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Introduction

Simulations of the Higgs boson production at the PLC

Studies by P.Niezurawski, A.F.Zarnecki, M.Krawczyk (NZK):
H — bb decay channel

Standard Model

“The SM Higgs boson production vy — h — bb at the photon collider at TESLA,”
Acta Phys. Polon. B 34 (2003) 177 [arXiv:hep-ph/0208234].

MSSM

“Extended analysis of the MSSM Higgs boson production at the photon collider,”
Proceedings of LCWS 2005 [arXiv:hep-ph/0507006];

“LHC wedge at the PLC: Observability of vy — A, H — bb,”

Acta Phys. Polon. B 37 (2006) 1187.

see also P. Niezurawski, “Higgs-boson production at the photon collider at TESLA,"
arXiv:hep-ph/0503295 (PhD Thesis).



Introduction

Simulations of the Higgs boson production at the PLC

Studies by P.Niezurawski, A.F.Zarnecki, M.Krawczyk (NZK):
H — WW/ZZ decay channels

Standard Model
“Study of the Higgs-boson decays into W+ W- and Z Z at the photon collider,”
JHEP 0211 (2002) 034 [arXiv:hep-ph/0207294].

2HDM
“Determination of the Higgs-boson couplings and CP properties in the SM-like two
Higgs doublet model,” JHEP 0502 (2005) 041 [arXiv:hep-ph/0403138].

Generic model

“Model-independent determination of CP violation from angular distributions in Higgs
boson decays to W W and Z Z at the Photon Collider,”

Acta Phys. Polon. B 36 (2005) 833 [arXiv:hep-ph/0410291].



vy — h

Width Amplitude
Two-photon width of the Higgs boson 'y, For Higgs boson mass M;, < 2 My,
IS sensitive to all massive and charged amplitude A is real
particles in the loop: M,, = 120. GeV Im(A)
v
h
X < >—>
y — Sum Re(A)
G 2013 — t |
F(h—yy) = —2 b 4P — bx100
128v2 73 ¢ x100
where:

A= Aw(Mw) + %;NCQ%Af(Mf) + .- contribution to Im(A) from light fermions - very tiny

two-photon amplitude contribution from new heavy particles - real

A.F.Zarnecki Two-photon width and phase measurement from h — WW, ZZ 1



vy — h

Phase New particles
However, for M > 2 My, Will contribute to both '~ and ¢~ .
W contribution is complex For new charged lepton:
My =200.GeV im(a) M, =350. GeV' |y (a)
| M, = 800. GeV |

— Sum
0 Ag
= amplitude mostly imaginary: Re(A) ~ 0
Moy ~ AR = Im(A)2 4 Re(A)?2 P Wy imagiary: fie(A)
= [+ little sensitive to new particles !

A.F.Zarnecki Two-photon width and phase measurement from h — WW, ZZ 2




vy — h

Expected deviations from SM

Contribution to [~ and ¢~- from new heavy charged particles with mass ~800 GeV

For SM with fourth-generation fermions and for SM-like 2ZHDM (I1) type A
(additional contribution due to charged Higgs boson)

= s 05
O n i H® (2HDM) .
< 14 :*_; b NZK
I 0.4 - —— U (@Q= +2/3)
1.2

[ — L@

H" (2HDM)
— D Q="
— U (Q=+%)
— L (Q=-1)

0.8

0.6 |-
i ‘ L L L L ‘ L L L L ‘ L L L L ‘ L 0 ‘ | | | | ‘ | | | | ‘ | | | | ‘ |
200 300 400 500 200 300 400 500

Mh [GeV] Mh [GeV]
= little effect on 'y, for M, ~ 350 GeV = significant change in ¢~

Can we measure it 1?
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Measuring the two-photon decay width of Intermediate-mass
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Abstract

Feasibility of a measurement of the partial decay width of the

intermediate-mass Higgs boson into two photons at a photon-photon collider


http://arxiv.org/abs/hep-ph/9703301v1

Process: y+~v —h — b+ b

Yy+~v—b+b
Y+7Y—ctcC

Resolved photon(s) interactions v +v — X + Q + Q

Overlaying events
(high intensity of photon-beams in the low-energy part of the spectrum)



v~y — higgs — bb

Analysis of precision o(yy — higgs — bb)
measurement includes:

K

e o0 0

L I

Crab-crossing of beams
a. = 34 mrad

realistic y~y-spectra

Background: NLO QQ(g) (G. Jikia)
overlaying events vy — hadrons (OE)
Detector performance: SIMDET 4.01
b-tagging (ZVTOP-B-Hadron-Tagger)

Signal: HDECAY, PYTHIA (PS)

Bunch | Primary vertex
o, | 140 nm 3.6 um
Special treatement: oy | 15nm 11 nm
o. | 0.3 mm 0.2 mm

crossing angle
primary vertex distribution

vy — WTW ™ background

'ICHEP P. Niezurawski, A.F. Zarnecki, M. Krawczyk

Beijing, August 2004

NZK
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NLO cross section for massless
fermions

a“og
—> 0 X
S
do 1
J, =2 —
i, ) = .

o(J, =0) x E;

NLO cross section for massive
fermions

NLO/LO

112 114 116 118
bb(g) J,70 N,y=2

112 114 116 118
bb(@ J,=0 N,=3

112 114 116 118
bb(@) J,=2 N2

112 114 116 118
bb(@) J,=2 N3

122 124
W, (GeV)




