[] Higgs—physicsl

e The Higgs-mechanism is the only way we know to
give masses to particles in the SM

e Up to now we have no direct evidence for any
Higgs-particle

e [f the Higgs exists, at least the LHC should have
found a particle compatible with it,

e The LC has then to prove that this is really the
particle responsible for mass generation

Predictions for the Higgs
Standard Model:

q)Jr
CI)O

v = 246 GeV.

e One complex Higgs doublet with vacuum

0
v

expectation value (

e Higgs potential V(®) = A\(D*P — v2/2)?
e Higgs mass m% — 2\v?
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e Partial widths:
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Limits on myg

e direct searches at LEP: myp > 114 GeV
e hint of a signal at mp ~ 115 GeV

e clectroweak precision data
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= my < 200GeV  (95%c.l.)

e perturbativity and vacuum stability if SM valid
up to My,;: my ~ 120 — 180 GeV
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Higgs production

Higgsstrahlung W-tusion
e H H
z
<

Cross section:

103

=) ——— my,, =120 GeV (HZ)

e m,, =500 GeV (HZ)
— m,, =120 GeV (WW-fusion)
........ m,, =500 GeV (WW-fusion)

200 300 400 500 600 700 800 900 1000
sart(s) [GeV]

e both channels accessible at LC

e cross section ~ 100(~ 10) fb for
my = 120(500) GeV

Ofewx 10%(10%) Higgses per year
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MSSM:

SUSY needs two Higgs-doublets (Hy, Hg) to gener-
ate masses of down- and up-type particles

Physical particles:
h = Hocosa — Hysina
H = Hosina + Hycosa
A CP—odd
H* charged Higgses

Define tan 3 = g—% — ratio of expectation values
2 2 2
(1 +v3 = v5))

Born Formulae:

1
2 2 2
mh’H = Q{TTLA—FTTLZ:F

J(m% + m2Z)2 — 4m?4m2z cos? 23

my < My
myg > my
2 2 2
Mg+ = Mg + Miy
2 2
mjy+m m s
tan 2o = tan 23 §4 %(——<oz<0<ﬁ<—)
my —myg 2 2

Higgs sector described by two free parameters
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However large radiative corrections:

e shift of my, up to ~ 130 GeV

e prediction gets dependent on other SUSY param-
eters, especially on mixing in stop sector

e strong dependence on top mass: Amy,/Amt ~ 1

Currently allowed region:

Theoretically
Inaccessible

O 20 40 60 80 100 120 %40
m_(GeV/c)

tan 3 > 2 preferred!
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Complementarity of cross sections:
oleTe™ — Zh) = sin’(8 — a)oguy
oleTe™ — Ah) = cos?(8 — a)ogy
(A\: P-wave suppression)
If m 4 large:
of—a=1/2 = olete” — Zh) =0gqy
oMy R Myt R My

[] Only one SM-like Higgs can be seen

Branching ratios:
2

— COS™ ¥ _
['(h — IRV
(h = UU) =25 S Tsvilh — UD)
.2
— SN Y -
I'(h — DD) = I'qyi(h — DD
(h—DD) = 5 Tsu(h — DD)

e For m 4 large also branching ratios become SM
like
e however, it turns out that some sensitivity re-

mains in regions where no other Higgs than h can
be seen
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LHC discovery of the Higgsl

A SM-like Higgs cannot be missed by the LHC

e H-yy+ WHttHH - vy)
m ttH(H - bb)
A H - zZO . 4
H - ww® - v
H - ZZ - llvw
e H - WW - Ivjj

— Total significance

Signal significance
o

10

ATLAS

i [Ldt=100fb™
(no K-factors)

1 ‘ |
10 10°
m, (GeV)

The task of the LC is then precision measurements
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Measurement of the H quantum numbersl

After the H has been discovered it has to be proven
that its quantum numbers are really 07

At the LC this can be done with a threshold scan of
eTe” — ZH:

cross section, fb

T T T T T T T | T T T T | T T T T
210 220 230 240 250
Js, GeV

e Large sensitivity to the different states

e The few remaining ambiguities can be resolved

from angular dependences and the observation of
H — 7y

e Alternatively spin/parity can be measured in
transverse/longitudinally polarized ~y~-collisions
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What can the LHC do on J,P?

