Dalitz plots. While the one-loop contribution does not increase towards the boundaries, the tree distribution
exhibits strong enhancements in high-s, small-¢, and small u regions, see Eq. (10) below.

. 2 . . . .
With data on % one can implement a very simple discovery strategy for I — Z~: Just insert a]*

from Eq. (6) into Eq. (5) and the resulting expression for a; into Eq. (8) (and treat as and by 2 in the

same way), then use these results in Eq. (7), and finally add d;gg;e. When using this formula to fit the

three quantities [oz(m%)]2 + [B(m%)f, laf"|? + |b7"|2, and |a3"|? + [b37|? to the data, a 5o signal of
[a(m3,)] 74 [B(m%)] % £ 0 will imply the desired discovery. With Eq. (36) below one can translate this
measurement into a number for I'(H — Z+). Thus after implementing the lengthy SM expressions for ar’y
and b7’ one can directly compare I'(H — Z~) to the SM prediction in Eq. (30).

Next we discuss the various contributions to %, where mgy = /s is the dilepton invariant mass. As a

first step, we perform the integration over the full allowed range of the variable ¢, tyin < ¢ < tiax With

tmin(max)(sa mE) = é(m%.] — s+ Qm% + (m%[ - 8) m) . (12)

The resulting resonant and non-resonant one-loop distributions are shown in the left plot in Fig. 2. Since
the masses of electrons and muons can be safely neglected in the one-loop calculation, plot (a) represents
the loop correction for both cases. Furthermore, since the tree contribution for H — e*e™ 7y is negligible,

dl'1p0p/dmyy also represents the total contribution for H — ete~~y. The effect of the tree contribution is
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FIG. 2: One-loop contributions to differential decay rate with respect to the invariant dilepton mass for ¢ = e (left)
and ¢ = p (right). The full one-loop, resonant and nonresonant contributions are denoted by black dashed, solid red
and turquoise dot-dashed curves, respectively. For the case ¢/ = e the full one-loop contribution represents the full

rate, while for ¢ = p, the additional, tree-level contribution needs to be accounted for.

shown in the plot 2 (b). The only kinematic cut imposed for these plots is the one for the photon energy in
the Higgs rest frame, E, nin = 5GeV, which only lowers the maximum value of 7.

In Fig. 3 we display the interference contribution. As expected, this distribution changes sign at the
value of my, corresponding to the Z-pole and is approximately symmetric around the null-axis in this
region. However, its magnitude turns out negligible within the full rate — this term is completely dropped in

the following discussion.

III. KINEMATIC CUTS

In this section we study the impacts of the kinematic cuts on the minimal values of the variables ¢ and u
on the resonant-, nonresonant- and tree contributions.

We fix the kinematic range for the variable s all the way until the section III D as:
Smin = (0.1mu)?,  Fmaz = my — 2my By min = (120GeV)? with B, i =5GeV,  (13)

where E, i, the minimal photon energy in the rest frame of the Higgs.

The full physical range for the variable ¢ is given in Eq. (12). We introduce the kinematic cuts on the
minimal values of ¢ and w variables, and denote them by tmin > 0 and @y, > 0. Note that the cut on the
minimal value of variable u lowers the maximal value of ¢ from the physical limit ¢,,,4 () t0 t1naz (S) —Umin.

Neither the resonant nor the non-resonant loop contribution exhibits a strong dependence on the small



6.x10° N,
4_><10—115_ ----- - dI“im/dmﬂ I.'

2.x 1071

dline/dmy,
o

2% 1071 T -
—4.x 1071

—6.><10_11:-.......................'
20 40 60 80 100 120

Myy [GCV]

FIG. 3: Differential distribution ((iil;iez with respect to invariant dilepton mass for £ = e, p.

variations of the cuts on the ¢, u-variables near the boundaries of the Dalitz plot, see Fig. 1 (a) or Eq. (19)
below On the other hand, the tree contribution is peaking for the small values of ¢, as can be seen from
the Dalitz plot boundary parallel to s-axis, and for the small values of u, as can be seen from the diagonal

boundary of the plot in Fig. 1 (b).

A. Resonant contribution

The resonant distribution is given by:

dlres  s(t* +u?) 1

212 2412
= + 14
dsdt  512m3,m3 (s — m%)?2 + miI% (latmz)[" + [B(m2)I%) (14)

with the mass of the light lepton neglected in the evaluations of both the kinematics and the amplitude. With
my = 0, the physical limits on the variable t are ¢, (s) = 0, tyaz(s) = m%{ — s, while u = m%{ —s5—t.