Cuts optimized by minimizing: All angular cuts

Ao(yy = h—bb) /s + is

o(yy — h — bE) S

Y

For example:

_ -1
[ Higgssignal Total L, =410fb
M, = 120 GeV -
Background:

B bb(9) AGIG = 7.2%

5]
3

Detector mask
Particles on Pythia level: cos 0,45 =~ 0.99

Number of events per 0.025 bin

OE suppression
Tracks & clusters: cos@1¢ = 0.85

vy — QQ(g) suppression

Maximal value of | cos 6| Jets: | cos et [™** = 0.725

over all jets in the event



higgs-tagging: a cut on the ratio
of vy — h — bb

to vy — bb(g), cé(9),q7 (¢ = u,d,s)
events

Eh = 58%
Ebp — 50%
Ece = 2.2%

Euds — 0.16%

Without OE

= ¢ = (1%
Ebp — 64%
Ecc = 2.9%
cuds = 0.11%




OE suppression: clusters & tracks with | cos 6;| > cosf ¢ = 0.85 ignored
Wree > 1.2 W2»
Jets: Durham algorithm, y..: = 0.02
Njets = 2, 3
for each jet: | cos6;.:| < 0.725
|P.|/E < 0.1
Rejection of W™ W~ events (for M; = 150, 160 GeV):
for each jet: M.+ < 70 GeV
energy below 0 r¢: Erc < 90 GeV
for each jet: Ny > 4

b-tagging: ZvToP-B-HADRON-TAGGER (T. Kuhl)

Correction for crossing angle: jets boosted with 3 = —sin(a./2)



Wcorr = \/quec _l_ 2PT(EU'L'S + PT)



| = = = = without OE
with OE
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n[Gev]
117
114

o[GeV]
3.8
5.8

0 100

110 120 130

Number of eventsper 1 GeV hin

LN (eEY)
| = = == Wwithout OE

with OE

119
117

110 120

130 140 150
W, [GeV]

Without OE: 6450 events

. Wcorr = W;*Qec + QPT(E + PT)
With OE : 5530 events

Acta Phys. Pol. B34 177 2003, hep-ph/0208234
Gaussian fit from @ — 1.30 to 4+ 1.30.




Final results

Aol/o = 2.3% I Higgssignal
M, = 120 GeV

Background:

B bb(g)
B cc(9). _
B uuddss

T
| resolved

(00}
o
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_ -1
Total LW =410fb
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Final results

Ao/o =2.1% I Higgssignal
M, = 120 GeV

Background:

B Dbb(g)
()
Bl uuddss

I
1 resolved

_ -1
Total L,, =410 fb

Number of eventsper 2.5 GeV bin
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thisanalysis

no yy—qq (g=u,d,s), yy- 1’1, resolved
no yy—W*"W-

no vertex smearing

without OE

145 150 155 160 165
M, [GeV]

For M; = 150, 160 GeV additional cuts to reduce vy — WTW .



vy — (h) > WTW~-, ZZ

Higgs signal Interference
For My, > 2 My, (phase ¢~ #= 0) Resonant and direct amplitudes interfere
decays to W1 W — dominate: Large effects expected:
J, =20 hep-ph/0207294
W W@ z 170 GeV
y w h Z NZK
—_ © s |
\\\w‘(z) ! \\\W'(Z) L
. \ 60 |- 300 GeV
uresonantn . | 250 GeV
i — yy-WW no higgs
: ) I — yy-=WW with higgs
There is a large background from “direct”, 20 |
non-resonant production vy — WTW— ,
0150 | 2(50 | zéo | 3(50 | 350
WW[GeV]

G.Belanger, F.Boudjema, Phys.Lett.B288 (1992) 210;
D.A.Morris, et al., Phys. Lett. B323 (1994) 421; o :
|.EGinzburg, I.P.Ivanov, Phys. Lett. B408 (1997) 325. Destructive interference dominates above ~ 200 GeV

A.F.Zarnecki Two-photon width and phase measurement fromh — WW, ZZ 4



vy — (h) > WTW~-, ZZ

Phase measurement Y — L7

Interference term is sensitive to Non-resonant background only at loop level

the phase ¢~ of the vy — h amplitude
hep-ph/0207294

— 8
o(yy — WTW~) dependence on ¢, g |
';' 200 GeV — yy-ZZ no higgs
o) 10 — q,=q, M, =250 GeV 6| — yy-ZZ with higgs
SM - i
§ — Q,=@, tm4 J:~0 NZK
L | — q.=q -4 : 4l
o 80| = R NZK I 250 GeV
- no higgs -
5| J\\ 300 GeV
60 |- I k
0 I J ; I ‘J\ ‘ \
200 250 300 350
WW[GeV]
O T 20 2a0 0 280 300 = small interference effects
W, [GeV]
— can be measured ! G.J.Gounaris et al., Eur. Phys. J. C13 (2000) 79.

