





I. OPENING SESSION, D. Cline (UCLA), Chair

Overview of Physics at a Muon Collider - V. Barger (UW-Madison)

Workshop on Physics at the FMC and Front End of a Muon Collider: A Brief Summary - S. Geer
(FNAL)

Quantitative Higgs and Pseudo-Nambu-Goldstone Physics at the Muon Collider: Prospects at and
Complementarity of LHC, NLC, MC - 7. Gunion (UC Davis)

Recent Results at LEP II - 7. Pan (UW-Madison)

Physics Potential of CMS/LHC - §. Dasu (UW-Madison)

The Top Quark & Higgs Boson at Hadron Colliders - C. Quigg (Princeton/FNAL)

Comparison of Lepton and Hadron Colliders for the Discovery of SUSY - H. Baer (Florida St. U)

Higgs Searches at LEP-200: Present Status - P. Bambade (Orsay, France)



Overview of Physics at a Muon Collider
V. Barger

San Francisco Conference
December 10, 1997

Collaborators: M. Berger, J. Gunion, T. Han

The agenda:
Front End physics

* high intensity muon source
for rare muon processes

 high energy pp collider
for high 0? phenomena

* high intensity neutrino source
for v-oscillations

First Muon collider (FMC) physics

Unique for s-channel Higgs or
techni-resonances

Precision threshold measurements
W*W~, 11, Zh, x5 -

SUSY chargino / neutralino / slepton
pair production

Precision tests of SUSY gauge couplings

Z° factory for B-mixing and CP violation

Next Muon Collider (NMC) physics

* SUSY high mass particles
* 7’ resonances

* Strong WW scattering if no Higgs

Plus . .. numerous other new physics possibilites



Front End Physics

current ~10% muons/sec
muon collider ~10'* muons/sec

Probe rare muon processes Marciano (1997)
L — ey now BF < 0.49x107'2
UN = eN
muon EDM

Generic prediction of SUSY GUTs:

lepton flavor and CP violating processes
with significant rates (loop processes)

e.g. BF(u — ey) ~10713

Barbieri, Hall, Strumia (1995);

Hisano, Moroi, Tobe, Yamaguchi (1997) ’

LPV also occurs via Z’, leptoquarks, . ..

up collider

w200 GeV) x p(1000 GeV)
max Q° ~ 8 x 10° GeV? ~ 90 x HERA
luminosity ~ 103 cm™?s™  ~ 300 x HERA

H. Schellman (1997)

For 0? > 5000 GeV?
~ 326 NC events ZEUS now
~ 108 NC events up collider

Search for leptoquarks up to M, , ~ 800 GeV

G=9
Search for contact interactions to A ~ 1l TeV

Kingman Cheung
. [N]@@ﬁ[rﬁncg beam

u-decay is the way to make neutrinos

1000 x present neutrino flux
obtain 108 vN, VN events/year
measure charm production (6% of c,,)

measure sin’0,, SENENIEEI—
infer AM,,, = 30-50 MeV in one year




NEUTRINO FLUX P, Fisher (1997) Very long baseline: Fermilab — Gran Sasso

Muon storage ring S. Geer (1997) Ey =10-50 GeV

L/E = 1000-200km/GeV
~ 1021 p* or p- /year

~ 1029 neutrinos/year Fermilab
with straight section
pointed towards detector

51°
| _ v CC interaction
T O 79 VA u+ — DuVe€+ rates ~103/year
Known v-fluxes for long baseline v-oscillation
. Gran Sasso
experiments to any detector on Earth

P(v, — V) = sin?20 sin(1.278m?L/E)

p- flux
oscillations detect
U3y - Sesitivity down to
e € )
g N _ dm? ~ 107 eV? for sin?20 =1
1 4 v T
1} T
Ve — DH ! y,"*' P
De - U T+




First Muon Collider

R. Palmer (1997)

Parameters
Low Energy Medium | Top | Higher
Narrow s, Broad s, Energy | Factory | Energy

Vs (GeV) 100 100 200 350 500
o,/p 3x10° | 1x107 | 1x107 | 1x107 | 1x107
muons perbunch | 3x10'? | 3x10? | 2x10'? | 2x10'? | 2x10"?
number of bunches I 1 2 2 2
repetition rate 15 15 15 15 15
turns/lifetime 820 820 890 1260 1560
L, (cm2sh 5x10%0 | ex10®' | 1x10%? | 3x10%% | 7x10%2
L,, (™ /year) 1 3 7

0.05 0.6

FMC Higgs Physics

MSSM: 5 Higgs bosons A%, HC, A°, H*

lightest MSSM Higgs boson
m, < 125 GeV

"The jewel in the SUSY crown"

Global EW analyses
~ 9 )
& . %% 1] o' (M2) = [28.923 :t0.1;36 ;
] 1L a'o)=128.874 £0. ] .
. %Jéé o M) gE0.85 / 3 {1 Davier & Hicker (1997)
77 J ]
6 %Z my, = 129150 GeV
%’:’7/ L
4 %“é/ Erler & Langacker (1997)
| — 199+134
Y
7 g
0 %/2% N /"'/
10° 10°
Myigge (GeV)
Smoking gun for SUSY Higgs
Goals:

» precisely determine Higgs mass, width, and BFs
« differentiate hy), from hgy,
« find and study H°, A°



s-channel production unique to a muon collider
w b

- AnD(h - pp)T(h — X)
07(\/g =
/ ) (5 — )71%)2 + m? [F}:’t]Q

Gaussian p-beams with rms error R(%)

rms error 0\/; on \/; .

