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Flavor-violating Higgs and Z boson decays
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Recent advances in b, ¢, and s quark tagging coupled with novel statistical analysis techniques will allow
future high energy and high statistics electron-positron colliders, such as the FCC-ee, to place
phenomenologically relevant bounds on flavor violating Higgs and Z decays to quarks. We assess the
FCC-ee reach for Z/h — bs, cu decays as a function of jet tagging performance. We also update the
standard model (SM) predictions for the corresponding branching ratios, as well as the indirect constraints
on the flavor violating Higgs and Z couplings to quarks. Using the type III two Higgs doublet model as an
example of beyond the standard model physics, we show that the searches for & — bs, cu decays at FCC-ee
can probe new parameter space not excluded by indirect searches. We also reinterpret the FCC-ee reach for
Z — bs, cu in terms of the constraints on models with vectorlike quarks.
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Introduction. Flavor changing neutral currents (FCNCs)
are forbidden at tree level in the Standard Model (SM) of
particle physics, and are as such ideal to search for effects of
beyond the SM (BSM) physics. Most of the FCNC observ-
ables are accessible at experiments that are done at relatively
low energies, but with large statistics. The list of such
observables is very long, and involves both quarks and
leptons. The classic examples are B(u — ey), u — e con-
version rate, B(;) = B(y), or K — K mixing, B(B; — u*u~),
and many more (for reviews see, e.g., [1-5]).

The situation is different for high energy FCNC observ-
ables, where the list is rather short and almost always
involves leptons. Examples are B(h — £¢"), B(Z — ¢¢")
and o(pp — £¢'). The exception to this rule are the decays
of top quarks, where t — ch, cg, ..., can also be probed in
high energy collisions, see, e.g., [6—13].

In this Letter we show that, somewhat surprisingly, the
on-shell FCNC decays of the Higgs, B(h — bs) = B(h —
bs +b5) and B(h — cu) = B(h — ¢u+ cit), can be
added to the list of high energy FCNC observables, since
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they can be probed at a phenomenologically interesting
level at a future lepton collider, such as the FCC-ee [14].
Over the full running period of FCC-ee, the collider is
expected to produce N, =6.7x10° h’s [15] and
N, =5x10'2 Z’s [16,17]. As we show in the following,
FCC-ee is projected to have a sensitivity to B(h — bs) and
B(h — cu) below the indirect bounds from B, — B, and
D — D mixing, cf. Table I, and we expect similar sensi-
tivities to apply also to CEPC [18]. For a recent analysis
of the h — bs reach at ILC, but using b- and c—taggers,
see [19], where the leptonic channel reach is consistent with
our results [20]. The main reasons for these significant
improvements are: (i) the recent advances in b-, c—, and
s-jet tagging, (ii) the analysis technique that we advocate
for below, which results in excellent sensitivity to these
FCNC transitions, and (iii) the relatively clean environment
of ete™ collisions. The same approach can also be applied
to B(Z — bs) and B(Z — cu), however, the phenomeno-
logically interesting branching ratios are still below the
floor set by the systematic uncertainties of taggers.

Accessing  flavor violating transitions. An analysis
strategy that has been successfully applied to h — cc
decays [41,42], as well as to suppressed ¢t — (s,d)W
transitions [43,44], is to distribute events into different
event types according to how many flavor tagged (and anti-
tagged) jets they contain. In particular, the inclusion of
information about events with light jets was shown in
Ref. [43] to lead to significant improvement in sensitivity
to Vt.v,td-
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TABLE I. The SM predictions and current experimental upper
bounds on hadronic FCNC decays of 4 and Z, either from direct
searches (3rd column) or indirect constraints (4th column), where
the indirect bounds on B(h — ¢gq’) assume no large cancella-
tions, see main text for details. For details on the SM calculations
see Supplemental Material [21] (see also Refs. [22—40] therein).

