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CP property of the Higgs at the ILC.

{> Introduction.

{ Two issues:

ii Determination of CP mixing in the Higgs sector for a
Higgs with indeterminate CP.
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CP properties of the Higgs at the ILC. ¢P and Higgs

Importance of Studies of C'P Properties of Higgs Boson

e Just the discovery of the Higgs boson is not sufficient to validate the minimal
SM.

e In SM, the only fundamental neutral scalar is a JX¢ = 0T+ state arising from
an SU(2); doublet with Y = +1.

e Various extensions of the SM can have several Higgs bosons with different C'P
properties : e.g. MSSM has two C'P-even and one C'P-odd states.

e T herefore, should a neutral spin-0O particle be detected, a study of its CP-
properties would be essential to establish it as the SM Higgs boson.

e [0 study the New Physics effects beyond SM, we need to establish the CP
eigenvalues for the Higgs states if CP is conserved, and measure the mixing
between CP-even and C'P-odd states if it is not.

e (P violation in the Higgs sector can be an alternative source of C'P violation
beyond the SM, required to explain the observed baryon asymmetry in our
universe. [Accomando et al., CERN 2006-009 (2006)]
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CP properties of the Higgs at the ILC. Link between ¢Pin SUSY and Higgs sector

Effect of SUSY¢P on Higgs phenomenology
MSSM ¢P phases = ¢P in the Higgs sector:

h,H A

CP conserving MSSM Three Neutral Higgses CP-even CP-odd

- L 1, P2, ¢3
C'P violation : no fixed CP property

My, < My, < Mg,

Sum rules exist for ¢;ff , p;VV

(A. Mendez and A. Pomarol, J.Gunion, H. Haber and J. Wudka, B.Grzadkowski, J.Gunion and
J. Kalinowski. )

G + GG + GG = gPmiy i # 5 # b
First proposed in a model independent way.

The h,H,A now all mix and share the couplings with vector boson pair VV. Will
affect production rates.

Predictions in terms of SUSY ¢P phases in the MSSM for this mixing.
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CP properties of the Higgs at the ILC. CP studies in the Higgs sector

CP Study in the Higgs sector

(R.G., Kraml, Krawczyk,Miller et al in LHC/LC study group report.)

1. Determination of the C'P properties of the Spin 0 particle(s) which we hope
will be discovered at the future colliders.

2. Determination of the CP mixing if discovered scalars (~ Higgses) NOT CP
eignestates.

Establish tensor structure for ¢;ff , ¢;VV vertex.

¢; . a generic Higgs.
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CP properties of the Higgs at the ILC. CP studies in the Higgs sector

General Strategy for CP determination:

Couplings with pair of gauge bosons (ZZ/~y/WW') and the pair of heavy fermions
(t/7) are the ones which are useful.

Study ¢P in a model indpendent way (most studies so far)

oif f 1 —f(sy+ipsys) kild oy

27’I’LW
gmg
VVei  ay =Y gu,(V=W/Z g:tree/loop level)
mw

ne"P7poks /m3(loop level)
1. SM: Sf:CVzl,pf:O = 1.

2. sy = cy = 0 and pr = 0 for the CP odd Higgs, for general CP conserving
multi-Higgs models.

3. Pseudoscalar ¢#*?? . only at loop level in MSSM and CP conserving 2HDM.

4. Generically CP mixing is a loop effect, hence small.
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CP properties of the Higgs at the ILC.

ILC: eTe™ and vy.

Collider

CP determination

Measurement of Mixing

ILC

vy

JfHiggs final state
V'V, ff final states

VV final state
VV fusion

Jf Higgs final state
V'V, ff final state

Best for study
of mixing

VV and ff final state angular distributions show striking differences due to the
differences in the tensor structure.

Most important advanatge for ttH final state and ~~ colliders: Production channel
treats both the scalar and the pseudscalar the same way. Then use all the same
methods as at other colliders. The most unambigious way to measure C'P mixing.

v~ colliders possible with backscattered lasers at a parent ete~ collider. Likely to

be in the far future. M. Krawczyk's talk?
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CP properties of the Higgs at the ILC. CP diganostics

e Use kinematic distribution of the decay products of the Higgs: H —
fI(f=t71), H—ZZ(Z*) — fff'f.

e \What distributions: Angular distributions, invariant mass distribu-
tions, angular correlations.

e Kinematics of the production process, threshold rise.

e Spin information of the fermions produced in the decay of Higgs or
the fermions which are produced in association with the Higgs.
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CP properties of the Higgs at the ILC. Importance of ¢/7 in Higgs Phys.