R Vs
oy = (2 MeV) (0.003%) (100 GeV>

Sensitive to the Higgs width with resolution o ~ T’

,=2to3MeV  iftanf} ~ 1.8

-Scan for s-channel Higgs

Important factors:

* beam resolution: ¢ ~ few MeV
* little bremsstrahlung and no beamstrahlung
* precise tuning of beam energy
AE ~ 107%E
through continuous spin-rotation measurements

Raja
Case study: m, =110 GeV

Assume prior h-discovery at LHC

gg—h h— yy,4¢

Amh ~ 100 MeV
(L = 300 fb~1)

Design muon collider ring with Vs = my,




At\s =m, ~ 110 GeV

bb signal = 10* events/fb
bb background =~ 10* events/fb

strong Vs dependence of background (Z %-pole)

Lumineosity / scan point
to observe or eliminate A-resonance

Lep.~15x107 fb™, S/VB=3

Number of scan points:
n=2Am/0; = 100 for Am ~ 100 MeV

Total luminosity needed to locate h

Ly ~0.15 ™"

If machine delivers
5x 10%%cm™2s™!  0.05 fb H/year
3 years running needed

Scan determines Am ~ 1 MeV

(Ls.p.T x50
for my, ~ M7)

€ @ BF (fb)

w'u” >hgy; R=0.003%
S

80 100 120 80 100 120 80 100 120

m;, (GeV)

m,,, = 110 GeV, €L=0.00125fb™" per bin

T T T T T

100 |— S/VB=4 at peak R=0.003% —

Ty =3 MeV -

80 —
60 —
ob [ .

AP RV R B
100.96 109.98 110 110.02 110.04

Vs (GeV)

Events / 0.002 GeV




Fime scam over resomance peak

With L =04 fb! obtain accuracies

[tot 16%
oBF (bb) 1%
sBF(WW*) 5%

Infer m, fromry, /1y

r = BE(WW*) / BF(bE ) insensitive

to tanf

sensitivity up to
m, = 450 GeV
m, = 600 GeV

s-channel data alone
s-channel + Zh data

Higgs width contains information on
"missing" SUSY decays hyssm —> X%}

Observing MSSM HY and A°

Not so easy at other colliders

LHC:  not possible at m, > 200 GeV
for 3 < tanf < 5-10

NLC:  e*e — H’°Amay be
kinematically inaccessible

YY: high luminosity (~200 fb™!)
needed for yy — H®, A°

Muon collider s-channel

HO, A® widths broader than h

I'~30MeV my < 2m,
~ 3GeV my > 2mt

So R~ 0.1% (o,; ~70 MeV) adequate for scan

L, ~0.1 fb! probes tanf} > 2

Required range of scan depends on other information available
on my, my;, and tanP to indicate A9 and H® mass ranges




Nearly degenerate A° and H®

In mSUGRA with large m,,
Mmapo = Mpyo =~ My+

with very close degeneracy at large tanf3

Only an s-channel scan may allow separation of A® and H°

# events/0.01 fb~!

LI B | l T T l ™1 17 ' T 1 v T I LA

60 |-

20—

L ] U U TS S | Lok & U T B | | Y I S }
348 348 350 351 352

Vs (GeV)

353

Walking Technicolor
in Eichten-Lane model (1995-97)

Bhat, Eichten (1997)

Technipion resonances in the s-channel
+,,- 0 0 0
p g — 7T, Ppr, Wr
T —bb. 7T, tf
p% — ATTT, WTI’T, %A% 4

w3 — bb, 77, th, Yo, Zny

Resonance masses = 100-500 GeV
widths = 0,1-50 GeV

Peak cross sections = 10’-10% b

Easy to find and study at a muon collider



MQ’( - imtuu. “\: - bs

e At EURI S B Threshold mass measurements (R = 0.1%)

103 |- i

atee | '-

| 10 fb™
a3 / \ W WWT AM,, = 20 MeV

cf. M. Berger talk

" // 1 HTHT — 1 Am, = 0.2 GeV
- ) .,4// . - _;_L.J +41 _ (for my, =
100 J—!‘EE!IS I.ODLQ‘—'_‘_JIIO X 0.2 " W — Zh Amy =140 MeV  00Gev)
: ) . at,
E(GC‘/) Eichten
(1997) W= xrx;  Amy: =700 MeV  (formy=
— ! 200 GeV)
e ]
104 M”zf;mv
M"
a 110 GV LY
() Mo c:?oev’:nh vear boLn 103
103 '

Improved test of EW radiative corrections
once my known

5 (Gev)



SUSY particles Window to high mass squarks
via radiative corrections

Lightest chargimo
o VZ H i X g;: SM gauge couplings to ff
+ 9, i
- 5 h;: SUSY gaugino couplings to ff
" X, w x; i gaug pling
o+ 710
3 .Xl -* il .Xl Unbroken SUSY h; =g;
@ depends on Broken SUSY:
2r m,+ and m;,
g . - hi—g %1 y_"_
° destructive —— =~ 1.8% log,, —
1} interference g1 ¢
. . M_
nfer mg, ha = g2 ~ 0.7% log; (———Q)
N 92 e

Vs [GeV]
Chankowski (1990)
i i i i Nojiri, Fujii, Tsukamoto (1996)
Cuts suppress WW background leaving ~5% signal efficiency for 4 jets + £ Crone, Fons "Polonsky (1997)
Diaz, King, Ross (1997)

2 point threshold measurement (with L = 10 fb™', R =0, 1%)

Amyg (MeV) Myt (GeV) M3, (GeV) One-loop amplitudes obtained from tree-level
100 100 500 amplitudes by substitution of modified coupling
100 100 300
300 200 500
700 200 300
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t-channel exchange processes have cross-sections
enhanced up to

9% logy [ 2@

0 lo —

810 m;

= precision measurements sensitive to squarks
with M 5= 1 TeV

Some interesting t-channel processes

ﬂ'+ T X‘{ u+ T ﬁ,+
! 5 y®
¢ o X
I ! X1 I 4 no
pt ' Xll),z B ' B
i X
- ; 0 - H o
H° X1,2 H g
ut H Uy
!
[}
B Uy

Muon collider advantage: accurate mass measurements
near thresholds

Technique relies on knowledge of exchanged particle mass

Z-factory

Han
Demarteau

Advantages:
p-polarization, b & b separation, long b-decay length

* Study B-mixing and CP violation in
Z—bb

Measure angle B from B’ — K, J/'¥ decays
Via Vy
B
|Vea V|

Vid Vi

e Polarization allows measurement of
LR and FB asymmetries

0 0,b 0,7
ALR’ AFB’ AFB

_deviateby 240, 190, 170 fromSM

AgR gives best measurement of sinOuw ;
statistics dominated

Need > 10’ Z’s

L>0.15 ™!