A.F.Zarnecki Two-photon width and phase measurement fromh — WW, ZZ 5



Analysis

Parametrization Comparison with full simulation:
“Measured” invariant mass distribution “ 100 |- NZK AN
for selected WT W~ and ZZ events Lo I ——
is described by convolution of: wEw o
e Analytical luminosity Spectra CompAZ
o Cross section formula 0
: : M, [Gev]
for signal + background + interf.
e Invariant mass resolution § | ", NZK
parametrized as a function of W, ZZ e

200  --- no Higgs

— mass spectra can be calculated for any
/See and my, without time-consuming MC
simulation

100 |-

%00 200 300 400 500
Mqq [GeV]

— can be used for fast simulation and fitting

A.F.Zarnecki [, and phase measurement at the Photon Collider



SM results

Two parameter fit to W+ W~ and ZZ invariant mass distribution
Expected statistical precision, assuming SM branching ratios (1 PC year):

hep-ph/0207294
[y P-p Py
S T
\; —— 305 GeV ®© —— 305 GeV
_ | —— 362Gev - | —— 362Gev
= s |
| —— 418Gev 3 | —— 418GeV
01 —— 500Gev 01 —— 500Gev
0.05 0.05
0 | L ‘ L ‘ L ‘ L ‘ L 0 | L ‘ L ‘ L ‘ L ‘ L
200 250 300 350 400 200 250 300 350 400
M, [GeV] M, [GeV]

Phase measurement significantly improves our sensitivity to new heavy charged particles
e.g. heavy charged Higgs boson of the SM-like 2HDM(lI) with M ;4 = 800 GeV
at large Higgs boson masses

A.F.Zarnecki Two-photon width and phase measurement fromh — WW, ZZ 12



SM results

Systematic effects

Statistical precision for different choices of fit parameters:

r’Y’Y
; —
S — Ty E
= — =
|Zl 7 rWand @, 9_;
o1l  Tw@MyandL, < o1
0.05 |- 0.05 |-
0 i ! ! ! | ! | ! | ! 0 i ! ! ! | ! | ! | !
200 250 300 350 400 200 250 300 350 400
M, [GeV] M, [GeV]
Precize knowledge of M} and luminosity not crucial = sensitive to M} and luminosity uncertainty

= can be constrained by the data itself

A.F.Zarnecki Two-photon width and phase measurement fromh - WW, ZZ 14



SM results

Expected statistical error contours (1o) In ¢y — [, for M = 300 GeV:

7
S - H® (2HDM)
9-; 04 — D (Q=-"1)
- U (Q=+7))
4th generation lepton - — L@
Mj; = 800 GeV = 0o

0.6 0.8 1 1.2 14
VY
= Sseparation not possible without phase measurement !

Two parameter fit to W W~ and Z Z invariant mass distribution; one year of Photon Collider running.

A.F.Zarnecki Two-photon width and phase measurement fromh - WW, ZZ 13



LHC wedge: only one light SM-like higgs boson h can be seen

CMS, 30 fb ™

i =300 GeV/c %, M, =200 GeV/c ?
A, =6 TeVic2, Mgygy = 1 TeV/c 2

\ H,A - TT - two leptons+X

HA - TT - lepton +Tjet + X

m, (GeV/c 2)

Photon Collider offers unique possibility for precise H/A studies


Filip
LHC wedge: only one light SM-like higgs boson h can be seen

Filip
Photon Collider offers unique possibility for precise H/A studies


LHC wedge

-1
CMS, 30 fb
1 =300 GeV/c %, M, =200 GeV/c ?
i
Q A, =6 TeVic?, Mgygy = 1 TeV/c 2
&

T = lepton + 1 jet

- T

- TTU - two leptons+X

T - lepton +t1jet + X

500 600 700 200
m,(GeV/c %)

From: CMS NOTE 2003/033
(the same results as in newer CMS CR 2004/058)


Filip
H,A
H,
+ t ® H,A


We consider following MSSM parameter sets:

Symbol | p [GeV] | My [GeV] | Az [GeV] | M;|GeV]
200 200 1500 1000
-150 200 1500 1000
-200 200 1500 1000
\Y; 300 200 2450 1000
and —as in M. Muhlleitner et al. but we take higher Arto have M) above limit

— an intermediate scenario
IV —as in CMS NOTE 2003/033



Without OE, without vv — W+w—

Ao/o =7.6% I H+A signal

M ,=300 GeV
Parameter set |
tgp=7

Background:

B Dbb(g)

B cc(9). _

Bl uuddss

(0]
o

(o))
o

_ -1
Total L, =808 fb

Number of eventsper 5 GeV bin

350 375 400
W, [GeV]




With OE, without vy — WTW ™

Ao/o = 9.4% E H+A signal
M ,=300 GeV
Parameter set |
tgB=7
Background:
B Dbb(g)
()

B uuddss

Number of eventsper 5 GeV bin
8 & 8 8

o

350 375 400
W, [GeV]




Final results

Ao/o =11.0% I H+A signal
M ,=300 GeV
Parameter set |
tgp="7
Background:
bb(g)
cc(+g) )

[
N
A
I
]

Number of eventsper 5 GeV hin

v~y — hadrons (resolved) as a separate contribution — inefficient generation
= we estimate number of events in the mass window

vy — qq (q=1u, d, s) (unpolarized cross sec.) is overestimated
but compensates the lack of resolved contribution



thisanalysis

no yy - q6| (g=u,d,s), yW—T'T, resolved
no yy—W"W-

no vertex smearing

without OE

2,
o)
e}
T
L
<
T
=
S
o
o)
<

Parameter set |, tgB=7

220 240 260 280 300 320 340 360
M, [GeV]




Significance for vy — A, H — bb Symbol | p [GeV] | A [GeV]
200 1500
-150 1500
-200 1500
\Y 300 2450
2 Significance

o for yw—AH-bb

s=t5 4 14 £S
VB LB

The band widths indicate the level of
possible statistical fluctuations

=
a1




o for w—AH-bb

Significance for vy — A, H — bb

M ,= 350 GeV

Symbol | p [GeV] | A [GeV]
200 1500
-150 1500
-200 1500
\Y, 300 2450
Significance

s Hs
0= SEPN Al —
VI B 1B

The band widths indicate the level of
possible statistical fluctuations

— lower limit of the LHC
discovery region.