e H — ~v excludes J=1
oif H — Z/ is visible S should be measurable

from spin correlations
The Higgs CP quantum numbers

e Angular distributions give admixture of CP odd

Higgs [n)
LC: 3%
LHC: 30%
(1/0)do /dcosf Vs =500 Gev _.':
0.8 My =120 GeV:-' -

ete- - ZH

0.6

0.4

0.2

0 | | | cost

-1 -0.5 0 0.5 1

e However CP-odd Higgs doesn’t couple to vector
boson pairs directly
— 1 =mixing angle X loop factor
[1 might not be visible
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e Alternative: -y collisions:

— Use linear beam polarization €1, €9

— CP-even Higgs: 0 o< €7 - €9
— CP-odd Higgs: 0 o |[g] X £9] - k;

— Coupling strength roughly equal

— Asymmetry measures CP-even - CP-odd mix-
ture

— Problem: transverse beam polarization large
for small x — small /s

ly
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0.8 |
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=> fine for small m g, difficult for large m g (heavy
SUSY Higgses)

— fop < 0.2 at 95% C.L. might be possible for
my = 120 GeV
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Measurement of the e"e™ — HYZ cross Sectionl

Need a measurement of the total cross section
o(ete™ — HZ) independent of the H decay mode:

ec(ete”

— HZ) measures ['(H — Z7)

e absolute normalization for H-branching ratio
measurements

Method

o select HZ events with Z — eTe™, u ™ only by
looking at the leptons cutting on myp ~ my

e cfficiency (almost) independent of H-decay mode

m, = 120 GeV 150 GeV 180 GeV
|_Iinv ' A
ZZ - &
vZ . "
w| e "
WW . a
gg| A
bb . A
0 . &
wa| e &
ee . o
45 50 45 50 45 50

Efficiency (%)

7 —ete
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e fit recoil mass distribution

¢ Data
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e Higgs signal clearly visible with some tails from
ISR and beamstrahlung

100 -
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AP G0 /SIUSAT JO JoquINN

Recoil Mass [GeV]

e Results:

350 GeV, £ = 500tb~ 1, my ~ 120 GeV)

(Vs

~ 2.4%
~ 140 MeV

AmH

Ac(eTe” — HZ)

Klaus Monig
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Measurement of mHI

e from 7 recoil mass: Ampg ~ 140 MeV

e alternative: constrained fit similar to myy at LEP:
— Analysis with my = 120 GeV, £ = 500 fh~1
—Select ete™ — H Z-events

— perform constrained fit imposing energy/mo-
mentum conservation and taking into account
[SR/beamstrahlung

Number of Event
O
S
S
|

1000 —

500+

O T ‘ T T T ‘ T T T ‘
100 120 140
MH (GeV)

— Amy ~ 50 MeV for £ = 500b*
combined with HZ — £¢bb : Amp ~ 40 MeV

— For larger my precision stays at 0.05% level
using recoil mass and fit to ZH — qqW W™
mass distribution
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Comparison of Higgs-mass determination at LC and

LHC

04

Am/m [%]

0.35
0.3

0.25 -

0.2
0.15
0.1

0.05

OCMs L, = 310 pb'l MU
0 LC350: L, = 510° pb™ HIl
0 LC500: L., = 5010° pb™* HIl
0 LC500: L, , = 510° pb™ bbqg

S T P P R SR T
125 150 175 200 225 250 275 300 325 350

Higgs mass [GeV/cZ]

e rccoil-mass method similar to LHC over the full

mass range

e direct reconstruction with H — bb superior at

low my

needs to be tried with H — WW, ZZ at higher

1IN aSSES

e threshold scan not yet explored

Milano, March 03

Higgs-physics-16

Klaus Monig



How well do we need to know mp

e SM: dependence of precision observables on mpg
only logarithmic
= Ampyg ~ 1 GeV largely sufficient

e Beyond SM, e.g. SUSY: my connected with fun-
damental parameters of the theory

= need myy as good as possible
However:

—large radiative corrections from top-sector
((5mH / 577% ~ 1)
[ Top mass error might be limiting factor
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Measurement of the Higgs branching ratiosl

e absolute branching ratios can be measured from
the Z — (¢ sample

e ratios of branching ratios can also be obtained
from other channels

e different 2-jet modes can be separated by b-
tagging

2 H — bb
S

o H — cc
@ 10°

£ H— go

2 25 3
c Quark Tag b Quark Tag

15

1
light Quark Tag
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Results: (v/s = 350 GeV, £ = 500pb~1)

1

S [ bb
TT :
e ] \
CWW N

100 110 120 130 14;)] i (G Ve 21)50

my = 120 GeV:

Channel 0(BR(H — X)/BR
HY/hY — bb +0.024
HY/hY — e +0.083
HY/RY — gg +0.055

HO/p) — 7t~ +0.050
HO/p) — ww* +0.051
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LHC results on branching ratiosl

LHC can measure Higgs decays into several channels
= direct measurement of ratios of partial widths

width ratios

o > o)
o o o

expected accuracy, 7%
0
O

—_
o

O||||
100 120 140 160 180 200

my (GeV)

To get partial width the LHC always needs assump-
tions (b — 7 universality!!)

Even with these assumptions it is about a factor 4
worse than LC
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The total width of the Higgsl

For my < 2my

BR(H — XX) =TI'(H — XX)/T'y
olcte™ = HZ) < INH — Z2Z)
c(WW~™ = H) o« T(H— WTW™)

Assuming SU(2) invariance for the Higgs couplings:

olete” — HZ)

r
2 BRH - WHw—)

[1 Can obtain Higgs width with Al'y/I'y < 6% up
to my ~ 180 GeV

Drop assumption of SU(2) invariance

[J Have to measure Higgs-fusion cross section
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Measurement of ete™ — vvH — vbb

_|_

ece” — vvH — vvbb events are selected using

b-tag, Mrec, Mmiss and Epigg

400

- sqrt(s) = 350 GeV — WW—Fusion
‘mH= 120GeV i} - Higgsstrahlung

300 " Interference

-------- Background

200

number of events/500 fb "

100

50 100 150 200 250
missing mass (GeV)

ec ¢~ — 7ZH with Z — vv and WW — H are

separated by a fit to the missing mass distribution

o for my < 140 GeV I'y can be determined with
similar accuracy without any assumptions

o for my; > 140 GeV the necessary analysis of of
eTe” — vvH — vvWW is not yet done
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Indirect I'yy at LHC:

e LHC can do an indirect measurement of I'y with
20% precision

e however several assumptions are needed for that

— b-7 universality
— W-Z universality

—no unexpected H-decays

The Higgs width for my > 2myy

e For my > 2myy the Higgs becomes very wide
(T oc miy)

[ I'g can be fitted from the resonance curve

e example my = 240 GeV
— LHC: AT’y /Ty = 25%
—LC : Al'y/T'yg = 10%

improving with mg
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Interpretation in the MSSM:

my > my = 0 —a=mr/2—n with

2
) — my| o Ol in2s
m

Sin2 Qv

= 1—2nt
cos? (3 7 tan

sin?(f — ) = "’

COS2 84

sin? 3
In addition for large m 4:

=

= 1+ 2n/tan 3

2 2

m#| cos 20| +m

ntanf = — A 26’ f
m

For tan 6 > 2 (suggested by LEP) | cos 20| ~ 1
2 0

= ntan g = —miz—j;mh independent of tan 3
A

e BR(h — bb)/BR(h — WTW™) sensitive to
mA

e Effects on BR(h — cc) suppressed by 1/tan
and knowledge of m,
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Quantitatively:

CMS, 3.10°pb ™
S0 H'> A Hhoti>
10% pb'? (%47 jet+X
ok | 4
% 30
8 — AH h-oti—> r\
erurX A, Ho>TT = h'+ h™+ X
20 |- To) —|'8
< B3
; o
=
10
"\ LEPI1 s = 200 GeV
! I | I | | ! I |
200 400 600 800 1000
ma (GeV)
FExclusion limits
1

TESLA L =500 fb

tan B

25
— 68% C.|.
95% c.l

f |
O 950l
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15
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5 I
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2
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Determination of Higgs couplings