N@gg Huen Collider Physics

Heavy supersymmetry

Use gauge coupling unification to predict
mean SUSY mass scale

Langacker, Polonsky (1993);
Caregna, Pokorski, Wagner (1993)

1046- ] i 1 i 1
>4
©
2
g 1%
E 4 g
» 107 T
R ks Ml sUsY
o SUSY 8
F "eut £ |
10 k T 1 X T T
O.l()8 0.1 012 014 0.16
(M) in MS scheme with DR
Barbieri (1997)

New global fit: o ,(Mz) = 0.1214+0.0031

Langacker, Erler (1997)
= (MSUSY)mean =1 TeV
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Some SUSY particles will likely have masses
at the TeV scale

e.g. first 2 generation sfermions can be heavy
without conflict with naturalness

LHC: mainly gluinos and squarks produced —
these decay to lighter SUSY particle

Baer, Tata

Great SUSY machine, but some measurements

very difficult or impossible at LHC Hinchiiffe

Paige
¢ Mass of LSP

measurements give SUSY mass differences

* Sleptons with mass = 200 GeV
Drell-Yan production too small at high mass

* Heavy Gauginos Xzzt ) Xg,4
mainly Higgsino
direct production rate small
useful BFs small

 Heavy Higgs bosons, H* H, A
small cross sections
tf decays likely dominate
impossible if SUSY decays dominate



At a lepton collider, pair production of scalars is Z’' resonance
P-wave suppressed. Energies well above threshold Z’s are a natural consequence of string models
are necessary for sufficient production rates

Cvetic, Langacker

enormous event rates on resonance

3 e*e” or p*u” Collisions o' or u*u” Colllsions
10 ARRR SRR neass oot 1 103 MRS RARAS AAARE RASES RARSS
:‘.‘ ,""';"'*h" ] b ., SUGRA: tanf=2; u<0
102 B F LXK

BURK tanf=2i u<0  § a2 [i%h metmus0sTer y Contact terms

mg=2m, ;;=0.5 TeV

to! test for virtual high mass Z’ effects

o (fb)

100

10-1 §

Strongly Interacting W;-Sector (SEWS)

cf. T. Han talk

10-2 L

v

+
H W, W,
A 3-4 TeV muon collider with high luminosity
(L ~10%-10° fb~/year) would allow sufficient

event rates to reconstruct heavy sparticles n- Wi

from their complex cascade decay chains v

~ m% /v?  if light Higgs
AWL W -

~ syw /v if no light Higgs



If no Higgs with m,<600 GeV, partial wave
unitarity of W, W, requires strong scattering
at 1-2 TeV energy scale

Energy reach critical: /sy, = 1.5 TeV

Since E,, ~ (3-5)FEw
= /Sup ~ (3-5)/sww = 4 TeV

SEWS dynamics

* heavy scalar: resonances
* heavy vector: resonances

* non-resonant: Aw,w, ~ s/v? (LET)

Impressive signals in all models

CONCLUSIONS

Front End offers dramatic improvements in
sensitivity for

* flavor-violating transitions

* high 02 phenomena in DIS
muon-proton interactions

e neutrino oscillations

First Muon Collider offers

* unique probes of supersymmetry,
particularly s-channel resonances

* high precision threshold measurements
of masses

e tests of SUSY radiative corrections and
indirect probe of high mass squarks

* possible Z° factory for B-physics
Next Muon Collider guarantees access to
* heavy SUSY scalar particles

¢ strong WW scattering if no Higgs
and no SUSY

bottom line

Muon colliders are robust options for probing
new physics. A lot has already been learned,
but much remains to be explored!

c~50fb

15



Physics at the First Muon Collider & Steve Geer
Front-End of a Muon Collider Workshop December 1997

Workshop on Physics at the First
Muon Collider & Front—End of a
Muon Collider: A Brief Summary

® Workshop at Fermilab, Nov. 6-9
More than 200 people participated

® 9 Working Groups:

@® Accelerator

® Low Energy Hadron Physics

® Neutrino Physics
@ Deep Inelastic Scattering

Enormous
® Low Energy Muon Physics amount

@ Higgs & Z Factories at the FMC of material
® SUSY at the FMC

® Stong Dynamics at the FMC TEVAWROY
® Top Factory at the FMC




Accelerator Working Group

Proton Sorce Parameters for the Workshop

Based on Summer Study —> S.D. Hofmes et al, Fermilab TM-2021

e . . Step 1 Step2 | Step3
® Concentrated on a few critical issues in proton Scenarlo T | Scenario 2
driver design for a Fermilab source with 1014 Linac
protons per pulse at 15 Hz: Kinetic Energy (MeV) 400 1000 1000 1000
Momentum Spread (95% FW) 1 1 1 1
AT & | oo | o
se . A . N
4.5 GeV H- per pulse 1x1013 | 1.5x1013 25x1013 | 1x1014
Repetition Rate (Hz) 15 15 15 15
1 G eV Pre—Booster
LINAC Momentum Spread (OSA HW) 05%
Circumference (m) 180.6
Protons per bunch 5x1013
Number of Bunches 2
gerre:gieo; l::::::l: ﬂfn)gth (ns) g
16 GeV T:ansverse Emittance (mm-mr) 200m
Longitudinal Emittance (eV-sec) 1.8
Booster
Extraction Kinetic Energy (GeV) 16 8 16 16
Momentum Spread (95% HW) <0.1% <0.1% <0.1% 1.2%
Crcumference (m) 474.2 474.2 474.2 474.2
Protons per Bunch 12x 10!l | 1.8x 1011 30x10ll [ 551013
Number of Bunches 84 84 84 2
. Repetition Rate (Hz) 15 15 15 15
@ RF system design ﬁaﬁ?%ﬁ'ﬁgg:gm%m Eﬁ; ;:02 ?ﬁ" %2,‘733"
Longitudinal space charge effects Bob Noble i '
Short bunch Encouraging
ort iew ns bunchnes
progress —> 1.5 x 1015 protons/sec at 16 GeV/c