Cross sections of vy — A, H — bb and v~y — bb processes

M. Munhlleitner, M. Kramer, M. Spira, Results for M4 = 200-700 GeV
P. Zerwas, Phys. Lett. B 508 (2001) 311.

<o(yy — bb)> [fb]
Considered MSSM parameter sets tgp=7
A =13 GeV
IcosBl < 0.5

p[GeV] | M; [GeV] | Az [GeV]
2400) 200 0
-200 200 0

Also the limit of vanishing SUSY-particle
contributions considered.

Average cross sections in the invariant mass

window +3 GeV.
M4 =300 GeV, u =200GeV  S/B ~ 36



Sterman—Weinberg

JADE
Compton TE _
MKSZ: o, P 2j+3j: S/B=12
* 2] S/B=19 —
agreement at 5-30%

- + CompAZ 2i+3i: S/B=
NZK: o, P j+3j: SIB=6
2j: SIB=7

More detailed description: hep-ph/0612369




Higgs CP properties

MSSM results

Results for M 4 = 300 GeV Circular laser polarization, P = 100%
P_=0
%00 - ’:g We can not distinguish between H and A

= measurement of

Otot — O+ 04

100

0 L L I I V| L L. L
200 250 300 350 400
W__  [GeV]

corr

Corrected invariant mass distributions

A.F.Zarnecki H and A discrimination with linear photon polarization



Higgs CP properties

MSSM results

Results for M 4 = 300 GeV Circular laser polarization, P = 100%

— H

o We can not distinguish between H and A
— measurement of

#events

Otot = O+t 0a

100

20 20 @0 350 400 — Need for linear photon polarization
W__ [GeV]

corr

New results

Corrected invariant mass distributions
with all backgrounds included!

A.F.Zarnecki H and A discrimination with linear photon polarization



Linear polarization

CAIN simulation

~~ luminosity spectra for circular and linear

laser beam polarization Ratio of v+ luminosities
< = 2
- 10% —— Circular S —— CAIN simulation
i - Linear =—' f —— parametrization
15
10337 I
1
10327
os |
1031 i
(; | | 2(‘)0‘ | ‘4(‘)0‘ | 00“‘0‘.2“‘0.‘4“‘0‘.6“‘0[8‘
W, [GeV] w, Js'?

CompAZ gives proper description of the spectra modification

A.F.Zarnecki H and A discrimination with linear photon polarization 9



| Linear polarization I

Expected photon polarization

CAIN simulation

from LO Compton process ~~ polarization from CAIN for 250 GeV
A A 0.4
C\’; D-i ! —— CAIN simulation
0.3 ; —— Compton formula
0.2
01 /\/X
! 0 L L L ! L L L ! L L L ! L L L ! !
1 0 0.2 0.4 0.6 0.8
EJE, w, /s
for E. = 100, 150, 200 and 250 GeV CompAZ fails to describe polarization !

A.F.Zarnecki H and A discrimination with linear photon polarization



Linear polarization

Angular correlations

As pointed out by V.Telnov (“Nontrivial effects in linear polarization at photon colliders”,
ECFA workshop, Montepellier, November 2003) there are large correlations between
photon polarization and scattering direction. In collision of two very thin beams:

(PyyPyp) > (Pyp) - (Pys)

V.Telnov Average ~~y polarization from CAIN
A 0.4
1 > I
F o - —— CAIN simulation
0.75 vV i
r —— parametrization

@ 0.5 0.3
g g
N o025 B

o - |

o °F 02

—j’ 025 I

s -

g 0.1 -

-0.75 i
_1 L

_‘ ! ‘ ' : = ‘ = ‘ == ‘ —— | —— 0 L L L L ‘ L L L ‘ L L L ‘ L L L ‘ L
—20 0 20 40 80 80 100 120 140
0 0.2 0.4 0.6 0.8
W, GeV lesllz

Corrected CompAZ

A.F.Zarnecki H and A discrimination with linear photon polarization 11



M 4 = 300 GeV

Results

Linear laser polarization, P;, = 100%

200

275 300 325

350 375 406 ~
W [GeV]

corr

200

275 300 325

180 [

S i Ac/c=110% @ H+A signal = - Aclo=231% [ H+A signal
S 160 |- M ,=300 GeV S M ,=300 GeV
8 140 i Parameter set | 8 Parameter set |
10 : tgp=7 0 200 | tgp=7
o 120 | kground o Background
2 [ bb(g) Y [ B bb(g)
,%, 100 | cc(g) % 150 [ cc(g)

I wW'w~ m ww
g 80 uu,dd,ss 3 B uuddss
© 60 | Tt © 100 ] 't
) - o}
Q Q
Z 20 pza

350 375 400
W [GeV]

corr

Lower luminosity at M 4, lower J, = 0O contribution = signal down by 40%
Higher J, = 2 contribution = no background suppression = background up by 90%

Selection cuts differ !