Decay SM prediction Exp. bound Indir. constr.
B(h — bs) (8.941.5)x1078 0.16 2x1073
B(h — bd) (3.8+£0.6) x 107 0.16 1073
B(h — cu) (2.7+0.5)x 10720 0.16 2x 1072
B(Z - bs) (42+0.7)x10% 29x1073 6 x 1078
B(Z—bd) (1.8403)x10° 29x1073 6x 1078
B(Z - cu) (1.44+02)x 107 29x 1073 4% 1077

Here, we modify the approach of Ref. [43] and apply it
to the case of h — bs,cu and Z — bs, cu decays. For
notational expediency we focus first on just the bs final
state, and then extend these results to the analysis of cu
decays. In both 4 — bs and Z — bs decays there are two
jets in the final state; in e*e™ — hZ(h — bs,Z — ee, uu)
there are also two isolated leptons, while the eTe™ — Z —
bs events only have two jets. Applying the b- and s-taggers
to the two jets, the events are distributed in (n,,ny) €
{(0,0),(1,0),(0,1),(2,0), (1,1),(0,2)} bins, where n,
denotes the number of b(s)-tagged jets in the event.
The b- and s-taggers need to be orthogonal to ensure
no event populates two different (n,,n,) bins and is
double-counted [45]. We denote the tagger efficiencies
as ell; and €5, where # = {l, s, ¢, b} denotes the flavor of the
initial parton (/ = g for h and [/ = u, d for Z).

The expected number of events in the bin (n,, ny) is
given by

Ny = > _p(np, nyl f.0)N s (v), (1)
S

where the summation is over the relevant (signal and
background) decay channels, f = {gg. 55, c¢, bb, bs} for
the h and f = {uit + dd, s5, c¢, bb, bs} for the Z, and v
represents all relevant nuisance parameters. The expected
number of events in each decay channel is given by

Ny =B(Z/h = f)Ny A, 2)

where B(Z/h — f) are the corresponding branching frac-
tions, N, are the number of Z and & bosons expected to
be produced during the FCC-ee run, while A is the detector
acceptance including reconstruction efficiency, which we
assume for simplicity to be the same for all the relevant
decay channels.

In writing down Eq. (1) we have neglected the back-
grounds: the 777~ for Z — bs and the Drell-Yan, WW, ZZ
for h — bs. We expect that the inclusion of these

backgrounds will not qualitatively change our results, since
for most part they are small enough to constitute only a
subleading effect. Perhaps the most worrisome is the ZZ
background for &7 — bs. Even this we expect in the actual
experimental analysis to be either reduced enough through
optimized selection to be ignored (e.g., through use of a
multivariate classifier trained on other kinematic observ-
ables such as the invariant masses and angular correla-
tions), or alternatively it can, in the proposed analysis
strategy, be treated as an appropriate small re-scaling of the
predicted N .

The probability distribution p(ny, ns|f,v) for a
given event to end up in the (n,,n,) bin depends on a
number of nuisance parameters, v = {B(h — f),B(Z — f’),
€5.Nz /n- A}, which are varied within the uncertainties in

the numerical analysis [46]. We build a probabilistic model
for p(ny, ng|f,v), with a graphical representation given in
Fig. 1 [49]. The probability p(n,,n,|f,v) depends on the
flavor of the initial Z/h — f parton decay, where f =
{uit + dd(gg). s5, cc, bb, bs} for Z(h), since the tagging
efficiencies 67}’, a=b, s, depend on the flavor of the

initial parton.

Experimentally, the value of B(Z/h — bs) would be
determined by comparing the measured number of events
in each (n,,n,) bin, N, ,), with the expected value
N (s, n.)- The highest sensitivity to B(Z/h — bs) is expected
from the (n,,n;) = (1, 1) bin, however, keeping also the
(2,0) and (0,2) bins increases the overall statistical power.
In order to estimate the sensitivity of FCC-ee to
B(Z/h — bs), as a proof of concept, we can bypass the
need for Monte Carlo simulations and work within
the Asimov approximation [50,51], both because of the
simplicity of the study and especially due to the high
statistics environment. That is, we consider an ideal dataset

A

where the observed number of events equals N () =

Ny, n)(B(Z/h = bs)y.v = vp), that is, it equals to the

FIG. 1. Graphical representation of the probabilistic model for
determining B(Z/h — bs). Starting with the Z/h — f partonic
decay, where f = {uii + dd(gg),s5, c¢, bb,bs} for Z(h), the
tagged flavors of the two final state jets, Z/h — j,j,, are
determined by the corresponding s— and b—tagger efficiencies,
eg. The arrows denote the probabilities for each event to end up in

the (n,, n,) bin.
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expected number of events for the nominal values of nuis-
ance parameters and the input value of B(Z/h — bs),,. The
expected upper bound on B(Z/h — bs), is then obtained
from a maximum likelihood, allowing nuisance parameters
to float [53].

