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o Polarization parameters in models beyond the SM, discussion
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Introduction

On 4 July 2012 the ATLAS and CMS collaborations announced discovery of new
particle with mass about 125 — 126 GeV, properties of which correspond to
expected Higgs boson of the SM. The spin is zero or two.

The CP properties are not yet established, though data are more consistent with
hypothesis of pure scalar boson, than the pseudoscalar one.

In the decay channel to the pair of photons (status on July 2013):

(*]

exp — T OP(h—77)

‘u"Y’Y = m = 160i030,

for mp = 125.2 £0.26 (stat)tg"‘z (syst) GeV, ATLAS

rexp(h ,.}/,Y)
exp — v 00 T
W = Ty y=077+027

for mp = 125.7 £ 0.3(stat) = 0.3 (syst) GeV, CMS

Although in SM the Higgs boson has JP¢ = 0+ there are many extensions of
the SM with a more complicated Higgs sector, where some of the Higgs bosons
may have no definite CP-parity.
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Introduction

This aspect of the Higgs study is closely related to the origin of CP-violation.

@ In the SM the source of violation of CP-symmetry is presence of
unremovable phase in the Cabibbo-Kobayashi-Maskawa matrix. All data
indicate that the CKM phase is the dominant source of CP-violation in
flavor changing processes.

@ However, calculations show that this CP violation in SM is far too small to
explain matter-antimatter asymmetry in the Universe. Thus there can be
additional sources of CP violation.

o It can be that CP-violating effects in the Higgs sector can be discovered only
in high-energy processes with creation of Higgs boson(s).

@ It also seems possible that CP violation in the Higgs sector will be found in
low-energy processes, e.g. in decays of K- or B-mesons, or neutron dipole
moment.
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One of the deep results of Quantum Field Theory is the CPT theorem [G. Luders
1952, W. Pauli 1957]:

any theory is symmetric under combined discrete transformation CPT, if it
satisfies:

— Lorentz invariance,

— locality,

— quantum mechanical evolution of a system (Hermiticity of Hamiltonian),

— integer (half-integer) spin particles are subject to Bose-Einstein (Fermi-Dirac)
statistics.

The consequences of the CPT symmetry are:
(i) mp=mp, (i) 7o =75, (iii) pp = —pp.

The best experimental check is performed for neutral kaons K°, K© with

fantastic precision:

mygo — Migo _
K < 3%x107°
mgo
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The CPT symmetry may be violated (7)

However, CPT can reveal itself in other ways, thus stimulating studies of various
extensions of the SM in which CPT violation appears due to:

— nonlocality in the string theory,

— violation of Lorentz symmetry in models with extra dimensions,

— possible deviations from standard quantum mechanical evolution of states
(violation of hermiticity or unitarity) in some models of quantum gravity.

[see series of Meetings on CPT and Lorentz Symmetry 2008, 2009, 2010, 2011,
2012, 2013, organized by A. Kostelecky,
http://www.physics.indiana.edu/ kostelec/fag.html]

We point out that the study of decay of the discovered boson to photon and
Z-6030H (h — 7 Z) can be useful to clarify the CP properties of this boson, and
possibly to test validity of the CPT theorem.

As for experiment on h — vZ: preliminary results of ATLAS and CMS indicate
that experimental limits are about an order of magnitude larger than the SM
expectation (BR(h — vZ) ~ 1.5 x 10~3). This process will be studied in detail
after the LHC upgrade.
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Effective Lagrangian

Effective Lagrangian for h~y~ and h~ Z interaction can be written as

Ehw _

€ v -~ = v
W= () Fu P h = & Fu Fh)

Lh? = ;ﬂgz —(1z ZuwF"h - coz (9,hZ, — 0,0 Z,) F** — ZFh)

where e is electric charge of positron, g — SU(2), coupling constant,

~1/2 :
v= (\/EGF) 2 246 GeV is vacuum expectation value of scalar field. Here the
field strengths for the electromagnetic and Z field, and dual tensor are