A.F.Zarnecki

H and A discrimination with linear photon polarization

12



Results

M 4 = 300 GeV

Measurements start to be sensitive to the Higgs boson(s) CP properties.
Circular laser polarization, Po = 100% Linear laser polarization, P;, = 100%

#events

100

#events

100

UH:f'Uo,

300 350 400
W__ [GeV]

corr

f~0.5

oc,=(1—f) 00 Whereoo=o0,, ,(P,=0)

A.F.Zarnecki

H and A discrimination with linear photon polarization

13



M 4 = 300 GeV

Results

Measurements start to be sensitive to the Higgs boson(s) CP properties.

Circular laser polarization, Po = 100% Linear laser polarization, P;, = 100%
(% (%
c —— H c — H
— — m
200 | +
200
100
100
%00 0 "‘3(‘)0‘ T 350 4(‘30‘ %200 250 T 350 ‘4(‘30‘
VVcorr [GeV] VVcorr [GeV]
f=1 parallel (solid), perpendicular (dashed)

oy=1Ff-00, o0,=(1-f) 00 whereoo=o0,, ,(P,=0)

A.F.Zarnecki H and A discrimination with linear photon polarization

13



M 4 = 300 GeV

Results

Results expected after 3x 1 years of PLC running

=0, [1+(2f-1) <P/>]

o 2
\b 0
& H (f=1) Acyloy, = 9%
A (f=0) Af = 28%
15 significance 3.6 o
e
1 - +/
o \
05 |- T
o L— ‘ |
-1 0 1

<P,P,c0os2A¢>

oo corresponding to MSSM parameter set |

H and A discrimination with linear photon polarization 14

A.F.Zarnecki



Higgs CP

Generic model

Model with a generic tensor couplings of a Higgs boson H, to ZZ and W W —:

. My (p1 +p2)p (P1 —DP2)o
— jo—"Z N gHv N . ghvPo
IHZZ gcosHW ( g9 + Aa M%
. (p1 + p2)p (P1 — p2)
guww = 1gMy (AH'QW + Ay - etPe ]C[%V 7

with: Adg=A-cosPygyg Agpg=A-SindPgy
Standard Model (scalar) couplings are reproduced for ® ;74 = 0 (A = 1 and A4 = 0).
Pseudoscalar Higgs boson correspondsto Ay = 0 and 4 = 5 A4 = 1.
We consider small CP violation (small deviations from SM), i.e. | 4| K 1

Model: S.Y. Choi, D.J. Miller, M.M. Muhlleitner and P.M. Zerwas, hep—ph/0210077;
D.J. Miller, S.Y. Choi, B. Eberle, M.M. Miuhlleitner and P.M. Zerwas, Phys. Lett. B505 (2001) 149;
D.J. Miller, Spin and Parity in the HZZ vertex, ECFA/DESY meeting, Prague, November 2002.

Higgs CP from H — 7T+—: K. Desch, A. Imhof, Z. Was, M. Worek, hep-ph/0307331;
K. Desch, Z. Was, M. Worek, Eur.Phys.J.C29 (2003) 491, hep-ph/0302046.

Higgs CP from H — tt: E. Asakawa, K. Hagiwara, hep-ph/0305323.
A.F.Zarnecki Determination of CP violation from H — WW, ZZ 9



Filip
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Generic model I

Angular variables used in the analysis of higgs
CP-properties:

Angular distributions

o higgs decay angle angle ©;,
e polar angles ©71 and ©,

e angle between two Z/W decay planes,

—/—————:/—/—’/——4/\/\/\/\/\/\/\/ A¢ — ¢2 o ¢1

To simplify the analysis, we introduce
¢ = sin2©®7 - sin2 6,
(14 c0s201) - (1 + cos?2©»)
ratio of the distributions expected for a scalar
and a pseudoscalar higgs (for M;, >> M ).

All polar angles are calculated in the rest frame of the decaying particle.

A.E.Zarnecki Determination of CP violation from H — WW, ZZ 10



Generic model

Angular distributions

Normalized angular distributions expected for scalar and pseudoscalar higgs,
forH — ZZ — 171755 My = 300 GeV.

AN ¢

N
T

—— scalar M =300 GeV

¥ —— scalar M =300 GeV
--- pseudoscalar

1/o0 do/d(

--- pseudoscalar

1/c do/dAg
o
N
T ‘ T
o
T ‘ T T T

0.1}
05|
0 L L L ‘ L L L ‘ L L L ‘ 0 I L L L ‘ L L L ‘ L L L ‘ L L L ‘ L L L
0 2 4 6 0 0.2 0.4 0.6 0.8 1
AQ ¢

Both distributions clearly distinguish between decays of scalar and pseudoscalar higgs.

A.E.Zarnecki Determination of CP violation from H — WW, ZZ 11



Generic model

Nonuniformity of selection efficiency in A ¢ largest for small m;,

my, = 200 GeV, /s5¢=305 GeV my, = 300 GeV, /s¢.=418 GeV
> >
o o L
5 5 L
o o WW
Y Y
@ T 04l
, ¢’ ‘\‘ "‘ ‘‘‘‘‘‘ ~s‘
% . ’ .
Vs A} s A
¢ ) ¢ +
¢ . * A
. . . A
¢ \Q " \‘
i Wy y, _ 0.2
::" “:.., "'" ‘\" ........... JPC AR I
01 B —— SMhiggs " " — SMhiggs "7 o
i - == pseudoscalar i === pseudoscalar
i == background - background
0 2 4 6 0 2 4 6
Apgen. Agpgen.

