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Foreword / History / Acknowledgments (‘Tﬁ

Thank you to the Galileo Galilei Institute for the invitation

» apologies for arriving late, the program looks very
interesting and | wish | could have been here for all of it

| joined ALEPH in ‘99, during its last year of data taking, and
was active in the LEP Higgs searches

- - In ‘05, | worked together with Marcello Maggi and Bruce
3 g Knuteson in the context of an ALEPH data archival
project and to try Bruce’s Quaero algorithm at LEP

- how possible to publish under ALEPH archival policy

I’d like to thank Neal Weiner, Spencer Chang, Tilman Plehn, and Bob McElrath in
particular for pointing out this great opportunity.

- after a few failed attempts in the last few years to investigate these exotic
scenarios, 3 things came together

1. the LHC “incident”
2.James Beacham, a graduate student at NYU was looking for a research project
3. Itay Yavin came to NYU and offered help (including learning to use ROOT)

In addition Paolo Spagnolo @ INFN in Pisa was working on this independently.

we are merging our analyses into what will likely be the last ALEPH paper
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LEP ((Tﬁ
LEP operated from 1989-2000

» LEP1 running at the Z resonance (<1996)
» LEP2 running from /s = 183 — 207 GeV

Ecm (GeV) ‘ 183 189 192 196 200 202 205 207
fﬁdt(pb_l)‘ 5682 17421 2893 7983 8630 4190 8141 133.21

Large Electron-Positron storage ring (LEP) a
oint 3 27 km, 45 GeV < E < 100 GeV RF-

Q i Super Proton Synchrotron (SPS)
= Y Doint2 - 7 km, E=22 GeV
]

I got to see the excavation
of the ATLAS cavern

Proton Synchrotron (PS)
0.6 km, E=3.5 GeV

dlreCtly ab ove the LEP Electron-Positron Accumulator (EPA)
. 7“7 0.12 km, E=600 MeV
tunnel n the la’St da’ys Of - LEP Linear Injector system (LIL)
. E1=200 MeV, E2=600 MeV
running
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Some results from LEP Higgs searches v |

Searches for the Standard Model Higgs put a limit at My>114.4 GeV
» searches dominated by H — bb, 77
- decay independent limit (from Z recoil) at 82 GeV
» searches in the (CP conserving) MSSM also quite stringent

* Mh, Ma < 93 for 0.5 < tan 8 < 2.5 in “Mmh-max” scenario
» excesses seen at 97 and 115 GeV, but not consistent with SM or MSSM

Electroweak fits prefer a Higgs significantly lighter than this bound
» introduces fine tuning problems for Standard Model and MSSM

- LEP paradox:
- no indication of new physics => scale of new physics >1TeV

- hard maintain naturalness if my >114 and scale of new is physics
is >1TeV

This has motivated theories with extended Higgs sectors or next-to-
minimal supersymmetric extensions to the Standard Model
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How could we have missed the Higgs? ::zr,z‘;f.:ﬁz':?cf‘%

If the Higgs exists and is light, how could we have missed it at LEP?
» if the production cross-section were smaller than expected

- this has direct implications on how the Higgs couples to the Z
and it’s role in EWSB

» or maybe it decayed into something exotic that the standard
analysis missed

- |s that difficult to achieve? No, the Hbb coupling is quite

small. It doesn’t take much for a new decay mode to dominate
the bb mode.

» would the existing analyses have seen it?

- that depends, in some cases the existing searches may still be
quite efficient.
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LEP Higgs limits in H1, H2 plane
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E (C) LEP

observed 895 limits on
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Here we see that Higgs bosons produced via Higgsstrahlung decaying to
4b are highly constrained

. 471 are less constrained with a notable hole for mn>85 & 2m., < m, < 10 GeV
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LEP Higgs limits in H1, H2 plane

Search for Neutral MSSM Higgs Bosons at LEP

ALEPH, DELPHI, L3 and OPAL Collaborations

The LEP Working Group for Higgs Boson Searches?
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Here we see that Higgs bosons produced via Higgsstrahlung decaying to
4b are highly constrained