Expected reach at FCC-ee. We first focus on the
simplified case where only the b-tagger is used, and obtain
the expected exclusion limits on FCNC decays summed
over light quark flavors, B(h — bq) = B(h — bd) +
B(h — bs). The exclusions are derived from the observed
yields in the n;, = 0, 1, 2 bins. For simplicity, we para-
metrize the b-tagger as a function of two parameters: the
true positive rate (TPR) 62 and the overall effective false
positive rate (FPR) for all the other initial parton fla-
vors, €.

The expected 95% C.L. upper limits on B(h — bgq),
assuming only statistical uncertainties, are shown in Fig. 2
(upper). We observe a saturation: for low enough FPR eé’sc
the upper limits become independent of eZ“.C and depend
only on €. With relatively modest TPR ¢’ €[0.4,0.8]
and easily achievable FPR €b . <1072 the projected

bounds are B(h — bg) < (5—7) x 1073, This is already

95% Upper limits on B(h — bg)
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FIG.2. Upper: expected 95% C.L. upper bounds on B(h — bq)
as a function of the b-tagger efficiencies, neglecting systematic
uncertainties. Lower: expected 95% C.L. upper bounds on
B(h — bs) as a function of TPR and FPR. Solid (dashed) lines
and colors are with default (no) systematic uncertainties. The
medium working point is based on the taggers introduced in
Refs. [55,56]. See main text for details.

in the regime that is interesting for the BSM physics
searches, cf. Fig. 4 (upper).

However, the inclusion of strangeness tagging can result
in further appreciable improvements in the expected sensi-
tivity. Fig. 2 (lower) shows the expected 95% C.L. bounds on
B(h — bs) obtained from the comparison of all possible
(ny, ny) bins with the predictions. Here, the possible bins are
(ny,ny)=1{(0,0),(0,1),(1,0),(1,1),(2,0),(0,2)}, where
the signal mostly populates the (n,, n,) = (1, 1) bin, while
the remaining bins constrain the backgrounds. To scan over
possible tagger efficiencies we assume in Fig. 2 (lower)
for the purpose of presentation a common TPR for b- and
s—tagging, €? = €3, and similarly acommon FPR, €2 =€,
This assumption is not crucial, and is for instance relaxed
in the analysis in the Supplemental Material [21].
Nevertheless, we anticipate it to give a reasonable guidance
on the expected reach at FCC-ee, if the common FPR is
identified as FPR = max(e?, €} ), where €2, €3 are the actual
tagger working point misidentification rates. The reason is
that the backgrounds with two misidentified jets are highly
suppressed relative to the backgrounds with one misidenti-
fied jet, and this is more often than not dominated by the
larger misidentification rate. For instance, the performance
of the common medium working point (TPR,FPR) =
(0.80,0.004), denoted with a star in Fig. 2 (lower), is very
close to the expected 95% upper-limit B(h — bs) <
9.6 x 10~%, obtained when considering all the different
efficiencies in the medium working point of the b- and
s-taggers introduced in Refs. [55,56], and assuming a 1%
systematic uncertainty (the taggers still need to be cali-
brated). This limit, which does not consider other back-
grounds such as Drell-Yan, WW, ZZ, gg, which we expect
to not affect significantly the projected reach, is competitive
with indirect measurements and represents a complementary
direct probe. We use this as a benchmark expected exclusion
in our exploration of the impact on new physics (NP)
searches. Note that the SM prediction is orders of magnitude
smaller, see Table I, so that any positive signal would mean
discovery of NP.