Effect much stronger for background events and pseudoscalar higgs
due to different cos 6, ; distribution

A.E.Zarnecki Determination of CP violation from H — WW, ZZ



Generic model

Measured A¢ and ¢ distributions for h — ZZ — qg 171~ my, = 200 GeV
after 1 year of PC running at /s¢.=305 GeV, £ = 610 fb—1!
= ~675 reconstructed SM higgs events expected + 145 Z Z background events

Measured A ¢~ distribution: Measured ¢ distribution:

—— scalar

* _
2 200 |- _ —— scalar _
i NZK — — pseudoscalar i \ NZK — — pseudoscalar
—— background i

Nobs

—— background

i 150 |- \
150 |~ i

i 100
100 - -

50 [~ 507

07 I I I I | I I I I | I I I I | 07\ TR

_ . A, {2z
q < qgambiguity = 0 < Ap <7 pseudoscalar normalized to the same number of events

A.E.Zarnecki Determination of CP violation from H — WW, ZZ 13



Generic model

Sensitivity E —
Statistical error on ® 7 4 < NZK — Z
from fits to different distributions = — 5
0.4 - 2z
— Mg
Fits of two parameters:
® 7 4 + Normalization
We assume here: 02 | - - Gutly
I_Fyfy — rgy - = AllZZ
_ 4 SM
Qbfyfy o ¢7’7 0 ‘ | | ‘ ‘ ‘ ! | ! | ‘ ‘ | !
. SM __ 200 300 400
A= A =1 M, [GeV]

In the general case We can not assume that [ v+, ¢4~ and X are the same as in the SM
= fit all distributions simultaneously to constrain all parameters

A.E.Zarnecki Determination of CP violation from H — WW, ZZ 14



Results

CP phase ®© g4

Generic model I

Combined measurement for W17~ and ZZ decay channels
from simultaneously fit of I v+, ¢4+, A and &7 4 to all considered distributions
Measurement error for Higgs-boson couplings to vector bosons:

<
g |
q -

0.2 -

0.1 -

NZK

-_— WW+2ZZ

200

300

400
M, [GeV]

JAV

0.3
0.2

0.1

O I

Value \
. — 77
NZK
— \WW
—_— WW + 2727
| 200 | | | | 300 | | | | 400 |
M, [GeV]

assuming SM-like couplings: A =1, Pz 4 =0

W+W— = higher statistics, but huge background = large systematic uncertainties

A.F.Zarnecki

Determination of CP violation from H — WW, ZZ



CP conserving 2HDM (lI)

Higgs boson couplings

Scalar Higgs bosons h and H Higgs couplings are related by
with basic couplings (relative to SM): “patter relation”
= oM H=hHA - - 2 =1
Xxr — gH:m:/gHasa; — N, 11, (XV Xd) (Xu XV) + Xy —
I H A l. F. Ginzburg, M. Krawczyk and P. Osland,
hep-ph/0101331
COoS sin - 1 ,
Xu Sinf s%ng —v75 tanp | Instead of angles o and 3 use couplings
Xd _ggn_saﬁ % —i~g tan @ Xv and x. to parametrize cross sections
xy | Sin(B — a) cos(fB — «) 0
: : 0 < < 1
For charged Higgs boson couplings = XVo=
(loop contribution to M~ ) we set If we neglect H decays to h and A

(small) cross sections and BRs calcu-

Mpg+ =800 GeV  nu=0 lated for H are also valid for A

A.F.Zarnecki Simulation of the Higgs boson production at LHC, ILC and PLC 1



LHC ¢ ILC ¢ PC I

Measurements at LHC, ILC and Photon Collider are complementary,
being sensitive to different combinations of Higgs-boson couplings

Cross sections x BR relative to SM Mg = 250GeV

LHC ILC PC

10

0 02 04 06 0.8 0 02 04 06 038 0 0.25 0.5 0.75 1

v

nsd9 C/(AA<H)HE ©

A.F.Zarnecki Determination of Higgs couplings from combined LHC, ILC and PLC analysis
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LHC ¢ ILC ¢ PC

Allowed coupling values (1 o) Xy =07 xu=-1 Mpyg=250GeV
from cross section measure-
ments at LHC, ILC and PC, and =
the phase measurement at PC.

Consistency of all these
measurements verifies the
coupling structure of the model

o

1
-t

o I I ‘ I I I I ‘ I I I I

statistical errors only

1
N

A.F.Zarnecki Determination of Higgs couplings from combined LHC, ILC and PLC analysis 12



LHC ¢ ILC ¢ PC

Combined fit to the expected invariant mass distributions:
LHC ILC PC H-ww PC H-—-Zz

40

#events

#events
#events
#events

30 10000

200 |- 100

20

5000

100 - 50

10

200 220 240
M, [GeV] M, [GeV] M, [GeV] M, [GeV]

0 160 180 200 220 240 160 180 200 220 240 160 180 200 220 240 160 180

12 parameter fit: e xy exu oMy o Pyy
-+ 8 normalization and ~~-spectra shape parameters (systematic uncertainties)

A.F.Zarnecki Simulation of the Higgs boson production at LHC, ILC and PLC 13



LHC ¢ ILC ¢ PC I

Simultaneous fitto LHC, ILC and R
_|_ _ . .
PC (W. W _and 7 7)) invariant ) S o 0
mass distributions
o o O

1o (stat.+sys.) contours

0 7 o O
H couplings to vector bosons
(xy) and up fermions () = = @
for MH = 250 GeV 7

2 O C C

|

o0 O (O o

O

(Axy) = 0.03 o s

A.F.Zarnecki Simulation of the Higgs boson production at LHC, ILC and PLC
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LHC ¢ ILC ¢ PC

Allowed coupling values from xy =07 xu=-1 Ppyyp=-02
cross section measurements at NZK
LHC, ILC and , and the
phase measurement at PC.

