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ABSTRACT: We study the prospects for probing the CP structure of hgq interactions using
the decays of the lightest baryon A, formed in the quark’s hadronization. The low yields of
reconstructible events make it unlikely for tests to be performed with the next generation
of colliders. In h — bb — Ab/_Xb decays a CP-sensitive distribution could be measured with
a high-luminosity ete™ collider, while in both h — bb — Ay and h — cé — A A, decays
such a distribution could be measured with a very high luminosity "~ collider. However,
we find that only the ptp~ collider can produce enough h — bb — A\, decays to probe
a physical CP asymmetry in the hbb vertex.
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1 Introduction

The Higgs boson of the Standard Model (h) is a CP-even state, and all CP-sensitive
measurements are consistent with this hypothesis. These measurements include direct
tests of the CP structure of hVV (V = ¢, W, Z) [1, 2], hr7 [3], and htt [4, 5] couplings.
Tests of the Higgs boson couplings to other fermions are more challenging, due to the
limited measurability of the fermion polarization. They however provide unique sensitivity
to sources of new physics, and thus merit investigation. In addition, methods for testing
the CP structure of Higgs-boson interactions could be applicable to any new (pseudo)scalar
that may be discovered.

The CP structure of the hqq vertex affects the polarizations of the quark and anti-quark
in the h — g decay. For b and ¢ quarks we can take Aqcp/mg — 0 and use heavy-quark
effective theory to predict the transfer of the quark spin to the hadron, see e.g. [6]. In
the majority of cases this information is lost in the incoherent sum over spin states in
hadronization and decay due to parity conservation in QCD and QED. For example, the
lowest mass pseudoscalar mesons (P,;) have zero spin, so the spin information is lost in the
hadronizaton process. The spin-1 vector mesons (P;) preserve polarization information but
it is subsequently lost in the strong decay P — Fym [7]. Vector-meson decay to polarized



photons (P; — Pyy) preserves spin information, but it is not expected to be observable in

! The measurement of heavy-quark polarization therefore relies on

foreseen experiments.
its hadronization to the lightest flavoured baryons (A,), which decay weakly and preserve
the original quark spin in the infinite-mass limit. The A, baryon has previously been used
in polarization-sensitive studies of the Zbb coupling at LEP [9-11], and has been suggested
for b-polarization studies at the LHC [12]. The primary limitations in an analysis of the CP
structure of the hqq vertex are the low rate of baryon production (=~ 8% of all heavy-flavour
hadrons) and the small fraction of reconstructible baryon decays.

In the following we first summarize the propagation of spin information from the Higgs
boson decay to the observable final state, in order to provide a self-contained overview
of the process. For this study we employ the massive spinor helicity formalism [13-15],
which allows the explicit tracing of spin correlations as well as the reduction of spin > 1
representations in terms of spin 1/2 tensor products. For completeness we consider both
A, and (vector) meson Pq(*) production, and show how the formalism provides a simple
derivation of the loss of spin information for the latter. We then estimate the rates of
production and decay at various future colliders, from which we conclude that CP-sensitive
observables may be measured at a eTe™ collider with a luminosity upgrade or at a high-
energy pup~ collider, but only the put ™ collider can produce enough Higgs boson decays
to constrain the CP structure of the hbb vertex.

2 The decay process

The progression from the Higgs boson decay to the measured hadron(s) is a three-stage
process (figure 1), each governed by different forces and scales:

(i) the elementary vertex h — qq and the subsequent perturbative QCD radiation;

(ii) the hadronization process, in which the transfer of the (anti-)quark’s polarization to

a hadron H, (H,) is described qualitatively;

(iii) the decays of Hy and ﬁq, where the distributions of the decay products contain
information about the original process.

We assume that any new physics dominantly affects the hqq vertex, as this is the least
explored part of the chain — subsequent processes have been studied experimentally and
show no evidence of deviations from the SM. The hard process produces a back-to-back
qq pair in the h rest frame with anti-aligned spins due to angular momentum conservation.
In terms of helicity-state amplitudes, the non-vanishing elements are the combinations
(++) or (——). As figure 2 shows, a CP transformation takes one amplitude into another,
(—=) < (++), so to test CP invariance one compares the two amplitudes. They cannot
differ arbitrarily, as unitarity requires that they have the same modulus and hence can
only differ in their phases. Furthermore these phases change with a rotation around the

1To measure this polarization one would need to measure the charged tracks from a photon that converts
to ete™ in the detector [8]. The fraction of converting photons is expected to be a few percent, and the e™
and e~ have very low momentum due to the small mass difference between the vector and scalar mesons.