Instability issues

Compared with effectively a few x 10!% protons/sec
at 8 GeV/c from BOOSTER now.
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Physics with Low Energy Hadrons Kt —> ntvv

. - -11
@ Can inject a factor of 3—4 more into Main Injector © Standard Model: BR =01+ 3.5 x10
-> direct benefit to MI physics program ... Kaons, BNL E787

neutrinos (see later), antiproton production, ... ‘§\% I, 1 event seen
i ] E o 1l

® The most extensive low energy hadron physics that
would benefit seems to be the Kaon physics program.
For example searches for rare decays:

®w 60 1zq - BR:

40
Time (ns

|42t )x10-11

Kt —>ntvw K0 —> n0vv Windows on |
- +a— - physics beyond N hvsi
KL - l"l’e etc von M del | A
0 Yime sy fluctuation ?
® Depending on what previous experiments had been ® Current goals (AGS2000 & KAMI) —> ¥ 15%
run (ML, AGS’/, JHF) the FEMC would enable Y W Marciano
improvements in sensitivity from a few -> x10. '
AGS AGS’ MI JHF FEMC FMC Front-End
BR —>1+4%
p (GeV/c) 25 25 120 50 16 _ ¥ '
Duty factor | 033 027 033 016 0.0 >An/m ~20.02
Tera-p / sec 20 30 10 60 400

Ky, sensitivity | 26 40 100 150 325 ® Also additional x 3 in MI would help KAMI ... note

Stopped K+ 12 18 8 47 210 Experiments hard ... probably need both stopped K+
and decay in flight techniques

® Needs a stretcher ring —> duty factor 90%.




Kt —> nutv T-Violating u Polarization

'
3
!
|
}

K. nO K+ ..... PO (.). W. Marciano
W5+ HY o ererence
Vu u+ v n T (Multi—Higgs)
o Proposa tor AGSz00 |10 = Swy x B
experiment —> 1.3 x 10-4. T violating

® At Front-End MC —> 10-5?

Kg, K[, —> n"n~ Interference

@® Produce almost pure K° beam using rf separated

K™ beam and charge exchange. Measure amplitude
versus proper time t :

Interference ~ 2D Inl cos(Amt—¢, ) exp(—t/21g)

® CPT experiment at MI > Am/m < 4 x 102
Plank scale CPT test ... would benefit from x(3-4)
more protons in MI.

@ Lower energy experiment at FEMC also possible.
The Kg yield/proton for 25 GeV Kg/120 GeV p
similar to 6 GeV Kg/16 GeV p !
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| Physics with Low Energy Hadrons:
Summary

@ There is an extensive Kaon—physics program that
could be pursued at the Front—-End of a muon
collider, which could provide experiments with a
factor of a few — 10 more Kaons than will be
available in the next few years.

® The physics motivation for rare-Kaon decay physics
is likely to remain strong in the future —> window on
physics beyond the LHC scale.

® In addition to an extensive K-physics program, there
are also many hadronic physics topics looking for a
home. The ones considered at the workshop were:

Proton exclusive scattering and polarization
Proton & antiproton forward scattering
Proton form-— jlcyzctors

Hypernuclear physics

‘Baryon yectroswp_y
Raren decays and symmetry tests

Liﬁﬁt quark spectroscopy
G

rmonium spectroscopy

Exotic meson and glueball searches



Neutrino Physics

® Exploit intense muon source to produce very
intense neutrino/antineutrino beams.

® The resulting beams are qualitatively better
than conventional beams from meson decays.

Precisely known flavor content:

W= =>vVy +Ve+e™ and pt —>Vy +ve + et

Great for ve — vy oscillations (including ve — v) !
Great for vy — vz oscillations (No DS —> vt in beam !)
Great for v, — ve oscillations (No ve in vy beam !)

Precisely known fluxes and differential distributions:
dn_ = _1 [2x2(3-2x) T 2x2(1-2x)P cos0]

Vu:

dxdQ 4n
. _dn_ = 1 [12x2(1-x) F 12x2(1-x)P cos6]
dxdQ 4r

where x = 2Ey/my,, 8 is the angle between the

neutrino and the muon spin, and Pis the muon
polarization.

Neutrino Beam Options

® Use collider straight sections (Bruce King)
® Use Recirculating Linear Acceltrs (Chuck Ankenbrand®).