Numerical values of the loop coefficients at s = mQZ are [2]:
a(m%) = -9.41-107Gev™t,  B(m%) =1.17-107°GeV!. (15)

Integrating over the variable ¢, while taking imposing the cuts tomin and Tpin, We have:
dFres ( i_‘ - ) S 1
57 ins Ui g
ds min; Ymin 5127.(.3m?{ (8 _ m22)2 + mQZFQZ
£3 4 (5 + t — m3y)3] T imas=tmos ()G

3

(lea(mZ)P + 18(m%)[?)

(16)

tzfmin



10-8 no cuts on (t, u) 7
"""" ;min, ﬁmin = (01 ”nH)2 ]

10_9 """ = ;mina ﬁmin = (02 mH)%

£

< 10710

SRURL
10712 X
10—13 : . | . . . | . . . | . . . | . . L L L L L “'i

20 40 60 80 100 120
Myy [GCV]

FIG. 4: The resonant decay rate distribution with respect to dilepton invariant mass my, for different choices of the

cuts (tminy ﬂmin)~

A further integration over the variable s can also be performed analytically, but results in a somewhat
lengthy expression. In Fig. 4 we illustrate the variations of the resonant differential decay rate dI'y¢5/dmyy

for different values of the cuts (Z,in, Tmin )-

The effects of the cuts are more noticeable in the fully integrated decay rate. Integrating over s in the

range given in Eq. (13) we have, e.g.

Lres[tmin = 2 Umin = 2
resltmin = (R 1)" nin = (R 0)7] (1,0.94,0.77), for x=(0,0.1,0.2), (17)
[res [tmin = 07 Umin = 0]

with

Pres[gmin = 0, Upnin = 0] = 0.215keV. (18)

B. Nonresonant contribution

The analytic form of the non-resonant contribution turns out rather lengthy — its explicit form can be
read off from the expressions given in Appendix A of Ref. [2]. As in the previous case, we integrate
the corresponding decay distribution over the variable ¢ numerically from tmin > 0 to the value tmaz(s) —
Umin = m%{ — 5 —Umin. We illustrate the effect of several choices of the cuts £, , Umin o the nonresonant

differential distribution over my, in Fig. 5. Again, integrating over the variable s in the limits given in
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FIG. 5: The nonresonant decay distributions dT',,./dmyy, for few choices of the cut tomin.-

Eq. (13), we obtain:
Pnr[fmzn = (K mH)Qa Umnin = ("5 mH)Q]

= = 1,097,087 , f — 0,01?02 7 19
Fnr[tmzn :O,len:()] ( ) or K ( ) (19)

where
Lo [Emin = 0, timin, = 0] = 0.043keV . (20)

Therefore, we find weak dependence on the ¢, u-cuts as long as the values of the latter are not such that they
remove a significant amount of the phase space.

It is convenient to display the shapes of the distributions shown in Fig. 5 in an approximate numerical
form. Since the dependence on the cuts is small, we represent the shape that does not involve any cuts on

variables ¢, u as the following power series:

dly, _ My
10710 21
Mo 100y e (70) @
with
(c_4,...,c3) =(3.27-107*,-1.26-1072,2.0-1071,8.49 - 107!, 7.96, —30.1,32.1, —11.0) . (22)

The integral of the above approximate function over the variable my, differs from the exact result at the
level of around 0.5% (2%) for myg min, = 0.1mpg (0.5mp), with My e = 120 GeV for both cases.
This is an acceptable approximation given that the non-resonant part is itself a small contribution to the full

decay rate in the interesting region around Z-boson peak.
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FIG. 6: Differential distribution dI't;.ce/ dm,,,, with respect to invariant dimuon mass.

C. Tree contribution

The definite integral over the variable ¢ in Eq. (10) can be performed analytically. As before, for the
lower limit we have #,,,, which is larger or equal to the the physical lower limit ¢,,;, (s, my), while the

upper limit is 45 (S, M¢) — Upmin. Introducing the shorthand notation

Z(t) = dtd2rt’““ Z(a,b) = I(b) — T 23
0= @S e T =10) - T). @3)

the resulting distribution with respect to s is:

d]:‘ ~ B tmaz_ﬂmin dQF
(gee (83 tmin Umin) = /t dt dsggee(t — tmin(s))

(24)
= I(tmin(s), tmax(s) - amzn) - G(Emzn - tmin(s))z(tmin(s)a 7?mm) 5

where we have temporarily suppressed an additional dependence of ¢, (;maz) O the lepton mass, for clarity

of the notation. Note that the insertions of the Heaviside step function in the above equation confine the

integration to the physically allowed region. The expression for Z(t) is:

T = omE__ [2milmly —dmd) | 2mi(miy — dm)
_167rm%,m12/v sin? Oy t— m% s+t — m%{ _ m% 05)
_m%—4m%{m§+(s—4m§)2ln s+t—m¥ —m? -
s m%{ t— m%

The final formula for % (s; fmm, Umin ) 18 obtained by inserting the result of Eq. (25) into Eq. (24). We

illustrate the dependence of the tree contribution on the cuts for several values of tomin and Tpip, in Fig. 6.
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TABLE I: Integrated decay rates for different contributions to H — u™ ™~y for several choices of the kinematic cuts

on the variables s, t and u. Note the symmetric choice Uy, = tomin.