e For the 7 decay products carry the spin information of the decaying r. Due to its
large decay width (I'; ~ 1.5 GeV), top also decays much before hadronization;
hence its spin information is translated to the decay distribution before being
contaminated by hadronisation effects. Hence ¢ — tf,¢ — 7+7~ and ete™ — tt¢
carry information on CP character of .

e T he decay lepton angular distribution for the t is independent of any non-
standard effects in the top decay vertex. Thus this distribution is a pure
probe of new physics associated with the ¢-production [e.g. Godbole, Rindani,
and Singh, JHEP 12, 021 (2006)]. Lepton angular distribution a good po-
lariometer. Measuring decay lepton angular distribution asymmetries can give
information on produced top polarisation asymmetries.
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CP properties of the Higgs at the ILC. Light Higgs

For a light Higgs, most promising, at an ILC, is to exploit the ZZ(Z*)
coupling for production , H — ZZ™) — fF#' ¥ H — +t7—

a)Energy dependecne of the total production cross-section in Hig-
gsstahlung.

b)Production angular distribution.

c)Angular correlations.

Zerwas, Djouadi, Barger, Kniehl, Keung, Choi, Miller, Osland,Kraemer,Was, Desch,
Worek,Choi, J.S. Lee, Pilaftsis....
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CP properties of the Higgs at the ILC. Threshold behaviour ete™ — Z¢

oleTe™ = HZ) ~ A\/? ~ \/s — (Mg + Mz)?

G2 M$S 2\3/2
+ - 7A) = 2 WL g2 ~2
oleTe” — ZA) =n —487TMj(ae + 27) (1= M2/s)2

T T T T
100 ¢ d=H £
i g
F R : :
3 olete” = Zd) [fb] 3 g
- 'o' o
’ Mg = 120 GeV
0.1 -
0.01 : I I I I 0 T T T T ‘ T T T T ‘ T T T T ‘ T T T T
210 212 214 216 218 220 210 220 230 240 250
Vs [GeV]

Vs (GeV)

Threshold rise can determine spin, and can discriminate against 0,1~ etc. Angular
distributions sensitive to Parity as well.
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CP properties of the Higgs at the ILC. Angular distributions & correlations

do(ete —ZH) | \2sin29 + 8M3/s

dcosé
do(ete —ZA 2
(dcose )Nl—I—COS 0
1 T T T T é 0.2
' V5 =500 GeV ; v
. (1/o)do/dcost My = 120 GeV : 015
0.8 I H R -
B ete” = ZH o 01
0.6 0.05
of
0.4 r
-0.05 |
0.2 -0.1:
. | | | -0.15:
-1 0.5 0 0.5 1 _02:Hx‘“m““m“m"Hmumuumu‘1““1“:09
cos ““-0.2-0.15-0.1-0.05 0 0.05 0.1 0.15 0.2 '
n

Even CP mixing can be measured using this. Next is angular correla-

tions and azimuthal distributions.
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CP properties of the Higgs at the ILC. Angular correlations

+ —
do(e §¢* ZH) ~ 1 + a1 COS ¢« + ao COS 2¢«

do(ete " —ZA)
do«

~ 1 —%COSQQZﬁ*

¢« azimuthal angle of the plane of Z — ff decay and Higgs decay
products.
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CP properties of the Higgs at the ILC. CP information from H — ZZ(Z*)

The definition of the polar angles 6; (i« = 1,2) and the azimuthal angle ¢ for the
sequential decay H — ZMZ — (f1f1)(fof2) in the rest frame of the Higgs boson.

Need to distinguish between fi and fi.
One Z decays to fi1f1 and other two f> fo.

In the SM

dl
— ~ 14 Acosy + BcCos2p

dp

A,B are funtions of Mg, M. the ¢
dependence will vanish for larger Higgs
Mmasses.

For CP odd case

dl” 1
a5~ 1 —2C0s2p
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CP properties of the Higgs at the ILC. b — ZL*

A decays only into transverse V and H into both transverse and longtudinal fraction

changing with V* for a fixed M.

dr(H-VVY) — 3GMy of - [y (M0 +12M7 M?)
dM? T 16mMy Vo (M2—M2)*+ M2

with 82 = [1 — (My + M.)?/Mz][1 — (My — M,)?/M37].

dr(A-Vvvy) _ 3GEMy 5/ 2 Mz 3}
dM? 8m3M, (M2—Mz)2+M2Is

1 7
TL/(Tp+Tr)
H—-VV

0.001 T T T T T T
[ (1/T)dT/dM, [GeV~
MH = M4 150 GeV

0.8

0.6

0.4

0 | . 0.0001
2

1 0 25 30 35 40 45 50 55‘ 60
My /2My M, [GeV]
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CP properties of the Higgs at the ILC. CP information from Higgs — ff.