I Neutrine Beam Pulses trom Recireuiating LN \('.\l

Turn Numier
11 213]4is5/el21 819110 1112

RLA &
Ey(start) (GeV) | 1.0 [1.98]2.921309(4.04( 5.6 [6.787.72] 0.69] 9.64
Ev(cnd) (GeV) 114812441 2.4 {4.36(5.32|6.20(7.2¢] 8.2 | 0.16
<E"> (GeV) 124) 22{13.18{4.12| 5.04 8.04 7.0| 7.08] 0.92
< 1.7 {20.8] 29.9, 1[57.2168.3| 753} 844
yet (km) 7.72 | 137 [v9.7{28.7{31.7[37.0 [¢3.0)40.8 [s8.7

Tgecay=100mrct (%] 1.3 | 0.73 0.81}0.32(0.32| 026|023} 020} 0.18 RLA neutrino

Nocay/bench(x10°°] 6.8 | 3.7 | 26| 2018 |13 [12]10 | 09

Nypeaylrear (x10') [ 08 | 85 [ 30| 29| 24[ 20]17 15 | 18 pulses .se
oo workshop

8.8 [ 151} 20.0 26.1) 31.§ 37.1) 42.0 40.1] 53.68 50.1] 64.8] 70.1
E,(end) (GeV) 124] 1791 29.4;28.8(34.4|30.0 [a5.0i50.9 | 58.4| 61.8 | 67.4

n

<Eu> {GeV) 1.0 108 22q27.5{ 33.q 3.5 44.d 40.5 550 eas| es0 parameters
<y> 104 158} 2081 260 | 312; 364 [ 416|468 ] 521 573 | 428
yer {km) 68.7| 100 | 140170 | 210 (240 (2701310 | 240 | 380| 410 (Steve geer)
Laneuy =300/ 1T (%] 0.44 0.30} 021 g.18{0.14{0.43[0.19 0.0880.078| 0.07%

Noeegyfbunch (x10%) 2.0 | 1.4 {0.07} 0.08 0.6 0.60{ 0.51] 0.0510.00 0.36 | 034
Nypeaylresr (x10'%) [ 30 | 211 1.5 { 1.2{0.9¢{0.00|0.77] 0.00] 0.60{ 0.54] 0.51

RLAZ
E,(start) (GeV) | 70| 8| 100| 118|130 143} 160} 179 160} 208{ 220 | 208
E tend) (GeV) | 77.5] 92.8| 108 (123|198 [ 153|168 ) 103) 198 | 213 {229 | 243
<Eu> (GeV) T38| 80.8 {104 (118 [134 |19 164 {170 [104 |208 {224 |230
<> 88| 840 s82{1124}1 1602} 1834} 1976)2118 | 2260
Yot tkm) ac0 | 50| es0] 740| 860 100{ 1200|1300 1400} 1500
Laeeny=S23avYeT (%} 0.12{ 0.101 0.09]0.07}0.08 | 0.08 0.04 0.05 0.04 0.04 | 0.04] 0.04
Nygeayteneh(x10'°) 0.52{ 0.42| 0.35 0.31] 0.27] 0.28| 0.2 0.21} 0.12 | 0.18 | 018 | 015
Ngecay/sesr (x10'%) [0.78 { 0.63] .59 0.46| 0.9 0.27|0.34 0.91] 0.28] 0.2¢] 0.28] 0.29

@ Build special storage ring with long straight section
e.g. Straight section = arc length —> 25% of muons
decay in right direction (Steve Geer)

With 7.5 x 1020 L™ (or L") per year, can get O(1020)
neutrinos/yr produced in the straight section.




Neutrino Fluxes: Fermilab —> Gran Sasso

Fermilab

E, L/E
(GeV) | Km/GeV
10 990
20 495
30 330
40 71
50 20

F U,

W Polarizotion = +1 ]
@ Unpolorized
A Polarization = ~1

10"
10°

0 700 200 0 100 200
Muon Beom Energy (GeV)

Example: for a
20 GeYV initial
muon beam the
fluxes in Europe
are a few x 1010
neutrinos per m?
per year.

For fluxes at
Soudan, multiply
by 183 —> about 10
x currently forseen
MINOS fluxes !
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(m™/yr/20 MeV) x 10"

(CC events/KT-Yr/20 MeV) x 10°

Low Energy Short Baseline Scenario

® Consider a 1.5 GeV/c muon beam stored in a ring
with a straight section pointing at an experiment

1 Km away:

1.5 GeV/c Unpolarized Muon Decays, Logeas = 1 Km

Ve Vs

-

i~ Decays

65 1
Energy (GeV)

1.4 x 1016
Ve m—2 yr-1

1.4 x 1016
vy m—2 yr-1

6x10° Vv CC
interactions
KT-1 yr-1

3x10°V CC
interactions
KT-1yr-1



P

-2 744 Km/GeV

sin220 sin2(1.27 Am2 L/E)

Steve Geer: Fermilab-PUB/97-389

Single Event
Sensitivity Contours
in (sin220, Am2)—plane

Deep Inelastic Scattering

T, 1 Km/GeV
- 57 Km/GeV

L

s

Search for wrong—sign
@® Hatched = MINOS

® Cross-hatched =
MiniBooNE

O®L/<E> =1 km/GeV
1 km baseline
Eu = 1.5 GeV

O L/<E> = 57 km/GeV
Fermilab-Soudan
EM 20 GeV

OL/<E> =111 km/GeV
Fermilab-Soudan
EM =10 GeV

O®L/<E> = 744 km/GeV
Fermilab-Gran
Sasso, Ell =20 GeV
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Kevin McFarland

32.25 Gev
152.94 Cav

Simulation of

NuTeV (CCFR)
exposed to 1 turn
600m downstream
of RLA3 (250 GeV
muon decays)

Multiple neutrino
interactions (+ a

bunch of muons)

@® Factor of 1000 more than present v;N rates ! |
@® Beam spot small (90% v within 40cm)
@® Can use small precision detectors:

Emulsion: (Reay)

H, Target + é + CAL + Ll (B. King)
Scint. target + CAL + |l range (X. McFarland)
Bubble Chamber at 15 Hz (7. Schellman)

@ With special purpose 250 GeV ring —> 800 000
v interactions / year in a 10 kg detector (. Geer)
so why not use Si Pixel target ?



VN DIS Physics

— fﬂr/"\le IQ)}[ams&

az 105? - L K, McFarland

?2 104§r M R 900 kg

S 103 o 3m x 3m

= 100:..‘. o target
-4 -3 -2 -1 0

log xy

® RLA-3 (250 GeV muons) —> 1 m long LH, target
—> ~10 million events/year ... dont need a heavy
target so can measure proton structure directly !