Cut  ||smin Smaz tmins Umin  |Dres(keV)  [Tpp(keV)  |Tiree(keV) |Tyor(keV) || Purpose
1 (0.1mg)? |(120GeV)? [(0.1mg)? |0.202 0.042 0.026 0.270 general
2 (0.1my)? [(120GeV)? [(0.2my)? [0.165 0.037 0.013 0.215 general
3 (70GeV)? |(100GeV)? [(0.1my)? |0.195 0.002 0.007 0.204 h— Zv
4 (70GeV)2  [(100GeV)? |(0.2my)? |0.160 0.001 0.004 0.165 h— Zv
5 (10GeV)? |(40GeV)? |(0.1mg)? |3.53-10~* |3.78 1072 [1.02- 1072 [3.92-1072 ||nonresonant
6 (20GeV)? |(40GeV)? |(0.1mg)? |3.33-107* |1.75-1072 |8.12-10~* |1.87-1072 ||nonresonant
7 (100GeV)? |(120GeV)? |(0.1my)? [1.93-1073 |7.51-107° [1.5-1072 |1.70-1072 ||tree
8 (100GeV)? [(120GeV)? |(0.2my)? |1.40-1073 [5.28-107° [6.06-10~3 |7.51-1073 | tree
Finally, integrating over the variable s in the limits given in Eq. (13), we have:
Lireeltmin = (5 mi)* Gmin = (510)*] (1 005 019) ) for k= (0,01,02),  (6)
Ciree[tmin(s, my)]
where
Ciree[tmin = tmin(s,m,)] = 0.104keV . 27)

D. Kinematic cuts and total rates

We now explore how each of the three contributions to integrated decay rate depends on the cuts on
variables that also include s. We propose different cuts to optimize the sensitivity to the three milestones
mentioned in the abstract. The results for several combinations of such cuts are shown in Table I.

Cuts 1 and 2 correspond to the choices of the three previous subsections'. For the cut 1 we find that the
nonresonant contribution is around 20% of the resonant one, while the tree contribution is somewhat larger
than about 10%. As noted before, the tree contribution receives a strong suppression with the increasing
vales of t,,ip, and ;. Cuts 3 and 4 isolate the resonant contribution stemming from H — Z~y, while cuts
5 and 6 probe the nonresonant contribution. The purpose of cut 7 is the isolation of the tree contribution.
Cut 8 simply illustrates an additional suppression of the tree contribution that results from tightening of cuts

on ¢t and u.

! The upper limit on s = (120 GeV)?, set for these two cuts, is the result of imposing a minimal photon energy, see Eq. (13).
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IV. RESONANT CONTRIBUTION AND THE NARROW-WIDTH APPROXIMATION

The resonant contribution is related to the decay rate of H — Z+ involving an on-shell Z boson that
subsequently decays to a pair of light leptons.

We recall the amplitude for the process H — Z+:

A=A|(pz e0)) (g elpz)) — (pz - q) (e(a)" - elpz)”) | . (28)

where pz, q, €(pz), €(¢) denote momenta and polarizations of Z-boson and photon, respectively, while the
loop function Ais given in Eq. (B1). The decay rate is:
(ml2LI — m2Z)3 ’ ~‘2

I'H — Zv) =
327rm?1’{

(29)

in agreement with the result in Ref. [13]. Evaluating Ain Eq. (B1) for the input values of Eq. (A1) gives
the SM prediction

I'(H — Z7) = 6.51keV, (30)

again in agreement with the numerical result found from the analytic expression in Ref. [13]. This value is
3% larger than the central value quoted by the LHC Higgs Cross Section Working Group, I'(H — Z~v) =
6.31keV, in Table 177 on page 679 of Ref. [9], see also Eq. (III.1.18) on page 403. Ref. [9] finds an
uncertainty of the theory prediction of order 5%, which could be reduced by a two-loop calculation.