Measurement of Higes BRs and total width allows
determination of Higgs couplings:

D(H — XX) = BR(H — XX) - I'y

2
X XX

Couplings are obtained from a fit to all related mea-
surements

Model independent Higgs couplings can be com-
pared to model predictions

L 200 GeV<m,

gb/gb(SM)

| 400Gev<m,
| 600Gev<m,

[ 800GeV<m,

L MSSM predlctlon

i g 1. T T T
b) | 5 | MSSM prediction:
<400 Gev > () 4 én | 200Gev<m,<400Gev ~—>
E;

<600GeV —> 400 GeV<m, <600GeV ~ —>
<800 GeV i 105 |- 600GeV<m, <800GeV
<1009 3 800 GeV<m, <1000 G

LC 95% CL 1

LC 1o T

m,, =120 GeV |

11 . »
9./9.(SM)

P 08 s s L
115 12

my

LC 1o (with fusion)
LC 95% CL (with fusion)
LC 1o (w/o fusion)
LC 95% CL (w/o fusion)

=120 GeV

c) |

L 1
1

L 1
1.0

L 1 L
11

115 12
Iw/9w(SM)
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Measurement of I'(H — ~+)

e [1 — ~is loop induced process sensitive to cou-
plings of heavy particles to the Higgs
(e.g. stop heavier than 250GeV can give effects of

> 10%)

e BR(H — ~7) can be measured to ~ 10 — 15%
for my = 120 GeV, rapidly getting worse when
'y increases

Alternative: measure o(yy — H ) in photon-collider

e cross section for | /5y~ = my:

4 2
oy —H—X) = m—ZF(H — 47)-BRH — X)(1+ A o)
H

(A; = helicity of photon %)

e myy is already known when measurement is done
= can tune 7 energy (peak of dist.) to my

e analysis up to now done for light Higgs with H —
bb
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Can adjust polarization to be mainly J, =0

1
0.9
0.8
0.7
0.6

0.5 t
0.4 t
0.3 &

no cut

0.2 R,

0.1

R=lw,—w,l /w,,

.

/‘ -
0.9 F ”
0.8 F
07 E
06 F
05 E R<O.1

R=lw,—w,l /w,,

0.4 ; (by jet collinearity)
0.3 F
02 F
0.1 E

O 0.2 0.4 Q0.

6
z-W, /2F

0.8
i W, /2F,

) O ? eerett Ly
1 O 0.2 04 06 028 1

e signal cross section ~ 0.1 pb

e background: QED vy — qq

— cross section o< Qg = b’s suppressed

— J, = 0 cross section suppressed by m?] /s, how-
ever ~ 100% QCD corrections

—total background from J, = 0,2 ~ equal

— background strongly forward peaked

yy -H

-1 0 1

cosO;

1000

500

Yy ~cc(0) yy ~bb()

[ | I I I I | LI I I | —] : | I I I I | I I I I :
o 1 1500 =

! 1 1000} =
- 1 so0f .
O [ 1 1 1 1 | L1 1 1 ] 0 : |l 1 1 1 1 1 1 1 1 ll :
-1 0 1 -1 0 1
coseT coseT

cut on |cosf| < 0.7
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— background more concentrated at lower masses

L 1800 [ e e
Qo - 4
Q L

R L
%600 =
z i

1400 |

1200 |-

1000 |-

O’FE\\\ Ll el
80 90 1 110 120 130 1 150

apply mass cuts

—suppress light quarks completely and cc by fac-
tor 20 using b-tagging

e final purity ~ 40% with bb- and cc-background
about equal

o for L14(0 < z < zmax) = 150 fb~1 corresponding
to L~~(0.65 < 2z < zmax) = 43 fb~! correspond-

ing to Lee = 200 fb~1 about 8000 signal events
are selected

AF(H—Vy’y)BR(HHbB) N
H ['(H—~~)BR(H—bb) 27
0 with ABR(H — bb) = 2.4%: 11— 39

[(H=v7)
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Measurement of the Higgs self—couplingsl

e Higgs potential V(D) = \(O*D — v?/2)?