® Sin’6y: NC/CC ratio —> statistical error = 0.2%.
Main systematic from charm production ...

measure it !! Estimate can get to ASin®6y < 0.5%
—> AMwy ~ 20-50 MeV.

® Charm production: 1 m long LH, target —>
100 000 reconstruced events / year —> IVchZ, S, S.

@ Spin physics (where does the proton spin come
from ?). Look for polarization of, for example,
strange sea quarks.

@ B-Physics: vyu —> utb : 20 events/year/ 3 m Hy —>
IVubi2 ... for more statistics —> dedicated ring ?

Low Energy Muon Physics

Potentially an extensive experimental physics program
but for many experiments the challenge comes from the
instantaneous rate .... so the bunch structure is critical.

Exp. Process Topic
Rare Decays u+Z —>e+Z | Lepton flavor viol
L —>ey SM test
UL —> eee GUT, SUSY, .....
1 decay lifetime Gy, SM test
spectrum SM test
g-2 g-2 SM test
Muon EDM EDM P—, T—violation
Muonic atoms pute QED test
up EW Interference
p ? P—, T—violation
LL capture uHe, low energy QCD
up SM test
ud
IV A medium effects
T violation Uz SM test




Uppes‘ Limits . f()?‘ ® [Want to get to, for example:
Lepton Flavor Violation BR(L—>e7) < 107'%, or BR(UN ->eN) <107¢

-> Probes for leptoquarks, Higgs boson effects,
contact interactions etc ... e.g. A¢c > 3000 TeV !

@® [ Typically experiments want to maximize useful
muon flux, whilst minimizing instantaneous rate:

Wrong time structure
~2 s for cooling channel

® So either find a way of delivering muons DC or
CW or...

4 Find experiments that can use short intense
muon pulses with low duty factor ...
Muon EDM may be an example but it requires
polarization (50% ?).

Upper limits of Brahthing Ratio

4 Find experiments that can use the muons before
the cooling (large phase-space) .... in which case
we can consider a DC or CW source .... example:
MECO p —> e conversion experiment.

® |Is there a strong low energy muon physics program
at the Front—-End of a muon collider ? Needs work !

1940 1950 1960 1970 1980 1990 2000

Year




First Muon Collider:
Workshop Parameters

Low Energy Medium | Top Higher

Narrow Gp| Broad Op Energy | Factory | Energy
/s (GeV) 100 100 200 350 500
beam energy (GeV) 50 50 100 175 250
op/p 3x10-5| 1x10-3| 1x10-3 | 1x10-3 | 1x 103
muons perbunch | 3x1012| 3x1012 | 2x1012 | 2x1012 | 2x 1012
number of bunches 1 1 2 2 2
repetition rate (Hz) 15 15 15 15 15
norm. €| (mm-mr) | 297n 85n 67n 56n 50r
Collider Circum (m) 380 380 700 864 1000
frey (Hz) 7.9x 105 7.9x 105 | 43x105 [35x105 | 3.0x 10°
turns/lifetime 820 820 890 1260 1560
B* (cm) 13 4 3 2.6 23
Gy (cm) 13 4 3 2.6 23
O (um) 286 85 47 30 22
Lpeak em~2s71) | 6x1032| 7x1033| 6x1033 | 1x1034| 2x1034
Lav (em~2 571 5x1030 | 6x1031 | 1x1032| 3x1032| 7x1032
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79 Factory

® LEP Z-pole era is over. To be worthwhile, a 2nd

generation Z—factory (muon collider) would need to
make 108 Z / year —> L=2x 1032 cm~2s~!

® This luminosity seems out of reach of present

design study parameters. Never—the-less,
consider physics program if £=2 x 1032 cm2 51
could be achieved.

Sin20y,: Discrepancy (LEP vs SLD) likely to remain.

If muon polarization = 45%, then with 10 million Zs
Ay g —> 3(Sin?0y,) < 10~4 ... this would be great. Note:
A(Sinzew) =15x 104 as my = 60 GeV —> 1000 GeV.

I'z: Presently I'z = 2.4948 * 0.0020 * 0.0015(energy).
With continuos energy calibration (spin precession) &
more statistics —> 0 < 0.0003.

R| = Fhad/F 1 Pr esently R| = 20.775 * 0.0025

-> 05 = 0.124 * 0.004 £ 0.002 (theory, mg).
Improve statistics by 10 —> 6(og) < 0.001.

R}, Michel parameters in t decays, Bg oscillation,
rare B decays, ....

® ISSUES: Luminosity measurement (needs work),

polarization (45% ?), LUMINOSITY !




Events / 0.002 GeV

Higgs Factory

LL"' b, t, ...
>h_" H° A< The Jewel
) in the
- - Crown!
L= b, t, ...

Jack Gunion & V. Barger

Assume:

Center—of-mass energy
spread R = 0.003%

my, = 110 * 100 MeV
@\
we  —=>3years at 0.05 fb~Yyr

110 110.02
Vs (GeV)

Once mp, known to 1 MeV, make a 3 point scan:
Thtot: 16% Amyp, ~ 0.1 MeV
o-BR(bb): 3% Al'p ~ 0.5 MeV
oBR(WW™): 15%

—> 8 years of running at 5 x 103 cm™2 5!

@ A factor of 3 more luminosity than workshop

parameters would make a big difference !

A priori know from LHC:

my, = 110 GeV

Mye=175 GeV, m,=110 GeV, Max. Mix. .NOte: For SM —
w0 ;{ BR(WW)/BR(bb) = 1
8L BR(WW)/BR(bb)
i . @ Can distinguish
e MF : between SM and
= U | MSSM over large
3 S region of parameter
e space.
‘ o 0® ® S—channel + Zh data
o Y —> sensitivity up to
s (CeV) M, ~ 600 GeV
=
& 3T Jack Gunion
5
g r Luminosity needed for
& sk a 3o discovery using
iy BR(WW)/BR(bb) etc.
0.1
g my, = 110 GeV
g 003
= | ! 1 l l
- 200 300 400 500 600 700

mp (GeV)

In the same way that the SppS collider discovered the
79 & LEP/SLC milked the precision Z? physics, it
could be that the LHC (or TEV33) discover the Higgs
and the FMC milks the precision Higgs physics.