Feom(H — ff) = f\l/%\;MH m? /8?

I_Born(A - f]?) — f&%\; My m? B

If spins of ff are s,s respectively,

Use ete” — Z2* — ZH — Z1t71~

I6] 1 _
m [(|@|2 + [6]%) (EMC% — ’m? + mJQvS'S)
1

+(|a|? - |b|2)(p_|_-sp_|_-§— EMC%SE—I— m]%s-§— fm?)

—Re(ab*)ewpgpipisp?’ — 2Im(ab")mspy-(s + 5)}

dlr
d—Q(S’g) —

FrM(H/A —tt) « 1 —5,5,£5s,5,

Possible to probe CP using the tau decay products.

(Was, Desch and Worek: analysis for mixing determination as well making fits to
the distribution.)
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CP properties of the Higgs at the ILC. CP information from Higgs — 7+ 7.

0.35 T T T T T T

dT(H/A = ntnww) /T
0.3 - .

¢ angle between the decay planes of the 7. Asymmetry is clearly visible.

The parity can be also determined by looking at the the distribution in the an-
gle between the pions into which the 7 decay. This in turn determined by the
polarisation of the v+ and that in turn by the CP.

Worek et al showed one could be sensitive to an angle of six degree.

H — tt will offer information only for heavy Higgs.
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CP properties of the Higgs at the ILC. ttH(A) production

All the above processes use ¢Z~Z coupling for prooduction. Which means for a
pseudoscalar the strength is necessarily small as loops are involved. For a state of
mixed CP, only the CP-even part gets projected out in production. This is true of
all the various studies suggested above.

tt¢ production couples democratically.

Gunion and collaborators studied optimal observable technique to study CP property
of the Higgs and concluded that with a high luminosity it should be possible to
measure even a mixing of a few degrees. Slice the phase space region and use
the kinematical distributions of the particles expected for the signal in an optimal
way.However, the physics is somewhat obscured by the optimal observable technique

used.
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CP properties of the Higgs at the ILC. tty at ILC

We Point out a simple way to discriminate CP even and CP odd case.

Specifically use tt¢ coupling is
my

Gitp = —192 5 (a + ibys) |,

mw
where a = Sy, b= Py.

We take the ZZ¢ Coupling to be similar to the SM case:
g2myzyz g
cos Oy

we will see that the effect of this term will be negligible here. Can be probed
using eTe™ — Z¢ (eg. Phys. Rev. D 06, Biswal et al)

(gZqu),LW = —1ic

In the SM, a=1=c and b= 0. A model-independent way of parametrization
can be |a|? 4+ |b]> = 1. We have taken ¢ = a.

Moreover, we treat a, b, c to be all real.
Hence only one CP-violating term ab and only independent parameter b.

In principle, in a specifc model we may have predictions for a,b,c. e.g. THDM
and C'P-violating MSSM.
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CP properties of the Higgs at the ILC. tty at ILC

e Recall the generalized tt¢ and ZZ¢ couplings:

. my .
Gitp = —1g2 (a + ibvys)
QmW

with our choice of parametrization |a|? 4 |b|°> = 1; a, b both being real.
e Hence only independent parameter b with a = /1 — b2.

e \We have studied the sensitivity of b to simple observables such as cross section
and polarization asymmetry, with and without polarized beams.

e T he Polarization Asymmetry for top-quark is given by
o(tr) —o(tgr)

P, (with unpolarized initial beams),
o(ty) + o(tr)
oi(tr,) —of(t
Pf (L) — oi(tr) (with polarized initial beams),
7i(0) +oi(tn)
with oiot(unpolarized) = 2 [orL + oLR],
14+PFP- 1—F, 1-P- 1+ PF,
and af(polarized) = ™ . orr + + Fer OLR

2 2 2 2
(orLLr) COrresponds to the completely polarized e,
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CP properties of the Higgs at the ILC.

Some results:

With b=0 ———
With b=#1 --------

Oyt [fD]

400 800 1200 1600 2000
E.n [GeV]

0.12

0.1}

0.08 |-

o~  0.06

0.04

0.02 |-

400 800 1200 1600 2000
Ecm [GeV]

Threshold dependence very different for
scalar and pseudoscalar. Steep dependence
(S vs P wave). Define p=1-2m//s—Mao/+/s

Fff = —Fff ~ 12 [m2/(Mu5)]** p?

F{ = —Ff ~ 4 [m#/(Masy/35)| 2 2.