. 471 are less constrained with a notable hole for mn>85 & 2m., < m, < 10 GeV
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OPAL low A-mass search (a parable) ::zr,z:?.:ﬁz':?cf%’
OPAL also carried out a searches in the region 2m, < m, < 10 GeV

AO < 67 g77-_
- +
g C, g, T

Search for a low mass CP-odd Higgs o
boson in eTe™ collisions with the AN S
OPAL detector at LEP2 A < L
C) g?T

6.2 MSSM no-mixing scenario interpretation
5oat gt
v,e , i
We scan the region with 2 < my < 11 GeV/c? and 45 GeV/c?°< my, < 85 GeV/c? in
the mp versus my plane for the MSSM benchmark parameter scenario. The maximum
theoretically allowed value for my, in this scenario is 85 GeV/c? [6]. The scan procedure
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m;, [GeV/c’] m, [GeV/ ¢’] 95%_CL in the m A Versus rﬁh plane for the MSSM nb—mixjﬁg benchmark
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Other motivations for a light a (‘T’
The searches above were done with a 2 higgs doublet model in mind

- the same search is also sensitive to a wide range of theories with
extended Higgs sectors

+ probably the most useful prototype is the next-to-minimal SSM, in
which the MSSM is extended with an additional singlet superfield §

- the scalar part naturally acquires a vev. and can provide a dynamical
explanation for the size of the U term.

- this gives rise to a (mostly singlet) CP-odd scalar boson a

- approximate accidental symmetries (a la Peccei-Quinn or when
trilinear couplings vanish) can give a mechanism to make the a light

- in addition, Hooper and Tait have considered similar scenarios in the
context of the PAMELA excess

Here we are taking a very model independent attitude, and just look for all the
uncovered h — aa — X scenarios that are not already ruled out and which
are kinematically feasible

- in particular, we are also interested in looking for mixed decays that may
not be expected if the a is a pseudo-scalar.
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Planned searches (‘Tg
We’re mainly interested in looking for
standard production and exotic
decays, thus expect to present result
as 90/95% confidence limit on:

o BR(h — aa)BR(a — XX)BR(a — YY) (2 - dxy)
OSM

& =

particularly for:

o)
QN
|
l

Zh — Z +4r ) focus today

------------------------------

‘ete” — Zh— Z42u27"
, _ . Some progress
letem — Zh—Z+4p )
ete” — Zh— Z+4 (uu/77)qq
ete” — Zh— Z+ (up/77)99
‘efe™ — ah— 6u -
: B . suggested here at GGl
Lete —  ah — 67 ! o | A R R B
"""""""" 150 160 170 180 190 200 210 220 230
(need to check on limits for electron modes) Vs (GeV)
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H — aa — 2u27 at the Tevatron e |

Search for NMSSM Higgs bosons in the h—aa—pup pp, pp 77 channels using pp

FERMILAB-PUB-09-257-E

collisions at /s = 1.96 TeV

—_
o
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M, (GeV)

FIG. 3: The expected and observed limits and +1 s.d. and
+2 s.d. expected limit bands for o(pp—h+X)xBR(h—aa),
for (a) Mp=100 GeV and (b) M,=4 GeV. The signal

for BR(h—aa)=1 is shown by the solid line.
M}, <86 GeV is excluded by LEP.
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The region
Sample o X 2xBR
Data

M,=3.6 GeV|[23.8] 19.1 fb
M,=4 GeV |[23.9] 45.9 fb
M,=T GeV |[25.0] 24.6 fb
M,=10 GeV |[24.7] 27.3 tb
M,=19 GeV [[30.0] 33.7 b

Andy Haas and company collaborated
with Wacker and Lisanti to look for
these signatures at the Tevatron

Discovering the Higgs with Low Mass Muon Pairs

Mariangela Lisanti and Jay G. Wacker®

1 SLAC, Stanford University, Menlo Park, CA 94025
Physics Department, Stanford University, Stanford, CA 94305
(Dated: March 8, 2009)

These searches are probing ~1% of
the expected production cross-
section.