~ 1
Fuw = 0uA, — AL, Zuw=0,Z,—0Z,  Fu = §emﬂFﬂfﬁ,
The terms ¢, ¢1z, and ¢z correspond to a CP-even scalar h, while &, and &z
indicate a CP-odd pseudoscalar h. The presence of both sets means that h is not
a CP eigenstate. Interference of these terms lead to CP violating effects which
reveal in polarization states of the photon.
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Effective coupling constants

Dimensionless parameters c,, ciz, ¢z, &, and &z are effective coupling
constants. They are, in general, complex-valued, so that effective Lagrangian is
non-Hermitian, while being local and Lorentz invariant.

In general these constants contain the SM and NP contributions,
M NP M NP
cvzcs +c, c12=c§ +cy-
In the SM &, = ooz = &z =0, and thus

— _ NP p
C»y — C,Y 5 sz — sz, CZ — CZ
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Lowest-order diagrams for h — ~ + v(Z) in the SM

From vertices of the SM one calculates h — v + v(Z) one-loop diagrams
[L. Bergstrom, G. Hulth: 1985, 1986 (Errata), M. Spira: 1998]

In the SM there is only CP-even terms in effective Lagrangian. The reason is that
the axial-vector part in the Zff coupling

(gv - gA’YS)

i & on
12c059W7

does not contribute due to Furry’s theorem.
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Coefficients in the SM in one-loop order

SM=Al(rw)+ > N QFA] ,(77) ~ —6.60 +0.08i

f=(¢, q)
CEM _Al (Tw,)\w Z Ne Qf 8f Al/z(Tf,)\f) —5.540 + 0.005/
f=(¢,q)

Nf = 1(3) for leptons (quarks), Qr is fermion charge in units e,

gr = (2tsL.  — 4 Qr sin O )/ cos Ow, where t3; ¢ is projection of weak isospin, O is
weak angle. One-loop functions: A7, A7 AZ, Alz/2 depend on values of masses
through parameters:

Tw = 4miy,/mi, Aw = 4miy,/m%, T =4mi/m}, A\ = 4m?Z/m3%,

1/2>

There are small imaginary parts coming from intermediate on-mass-shell
states of leptons e, y, 7 and quarks (except top quark), i.e. processes
h— ff — ’)/’y(Z) with my < mh/2.

Couplings cyP, ¥, &, gz, &z, originating from physics beyond the
SM, will be estimated below.
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Amplitudes and polarizations for h — ~~

For decay of the zero-spin h boson into a pair of photons

h(p) — ~v(ki,€1) +v(ka, €2) -

In the rest frame of h, the amplitude is

22
e“mj,

AP =29 = 352y

(Cv(él* &)+ Ev(E[gl* X & )> ;

Helicity amplitudes are equal to

e’m? .
Hiz—m—zhv(cyilcy)
with the decay width
2 2 2, = 2
(b —21) = gy (He +H-P) ~ e, P+ 2
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Photon polarization parameters

The polarization states of a single photon are usually described in terms of
density matrix p(*) with the Stokes parameters (1, (> and (s:

o _1 1+G  —G+iG )y _ 1, _
PN =5 ( it 1-0G = 5(1 = Go1 = Qo2 + (203),
/\, N =%4land 7= (0'1, ago, 0'3).

If two photons originate from one source their polarizations are correlated due to
theorem of Landau - Yang. For decay of the scalar with CP = +1, their linear

polarizations are parallel, for decay of the pseudoscalar with CP = —1, their linear

polarizations are perpendicular.