May be just two measurements, at 500 and
(say) 800, would see the difference. For
My = 120 GeV, the ratios for H and A are
7.5 and 63, as /s changes from 500 to 800
GeV.

Recall: radiative corrections are also sub-
stantia. So taking ratios is a good idea.

Polarisation shows similar energy depen-
dence and is again different for H(b=0) and
A(b=1). Wang et al calculated polrisation,

did not really use it.
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CP properties of the Higgs at the ILC. Sensitivity to b and beam polarisation

035 T T T T T T T, T T
unpolarized -« -+

e Ab is the sensitivity at b = bg if for an observable sl Polanzed
O(b), N

10(b) — O(bo)| = AO(by) for |b— bo| < Ab

0.15

ADb

0.1}

e Apply to the observables ¢ and F;, using the fact
that at a luminosity L,

0.05 |

0

0 01 02 03 04 05 06 07 08 09 1
(o2 f 2 b
AO- — f o A‘Pt — 1 - Pt 11 T T T T T T L T
L v ol - unpolarized -«

polarized

at a confidence level f (assuming no systematic
error).

Ab

e For cross section and polarization asymmetry
measurements respectively,

00 Ol.l OI.2 OI.3 OI.4 OI.5 OI.6 0I.7 0I.8 OI.9 1
e Good possibility to distinguish between b = 1 and b

b = 0. b2 dependence decreases the sensitivity.

Things directly proportional to b?

September 12, 2007 , Florence, GQI.



CP properties of the Higgs at the ILC. Mixed CP state?

All such studies look for difference caused by the different tensor structure to
kinematical distributions.

Effect caused by CP mixing in MSSM, on the other hand, will only affect
normalisations mostly.

Case of almost degenerate H/A needs to be discussed separately.Zerwas, Kali-
nowski, Choi,Pilaftsis, Lee..

CP-violating observables: constructed for ILC Hagiwara et al, Han et al, Biswal et al,Keung
et al, Osland et al...

For the LHC: for example, R.G, Miller, Muehlleitner: hep-ph:0708.0458

For the PLC Hagiwara et al, Singh et al, Krawczyk et al.

Construct variables such that each probes one part of the anomalous coupling; thus
CP violating variables to probe CP mixing.
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CP properties of the Higgs at the ILC. General idea

° Cross-sectlons integrated over CPT symmetric phase space will probe only the
CP — even, T—even couplings, in the approximation that the anomalous couplings
are small.

e Partially integrated cross-sections will be able to probe these. for example to
probe a P-odd cpupling we construct Forward-Backward asymemtry.

e Constructed differen’E observables out of the available momenta such that they
have specific CP and T transformation properties.

e LOooOKk at expectaion value of 'sign’ of these observables. These asymemtries, are
proportional to the part of the anomalous coupling which has the same CP and
T transformation properties as the observable, to leading order in the anomalous

coupling.
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CP properties of the Higgs at the ILC. Up-down asymmetry

e The up-down asymmetry of the ¢ production w.r.t. the e~ - ¢t plane (¢, = 0)

IS given by , ,
Upartial(o < €b4 < 7T) - Upartial(ﬁ < ¢4 < 27T)
Upartial(o < ¢21 < 7T) + Upartial(ﬂ' < Qbi < 271')7
ﬁ. N X _; —
with sing, = — (pf pf) (P =p1—p2)
|P| - |P3 X D4
Py, is the £ momentum in the ¢ - Higgs rest-frame.

Ay =

e In terms of a and b, this asymmetry has the structure
xy ab
A, = = cx, abo
10} Ti — Ur b2 ¢ tot

0.05
0.04
0.03
0.02
0.01 |

| E¢m=800 GeV

-0.01
-0.02 |
-0.03
-0.04 1
-0.05 ' '

Linearivariation for small b
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CP properties of the Higgs at the ILC. Model Indpendent ¢V'V vertex:

HZZ can be probed at LHC (e.g. R.G., Miller, Muhelleitner: hep-
ph/0708.0458). But for lighter Higgs and/or HWW ete~ better?

Biswal,Singh, Choudhury and R.G. (changed notation!)

b by
I_,ul/ — gV(aV guv + m—“g/(kll/kzu — Juv kq - k2)+m—“§/ Cuvaf k(fkg)

Trans. ay %(bv) %(bv) %(Bv) %(Bv)
cP + + 4+ - -
A S
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CP properties of the Higgs at the ILC. Model Indpendent ¢VV vertex:

We construct observables with specific transformation properties un-
der CP and T to probe the anomalous coupling with corresponding
property.