- there are not enough signal
events at LEP to compete

However, the 47 signature is
significantly more difficult at hadron
colliders than at

Kyle Cranmer (NYU)
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The ALEPH detector s W

Tracking: silicon + large time
projection chamber (~31 hits)

Al/29T
1/pT

—(6-104®5-1073/pr)

N

ECAL: lead + proportional wire
chambers, 22Xo

AFE

HCAL: 23 layers of iron yolk +
streamer tubes
AE

I} _ — = 0.85/VE

E

muons identified via HCAL
+2 muon chambers

T o n

Detector simulation based on Geant 3, analysis based on 10 year old fortran framework
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Simulated signal event ete™ — ZH — 6y ((Tﬂ

Signal’s generated with HZHAO3 (using generic 2HDM) and run through full GEANT3
simulation, ALEPH reconstruction, and analysis chain (it’s so clean! | love ete”)

®ne6 X ALEPH-XDALI 23 Jul 2009 version F2  X11/XUIT

ead next read s t event runber

File R, 30 input ALPHA ALPHA i
proc, YX P ot, data calc, proJ. Pick

DALI_F2 ECM=189 Pch=179, Ef1=190, Ewi=9.52 Eha=24,3 juli_Amu

ALEPH Nch=6 EV1=.858 EV2-=.446 EV3=.065 Th1=1.81

—id.40ev EC
—i9.7Gev HL

T T T T T T T T T T T T T T T T T T T YT
A-SOutn
YX hist.of BR.+E.C.
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COSMOLOGY AND
PARTICLE PHYSICS

Simulated signal event cte™ — ZH — 2e4r

2 back-to-back electrons clearly distinguished from 2 back-to-back jets.
not much else in the event (about 50 GeV of missing energy)

X ALEPH-XDALI 18 Aug 2009 version F2 X11/XUIT

event numoer

read sslected
3D input ALPHA ALPHA )
sroj. | Pick

data calc, pro

ECM=189 Pch=117, Ef1=138, Ewi=12d, Eha=10.8 JULI_ATA
EV1=,768 EV2=,746 EV3=,242 ThT=1,67

Nch=7

P— S
—i4.0Gev HL

|

-600ck

|

1 1 1 |
-600cn
Y'=cos(0 )#*Y-sin(0 )

J-Sn:-:nc..v
YX hist.of BA,.+E.C,
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A Tevatron event, for comparison

Clearly the hadron colliders are more challenging
- lots of tracks, lots of hadronic energy deposits

Mev

Run 205965 Evt 42411966 Thu Nov 27 13:57:20 2008 figgers:
MUH2_LM10_TK12 1 MET
MUH2_LM4_ITK10

ET scale: 2 GeV
1 [T~ mu\particle
et \ | . ‘\ ““ “ h AN
) “ [ Y ARVARYAN
7 - | J‘ / / / // /
[ / / / y
/ s \
//\\ fete, N\
~ h 8, . . \ //// \
A \
° “ \\
O h

Bins: 169

Mean: 0.164 R

Rms: 0.229 -4. mu particle et: 30.7

Min: 0.00933 mu particle et: 16.12
MET et: 33.18

Max: 1.45

FIG. 6: Views of an event in data passing all the final “J,” selections for the 227 channel
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Higgs Mass reconstruction in 24T events ::zr,z:f.:ﬁz':;f‘f

Even without resorting to I 5
the collinear approximation B
used for H — 77 at the LHC, py a
it is possible to reconstruct
the Higgs mass -
» because it’s e*e” have % /
the full 4-vector for the
neutrino system 08 Constant0 9678 09128
0.6

In the Z — vv channel, we do s 7 — up

llllllllllllIIIIIIIIIIIIIIIIIIIIIIIIIII'IIIIIII

not have enough constraints o« s aq — dr
to reconstruct the Higgs 03 mpy = 100GeV
0.2
» though several variables o
are sensitive to mn 0026406030 100 120 440 760 180 200 220
mh(GeV)
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Monte Carlo Simulation §:zr::;‘:.:;;';?cs(('ﬁ