In Fig. 2 (lower) the relative uncertainties on the eight
tagger parameters 7 are taken to be 1% (the uncertainties are
treated as independent, while the central values are common
TPR, FPR). The 1% uncertainty is currently below the
calibrated scale factors in the LHC analyses [57,58].
However, given the high statistics environment at the
FCC-ee, it is reasonable to expect that a dedicated calibra-
tion for high precision taggers could reach such relatively
low uncertainties. For 1% systematic uncertainties the
expected upper bounds on B(h — bs) are statistics limited,
except for very large FPR. Incidentally, this also justifies the
neglect of systematics in Fig. 2 (upper).

A similar analysis can be performed to arrive at the
expected FCC-ee sensitivity to B(h — cu). The main
difference is that the sensitivity is determined just by the
performance of the c-tagger (there is currently no well
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FIG. 3. Expected 95% C.L. upper bound on B(Z — bs) as a
function of TPR and FPR. Solid (dashed, dotted) lines and colors
are with default 1% (0.1%, no) systematic uncertainties.

established “u-tagger”). Using the loose (medium) working
point for the c-tagger [55,56] leads to the 95% C.L.
expected bound for B(h — cu) < 2.9(2.5) x 1073 [59].

We move next to the case of Z — bs decays. As before,
we perform a scan over tagger efficiencies, taking the same
TPR for b- and s-taggers, 62 = €3, and similarly for the FPR,
€’ .o = € .- The resulting expected 95% C.L. upper limits
are shown in Fig. 3, where the solid (dashed, dotted) lines
correspond to the default 1% (0.1%, no) systematic uncer-
tainties. The FPR of 10~ for €% and few x 1072 for €, were
estimated to be achievable at FCC-ee in Refs. [55,56].
Obtaining the €} well below 1073 level will be hard, since
this is roughly the fraction of b-quarks that decay effectively
promptly, within the projected vertexing resolution of FCC-
ee detectors [61]. To further improve on €} one would thus
need to rely on jet shape variables to distinguish between
s- and b-jets. For rather optimistic FPR of 107* the expected
reach on B(Z — bs) is O(107%) [O(1077)] when assuming
systematics of 1% (rather aggressive 0.1%), which is still
well above the SM value (see Table I). Given existing
indirect constraints on effective Zbs couplings coming from
b — s¢"¢~ transitions, which have already been deter-
mined at SM rates, we conclude that it will be challenging to
reach bounds on B(Z — bs) that probe parameter space
sensitive to NP. Similarly, the expected reach for Z — cu is
B(Z = cu) ~2x 1073 [62], and thus well above the sensi-
tivity of indirect probes, e.g., B(D° — utu~). We further
quantify these statements below.

Sensitivity to NP. We define the effective FCNC couplings
of the i and Z bosons to b and s quarks as

L2 g4 (5LrubL)Z" + g% (Srrubr)Z"
+ ¥ (5.bg)h + yps(bysg)h + Hee., (3)

and similarly for couplings to ¢ and u (or b and d) quarks,
with obvious changes in the notation. Equation (3) can be
obtained as the effective low energy realization of various
extensions of the SM, e.g., the addition of vector-like
quarks [19,63], or in the two-Higgs-doublet model

1072 4 el

= i
—10* 1 {
— Bhys=96x107"
””” Bjps =5 x 107

-3 -
—107 — By = 16%
B, — B, mixing

0 1073 1072

Yeu

,': Bhseu = 2.5 x 1073
,,',’i = Bhoew =29 %1078
— Biseu = 16%

—— D — D mixing

0 1073 102
yuc

FIG. 4. Upper: current and projected limits on yy, and y,.
Lower: current and projected limits on y,,. and y.,. The 1o, 20, 30
regions are depicted from darker to lighter red.

(2ZHDM) [64,65]. We provide details on these models in
the Supplemental Material [21], while here we focus on the
relevant phenomenology.

Existing direct limits on the non-standard hadronic
decays of the Z follow from the agreement of the
measurement and the SM prediction for the Z hadronic
width [66], giving B(Z = qq') < 2.9 x 1073 at 95% C.L.,
cf. Table I. Similarly, existing Higgs boson studies at the
LHC already impose limits on its undetermined decays
B(h — undet) < 0.16 at 95% C.L. [67,68]. Assuming this
bound is saturated by 7 — bs or h — cu decays, we obtain
|yijs ¥jil $7x 1073, where ij = {cu, bs} (shown as purple
contours in Fig. 4).