Figure 1. The three stages of the decay process: (1) Higgs boson decay (h — ¢q); (2) hadronization
(¢ = Hg); and (3) hadron decay (H,; — H; X).
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]

Figure 2. Parity and charge transformations on the elementary (——) amplitude. The lines on the
arrows represent fermion flow, and the arrows below the lines represent the spin direction.

axis of ggq emission, as can be seen by acting with such a transformation on the fermions.
This suggests a relationship between CP violation and the relative azimuthal angle (i.e.
the angle between the decay planes) of a final-state particle from the decay of H, and
another from f_Iq. The particles in the final state selected for our distributions are referred
to as polarimeters, and are chosen to balance theoretical sensitivity and experimental
reconstructibility.

Throughout the process of ¢q production, hadronization, and decay, sensitivity to
CP violation will be preserved if the state is a coherent superposition of the two helicity
amplitudes. In the following we investigate each factorized amplitude, Ay, g4, Ag—n,, and
AHq_> H,x, which enter the final amplitude

A=Ag, % [Aqﬁﬁq (An-gq) Aq—>Hq} Al X (2.1)

with matrix notation and implicit spin indices for the different helicity amplitudes. One
of the advantages of the helicity amplitude formalism is that Lorentz invariance allows
us to evaluate each sub-amplitude in the most convenient frame, provided the sum over



spin states is performed consistently. Representations of the Lorentz group SO(1,3) ~
SU(2)r x SU(2)g are given in terms of the irreducible left- and right-handed representa-
tions, which are in the irreducible representation of the little group for a massive particle,
SO(3) ~ SU(2) . Our notation is
SU2). SU@2)r SU2)La
&I ,
Pl oz a2 P il =puot b= (o) (22)
o ‘pl )1z 1/2

with a, & indices on the Lorentz group, I a little group index and o’ the Pauli matrices.
The metric for the above indices is the antisymmetric rank-2 tensor €. The chiral spinors
and conventions are given in appendix A.

2.1 Elementary decay

At the elementary particle level the Higgs boson decay can be derived from the SM hqq
vertex and an additional dimension-6 operator,

Staa =~ [ %o (wauHan + 551 Hay Han + b (2.3)

_ Y /d4 K ?»RQe(ch)2 )hqﬁ%hmﬁ ] (2.4)

where v = 246 GeV. The three-point amplitude is

2
CqV

qu2 ’

(Anosi) g1 = = Clarar] + ¢ @rar)) =1+ (2:5)
where the Kronecker delta for colour is omitted, spinors are as given in eq. (2.2), and other
conventions are defined in appendix A.

The above equation can be taken as the starting point as it is the most general three
point amplitude and indeed extends beyond the SMEFT case, also comprising HEFT where
the expansion around { = 1 need not be a good one. In either case corrections to the quark
mass will also be present, such as those implied by eq. (2.3), m, = (yqv + c,v*/2A%)/V/2,
and accounted for in eq. (2.5).

Taking general expressions for spinors ‘ql > VoD X and ‘q } =\o-p XI ,
where 6# = (1,—0") and \! are the two eigenvectors of spin (S - &), one can see that
a parity transformation P swaps angle and square brackets, while charge conjugation C
exchanges q <> q. C'P conservation would then be satisfied for ( = (*. Unitarity requires
the coefficients to be complex conjugates of each other, so the only possible difference
is a phase.

The amplitude in matrix notation in the Higgs boson rest frame is

0
Ah—)QJqI - v (g <*> 3 (26)

with M), = 125 GeV.



2.2 Hadronization

To model the polarization through the hadronization process, we need a qualitative de-
scription of the momentum and spin of the heavy-flavour hadron H,. Measurements from
LEP indicate that H, takes ~ 70% of the energy of the quark [16], so we assume that the
hadron is produced collinearly with the quark. We take the spin of the heavy quark to
be unperturbed by hadronization, as given by the leading-order approximation in HQET.
In order to describe the process at the amplitude level we introduce the spin of the light
degrees of freedom Sy, which combines with the spin of the heavy quark. The amplitude
of the combination of spins that produces a given hadron polarization is determined by
Clebsch-Gordan coefficients.

We can derive Clebsch-Gordan coefficients for the projection of J; ® Jo onto spin
J states with Lorentz-invariant contractions of 2J; Ji-spinors, 2J, Jo-spinors, and
2J J-spinors, albeit all in the rest frame. We can boost to obtain the coefficients in
another frame, but then all spinors have the same momentum. This implies a degeneracy
in the expression for the Clebsch-Gordan coefficients in terms of spinors. This is partially
solved in our case by noting that hadronization must respect parity, so we take

ap

Agsn, =2mqq (<q1 Agi) + [Agrcd’ ]) ~ ap,0f (2.7)
ap. IaL LI

Ar =5, (ta"st) + ISt a"]) (2.8)
G/P* « " N .