Measurements compared
assuming CP-conserving
2HDM(I1) not consistent
= “new physics”:

o

1
-t

o I I ‘ I I I I ‘ I I I I

o different coupling structure
(eg. CP violation)

1
N

o existence of new heavy
particles contributing to
[Mgg and I,

A.F.Zarnecki Determination of Higgs couplings from combined LHC, ILC and PLC analysis 15



Summary I

Very precise measurement of light SM Higgs boson production

For heavy SM Higgs boson phase measurement opens a new
window for "new physics" searches

Higgs coupling determination possible from WW/ZZ decay
measurements - complementary to LHC and ILC

Heavy MSSM Higgs bosons measurements in LHC wedge possible

Angular distribution allow to probe CP violation in Higgs couplings

Measurements with linear beam polarization very difficult - only
gualitative determination of Higgs CP




2HDM(II)

SM-like 2HDM(I1)

Solution A Solution By,
For light Higgs boson h: h H A
Xu=Xq=xy = 1 Xu| —1 ~&r3 | —175 @i
X; - couplings normalized to SM couplings | x4 +1 —tanpg | —195 tang
All couplings are the same as in SM. xv | cos(28) | —sin(23) 0

v and ¢ affected only by the FT loop tan8 — 0 = sol. B
. Dy

For heavy Higgs bosons H and A: tan 8 — oo = sol. By
0 Higgs production ("~ and ¢~ )
Vo= and decays depend on tan 3.

No decaysto WTW ~ and ZZ ...

_ Can we extract tan 3 value
l. F. Ginzburg, M. Krawczyk and P. Osland, o —
Nucl. Instrum. Meth. A472:149, 2001 from the measured WTW™ and ZZ

hep-ph/0101331; hep-ph/0101208. invariant mass distributions ?

A.F.Zarnecki Higgs-boson couplings from H — WW, ZZ 3



Light Higgs boson A

Two-photon width and phase measurement for different tan g8

M;, = 300 GeV
'% [ 2HDM(II) Sol.B .M, =300 GeV _
= [ tgp=15 1 NZK
5 1 1
S i {\ |
& 7 U tgp=2 l
i /'\ tg[3:3t .
gpB=5
v O O swm
of-—-------—----"- O
l >
/\ ?/g)B:O 5 gp=03 19704
= tgp=0.7 i
tgp=0.9 1
| | | ‘ | ‘ | | | | ‘ | | | | ‘ | |
0 0.5 1 1.5 2

r,BR(h- VV)/r~'jyM *BR(hgy — VV)

SM-like 2HDM(I1)

Xy = COS2(3

Measurement very sensitive to tan g
— precise determination possible.

Ambiguity resolved by the phase
measurement (distinguishes between
low tan 8 and large tan (3)

1o contours for 1 year of PC running

statistical errors only M ;=800 GeV

A.F.Zarnecki

Higgs-boson couplings from H — WW, ZZ 4



Heavy Higgs boson H

SM-like 2HDM(I1)

Two-photon width and phase measurement for different tan 8 xy, = —sin 23
My =300 GeV
T | 2omaysors m=s0eev | [y enhancementfor tan 5 < 1 due
= C poss to top contribution (v, = —ﬁ)
T | v
9-; | 0.2
i 00.3
1 O ‘ :
i 04 | 10 contours for 1 year of PC running
7 Dos statistical errors only
f 0os M =120 GeV, M ,,+=800 GeV
’ O ****** O o, "

10
r,BR(H- VV)/r§yM *BR(hgy — VV)

A.F.Zarnecki

Higgs-boson couplings from H — WW, ZZ 5



2HDM(II)

Solution B SM-like

Two-photon width and phase measurement for different M,
band width indicates statistical measurement error

sz I—fy’y S
- tan B=0.1 >
o i B ie
> 2 '205
|_; i s tan =2
15 - 0 _tanPf=10 _ _
tan =05
1T +-----c A __ |
i tan 3 =10 -0.5
0.5 = ! tan 3=0.1
- tan =2 1 B
i =l tan 3=0.5
O i L L ‘ L L L L ‘ L L L L ‘ i L L ‘ L L L L ‘ L L L L ‘
200 300 400 200 300 400
M, [GeV] M, [GeV]

Measurement of both phase and width can help to test Higgs sector structure
e.g. distinguish between large and small tan 8

A.F.Zarnecki Two-photon width and phase measurement fromh - WW, ZZ



Light Higgs boson A

Expected precision in tan 8 determination

ArgPitg(B) [%]

10

1

tan B can be determined with precision better than 10% in wide parameter range

Stat. + sys. errors

SM-like 2HDM(I1)

Heavy Higgs boson H

Stat. + sys. errors

107

Expected precision in tan 8 determination

- Ly |
2HDM(Il) Sol.B = - M,= —— 200 GeV 2HDM(Il) Sol.B
e M,= = 200 GeV — = 250 GeV
—— 250 GeV 2 102 — 300 GeV
—_— 300 GeV 2 B 350 GeV
A
350 GeV =
.
<
10
NZK
Ll ‘ | | | | | J—— ‘ | | | | | I ‘ | J—— ‘ | | | | | Ll ‘ Ll ‘
1 1 -1
10 1 10 10 1

tg(p)

10
ta(B)

A.F.Zarnecki
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2HDM(II)