CP=+1 CFP=-1

v h | v v | h 7

For circular polarizations - directions of rotation of polarization vectors are
opposite to each other (from conservation of angular momentum).
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Polarization parameters

If we have a mixture of CP-even and CP-odd states for the h — ~+,

then photons can be described by a two-photon density matrix [formalism of J.
Bernstein, L. Michel for 7% — ~7]

1
p(w) = Z(1®1—Gfa®<T3-|'51(<T1®02—02®01)
+ L(03®1-1®03) =& (01 @01+ 02®02)) ,
which is not just a direct product of two single-photon density matrices,

p(w) # p(%) ® p(’Yz)

Here reference frame is chosen with the OZ axis along E and matrices on the left
(right) from ® refer to the photon with momentum k (—k).
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Polarization parameters

Here the following parameters are introduced
2Im (Hy H*) 2Re(cy &)

S Ve N cu TR A P NN

(o PP 2
HEFHE o+ 6

f — 2Re (HyH*) &2 — ¢ ?

CH PR e P+

All parameters satisfy —1 < & < 1.

&> defines degree of circular polarization of the photon with momentum k, it has
the meaning of average photon helicity, i.e.

&=\ =(+1);(1+ &)+ (-1)3(1 - &).

&1, &3 define correlation of linear polarizations of two photons.
For example, if &, = 0 (Higgs is pure scalar in the SM), then & =0, {3 = —1
and the linear polarizations are parallel, besides & = 0,

while if ¢, = 0 (Higgs is pure pseudoscalar), then & =0, &3 = 1, and they are
orthogonal, also & = 0.
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Amplitudes and polarizations for h — v Z

Helicity amplitudes for h — v Z

2 2
_ _ &8my mz -
H:i:——16ﬂ_2v(1 m%)(CIZ“l‘CzZZthZ)»

with decay width

1 m>
MNh—~2)= 1— =2 ) (|H P+ |H_|?) ~ 241222
(h—~2) 167rmh( mfz,)(l R |) 1z + 2zl + [zl
Polarization parameters are

6 = 2Im(A; AL) _ 2Re((az + @z)E)

CJAPHIALR T Jaz+ ezP + (&P
&= 2Re(A) A1) _ 2Im((az + cz)Ez)

AR +IALR  Jaz + ez + (&>’
& = |AJ-|2 - |AH|2 _ |z + sz|2 - |Ez|2

A2 +IALR  Jaz + cz|? + |2z)?

where for further convenience we introduced

A= (Hy + H-)/V2, AL =(Hy —H)/V2
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How to measure circular polarization?

The circular polarization & can be measured in the decay h — v Z — ~ ff:

Indeed, the angular distribution in the polar angle 6 between fermion momentum

in the rest frame of Z boson, and direction of Z momentum in the rest frame of

h, is ~
1dli(h—~Z — ~ff)
r dcos@

= g(l +cos? 9 —2A ¢, cos@)
A = 280 8)

= (of f
(80)% + (8a)?
with vector gf, and axial-vector g} constants

f - 2 f _
gV:t3L’f—2QfS|n ew, ga=1t3 f
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Forward-backward asymmetry

Now, measurement of forward-backward asymmetry App

F-B
App = ——
"BEFLB

1 0
1 dr 1 dr
F = d B = ——d 0
/0 [dcost cos®, /,1 Fdcosg © <°
which is 3
Arp = —7 AN g,
allows one to find &.

For example, A(") = 0.142 4+ 0.015, and A(®) = 0.923 +0.020 [PDG2012].
This means that with b-quarks, asymmetry is much larger, and maybe easier to
measure.
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Is it possible to measure linear polarizations?

Parameters £ and &3 can be found, in principle, in the process h — v* Z — ez,
with decay Z — ff on mass shell.

Distribution over dilepton invariant mass g? and azimuthal angle ¢ between planes of
decay v* — £7¢~ and Z — ff (in the rest frame of h):

dr(h— ¢ 0-2)  dr 1
dq2 d¢ dg? 27

X (€a(a7) cos26 + &a(q7)sin26) )

Y

where Ao 2)|2
F 2 = o\q
) = A @ T 1A () T A ()P

is fraction of longitudinal polarization of virtual photon.
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g-dependent amplitudes

Amplitudes depend on dilepton invariant mass g2:

eg q?
Ao(q®) = 62\ m2 (2 cazmz+cz (m)—q* + m%)) ,

eg
A||(q2) = T8vanty (CIZ (mh — q* — m%) + oz (mh + ¢° — m%)) )