Agpy Zﬁ([qIPq,KIK k250 + 158 Py i, I mq@), (2.9)

q
where the K7, K5 indices are symmetrized, and in line with HQET we have approximated
the hadron mass to be that of the heavy quark. The use of spinor notation for hadronization
will clarify subsequent derivations, such as the loss of spin information for QED and QCD
decays. We note that in this notation amplitudes differ not only by an overall scaling and
complex phase, but also by a factor of v/2 if any .J; > 1. This follows from writing explicitly
a sum over an intermediate resonance, e.g. for spin 1:

Ak 1, BR = A, 1By gy M e = A B+ AL B 240 By (2.10)

Such factors of v/2 do not however appear in our final results, since we sum over little
group indices.

One can combine the hard process and hadronization to obtain an amplitude with
indices for the hadron spin and the light QCD degrees of freedom S; by summing over the
spin indices for the internal quarks ¢ and using the relations given in appendix A. The case
of a A4 baryon is particularly simple with our approximations:

mq/\//haAquq (C 0 )

. 0 —c* (2.11)

'Ah—>Aq]\qX = ch—)]\th—WﬂiAq—)Aq -

2.3 Hadron decay

For hadron decay we consider the channels in figure 3, which preserve the quark spin
information and have sufficiently large branching ratios to be measurable in principle.



Figure 3. The considered weak baryon decays (left two diagrams) and electromagnetic vector
meson decay (right diagram).

For a A, baryon we consider either semi-leptonic decays or hadronic decays to a spin-1/2
baryon and one or two pseudoscalar mesons, while for a vector meson P we consider the
electromagnetic decay.

For semi-leptonic decays the HQET limit implies that the chiral structure of weak
interactions will be passed on to the amplitude for the A, baryon, so the amplitude is

4G RV _ 8GrV; _

Ap,SAier = \% 2 Fio(@®) [Nl G| A TLL = \% ® fiu (g [Al) (7 A), (2.12)
AGpV _ 8GrVi 7

Ay Sniy = L Fre(@) [Nl ol M) TE = e 1o (a®) M)A, (2.13)

V2 V2
with J). = [¢|a"|D), J g/ = [v|6#|f). The decay amplitude for anti-baryons is obtained from
the hermitian conjugate, which exchanges angle and square brackets (see appendix A).
For a fully hadronic decay to a baryon A; and a pion, the factorized amplitude is

4G rV; _ 4G
-AAqHAm = \55 qflq[Ailo'ulAq>f7rqH = _QFGFfquwmAq [Aqu] (2'14)

where the A; baryon mass is neglected in the second equality. At this order kinematics
implies that the spins of both 7 and A; are correlated with the A, spin. For the charm quark
the A, — pKm decay is experimentally accessible. Here the applicability of the factorization
hypothesis is not as well motivated. However, Bjorken has argued [17], and experimental
data [18] suggest, that the spin directions of the kaon and A, are anti-correlated (as is the
case for A in A, — Alv decays). Thus, the A, — pKn decay is expected to be a viable
mode for studies of spin correlations.

In all of the above expressions the particle whose spin is directly correlated with that
of the decaying hadron is the one with the same angle () or square bracket [] product. This
indicates the ideal polarimeter in theory, although in practice its detection might not be
possible.

It is useful to collect all the above decay amplitudes into the expression

AG Vi J# = flq(o)frr qM
Apnax = \/5” [Ailo . |Ag) T Tty = fig(@)la"|7) ¢, (2.15)
Iy = fig(a)lv]e”|0)

with the substitution Vi, — V,; if the heavy quark is charm, and where we have neglected

the pion mass.



Lastly for the electromagnetic decay of a vector meson one has:

(Py)? [Py]?
Ap:sy-p, = €fy — Ap: syt p, = €fy :

2.16
- (2.16)
with the superscript 4 representing polarization and with the same coefficient for both am-
plitudes, as required by parity. Combining the fragmentation and decay amplitudes gives

Agr by Apy byt = —efyar;mglSEla'] (2.17)
Ags Py Apr Py = ef»,ap;mq<SgL7><qu> (2.18)

where we have equated the heavy quark and hadron masses, and summed over quark spin
states. There still remains however the sum over the light QCD degrees of freedom Sy in the
squared amplitude; this sum together with the sum over photon polarizations washes away
spin information, as shown in appendix B. Thus, one must measure the photon polarization
to access the spin information of the decaying particle.