SUSY Physics

® There are > 100 SUSY-breaking parameters

(Milles [1984], Haber & Kane [1985]) and MANY
models.

® To uniquely determine which model describes
reality (if any) will require the observation of
all (?) of the sparticles, and many precision meas—
urements ... & will take more than one machine.

@ The Higgs sector is a vital piece of the picture
(h°, HY, A?, H¥) —> compelling case for an FMC.

® H° and A? widths broader than h’. Beam energy
spread of 0.1 % may be adequate for scan.

20 —

# events/0.01 fb™!

NI B

sof- A"H® - bD
m,»=350 GeV |/

tangf=10

A B

T T

——R=001% ]

""" R=0.08%
€=0.5

350 a51

Ve (GeV)

as2

353

In mSUGRA with
large my:

mA ~ mHO"' mH;k

at large tan f3 ...
only an S—-channel
scan may allow
separation of
A&H

Charginos
Th 0Tt X"
¥, Z, h L
P VK
1
H= X~ H X

o x+t—>f r X" -+ look for 4 jets + P

V. Barger

® G depends on my_+ and
m\~;u ~> infer m;,-u

@® Polarization can be used
to turn off Vi contribution

0 f s R
200 210 220 230 240 250
Vs (GeV)

®  Final Remark: If we live in a SUSY world some sparticles
may well be at the TeV scale .... sooner or later we will
want a multi-TeV collider !
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Strong Electroweak Sector

Top Factory

® Technihadrons low enough in mass to be produced ® Precise my, & m; measurements test radiative structure

at the FMC will probably be first seen at TEV33 ...
or if not, at the LHC. Need precision measurements
of masses, widths, BRs, study p,n interference, etc.

John Wolmesely
T T ' T T 1 T M T T T 7
6 ]

o L I?Le"l/())’;'z MU =>Dyp 1 .l 104 ev/y;‘z HUL => D —j
_ atL= (mpp=110GeV) | at L=10 (mpy = 150 GeV)
2wl A 2 o b Lo =
2 /. = S

102 - [ 100 |- - 4
© WniZn S - © e <]

1 =7 107! )
e cwwiwz . " 3
o R 07

/s (GeV) /s (GeV)
T T T 1 1 i H T i i
7 -> -
ot L 10 ev/y;,'2 ML O)Tﬂi N o Ly => T
: at L=10 (mpyp =110 GeV) ] i bb (isoscalar) ]
4= ]
“e.'uﬂ - =

o | bb back- /

\\; ot L.ground

A ] [ I 100 Lot I [
208 208 210 212 218 218 1008 1009 110 10.1 110.2

Vs (GeV) /s (GeV)
@ If no light Higgs boson exists then EW gauge bosons
develop strong interactions at the 1-2 TeV scale —>
3-4 TeV muon collider needed.

of SM —> look for new physics. Important if nothing
new found at TeV33/LHC

Barger, ﬂegqe'r, Gunion, Han ~ @ Threshold tf production
Pe0Ib ! scan —> my, My, Ith|29 O

0.120 |

® Example: 10 fb~1 scan

§ ous b | Byrsat3x 1032 ecm2s~1)
'! Am, ~ 200 MeV
0.116 / ’,/
A =40 .
o @® Can check consistency
1747 1748 1749 175.0 1751 1752 . -
m(GeV] of SM with Higgs Boson
808 e ] T —
™' (My)=126.9910.03 ]
805 — a,(M;)=0.118 fs . . .
- | i @ Theoretical uncertainties:
3 soa [ MeSI00 G o
Z Y 7 1 Deftn pole mass (M. Smith)

NNLO correctns (A. Hoany)
Final state interactions

Final state gluons (L. Or)

8oz ]

gog bl ]
150 160 170 180 180 200

m, (GeV)

® Can also search for anomalous top couplings (polariz—

ation would enhance capability) & new _Particles in
production (up —> X => t€, ypu —> H —> tc +¢t) and
decay (e.g. t —=> H*b).



Summary: Workshop Conclusions Score Card]

® There is an enormous amount of Front—End physics

to think about ! The neutrino physics possibilities look

great ! Can we invent low energy muon experiments Rating Topic Comments
that match the Front—-End bunch structure .... or a way * Low E Had S o
to make the bunch structure match the experiments ? oW Energy Hadrons | Ad ;é‘;’:,f‘;g’g“r‘;';,‘,’a""“
® There is a strong cutting—edge physics program at '
the FMC in almost any scenario. If a H?ggs—like ? Low Energy Muons K,[‘::;ih;";'{““'g:d
object is discovered at TeV33/LHC an FMC Higgs orik needed.
factory would be GREAT ! If nothing is found at #* %% | Neutrinos—Oscillations| Exciting qualitative &
TeV33/LHC, precision my, and m; studies very #3%% | Neutrinos — DIS quantitative improvement
desirable (—> top factory) and eventually a multi-TeV
muon collider would be needed ! veveveve| Higgs Factory Jewel in the crown !
@ Some things that were identified as important and/or X% | SUSY Higgs sector compelling
need of more work:

& precision spectroscopy

¢ We cant afford to give up any luminosity ... in fact a %% | SEWS Precision spectroscopy
factor of 3 more luminosity than given in workshop
parameters seems plausible and is VERY desirable ! A ¢ Top Factory Important if TeV33/LHC
find nothing
¢ How well can we measure the luminosity ? T Z Factory Need higher luminosity

than presently forseen

€ What B-tagging efficiency can we expect ? ...
i.e. more work on detector/backgrounds needed !