After decades of running in a very clean environment,
and tuning Monte Carlo to data the description of
standard model processes in ALEPH is excellent.

qq The process ete™ — Z/v* — qq(~) is modeled using KK 4.14 [67], with initial state radia-

tion from KK and final state radiation from PYTHIA.
eTe~ Bhabha scattering and eTe” — Z/4* — ete () is modeled using BHWIDE 1.01 [68].

ptp~ Pair production of muons, ete™ — Z/v* — ptu~(7), is calculated using KK 4.14 [67],

including initial and final state radiative corrections and their interference.

77~ Pair production of taus, ete™ — Z/v* — 7777 (), is calculated using KK 4.14 [67], includ-

ing initial and final state radiative corrections and their interference.
Iph Single photon production, eTe™ — Z/v* — vi(+y), is included in the background estimate.

Nph Multiphoton production, eTe™ — ny, with n > 2, is included in the background estimate.
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Monte Carlo ((_'_ﬁ

Two particularly important processes for these /
searches are 4 fermion and 2 photon processes prsiadas.

4f Four fermion events compatible with WV final states are generated using KoralW 1.51 [69],

with quarks fragmented into parton showers and hadronized using either PYTHIA 6.1 [38].
Events with final states incompatible with W'V production but compatible with Z Z produc-

tion are generated with KoralZ

te” — ete X, are generated with the PHOTO02 gener-

2ph Two-photon interaction processes, e
ator [70]. When X is a pair of leptons, a QED calculation is used with preselection cuts
to preferentially generate events that mimic WW production. When X is a multi-hadronic
state, a modified version of PYTHIA is used to generate events with the incident beam elec-
tron and positron scattered at # < 12° and 168° < @, respectively. Events in which the

beam electron or positron is scattered through an angle of more than 12° are generated using

HERWIG 6.2 [39].

Y
A

Y

Y
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A side note §:zr,z‘;‘:.:;;';?cs(¢Tg

In 2005, | worked together with Bruce Knuteson to try
his Quaero algorithm on ALEPH’s LEP2 data

» we used these same Monte Carlo samples and
compared predictions to several hundred final states.

» That analysis did NOT use full simulation of ALEPH
detector, but still saw excellent agreement with SM.

-
(=]
o

Number of final states
o]
o
\

o
(=]
\

40 —

20

0 Il Il Il Il ‘ Il Il Il Il L Il Il Il Il Il Il Il Il Il Il Il Il Il Il Il Il Il Il Il Il Il Il Il Il Il ‘ Il Il _!_"!_
- 4 5
Discrepancy in ¢

Kyle Cranmer (NYU)
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Blind analysis '.i:zr:::f.:;::;?cf‘{

Because the LEP data is old and it is not possible to confirm anything with
“next year’s data”, we had to be quite careful

- remember, we’re shooting for a discovery!
- no one would believe a signal if we adjusted our cuts looking at data

+ Also, we don’t want to spoil the other analyses that we might be
interested in: a — Jets, u, ..

But we do need to verify that our Monte Carlo is describing the data well.
- So we did a blind blind analysis and defined 5 control samples
1. exclude my;; around Mz, that kills our signal, but otherwise similar
. Select events if #tracks<?2 for each jet (kills 77, up, qq, gg )
. inZ — [l exclude events with M (j1, j2,invisible) > 60GeV
. inZ — vv exclude events with missing mass > 80 GeV

uvrT »h W N

. exclude events with #track>6 in both jets (to remove taus) AND if
di-jet mass > 60 (to avoid seeing h — aa — qq, gg if it exists)

Kyle Cranmer (NYU) GGl: Search for new states & forces, Oct. 30,2009
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Blind analysis s:zr::‘f:.:;::;?cf‘{’
Because the LEP data is old and it is not possible to confirm anything with
“next year’s data”, we had to be quite careful

- remember, we’re shooting for a discovery!