2.4 Total decay rate

We finally give the rate for the full process, making explicit the little group (spin) indices
that are usually left implicit in favour of the Lorentz group SU(2)z, x SU(2) g structure. The
two forms are equivalent and here we choose the former in order to write sub-amplitudes
in the frame where they are simplest. One has then

t o {L}
‘AanFIjX Hq”HjX) {J}

3d®y, dP {K}
I = — x Al
167TMh(2qu)2F%1q Z |\(AHq4)H1XAHq4)HiX) (1} (

; (140} )
x (Ah—>(jq—>Hqu) (Ah_)qq_’Hqu){L},{K} (219)

3dPy,d® K L
— q T T B
N 167rMh(2qu)2F%{q Z ('Aq_)HiX'AqﬁHiX> I (Aq_)HjX.Aq_)HjX)J

X (A;rHéq)U (An—qq) L ] ; (2.20)

where d® stands for Lorentz invariant phase space and raised indices follow from the
complex conjugation relations given in appendix A. The indices in the first expression
represent spin states of the hadron, and in the second expression they represent spin states
of the quark-antiquark pair produced in the original process. The latter provides the
information contained in the original vertex: eq. (2.6) shows that in the Higgs rest frame
the amplitude is diagonal in helicity indices and CP-violation is encoded in the relative
phase of the two entries. For a CP-violating effect one therefore needs interference, i.e.
off-diagonal elements K # I, J # L in the product of hadronization and decay amplitudes.
For QCD and QED decays these elements vanish and no spin information can be extracted,
as shown in ref. [7]; we derive this result in appendix B using the parity of QCD and QED
interactions and the spinor notation.



Interference is also lost when integrating over all phase space, since the rate collapses
to a single sum over the square of amplitudes, that is

3d®y,d®p, {1} t {J}
I= Z/ 167 My ( 2mH )2F2 l(AH‘Z—)H XAHq*HX> {1} (AHq*H XAHq—>H X){J}

; (1) ]
x <Ah—>qq—>ﬁqu> (Ah_ﬂjq%Hqu){J}{I} (221)

=3 Ly gonl? HéJ}Br(H}I} — H;X)Br(H}"} — H;X), (2.22)

at which point there is no direct CP sensitivity. We thus need a differential decay rate,
which we define as a function of three angles: the polar angles of the two particles that
we select as polarimeters, 6 and 6, and their relative azimuthal angle d¢ = ¢ — ¢. The
former is defined in the rest frame of the decaying H,; hadron, while the latter is invariant
under a boost in the quark-antiquark direction. These angles and their change under a CP
transformation are shown in figure 4.

To summarize, A, production is the single channel preserving quark spin information,
and the differential angular decay rate dI'/ dQdS) is required to directly test for CP violation.
It is useful to decompose the helicity structure of the hadron decay rate as

dly,5) = (dTp, +dlL5L + (AU 3 + c.c.)), (2.23)
where § = ((S)/[(S))] is the hadron spin direction, 8_ = §, — i§p, S is the spin opera-
tor, and

dd 1 + _ 1

dly, ——2 B |:<AHq—>HiX~ALq—>HiX) N + (AHqﬁHiXAJ}—Iq—)HiX) _] 3 (dFH (5 ))
dd 1 + - 1

dl'y, = “om 5 |:<AHq—>HiX—AI'—Iq—>HiX) 4 - (AHq_)HixATHq—)HiX) _:| = 5 (SLdFHq(§)>
dd 1 + 1 '

T =5 1, 2 (AHWH XA, m, X) =, <(SJ_ + zST)dFHq(g)) : (2.24)

The perpendicular and transverse components dI'| 7 are twice the real or imaginary part
of dP+,

dl'y =dI'y +c.c. dl'r = —idl'y + c.c. (2.25)

and we group the three terms into dI'; = dI'|,dl'7,dl';,. For concreteness we can assign
(L, T, L) to aframe (x,y, z) while bearing in mind that the polarization for the anti-hadron
will have assignments to that frame with relative signs determined by the translation from
helicity to spin.

With these definitions and the form of the elementary vertex in eq. (2.6) the rate is:

_ 3]\//thqung rng|<|2 (1 dFLdf‘L 2£M c.c ) (2.26)

87Ty, Ty, 02 dly,dly (" dlp,dly
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Figure 4. CP transformation under which 6 < 6 and ¢ — ¢ + 7,6 — ¢ + 7. The polar angle is
defined with respect to the axis given by the A, momentum.

It is useful to rewrite this expression in terms of spin correlations and contrast with Higgs
boson decay to Z bosons. One has for Higgs bosons no net polarization for a given fermion,
i.e. tracing over the spin states of other Higgs decay products leaves the remaining particle
unpolarized, contrary to Z boson decay. To retain polarization information one must
therefore keep track of the spin of both decay products. Explicitly, the density matrix of
elementary particles after Higgs boson decay is:

T ! 7/
)i @ () = LAt Aigg) 4 (2.27)
J(Ansg) kL (A} ) KLdd

which one can decompose in terms of spin operators as

I 0 0 - - = =
Pa®p=505+58P;S+P- 8

2o |

+T;S' @87, (2.28)