SM-like 2HDM(I1)

We consider SM-like solution By, CP violation
Basic couplings, relative to SM: Mass eigenstates of the neutral Higgs-bosons
_ SM _ h1, ho and h3 do not need to match CP eigen-
Xz = 9Hzz/9 H=hHA
vl states h, H and A.
h H A We consider weak CP violation through a small
1 : 1 iXi :
Yu!| —1 —&r3 | —175 g mixing between H and A states:
xa| +1 | —tang |—ivs tanB| 1 o~ ¥
. h .
xy | cos(28) | —sin(23) 0 XX2 ~ X)}g-COSCDHA - X‘)“(-sm DA
CP conserving model: X?? ~ X% COSPpg — X)}gl' -SiNn Py
Higgs production (I~ and ¢-~ ) and
decays depend on tan 5 only. — additional model parameter:
For charged Higgs boson couplings CP-violating mixing phase ® 4

(loop contribution to I, ) we set
Mg = 800 GeV uw=20

A.F.Zarnecki Determination of CP violation from H — WW, ZZ 3
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Higgs boson h»

2HDM(II)

Two-photon width and phase measurement for different tan 8 and ® 7 4
Mjp,, = 300 GeV

£ " 2HDM(Il) Sol.B M, =300 GeV | ©u03 1o contours for 1 year of PC running
— i | \ .
= | N statistical errors only
S u Vo
; 2 : =0 _ _
9_; - | ) th“zO.l Mh—120 GeV, MH_|_—800 GeV
O ’:\ 0.2 | 0,203
\{’0.3 \ ..
i ; ) Expected precision at PLC:
1 /7 O L
L\ 04 | (for small mixing i.e. &4 ~ 0)
0. o
0.50 : ° Nlo%fortanﬁ
xé;
0.7,
- ar N o ~ 100 mrad for ® 7 4
Yoz (for low tan 3)
[ | o
10 1 . 10
I, BR(H-VV)IFPMBR(hgy —~VV)
A.F.Zarnecki Determination of CP violation from H — WW, ZZ 4



Higgs boson ho

2HDM(II)

Solution By, (with CP violation) = two free parameters (tan g and ® 7 4)

Expected precision in tan 8 and @z 4 determination at PLC (stat.+sys. errors)

200 GeV
250 GeV
10 2 = 300 GeV

B 350 GeV

Argpitg(B) [%]

2HDM(Il) Sol.B

Mh2 = = 200 GeV
- 250 GeV
— 300 GeV

350 GeV

NZK

Ll 10 Lol

10

2HDM(Il) Sol.B
?,,=0

NZK

10
tg(B)

10
tg(B)

CP violating H-A mixing angle can be precisely measured, if tan 5 is not too large

A.F.Zarnecki

Determination of CP violation from H — WW, ZZ



BR(h - X) [%]

10
10
—_— WW
— 77
- bb
1t
-1 I
10 |
i | | |
100 150 200 250 300
— . m, [GeV]
h — bb h— WHW=/Z°7° "
Higgs at the Photon Collider

~DLIALF

|"_ Nt 2 '-1t~\
VERSYTET WARSIAY
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Analysis

Event selection

wW+w-— Mass resolution

e balanced transverse momentum:
PT/ET < 0.1

e 4 hadronic jets reconstructed

#events

(Durham algorithm) 000 |

e cuton jetangle cosfje < 0.95 a00 |

to preserve good mass resolution

e two W= can be reconstructed

with probability P, > 0.001 o

800

200

vy = WTW~— = 4jets

[ T S RN E R
20 -10 0 10 20

M, [GeV]

Y vy = ZZ — 171~ + 2 jets

e balanced transverse momentum:
PT/ET < 0.1

e 2 leptons (e* or u*) + 2 hadronic jets
too large background in 4-jet channel

#events

e cuton lepton and jet angle cos 6; ;. < 0.95 1oof

e leptons and jets reconstruct into two Z°
with probability P, > 0.001

300

200

-20 -10 0 10 20

M,; [GeV]

[~ 6.5—-13 GeV

[ ~55-7.5GeV

for
W.,=200-400 GeV

A.F.Zarnecki ., and phase measur

ement at the Photon Collider



SM results

[ v~ measurement

One parameter fit to invariant mass distribution
for WtW — and ZZ events

= Average statistical precision (1 PC year):

S
S | sosoe 2HDM NZ Sensitive to possible “new physics”
- — 362 GeV
< | —— a18Gev Only up to Mh ~ 280 GeV
0.1 —— 500GeVv p

For higher Higgs masses [ v, Is little
sensitive to contribution of new heavy
charged particles !

0.05 -

200 250 300 350 400 “new physics” modeled by SM-like 2HDM (1)
M, [GeV] with Mg+ = 800 GeV

assuming SM branching ratios

A.F.Zarnecki Two-photon width and phase measurement fromh — WW, ZZ 11



2HDM(II)

Higgs production cross section compared to SM M;,=300 GeV
LHC  o(pp-h)c™

) 0 2 ) 2
1.8 1.8
H 1.6 1.6
1 1.4 1.4
— 1.2 —1.2
—1 — 1
—0.8 — 0.8
-2
0.6 0.6
(15 0.4 0.4
‘ 0.2 0.2
-3
0 0.5 1 15 0 0
B
black contours: +£1 and +-5% deviations = significant effects in solution B

A.F.Zarnecki Two-photon width and phase measurement fromh - WW, ZZ
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