- no one would believe a signal if we adjusted our cuts looking at data

+ Also, we don’t want to spoil the other analyses that we might be
interested in: a — Jets, u, ..

But we do need to verify that our Monte Carlo is describing the data well.
- So we did a blind blind analysis and defined 5 control samples
1. exclude my;; around Mz, that kills our signal, but otherwise similar
2. Select events if #tracks<?2 for each jet (kills 77, pu, qq, gg )

3.in7 — 1l exclude events with M (ji, j2,invisible) > A0(GzeV

hhhhhh

~~
~+
~

mmmmmm

\l/
N

—p
— 2pl
=ar
=2p
o]
= 2pi
—2p
= PZe
—2pi
Em
=7Zn
P
—qq
—2p
Hta
—m
da

QI!LJ,!,E.,!,N”’(”!'L

multiph

i = ETETETE e e . . n
20 40 60 80 100 120 140 160 180 200
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Choice of jet algorithms o, @

PARTICLE PHYSICS

At LEP, the dominant jet algorithms were DURHAM and JADE.
» both are iterative recombination type algorithms: merge if m?j/Efot < Yeut

- Yeut IS an adjustable parameter and Ewot was often chosen to be the
visible energy in the event

- Often (as in the case of the OPAL analysis), events were “forced into N
jets”, eg. the algorithm scanned ycut until the event had exactly N jets.

- Then that value of ycut would be used as a discriminating variable
together with the jet’s mass.

» DURHAM defines mfj in a way that is more robust to soft radiation, which
is good if you are interested in bona fide hadronic showers.

- But we are looking for a purely electroweak decay, so the straight
invariant mass combination of JADE is more natural.

- Furthermore, we know that we are interested in m, < 10 GeV which
leads to an obvious choice for ycut if we use a fixed Eior.

By choosing this approach our s/b was significantly higher than forcing to two
jets with DURHAM and cutting on the jet mass

- Additionally we have track multiplicity in jets as a handle

Kyle Cranmer (NYU) GGl: Search for new states & forces, Oct. 30,2009 20



Thumbnail of Zh — vv4r
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COSMOLOGY AND

PARTICLE PHYSICS '

This channel drives the analysis because of the larger Z branching ratio

- it is also the most difficult, because you don’t have a clean Z — [I

- initially ask for exactly 2 jets with at least 2 tracks with m;; > 10GeV

- to reject “2 photon” and beam bkg events cos8,,iss < 0.97 | Eyis > 5% Ecu

- require large missing energy, missing mass, that the jets aren’t too
forward, and remove events with very low aplanarity (unobserved initial
state radiation in a 2->2 process with subsequent photon conversions or brehmsstrahlung)

- Finally, we have the track multiplicity distribution, which is very
powerful at discriminating signal from background

| Track Multiplicity in Z — vv channel |

18
16
14
12

N A O ©

-
o
III|III|III|III|III|III|III|III|III|II

signal

°°

#tracks in jet 0 + 10* # tracks in jet 1

After these cuts expect
about 11 events from
background

mainly 2ph and 4f

Total bg
1ph
2ph-Gss
4f
Bhabha
2ph-Gtt
77
2ph-Gbb
2ph-Gud
PZe
2ph-Gcee
mu+mu-
Znn
2ph-Gee
qqbar
2ph-Gmm
tau+tau-
multiph

11.01
0.13
0.49
0.76
0.00
0.24
0.34
0.06
4.32
0.10
1.30
0.00
0.01
0.00
1.80
0.00
1.45
0.00

Kyle Cranmer (NYU)
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Thumbnail of Zh — eeAr & Zh — ppdr o @

PARTICLE PHYSICS

These channels are significantly cleaner due to the clear Z peak, but the signal
rate is very low and signal efficiency is precious

- use standard ALEPH lepton ID

- worked hard to improve Z mass reconstruction by adding appropriate
photons to Z (more severe for electron channel)

- electron channel suffers from Bhabha background, where we have 2

good electrons which produce brehmsstrahlung photons that convert to
give 2 track “jets”

- note, in OPAL analysis, the had a requirement on Evis. Makes sense for
jet channels, but it is not efficient for the tau channel, so we dropped it.