It is then straightforward to check that 73(1 = _’q = 0, so that tracing over one of the
fermions leaves the other unpolarized. The correlation between spins is

cos(Arg(2(¢)) —sin(Arg(2¢)) 0
T = — | sin(Arg(2()) cos(Arg(2¢)) 0 (2.29)
0 0 1

with spin as measured in the ¢ and ¢ rest frames but with the axes of both frames aligned
(this means that the explicit operator form of S acting on ¢ and g helicity states is different).
In terms of the spin correlation the rate is
_ 3Mydly, AT, m2|C? (1 dri _ dr’ )

7;‘_—
dl'y, "V dl;,

2.
87TFHqFHq v2 ( 30)

If the polarization fraction retained by the hadron r; [12] is less than one, this can be
implemented by the replacement 7;; — 7;7;;7;.

2.5 The di-baryon final state

We focus on the experimentally viable A, x /_\q final state and neglect the effect of excited
baryon states that slightly dilute the polarization information [12]. The procedure is to



select a final-state particle to serve as the polarimeter and integrate over the phase space
of the remaining particles. The contribution of each secondary decay to the rate is

I
@y (A, x Al ,x) = (AfloulAg JldK" (2.31)
dd; (Al A -V =_@& AKdKH 2.32
H( Hy—H,; X Hq—>HjX)L = —( q,L|0u| q] (2.32)

where the sign is due to the complex conjugation of spinors and little group indices, see
appendix A. The four-vector dK* is proportional to a combination of the polarimeter
momentum and that of the A, baryon. The highest sensitivity is achieved when the pj,
component is zero; for semileptonic decays the amplitudes in egs. (2.12) and (2.13) show
that this would imply maximal sensitivity for neutrinos from A, decay and charged leptons
from A, decay.

The currents dK* for various decays and choices of polarimeter particle are

(- (27T)2f12b(0)f7% 1-0 n chd3p7r

Ay — A s dKH i, o 5P 2E7.-(27T)36(mAb — E\, — Ey) (2.33)

Ay — Al dKZ;:flzb(x)(yy_zI) [:vp‘“-l- <1—6+$—y—2§)p2‘] % (2.34)

Ae—Avl:  dE" = f2(x) (1=0-y) P gcgjé‘fg (2.35)

Ae = Avl:  dKj = @ [(1—=0—2z)(p—pa)t+ xpy] % (2.36)
where

z= % v= 2:%"), o= :ii o f@)=fmi,e), Gy = m (2.37)

The inclusive semi-leptonic case can be obtained from the above in the leading approxima-
tion with the substitutions f — 1 and § = m2/mZ, m2/m2.

Given the expressions for the Ay spinor in its rest frame and the decomposition in
eq. (2.24), the average over + and — helicities selects the time-like component of dK*. The
longitudinal contribution dI';, selects the component along the Ay direction (dKp, o cosb),
whereas dI'; selects normal components (K, + iK7 o sinfe?). The ideal polarimeter
has the most sensitive angular distribution, which translates into the largest time-like to
space-like component ratio in dK*. This is conventionally encoded in the spin resolution
power, «, which here is defined as

dr r 3 [ cos 0,,dI"
doost. — 3 (1 + av, cosby) Qn = Jdr )

(2.38)

with 6, the angle between the polarimeter particle n and the hadron spin direction, and
the factor of 3 is for normalization. The parameter & is defined similarly for the A, case.

— 10 —



ANy = Al | Ap —> Xelv | A > AMvor A | Ar — Xslv | Ac = pKm or AMv
« —0.4 —-0.3 1,1 1 —0.2,-0.4
« 0.4 0.3 —1,-1 -1 0.2,0.4

Table 1. The values of a and a determining the sensitivity of the polarimeter particle to the spin
of the hadronized quark. The polarimeter is shown in blue.

Dividing the Higgs boson decay rate by I',; gives the angular differential decay rate,

(4m)2 dUy_p xR, x7
Thoes  dQdQ

ari _ dr’
= BrAq%AiXBr/_\qaf\jX’f?\q (1 + E'Ey dl—‘—-> (2.39)
q Aq
dl'pdT ¢* dl'pdl’
_ g Ldl'y +dl'y
= Bra,»axBry 3, x0 /4, (1 + m - 2?m C-C-) :
q q a q

%

= BTAquiXBr]\qH]\jX/f?\q [1 + <0905 + Re (%ei‘w) sostg)} ,
where the angular coordinates Q and Q are defined in the rest frames of A, and /_Xq,
respectively, d¢ = ¢ — ¢ has the orientation shown in figure 4, and f A, 18 the fragmentation
ratio into Ag, which is =~ 7% for b quarks [19] and ~ 8% for ¢ quarks [20].