e Inside the SM completely known once myy is mea-
sured

e Have to reconstruct the Higgs potential as much
as possible to prove that the Higgs is really re-
sponsible for electroweak symmetry breaking

e trilincar Higgs coupling:
I = 3mpy/mzAo, Ao = mz/v

e quadrilinear Higgs coupling:
AHHHH = 3mi/m7 A

e trilinear coupling can be seen at LC, quadrilinear
coupling too small

Processes for eTe™ — ZHH -

Zﬁﬂ
>R
“H
Z
. H
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Cross section and sensitivity to Aggg:
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-
.
-
.....
.....
e

750

\
1000

\
1500
V9 GeV]

1250

For a light Higgs it should be possible to establish
Higgs-self-coupling with /s = 500 GeV and several
hundred fb~! luminosity

For heavier Higgses WW fusion can take over
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Situation more complicated in SUSY

S/
4l Attt
N
2
1,
0
b -1t
2L 2 3
30 3 tanf3=
-4+ A4t
_57 L ‘ ‘ ‘ L _57 L ‘ ‘ ‘ L
70 100 200 500 800 70 100 200 500 800
M,[GeV] M,[GeV]
— ‘ ——— 5 ‘ ‘
I a4l At
I 30
1 2
, tan3=3 ] 1
o - O
-1- 1
— tan3=50
- 2
-3 3
-4} 4
_57 L ‘ ‘ ‘ L 4 ‘ ‘ ‘ L
70 100 200 500 800 70 100 200 500 800
M,[GeV] M,[GeV]

(hAA, HAA couplings generally small)
Has to be folded with Zhh (ZHH) coupling
(SM: A = 5)
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Some effects should remain visible

140 150 172 251 1002 M, [GeV]
N I L
215 131 158 244 1000 M, [GeV]
E T T T T ‘ T T T T ‘ T T T T ‘ T T T T E
- €€ - ZHH;: Vs=500 GeV :
- tanp=3 H - hh ]
L o™ [fb] / 1
: e R i |
0.01- .
1e_37 | | | | ‘ | | | | ‘ | | | | ‘ | | | |
90 95 100 105 110 M, [GeV]

e Fxperimental SM analysis exists

e SUSY analysis to be done

Experimental analysis of HHH-coupling

o Assume /s = 500 GeV, £ = 500fb 1,
my = 100 GeV

e Signal e"e”™ — ZHH — bbbbff o ~ 0.5fb

e Background: after preselection ~ 500 xsignal
(WW, Z~, 27, WWZ, 777, h7Z)
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e Key: b-tagging

OFRLNWPMOUIO N O
\

-0.5
bt ag( hhZ)

0

0 0.5 1

0.5
bt ag( >bdf)

Combined b-tagging variable (from 6 jets)
HEREEEEREEE P P

/7000

0 0.5 1

e plus topological cuts after constrained fit

D = \(m1y — mu)? + (m3q — mu)? + (mse — my

4 -
35 -
3
2.5 -
2 ¢
1.5 -
g
0.5
0

0O 10 20 30 40

2

= 90
~ 80
70
60
50
40
30
20
10

0

50

D( hhZ)

0O 10 20 30 40

\H\_/

50
D( =bdf)

e final efficiency e = 15% with S/B ~ 1

e final backgrounds mainly Z(v), WW, Z7Z, 7Z77;
75% with one Z — tt or W — tb

1AM/ A = 0.2 is possible
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The Htt-Yukawa Couplingl

e [f the Higgs is responsible for mass generation its
couplings should be proportional to the particle
Mass

e The couplings HZZ, HWW are known from the
cross sections eTe” — ZH and WW — H

e The Yukawa couplings Hbb, Hee, Hr 77~ can be
obtained from the partial decay widths

e The top-Yukawa coupling is especially interesting
since gyt ~ 1 and the top-quark plays a special
role in some theories

e A ~ 35% estimate of the top-Yukawa coupling
can be obtained from the tt-threshold scan

e The top-Yukawa coupling can be measured from
ttH- events

t
t
P R O
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Cross section:
4

Own (fb)