- again, we make no attempt to reconstruct taus, we just remove leptons
and photons from the event, and run our JADE jet algorithm on remainder

- again we use track multiplicity to focus the analysis on taus

- we can also use the reconstructed Higgs mass to cut down on
background

Kyle Cranmer (NYU) GGl: Search for new states & forces, Oct. 30,2009 22
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Expectations for a 100 GeV Higgs ::zr,z::e.:ﬁz':?cf?

| Reconstructed M,, in Z — ee channel |

0.6—
o Background contributions for ee channel
0.4 Total bg || 0.52
- 1ph 0.00
3 2ph-Gss || 0.00
02 Af 0.05
: Bhabha || 0.23
I 2ph-Gtt || 0.00
bttt B P77 0.04
0 20 40 60 80 100 120 140 160 I\]Iﬁ?Ge\?)oo KZZ 007

2ph-Gbb || 0.00
2ph-Gud || 0.00

| Reconstructed M, in Z— uu channel |

T PZe 0.01
i 2ph-Gece 0.00
o mu-+mu- 0.00
0_6:_ Znn 0.00
i 2ph-Gee 0.00
0.4 qqbar 0.07
B 2ph-Gmm || 0.00
0-2:— tau+tau- 0.05
. multiph 0.00
02640 60 80 100 120 140 160 180 200 20

M, (GeV)
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Expected yield and efficiency for ma =4 GeV  comoceraw 4

PARTICLE PHYSICS

Our signal efficiency is pretty good, but clearly we have very
few events in lepton channels

» but we also have almost no background in lepton channels

035 300
- | (&) —
° G 90
%30 ::_:o = —Z— Vv
I3 ®go- .
S s | Z— ee
° o070
g ® T Z— uu
()] C
%20 60 //
Qo C
© 50—
c -
o015 -
» 40
Z e
10 30 T
20F
5 z
10—
0 OI:|IIII|IIII|IIII|IIII|IIII|IIII|IIII|II
80 85 90 95 100 105 110 115 80 85 90 95 100 105 110 115
M, (GeV) M, (GeV)
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Expected significance @ ma.= 4, 10 GeV «Tﬁ

The final results are being considered as an ALEPH publication, so
unfortunately | can’t show them to you, but here are the expected limits

- ALEPH has it’s 20th anniversary on Tuesday, results will be presented
then, hopefully published soon after

expected discovery significance for m, =4 GeV expected discovery significance for ma = 10 GeV
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“Unboxing” celebration g;mﬁe;&.gcj%’

For what it’s worth: Our goal was not to just set a limit...
certainly not a mediocre one. We saw we had discovery
sensitivity early on, so we really went for a discovery.

- since the analysis was blind, we really didn’t know

Champaign

(to be consumed regardless of result)
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Expected limits @ ma = 4,10 GeV i W

The final results are being considered as an ALEPH publication, so
unfortunately | can’t show them to you, but here are the expected limits

- ALEPH has it’s 20th anniversary on Tuesday, results will be presented
then, hopefully published soon after

expected limit for ma =4 GeV expected limit for ma = 10 GeV
Y 3 Y I
E € = o BR(h — aa) BR(a — 77)? E £ — o BR(h — aa) BR(a — 77)?
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Conclusions cenrenron W

After quite a bit of struggling, we have resurrected the ALEPH
analysis engine (including the ability to produce Monte Carlo
signal and simulate events in the ALEPH detector)

Our first analysis of ete™ — Zh — (ee, uu, vv) 47 is essentially
complete, and will extend the reach of the OPAL analysis

- we have sensitivity for a 50 discovery up to ~90 GeV
- expected limits (&2 = 1) are 99-103 GeV depending onm,

We plan to continue to look at other exotic decays, and your
input is welcome (though we have finite time)

- I’d like to thank Itay and James again for helping this
oroject gain critical mass

- Hopefully there will be a new ALEPH paper soon!
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Summary of similar LEP searches ::zr,z::e.:ﬁz';?cf?