. eg -~
AL(q?) = —i————Cz\/AN(M2, g2, m2),
J_(q) 8\/§7T2V 4 ( h d Z)

and distribution over invariant mass is

Qem [ A(ME, g%, m% 2 ) >
ar_ i, 4 )(IAo(q2)| + A (d?)| +|AL(q2)|)

dg? 48712 m3 g2
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Approximate determination of & and &3

Let us neglect longitudinal amplitude, |Ao(g?)|?> ~ g2, and g2-dependence of
transverse amplitudes. Then integrate over g to obtain

dlri(h— 76~ 2) _{ @em
do “\3rm
1

X 5 (1 —i(§3cos2¢)+§1sin2¢)> .

2
log "2) r(h—~2)

min

where g2 is determined by possibilities of detectors, in particular, to provide
sufficient ¢ resolution to separate sin2¢ and cos2¢ terms.

The accuracy of the formula improves with decreasing g2, as the role of the
competing mechanism h — Z* Z — {T¢~ Z diminishes far from Z-boson pole.
For example, in ete™ production with invariant masses 30 MeV — 1 GeV,
parameters &1, &3 can be determined from this formula with uncertainty about 10
— 20 % (depending on a model).
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Beyond the standard model

In the SM &M =M =0m M = —1.

Deviation of &; from these values would mean presence of new physics (NP)
beyond the SM.

To estimate couplings CEP, o, ¢, oz, &z, originating from NP, we use two

models:

o the SM is effective low-energy of a fundamental (underlying) theory with a
characteristic scale of NP A >> v =246 GeV. The NP is encoded in a few
higher-order operators in fields of the SM.
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Beyond the standard model

In the SM &M =M =0m M = —1.

Deviation of &; from these values would mean presence of new physics (NP)
beyond the SM.

To estimate couplings CEP, o, ¢, oz, &z, originating from NP, we use two

models:

o the SM is effective low-energy of a fundamental (underlying) theory with a
characteristic scale of NP A >> v =246 GeV. The NP is encoded in a few
higher-order operators in fields of the SM.

@ Higgs interaction with fermions includes both scalar and pseudoscalar terms

me - .
Lhff _ _ZTfh¢f(1+sf+lpf’Ys)¢f
f

where s¢, pr are real parameters and sy = ps = 0 correspond to SM.
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Effective field-theory approach

In effective field-theory [Manohar:2006, Buchmuller:1986, Hagiwara:1993,
Grzadkowski:2010, Grojean:2013 et al.] New physics is described by
gauge-invariant dimension-6 operators 6 in fields of the SM. In the sector of Higgs
and two gauge bosons (yy, vZ, ZZ, WTW~)

’
O = ig—(D H)! (D, H) B*", OW:iE(DHH)ka(Dl,H) Wi,
Oss = 2/\ HB,.,B"", OWW_WHTHWkWWk“”,
Ows = %HTT;(HW;“’B,W,
~ _ [_LIJ %) T ”‘V
Oss = 2/\ HB,.B Oww 2A2H H Wi, W
Ows = ngzH T HW!" By,

g’ is the weak hypercharge gauge coupling, B, — field strength tensor for the
hypercharge gauge group, W/" — field strength tensor for the weak SU(2) gauge group
(k=1,2,3), H - Higgs doublet, 7 = (71, 72, 73). The dual field-strength tensors are
X = (1/2) epvapX?, for X = B, W,.
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Effective Hamiltonian (Lagrangian)

CP even CP odd

HY =Ll = GO; + &0;

eff — eff — ) )
i=B,W,BB,WW,WB j=BB,WW,WB

where ¢; and &; are effective couplings, which can be of order unity according to
‘naive’ dimensional analysis [A. Manohar:1984, H. Georgi:1986].