3.5 M, =175 GeV/c?

M, = 120 GeV/c?
3 -

w/ ISR 4+ Beamstrahlung

0 [T B
500 550

L ‘ " | |  — — — 1 ; T T I T I I R N |
600 650 700 750 800 850 900 950 1000
vs (GeV)

Fvent signatures:
ttH — WbWbbb — 4q4b, 2qfv4b
(2(fv) events and H decays not to bb are not con-

sidered)

Assumptions:

V5 =800GeV, £ =1000fb~ 1, my = 120 GeV
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Example: 2qfv4b analysis

e start with preselection cuts, mainly to separate
“round” from “jetty” events

e after preselection

Signal (€ = 54%) 0.61 fb
Most dangerous backgrounds:
tt 10.971b
WW 4.051b
Total background: 17.59 tb

Process events with neural network including event
shapes, b-tagging, lepton-id

WW
tt

aq(5f)
77

tt7
ttH(had,lep)
ttH(semilep)

1041

BRRNE

103

102

0 0.2 0.4 0.6 0.8 1
NN output
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Results:

e Can achieve S/B = 0.5 with ¢ = 27%
0 Agiig = £5.1%(stat) 4 3.8%(syst) for 5% error

on background normalization
e sligchtly worse results in fully hadronic channel
e total error of Agig = £5.5% seems possible
e ~ factor 3 better than LHC

 m, =120 GeV

1.05 —

LC 95% CL '
LC 1o -

0.95 —

MSSM prediction:

300 GeV <m, <1000 GeV

09 —
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Other SUSY Higgsesl

Masses of Higgs bosons:

1000 - T T ——
MHiggS [GGVJ ]
500 — —
Z — tgf=1.5
200 — ]
S tg=30
H
100 — _
: Hi - :
. M, [GeV]
| N
100 200 500 1000

If A heavy (m 4 > 200 GeV):

osin’(f—a)~ 1=

—h is SM like

—H produced mainly in ete™ — HA
e H A HT almost degenerate in mass

[0 if m 4 > +/s/2 only h can be seen
if my < +/s/2 full spectrum in reach
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Modest m 4: mno problem to see e"e” — Zh,
ete” — ZH and e"e™ — HA

V5 =400GeV, £ =10fb1
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Large m 4: For y/s = 800 GeV can see eTe™ — HA
up to m 4 ~ 350 GeV

oo - \/E = 800 GeV
o _
‘| L =201
7 HA — bbbb
Bt
o L] 4fermions

0 50 100 150 200 250 300 350 400 450 500
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Charged Higgses can be detected, independent of the
decay mode up to ~ 80%-/s/2 with low luminosity:

events

25 -
/5 = 500 GeV

20 [
I L=10fb""

15 -

10 -

| %ﬁm
Oﬂl‘”m”E I

80 100 120 140 160 180 200 220 240 260
reconstructed invariant mass (GeV)

vy collider

e Higgses are produced singly

® \/gma:l? ~ O°8\/§€€
o can see H,A up to 650 GeV for /s, = 800 GeV
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Heavy SUSY Higgses at LHCI

e LHC results are very dependent on tan 3
e tan J small: (almost) excluded by LEP — ignore

e tan 3 large: H, A-Strahlung off b-quark largely en-
hanced
O can see H.A in bbr 77~ events up to fairly high
masses

e tan 3 moderate: “wedge region” no heavy Higgses
seen (however there are chances if the Higgses de-
cay into SUSY particles)

50 = T -1
S40 ATLAS-300fb
+— g maximal mixing

30
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honly
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Summary Higgs physicsl

e A SM-like Higgs definitely will be discovered at
LHC

e [f a Higgs exists in the LC energy range, it will
be seen

e The task of the LC will be to measure the prop-
erties of the Higgs and to show that it is really
responsible for electroweak symmetry breaking.

e The present analyzes mostly assume a light Higgs,
for a heavier Higgs they have to be redone replac-
ing a bb-pair by a W-pair.

e The Higgs-mass can be measured to ~ 50 MeV

e The Higgs couplings to heavier fermions and to

gauge bosons can be measured at the few percent
level

e The trilinear Higgs-coupling can be established on
the 20% level

e Not covered here: One can construct exotic mod-
els, where the LHC doesn’t see the Higgs, but the
L.C still can
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