[40] DELPHI Collaboration, P. Abreu et al., Eur. Phys. J. C2 (1998) 1.

ete™— HoZ— (H1H1)Z— (...)(...) M, m,
(any)(qq) 91 16.2 12-170 <0.21 [46] [41] DELPHI Collaboration, P. Abreu et al., Eur. Phys. J. C10 (1999) 563.
(VOV®)(any but r+77) o o7 0555 =02l [46] 42] DELPHI Collaboration, P. Ab L, Bur. Phys. J. C17 (2000) 187; [Addendum: E
(v7)(any) 91 125 0.5 — 60 <021 [46] [42] olla oratl(t)_n, . Abreu et al., Eur. Phys. J. ( ) 187; [Addendum: Eur.
Phys. J. C17 (2000) 529].
(4 prongs)(any) 91 12.9 0.5—-60 0.21—10 [46]
(hadrons)(vv) 91 15.1 1—60 0.21 — 30 [46] [43] DELPHI Collaboration, J. Abdallah et al., Eur. Phys. J. C32 (2004) 145.
fr—rt =\ (5 _ _
(rrror ) (wp) a 15.1 973 3.5—12 [46] [44] DELPHI Collaboration, J. Abdallah et al., Eur. Phys. J. C23 (2002) 409.
(any)(qq, vv) 161,172 20.0 40 - 170 20 — 35 [40]
(bl_)b]_a) (qq) 183 54.0 45 — 85 12 — 40 [41] [45] DELPHI Collaboration, J. Abdallah et al., Eur.Phys.J. C44 (2005) 147.
(bf)tib’ b_bCE’ ceee)(qa) 192-208 4524 30 — 105 12 - 50 [43,44] [46] DELPHI 92-80 Dallas PHYS 191, Neutral Higgs Bosons in a Two Doublet Model, contri-
(ccce)(qa) 192-208 452.4 10 — 105 4-12 [47] bution to the 1992 ICHEP conference; quoted by G.Wormser, in proc. of the XXVI ICHEP
(H1— bb,cc,ge)(qd) _ 189 — 209 626.9 30 - 85 10 — 42 ‘ [56] | conference (Dallas, August 1992), Vol. 2, pages 1309-14, ref. 4.
(ag4qd)(v7) 91 46.3 10 - 75 0-35 [64,65] |47 DELPHI 2003-045-CONF-665, DELPHI results on neutral Higgs bosons in MSSM bench-
(b]ﬂ}b?) (q(}) 183 54.1 40 — 80 10.5 — 38 [61] mark scenarios, contribution to the 2003 summer conferences.
(bbbb)(qq) 189 1721 | 40100 105-48 | [62] |55 13 Collaboration, P. Achard ef al., Phys. Lett. B545 (2002) 30.
(bbbb)(qq) 192209  421.2 | 80—120 12 —myy,/2 [10]
(bbbb)(vD) 183 53.9 50—95  10.5—my,/2 | [61] |[60] OPAL Collaboration, K. Ackerstaff et. al., Eur. Phys. J. C5 (1998) 19.
(qdad) (Vi) 189 1714 | 50—100 10.5—my,/2 | [62] . o
2o - B
(bbbb)(777) 183 53.7 | 30—100 10.5—msy,/2 | [61] i69) OPAL Collaboration, G. Abbiendi et. al., Eur. Phys. J. C12 (2000) 567.
(bbbb)(7F77) 189 1687 | 30—100 105 —mpy/2 | [62]
(bbbb, bbr 7=, 77 7¥ 1) [63] OPAL Collaboration, G.Abbiendi et al., Eur. Phys. J. C26 (2003) 479.
5 ete— uty— _ _ _
(vo,ete, ptpm) | 189209 5985 | 45-90 2-105 58] Ji64) OPAL Collaboration, G. Alexander ef. al., Z. Phys. C73 (1997) 189.
[65] OPAL Collaboration, R. Akers et. al., Z. Phys. C64 (1994) 1.
[66] OPAL Collaboration, G. Abbiendi et. al., Eur. Phys. J. C18 (2001) 425.
[67] OPAL Collaboration, G. Abbiendi et al., Eur. Phys. J. C40 (2005) 317.
[68] OPAL Collaboration, G.Abbiendi et al., Eur. Phys. J. C27 (2003) 483.
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COSMOLOGY AND
PARTICLE PHYSICS