Then contribution of NP to couplings in the hyZ Lagrangian are

2
4
ci\IZP = ( ;\rv) sin Oy (cBB tan 0w — cww cot By + cwi cot29w) ,

2
27V cg — Cw
Cz = | — _—
A cosOy

4
¢z = (%V) sin Oy (EWW cotOy — Eggtan by — Cwa COt20W> .

with sin? 6y, ~ 0.231.

Further, if A =4mv ~ 3.1 TeV (recall xPT, where the scale A, = 4rf;),
then ¢}, ¢z, &z, ... are also of order unity.
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Scalar + pseudoscalar Higgs coupling to fermions

We find coefficients of NP from one-loop fermion amplitudes h — ~~ and
h—~Z

ay = —>_ NeseQrgr A (7r, M)
f

~ 0.3253s; — (8.2s, + 1.2s. + 0.25,) 107> + j (4.8, + 0.55. 4 0.1s,) 1073,

&z = = NrprQrgrh(re, Ar)
f

~ — 0.4939p; + (9.6p, + 1.3p. +0.3p,) 1073 — i (4.9pp + 0.5p. + 0.1p,) 1073
and similarly for C,I;IP and &,, in terms of known loop functions Alz/z, I, and
parameters s¢, pr. Of course, for sf = pr = 0 we have ¥’ = &7 = 0.

Dominant contributions come from t quark, and smaller contribution - from ¢, b
quarks and 7 lepton

Imaginary parts of couplings come from ¢, b quarks and 7 lepton.
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Estimate of parameters &; for decay h — v Z

|. Effective filed theory approach.

Tentatively cg=cw=1l, cws =cgg = cww =1, ¢ws = Ceg = Cuww =1.
Choose also the NP scale A =4nv =~ 3.1 TeV.

& = —0.107, & = 0.0001, & = —0.994,
Mh—~2) _
SIS R
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Estimate of parameters &; for decay h — v Z

|. Effective filed theory approach.

Tentatively cgs =cw=1l, cwe =ceg = cww =1, Cws = Ces = Cuww =1.
Choose also the NP scale A =4nv =~ 3.1 TeV.

& = -0107, & =0.0001, & =—0.994,
_ Mh=n2) _
/,[,,yz = m = 1127

Let us take a smaller scale, A =2 TeV, then parameters deviate more from the
SM values, though the circular polarization parameter is still rather small:

& =-0236, & =00002, & =-0972, .z =131
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Estimate of polarization parameters for decay h — v Z

Il. Model with scalar-pseudoscalar hff coupling.

First we need to fix parameters pr and s¢. Calculate the width

——msm 1+s + ,
4\/2m F mn Br (( )0 pf)

where Bf = /1 —4m2/m? ~ 1 is velocity of fermion in the h rest frame. Now, if
(L+se)* +p7 =1,

then T(h — ff) = SM(h — ff). Therefore the h — ff decay widths, calculated
with such values of s¢, pr, agree with available CMS data for h — 77~ and
h — b b channels.

[(h— ff) =

Choose parameters satisfying (1 + s7)? + p? =1, e.g.

pe=pp=pc=pr =£1/V2, s=sp=sc=s=1/V2-1
and obtain polarization parameters

€= 40121, & =F0001, & =-0993, i,z =1.04.

Note that & is again very small.
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Polarization parameters

Our estimates in two models of NP lead to conclusion that rescattering effects
h — ff — ~Z on one-loop level result in values of circular polarization £, about
1073 or smaller.

One can expect that & remains very small in other extensions of the SM, which
are CPT symmetric.

If experimental analysis of distribution for h — v Z over the angle 6 showed a
considerable value of &, this would imply additional sources of violation of
Hermiticity in an underlying (fundamental) theory at very small distances. This
gives rise to additional imaginary parts of coefficients ¢;7, ¢2z, ¢z and thereby
changes value of &.