The ratios a, determine the quality of our polarimeter particle and are shown in table 1.
Due to the chiral structure of the weak interaction, the optimal polarimeters have opposite
isospin to the decaying quark, as evident in the right-hand side of egs. (2.12) and (2.13).
Polarimeters with the same isospin retain correlations through momentum conservation,
and for these «, can be calculated from phase space integrals (see appendix C). Except
for pKr, which is taken from [18], the above values are rough estimates determined using
our approximations and formalism, though both experimental and more precise theory
inputs are available [19]. The relative sign @ = —a can be understood intuitively from the
weak group chirality: if a given decay involves a (massless) polarimeter particle with one
helicity, the weak interactions in the conjugate process select the opposite helicity for the
anti-particle (hence a flipped sign).

To define a CP-odd observable we subtract the CP conjugate,

CPdD)(CP)™t =dI'Y = dl'(n — m,m — 1,0 < 0,¢ < ¢), (2.40)

where a bar indicates the antiparticles of the original decay product.
Normalizing to the total rate, the relative differential rate of CP violation is

dl’ — drcr
I+ TCP

_d,dUn,

=, (y sin(2A1g() sin(¢ — ¢) sin fsin 6 (2.41)
(47)?

To experimentally probe CP, we integrate over the CP-sensitive observable to obtain the
number of events with a given sign,

Ni = Npm - (n A Da,) 2 0], NP = NP5 - (P Afa,) = 0], (2.42)

- 11 -



as measured in the Higgs boson rest frame. The integrated asymmetry is then

Cp CP
e - N Z N ANy = N (2.43)
Ny + N_ + N§P 4+ NCP

which corresponds to

m dl' —dT'°? 7oy, ay, sin(2Arg()
€cp = [/ ) —/. ) ] 5T = 5 . (2.44)
sin(¢p—¢)>0 sin(¢p—¢)<0

Given the small fragmentation into A, considering multiple decay channels can increase

yields, although general considerations require —1 < « <1 for each channel.

Finally, for an alternative derivation of the CP-violating effect, rather than writing
amplitudes for every subprocess we can carry out the spin sums connecting the different
vertices. Using eq. (2.15) and the completeness relation

) (CAFAD) +CIAFALT) gl = (Cma,py o, — Cma,ph,0,) = ma, Guo . (2.45)
the general differential decay rate reads

K# = fﬂ'(pﬂ' 'pAi)p#

dl' = N Tr (6,040,05) dKFdKY, (P {
! ’ Kl = f(d%) [(miq —q*)g" + q2pil}

} (2.46)

with the Lorentz structure that gives rise to CP violation appearing in the Levi-Civita
tensor that results from tracing over o* matrices.

3 Experimental sensitivity

Given the ability to model the progression of CP information from the Higgs-boson decay to
the final-state particles, we next investigate the potential experimental sensitivity to the CP
structure of hqq interactions at future colliders. We focus on hbb and hcc interactions, for
which heavy-quark effective theory can be used. Approximately one in 106 h — ¢¢ decays
are reconstructible for a CP test because of the fragmentation of both quarks into baryons
(=~ 1%), the branching ratios for both baryons to decay into measurable final states (~ 1%),
and the reconstruction acceptance (=~ 1%). The analysis thus requires > 10% Higgs-boson
events, which could be produced by a high-luminosity pp, eTe™, or uu~ collider.

The proposed FCC-hh would provide an integrated luminosity of 20 ab~! of
v/ =100TeV pp collisions in each of two detectors over a span of two and a half
decades [21]. To study the h — ¢g decay, the hlv and hél¢ (¢ = e, u) production pro-
cesses would be needed to avoid the large QCD multijet backgrounds. Combining the
respective cross sections of 3.4 pb and 0.75 pb [22, 23], and the yields of two experiments,
gives a total of 170 million Higgs boson events.

The FCC-ee collider would provide an integrated luminosity of 5 ab™! of \/s = 240 GeV
ete™ collisions at two collision points in three years of operation [24]. This would be
insufficient to probe CP-violation in the hqq interaction, so we consider a high-luminosity
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ete™ collider [25] that would produce five times the instantaneous luminosity of the FCC-
ee and would run for the same duration as the FCC-hh. With the resulting 200 ab™!
of integrated luminosity in each of four detectors, and the eTe™ — Zh cross section of
200 fb [24], a similar number of Higgs bosons would be produced as for the FCC-hh hfv
and hfl processes.

A muon collider [26] offers the potential for high-energy collisions at high luminosity.
Two speculative scenarios under investigation [27] that would produce sufficient Higgs bo-
son yields are /s = 30TeV and 100 TeV p*p~ colliders with 90 ab=! and 1000 ab™! of
integrated luminosity, respectively, for five years of running. The cross section for Higgs
boson production through vector-boson fusion is 1.2 pb for /s = 30 TeV [28], and extrap-
olating the logarithmic growth with energy to 100 TeV gives a cross section of 1.4 pb. The
expected Higgs-boson yields are thus 110 million to 1.4 billion per detector.