Furthermore, the branching ratio of the process Z — ¢/ at tree-level is

. . 2 : 4 — 4si 2 1 )
%C, G ¢ (8sin* Oy sin® Oy + 1) (14:1)9.2'10_4' 31)

BR(Z — ¢0) =
( ) z 967 cos? Oy sin® Oy

Integration of the resonant distribution d?I',..s/(ds dt) over the variable ¢ in the full range given in Eq. (12)

results in

Al es 1 2
- -(m?{—S)S'(a(mzz)l2+|6(m22)l2>- (32)

ds — 512m3m3; (s —m%)2 +mil% 3

We now apply the narrow-width approximation (NWA) for the Breit-Wigner distribution:

FZ 50 1 - ™
my ’ (5 — m22)2 + mQZI_QZ mzl'y

NWA : 5(s —m%), (33)

where the limit is taken under the integral over s. Substituting this limit into Eq. (32), integrating this

distribution over s, and using the relations (29) and (31) we find:

Inwa =T(H — Zv) - BR(Z — ), (34)



13

provided that
[a(m$)]* + [8(m})]” = 247 A2C . (35)

The latter relation can be explicitly confirmed using the functions «(s) and 5(s), given in Egs. A.1 and A.2

in Ref.[2]. Thus if [a(m%)] >+ [B(m%)] ? extracted from data, the desired decay width is calculated as

A 2 2
D(H — Zv) = U = 30.687GeV3><[am2 + [B(m2 }

( ) 327Tm§{ 247C ( ) [ ( Z)} [5( Z)}

(36)

with C' defined in Eq. (31).
Using Eq. (35) we can rewrite Eq. (16) as
dlres , = ~ 3sl'y
(8, tmin, Umin) = T'(H — Zv) - BR(Z — 00) -
ds 2rmy(m3; — m%)3
1 t3 + (S + t— "7’1/%7_[)3 t=tmax (5)_umin (37)
(s —m%)? +m3I% 3 — '

The resulting decay rate is expressed as the function of the kinematic cuts timins Umin and can be readily

compared to the leading order result for
Inwa=T(H — Zv)- BR(Z — ¢¢) = 0.219keV = 0.0336 x ['(H — Z~) (38)

obtained using the parameter inputs from Eq. (A1).

V. CONCLUSIONS

T(H—(t0 )

The decay rate d dimee with £ = e or p offers insights into different aspects of Higgs physics.

With increasing integrated luminosoty it will be possible to (i) discover the decay H — Z~ and measure
its branching ratio, (ii) discover the decay H — putu™ 7|, .., driven by the muon Yukawa coupling, and
(iii) ultimately quantify potential new physics contributions to both the loop-induced H — Z~ decay and
the off-peak contributions to H — £7¢~~. The latter comprise the non-resonant loop contributions, best

tested in the region between the photon and Z poles, and (for ¢ = p) H — p*p™ 7|, Which dominates

dD(H—0F 0 ~)

dimge near the endpoint region with my, > M.

In this paper we have proposed a gauge-independent, physical definition of the decay rate I'(H —

AU(H=CL7Y) Ty this

¢T¢~~) and shown how it can be extracted from the measured decay spectrum 7
Mg

dD(H—0+ 0~ )

end it is necessary to subtract the non-resonant contribution to dmee

and we have derived easy-

to-use approximations for the cumbersome SM expression, see Eq. (21) above. We have further studied

dU(H—£1 0 )

the dependence of T

on kinematical cuts, which we only found to be a critical issue for 4 —
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U™ Y]ipee- In order to perform the three milestone measurements mentioned above we have proposed
cuts to optimize the sensitivities to H — Zv, H — p" ™ 7,00 and the non-resonant loop contribution,

respectively, see Table I.
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Appendix A: Inputs

We use the following values for the parameter inputs:

2
My

my = 80.379GeV , myz = 91.1876 GeV , sin? @y =1 — = 0.223013,

V=
my

my = 173.1GeV mpg = 125.1GeV my, = 0.105658 GeV 'z =2.4952GeV

Gp = 11663787 x 1079GeV™2, o != ” = 132.184.
F \/iGpm%V sin? Oy
(A1)
Appendix B: The loop function A
The loop function A, introduced in Eq. (28), is given as:
A= ¢ X{4(5—800520 )m2m2m
31672 cos Oy sin® Oymiy, (m3, — m?)? W TZTwW

X (Bo(m%_[, m%? m?) - BO(m2Z’ mf, m?))

— 3mpm% (2m12/V + m3; — 12 cos? Oyrmiy, — 2 cos? HWqu)
X (Bo(m%{, m%,v,m%v) — Bo(mQZ, m%,v,m%v))

+ mpy(m% —m%) (2(5 — 8cos? Oy )m?

X (m%{ - 4m? - mQZ)CO(()? m%{a m2Z¢ m?? m%a m%)
— 6miy ((1 — 6cos® Oy )m3; + 2(6 cos* Oy + 3 cos® Oy — 1)m7%)

2 2 2 2 2
XC()(O,mH7mz, mw,mw,mw)

+ (3 — 6cos? Oy )m3 + 4(8 cos? Oy — 5)m? + 6(1 — 6 cos? HW)m%V>} , (B1)
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expressed in terms of Veltman-Passarino loop functions [7], following the conventions of Feyncalc [10-

12] package.
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