Since the Hermiticity of Hamiltonian is one of the conditions in the proof of CPT
theorem, measurement of parameter &, in the decay h — vZ — ~ff through
forward-backward asymmetry App can be useful for testing the CPT symmetry.
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Conclusions

We studied polarization observables in the Higgs boson decay h — vZ.

o Parameter &, which determines circular polarization of the photon, can be
measured in h — v Z — ~ f f decay through the forward-backward
asymmetry App ~ & of the fermion f. This can be done either in leptonic
channel Z — ¢4, or in b-quark channel Z — bb, where the asymmetry
may be easier to measure.

o Parameters &1, &3, related to linear polarizations of v and Z, can be
approximately found from azimuthal angle distribution in cascade process
h— ~v*Z — 0T¢~ Z with Z — ff decaying on mass shell.
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Conclusions

@ In any CPT symmetrical theory the circular polarization is probably very
small, of the order of 1073.
Measurement of forward-backward asymmetry in h — v Z — ~ f f will allow
one to determine &;.

o if & =0 = no deviation from the SM,
o if & # 0 = signature of new physics, and CP violation in the Higgs

sector,
o if & # 0 and considerably larger than 1073 = may indicate violation

of CPT symmetry.

@ Nonzero value of parameter &; will indicate violation of CP symmetry in
decay h — ~vZ and thus presence of effects of new physics.

Finally, these processes may be investigated at the LHC after its upgrade to
higher luminosity and energy /s = 14 TeV, with the integrated luminosity
about [ Ldt ~ 120 fb~! or bigger.
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Additional slides
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Polarization parameters for decay h — v Z

The h — 77~ and h — b b decay widths, calculated with above s¢, pr, agree
with the CMS data [2013].
The question remains on the channel h — ¢ € since it is not measured yet. The
h — ¢ ¢ width may differ from the SM prediction, and constraint
(1+ sc)? 4 p2 =1 for the charm quark may not hold.
Let us assume that '(h — c¢) < ['(h — bb), which gives

o TSM(h— bb

with pp? = 1.15 +0.62 [CMS: 2013].
Calculation gives values & < 8.6 x 1074

Thus the existing data on Higgs decays to 7t7~ and b b pairs, and a reasonable
assumption on the upper bound of the width to c ¢ channel, lead to conclusion
that rescattering effects h — ff — v Z on one-loop level result in values of &
about 1073 or smaller.
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Observability of process h — vZ — ¢t 0~

Let us make an estimate for the LHC, after its upgrade to energy /s = 14 and
higher luminosity.

For inclusive Higgs boson production in pp collisions the cross section is
op =57.0163 pb [LHC Higgs Cross Section Working Group].

Now the cross section for pp — hX — vZ X — v 04~ X is
on X BR(h — vZ)BR(Z — (T¢7) = 6.24 fb (L=e, )

What integrated luminosity [ Ldt is needed to observe asymmetry?

In a hypothetical case of |£»| =1 the asymmetry |Apg| =~ 0.11. The variance
(error) is oa = /(1 — AZg)/N ~ 1/v/N, where N is number of events.

To observe asymmetry on a level of 3 standard deviations,
|Arg| > 304, N > 9/AZ; ~ 740

With an ideal detector, this number can be obtained with [ £dt ~ 120 fb~!.
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Observability of decay h — v*Z — ete™ Z at the LHC

The process h — v* Z — ete™ Z is very rare and is more difficult to observe.

Let us calculate cross section for pp — hX —~4*ZX — ete™ Z X in the
interval of ete™ invariant mass 30 MeV < me. < 1000 MeV,

F(h— ete™ Z)|30<me.<1000 Mev
F(h — all)

op X =051b.

We choose minimal me. = 30 MeV, since in recent measurements of

B® — K*0 eTe~ branching fraction, the LHCb detector allowed selection of the
lower value of me equal to 30 MeV.

When detecting Z boson via Z — eTe™, utu~ channels, the cross section is
reduced further by 0.067, and for fﬁdt ~ 100 fb~! one can expect about 3
events.

Clearly a higher integrated luminosity will be needed to observe the decay
h— v*Z — eTe™ Z and analyze its angular distribution.
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