3.1 h — bb — ApA,

The multistage decay of Ay, — A.X — AX’ precludes the full reconstruction of the A,
baryon with high efficiency. In order to maximize the event yield, we consider a partial A
reconstruction that requires only a charged lepton (to provide polarization information)
and a A baryon (to provide discrimination from other hadrons). This final state was
successfully used in measurements of Z — bb decays at LEP [29-31].

We estimate the expected event yields for h — AyA, — AlvAlvX using the 57.5%
h — bb branching fraction and the 0.65 + 0.08% rate measured by ALEPH for b — Aj —
AMvX (¢ = e, p) [29]. Combining these factors gives a total of 24 &+ 3 events per million
Higgs bosons produced. The yield is further reduced by the 64% branching fraction of the
observable A — pr decay, giving 10 4+ 1 events with a measurable A¢TA¢~ final state per
million Higgs bosons.

Given the small event yields, sensitivity is only possible if the backgrounds are very low.
This makes the FCC-hh insensitive, since h — bb measurements are background-dominated
in pp collisions [32, 33]. The analysis may however be feasible in the low-background
environment of an e*e™ [34] or a utp~ [28] collider.

We estimate the acceptance for selecting events in eTe™ collisions using a sample of
ete™ — ZH events generated with Madgraph aMCQ@NLO [35] + Pythia 6.428 [36] at
leading order. We do not include detector resolutions and efficiencies, which will need to
be high to have CP sensitivity — the primary challenge will be particle identification. We
select Ay decays by requiring a charged lepton and a A baryon with respective momentum
> 3GeV and > 4GeV that are within AR = /(An)? + (A¢)? < 0.4 of each other. The
A baryon must have a decay radius > 3 cm. The momentum requirements are the same
as those used in the ALEPH b-baryon lifetime measurement [29], while the decay radius
requirement is looser in order to maintain high acceptance. The corresponding increase
in background would have to be mitigated by improved detector resolution or analysis
algorithms. The acceptance of the momentum requirements is 81% per A baryon, and
that of the decay radius is 45% per Ay. Incorporating these acceptances, a total of 210
reconstructed events is expected for a high-luminosity eTe™ collider that produces 160
million Higgs boson events.
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Sensitivity to the CP structure of the hbb vertex is obtained from the signed angle
between the charged leptons in the Higgs boson rest frame:

Pz (De X Pa,) ‘
V502 = (e - pa,)2\/ (B)* = (B - )’

where p,, represents the unit vector in the direction of A;. The angle is reconstructed by

sind¢ =

(3.1)

taking the dijet momentum as a measure of the Higgs boson momentum, and the direction
of each A, baryon as the direction of the corresponding jet boosted into the Higgs boson
rest frame. The difference between the baryon axis and the jet axis leads to a sign flip
in 0¢ in 31% of the events in the Monte Carlo. The asymmetry in these events will be
cancelled by the same fraction of events without a sign flip, leaving 38% of the events
available for a measurable asymmetry. Accounting for this reduction an asymmetry of 0.5
would be measurable at the 3o level. However, this is an order of magnitude larger than
the maximum expected value of 0.04 given by eq. (2.44).

Given our optimistic assumptions in the collider luminosity and detector efficiencies
and resolution, any CP test of the Hbb interaction using e™e™ collisions appears unlikely.
With a tenfold increase in yield from a 100 TeV ptu~ collider, a test of the order of the
maximum expected effect could be performed. Assuming the reconstruction acceptances
are similar to those of an eTe™ collider, 20 sensitivity could be possible for an asymme-
try of 0.04.

3.2 h — cé — AcA.

The h — c¢ decay appears less promising than h — bb due to its 2.9% branching fraction.
This is somewhat compensated by the fully reconstructible A, — pKn decay. The rate
for ¢ =+ A, — pKr has been measured by ALEPH to be 0.39% [20], so only 0.44 h —
A, — pKnpK events are expected per million Higgs bosons produced. Even if we
optimistically assume a reconstruction acceptance of 25% for each A., only 4.4 events
would be expected at a high-luminosity ete™ collider. A high-luminosity pu*p~ collider
could yield 40 events, which would provide 1.50 sensitivity to an asymmetry of 0.25. This
is more than an order of magnitude larger than the maximum theoretical asymmetry of
0.02 using the A, — pK7 decay.

4 Conclusion

In this work we have explored the feasibility of direct CP tests in Higgs-boson decays to
heavy quarks in future collider experiments. The effect of a CP transformation is encoded
at the fundamental level in relative complex phases for different helicity amplitudes, which
we have converted into observables in angular distributions of the final decay particles. We
have found that massive helicity amplitude methods are particularly well suited for tracing
the spin correlations throughout the derivation of results.