At energies below the i and Z masses, the effective
couplings in Eq. (3) give rise to additional contributions in
numerous observables, such as the B; — B, mass splitting
and the branching ratio for leptonic decay B, — utu .
Starting from Eq. (3), we perform the matching to the weak
effective theory (WET) operators and employ the package
WILSON [69] to compute the RGE running down to the scale
u~ my, where we use FLAVIO [70] and SMELLI [71] to
compute contributions to the relevant flavor observables
and construct the resulting likelihoods.

The Z — bs couplings generate the effective Cg}f, C(llgﬂ
coefficients in WET. The most stringent constraints on
gk, g& therefore come from the b — s£T£~ transitions.

From the global fit we obtain |¢g";%| < 107> with negative
values of g%, slightly preferred by the current experimental
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results [72] (implying 3(Z — bs) is essentially constrained
to the SM value, within uncertainties). The projected FCC-
ee reach, B(Z — bs) < 107° (assuming 1% systematics),
can probe couplings of O(1073) and is thus unable to put
competitive constraints on NP. The analogous cases of Z —
cu,bd are discussed in [21] (and Refs. [74-80] therein)
with similar conclusions; the indirect bounds |g5:%| <3 x
107* (lgif| S 1x 107%) imply B(Z — uc) < 4 x 1077
(B(Z — bd) < 6 x 107%), which are at least three orders
of magnitude below the projected FCC-ee reach.

The situation is very different for 7 — bs, cu. The h — bs
effective couplings in Eq. (3) generate dominant contribu-
tions to scalar (bs)? operators in WET, namely Cg’)bs and
Cyps [81], which are probed by the B; meson mixing
observables. The resulting bounds on flavor changing
couplings read |y, v,,| <1073 (baring large cancella-
tions), as shown by the red regions in the upper panel in
Fig. 4. Similarly, the D — D mixing constraints lead to the
indirect constraints on |y.,, V.| < few x 1073, shown in
the lower panel in Fig. 4. Excluding the regions with large
cancellations, this leads to the approximate indirect bounds
on B(h — q;q;) quoted in Table I [82]. This is to be
compared with the projected upper limits of FCC-ee on
B(h — bs) and B(h — cu) shown with black lines in
Fig. 4. Taking the medium working point for jet-flavor
taggers, the expected reach B(h — bs) < 9.6 x 107* trans-
lates to the bound |y, ys| <5 x 107, whereas B(h —
cu) <2.5x 1073 translates t0 |y, Vue| S8 x 1074, as
shown by the black solid lines. The latter thus improves
the strongest indirect constraints on flavor-changing Higgs
couplings by a factor of a few. For completeness, we show
with lighter lines the expected bounds obtained employing
less performative taggers. Details about h — bd can be
found in [21]), as well as more examples of constraints on
2HDM parameter space away from the limit of light Higgs
being the dominant contribution.

Conclusions. The FCC-ee, running at the center of mass
energies between the Z boson mass and the 7 threshold, will
allow to measure flavor, electroweak and Higgs processes
with an unprecedented level of precision. In this paper we
demonstrated the potential of FCC-ee to explore flavor
changing decays of the Higgs and Z bosons (with similar
expectations for CEPC). The projected sensitivities to
B(h — bs, cu), in particular, go well beyond the current
constraints from indirect probes, such as the B, and D meson
oscillations. The expected reach does strongly depend on the
performance of the flavor taggers, for which we explored a
range of achievable efficiencies and uncertainties, based on
existing measurements and ongoing studies. Auspiciously,
even with rather conservative assumptions, where only the
b-taggeris used in the analysis, the projected reach is already
such that it will be able to probe significant portions of
unconstrained NP parameter space as demonstrated in Fig. 4
(and on the example of a type III2HDM in [21]). Finally, as a
side-result we have also updated the SM predictions for the
h — bs,cu, and Z — bs, cu branching ratios. These are
orders of magnitude smaller, so that any signal in these
channels would unambiguously imply existence of new
physics.
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