Use

et e- > ffV* VS ffHet e -2 Z H— f f H with H— bb
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CP properties of the Higgs at the ILC. H—ZZ— fff'f

Recall definition of the polar angles 6; (¢ = 1,2) and the azimuthal angle ¢ for the
sequential decay H — ZMZ — (f1f1)(fof2) in the rest frame of the Higgs boson.

With these angles consruct different ob-
servabels:

(P, — pr) - (P, + Pr)
P, — D1 ||PF, + Dl

01 =cCcosf; =

Need to distinguish between f1 =4, b=b, c=5,.

and f1.
One Z_decays to f1f1 and other s M(cosf; > 0) — F(cosf; < 0)
two fo fo. ' T T(cos@: > 0) + M (cosh; < 0)

If Sm(c) # 0 this will mean A; # 0.
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CP properties of the Higgs at the ILC. H—ZZ— fff'f

UL L e 5 L B B B ) L B B
08 0.08f- My =200GeV - L My, =200GeV
I o 4 .
006 1 % J
EH [ 008 T T T T 9 __ 5 T T T T _-
= 0041 1 1 = af .
5 " 1127 3 i
g 002_ 0.02 1 - mﬁl_ i ] _-
. ! %7 4 6 8 b < R
OB-I | | | 0 L v v by vy by O | PR AN T [T TS A NN N N N
37 05 0 05 1 0 0.5 1 15 2 0 0.5 1 15 2
cos61 Im(c)/a Im(c)

The normalized differential width for H — ZZ — (f1f1)(f>f>) The solid (black)
curve: the SM (a = 1, b = ¢ = 0), Dashed (blue) curve: pure CP-odd state
(a =b=0, ¢c=1). The dot-dashed (red) curve is for a state with a CP violating
coupling (a=1, b=0, ¢ =1). One can clearly see an asymmetry about cosf; =0
for the CP violating case.

Corrected for change in the production rate due to our non-standard couplings as
compared to the SM rate. For 100fb~!. Calculated for LHC.

May be improved by using jets instead of f, as the asymmetry does not require
charge determination. One essentially means 'b’-jets. ATLAS study demonstrates
it is possible to see the signal in Z — bb.
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CP properties of the Higgs at the ILC. Some more asymmetries ete™ — ffH.

CP=+4and T = —
Couplings : <(by)

. peom — (€4 _>0)—0(C4_<0) _ (F'U)+(B'D)—(F'D)—(B'U)
Observable : AY¥™ = 555, <0) = (FU) (B DI F(FD)T(BT)

where,

Cy— =B, = P4) | ||Bm — B1) x Bu| - B — Fp)
F'=cosfy >0, B'=cosfy <0

U=sings >0, D=sing; <0Cq_>0=(F'U)+(B'D)
Combined asymmetry

September 12, 2007 , Florence, GQI.



CP properties of the Higgs at the ILC. Some more asymmetries ete™ — ffH.

CP=—and T = —
Couplings : R(by)

: __o(C_—>0)—0c(C__<0) _ opy—o0
Observable : Ayp(or) = o(C——S0)Fo(C_—<0) = Jg_|_0g where,

C—— = ||Pm = Bot) % Pu| - By — P
oy =0o(singr>0), op =o(singr <0)

C__>0=o0y : Upward-f.
Up-down asymmetry

Needs Charge measurement of f !l
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CP properties of the Higgs at the ILC. Limits that can be put at 3 o level

L = 500 fb~1, at 3¢ significance;

Coupling Limit Observable used
|Aay| < 0.034 o with R2 cut; f=e"
IR(bz)] < 0.0044 o with R1 cut; f = pu,q
1S(by) ]| < 0.14 A™m with R1 cut;, f=pu",e”
IR(bz)] < 0.057  App(¢pe) with R2 cut
1(bz)] < 0.038  App(cy) with R1 cut; f = u,q

For f = b, i.e. Z — bb with charge measurement of b-quarks above limits can be

improved to :

20% efficiency : |S(by)| < 0.050, |R(by)| < 0.049
30% efficiency : |S(by)| < 0.041, |R(by)| < 0.046
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CP properties of the Higgs at the ILC. conclusions

O ete™ — ttd offers the best probe of CP violation in the Higgs sector. The energy
dependence and the polarisaiton of the top quark can be utilised.

& For a light higgs, my ~ 120 GeV the ete~ colliders offer much better prospect of
probing the anomalous ®VV coupling.

& ILC and yy(M. Krawczyk's talk) colliders provide the best bet to measure the
CP mixing in the Higgs sector!

September 12, 2007 , Florence, GQI.