My (GeV /?) i (GeV /?)
10 15 20 25 30 35 40 45 50 55
20 0.020
25 0.026
30 0.037 0.046
35 0.048 0.042
40 0.053 0.056 0.051
45 0.066 0.059 0.046
50 0.087 0.058 0.048 0.049
55 0.11  0.055 0.050 0.050
60 0.29 0.103 0.094 0.094 0.053
65 0.30 0.099 0.091 0.088 0.084
70 0.25 0.098 0.097 0.095 0.083 0.059
75 0.34 0.11 0.10 0.11 0.10 0.096
80 0.39 0.13 0.14 0.14 0.13 0.12 0.13
85 0.52 0.20 0.20 0.20 0.21 0.19 0.18
90 >1 0.23 0.23 0.23 0.27 0.26 0.24 0.28
95 >1 0.29 0.27 0.29 0.31 0.29 0.28 0.30
100 >1 0.30 0.29 0.31 0.30 0.27 0.28 0.29 0.29
105 >1 0.27 0.32 0.36 0.40 0.36 0.31 0.35 0.35
110 >1 0.44 0.54 0.55 0.96 097 >1 >1 089 >1

Table 15: The 95% CL upper bound, Sgs, obtained for the normalised cross-section (see text)
of the Higgsstrahlung cascade process eTe™— (Hy— HiH1)Z— (bbbb)Z, as a function of the
Higgs boson masses my, and my,. The numbers correspond to the contours shown in Figure 3

(a).
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5 10 15 20 25 30 35 40 45
10 | 0.26
15 | 0.033
20 | 0.048 0.32
25 | 0.070  0.076
30| 010 0.11 0.38
35| 018 019 0.51
40 | 022  0.22 0.40 0.39
45| 030 031 0.49 0.49
50 | 0.18 0.38 0.66 0.66 0.63
55| 018 0.37 0.68 0.69 0.68
60 | 0.20 0.38 0.95 096 0.96 0.94
65| 020 038 >1 >1 >1 >1
701 021 043 >1 >1 >1 >1 >1
750019 046 >1 >1 >1 >1 >1
80 | 0.20 044 0.83 0.83 0.83 0.83 0.84 0.84
85 025 056 >1 >1 >1 >1 >1 >1

Table 16: The 95% CL upper bound, Sys, obtained for the normalised cross-section (see text)
of the Higgsstrahlung cascade process ete™— (Ho— HiH1)Z— (t77 777 )Z, as a function
of the Higgs boson masses my, and my,. The numbers correspond to the contours shown in

Figure 3 (b).

COSMOLOGY AND
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Benchmark parameters

(1)

(2)

(3)

(4)

(5)

(6)

mp-max Nno-mizing large-p gluophobic | small-aeyy CPX
Parameters varied in the scan
tan 3 0.4-40 0.4-40 0.7-50 0.4-40 0.4-40 0.6—40
ma (GeV/c?) 0.1-1000 0.1-1000 0.1-400 0.1-1000 0.1-1000 -
my= (GeV/c?) - - - - — 4-1000
Fixed parameters

Msusy (GeV) 1000 1000 400 350 800 500
M (GeV) 200 200 400 300 500 200
w (GeV) —200 —200 1000 300 2000 2000
mg (GeV /c?) 800 800 200 500 500 1000
X (GeV) 2 Msusy 0 —300 —750 —1100 A—pcotf
A (GeV) Xit+pcot B | Xy+pcot B | X¢+pcot 8 | Xe+pcotf | Xi+pcot 3 1000
arg(A)=arg(msz) - - - - - 90°
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