A test of CP violation in these decays is challenging due to: i) the loss of measureable
spin correlations during hadronization in all but the A, channel, which has a < 10%
fragmentation fraction; and 7i) the low A, branching ratio to experimentally reconstructible
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final states. The Higgs boson yields therefore need to be very high to approach sensitivity,
0O(10%) events, beyond the reach of all proposed colliders except a high-luminosity 100 TeV
muon collider. With such a collider it may be possible to test maximal CP violation at
the 20 level.

Due to the challenges in studying direct CP violation in h — bb decays, it is appropriate
to study alternative tests such as the associated production of Higgs bosons with b or
¢ quarks at hadron colliders, or the decay of the Higgs boson to J/¢y. By combining
multiple approaches it may be possible to directly constrain CP violation in the hbb and
hce couplings.

A Massive spinor conventions

The metric is taken in each SU(2) space as

(cel) = o8 = 89 ( 0 1) , (A1)

and the helicity spinors are

— —ip/2 —ig/2
I\ __ 89/26 . 69/26

o ’p > = ( Ep + ’10_1 ( 09/261'4)/2 ) ) Ep ‘ﬁ‘ ( 59/26i¢/2 > > (A.2)
al, 1] _ \/Ei _59/2671'(75/2 \/T 09/267%)/2 A3
Pl= (VB e ) VBRI e ) ) A

The following relations are inferred from the above definitions
p") 1| = o - p pr)(p'| =7 -p (A4)
' p’] = me'’ (p'p’) = —me"’ (A.5)
(o |p" )" = alp1] (') == Ip1) (A.6)
Finally we use the following prescription to turn an incoming particle into an outgoing one:
=#") =[] ] == (A7)

so that |—p) [-p| = —p- 0.

B Loss of spin correlation

As pointed out in section 2.4, the CP-violation effect encoded in spin correlations vanishes
if the combined fragmentation and decay yields a diagonal structure in spin indices. The
simplest example of the loss of spin information is hadronization to a pseudoscalar meson.
In this case eq. (2.8) leads to

(Agsppox Al g, x) = O (@'SE) + 1K) (Sercas) + (0sSex)
= 2((ga") + (q'as}) = 4Cm, 3 (B.1)

given that the spinor S, is built with the momentum of q.
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For the case of a vector meson decaying to a meson and a photon, as in the B* case,
one has

Agspsspt Al e o) =CISEAla™)(vS00) (vas) = Cvasdla’) (=2, -pps ),
q q q a7 J
I
(Apmrypy AL PrsPp ) L =C(SENd' M bSeplvas) = Cra") g (2p+-pp; ). (B2)

Each term preserves g-quark polarization, but if the experiment is insensitive to photon
helicity the sum gives

(a'pyas] = (arpya") = T (pressr (|0 a1 = |d'] @) = Te(p, lax) (a5
= 2py ‘Pq5§ (B-3)

The decay to a polarized photon has a spin resolution power of 1 and the fragmentation
into Py is ~ 7 [37] greater than to A, baryons. If such decays could be observed in a future
experiment they would provide a promising avenue for a CP test of the hbb interaction.

The above two cases summarize the possible structures of a two-body decay of an
excited hadron via the QCD or QED interaction. Using only parity one can write in
general

Ag—n ( > dFHaXY) Al Ly =SUd"as) = [das) + T ((a"o"as) = (as0uq"))

SX Sy

= (2myS + 2.J - py)dL. (B.4)

To build the parity-even structure one can start from two incoming ¢/ and ¢’/ quarks as
in eq. (2.5) for Higgs-boson decay and flip the momentum of ¢ to turn it into an outgoing
quark, which gives the relative sign in eq. (A.7).

C Polarization resolution

The spin resolution power « is determined using the following integrals:

— 0+ x)? —4x
IA:/ffc(:c)(l 528) A o5 - 1) da (C.1)

o :/ e ( Y y> O(z)dady (C.2)

IZex /flq

with z =142 —J — z/y —y, © the heaviside function, and the limits of integration in the

(1 —5— % ba- y> O(2)dxdy (C3)

first integral given by = =0, (1 — \/5)2 To obtain the resolution power these integrals are
divided by the appropriate integral,

Iy = / %(y —z)(1+z—06—y)O(z)dzxdy (C4)

o= [ @)l = )1 + 0= 6~ )B()dody. (©5)
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In these integrals we model the semi-leptonic decay form factor using the Isgur-Wise func-
tion [38§],

- 4 C.6
)= (©6)
with wy = 0.89. The spin resolution powers are given by
IZ in IZ ex IA
a=— a= — a=—. C.7
Ii Iex Iex ( )
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