& What polarization can we really achieve ?
(vs luminosity).
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QUANTITATIVE HIGGS AND PSEUDO-NAMBU-GOLDSTONE
PHYSICS AT THE MUON COLLIDER
Prospects at and Complementarity of LHC, NLC, MC

J. F Gunion, 4th International Conference on Muon Colliders, San
Francisco, (December, 1997)

Collaborators: Barger, Berger, Han, Kelly, Grzadkowski, Martin, Poggioli, VanKooten, D.

Dominici

OUTLINE OF TOPICS

e Prospects for and means for distinguishing the MSSM A® or other
SM-like light Higgs bosons from the SM hgys via branching ratios

and couplings, and implications.
e Strategies for finding the MSSM H? and A° and the role of the MC.
e Higgs pair production at the MC.

— Discovery

— What we learn from the branching ratios of the H?, A in the

supersymmetric GUT context.
o Verifying Higgs CP properties.

¢ Exotic Higgs sectors: complementarity of LHC and s-channel pro-

cesses at electron and muon colliders.

¢ Discovering the pseudo-Nambu-Goldstone bosons of a technicolor model

for a strongly interacting electroweak sector. (BESS example).

3V

Some +’s and —’s and Critical Requirements for the Muon
Collider

ey advantages as compared to an electron collider:
e There is less bremsstrahlung and no beamstrahlung,.
¢ Beam energy resolution can be substantially better — in particular.

R = 0.003% can be achieved at the low-energy Higgs factory so that
the Gaussian spread in /s, given by

R V'S
oz~ 2 MeV (0.003%) (100 GeV) : (0.1)

can be as small as the natural width of a light SM-like Higgs boson.

e The beam energy can be very precisely tuned: AFEheam ~ 107> Fyeam
is ‘easy’; 1078 is achievable and very important for scanning a narrow

Higgs boson or other resonance.

Additional positive aspect:

Since the cost of a final storage ring is modest, several would be built as the
energy of the machine is increased, each designed to optimize luminosity
at specific energies designed for specific physics goals. The Higgs/PNGB

list would include:
o s-channel Higgs factory production at /s ~ m, of any narrow width
Higgs discovered at another facility.
Compute 7} by convoluting a Gaussian /s distribution of width o /e
with the standard s-channel Breit Wigner Higgs resonance cross sec-

tion. For /s = my, one obtains

N 7v/2rT(h = pp) BF(h — X) o

T 3
th\/;




Eq. (0.2) = small T'*" and o~ I 3 big o5,

e s-channel scan for P? technicolor resonance peak at /s ~ mpo. fol-
lowed by detailed study. Lack of limits on the typical P imply de-
cent luminosity needed starting at /s ~ 10 Ge\" and going on up to
100 — 200 GeV.

e Rings designed to scan for heavier Higgs bosons (e.g. MSSM HY. A?%)
that are expected theoretically, and predicted to have substantial
ptp~ coupling, but that are not observed elsewhere because of e.g.
weak ZZ, WW couplings

e Operation at high £ near the Zh threshold for any Higgs with sub-
stantial ZZh coupling (e.g. SM Higgs). (This would actually be the
first goal if a SM-like Higgs has been observed and has mj), > 2my.)

Note: Even if m;, < 2myy, there are important Higgs properties that
are most easily measured at Zh maximal cross section rather than in
s-channel production. If these measurements have not been covered at

a ete™ collider, then the muon collider would have to perform them.
¢ Eventual operation at very high energy for Higgs pair production.

Discriminating among SM-like light Higgs bosons, e.g. h® vs.
hsa- (J.G.. L. Poggioli. R. Van Kooten + . . )
With no NLC or MC:

o It is hard. Snowmass96 study = precision inadequate in “decoupling’
sort of limit of particular interest. In particular, very hard to probe
the fermionic (e.g. bb) couplings that — largest deviations in the
decoupling limit. m, ~ mz = best case: LEP2, TeV33 and LHC

data all available.
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e LEP2 + TeV33 + LHC

Table 1: Summary of approximate errors for branching ratios and couplings-squared at my,,, ~ mz
in the M1 mass region. Where appropriate, estimated systematic errors are included. Quantities
not listed cannot be determined in a model-independent manner. As discussed in the text, directly
measured products of couplings-squared times branching ratios can often be determined with better

accuracy.

Quantity Error (mg,, ~ myz)
BF(bb) +26%
(WWhsu)?/(ZZhsy)? +14%
(WWhguy)? +20%
(ZZhsp)? +22%
(yyhsm )2/ (bbhsp)? +17%
BF(yy) +31%
(99hsm)? +31%
(tthsm )2/ (WW hgp )? +21%
(tthsp )? +30%

Above are statistical errors only, for L = 300 fb™! each for ATLAS

and CMS. L = 30 fb~! at Tevatron. and L = 250 pb™! per experiment
at LEP192.

e No direct access to (bbh)? or (t*77h)? or (yyh)? couplings: need

total width to convert branching ratios to couplings.
® Much less will be known if my,g,, is beyond LEP?2 reach.

¢ Overall, without NLC and/or MC data, we will know that the Higgs
is SM-like, but we will not be able to discriminate between different
SM-like possibilities without going to NLC and MC.



NLC data alone;

e The best ‘bet’ for discriminating between SM-like Higgs bosons for
my, < 130 GeV is o BF(h — ct)/o BF(h — bb); for my, > 130 Ge\’
(as in NMSSM), e BF(h — WW*)/o BF(h — bb) valuable.

— New results from Snowmass96 use ‘topological tagging” (e.g. pri-
mary. secondary, tertiary for b jet but only primary and secondary
for ¢ jet). With state of the art vertex detector can separate with

remarkable efficiency.

— For L = 200 fb~" at /5 = 500 GeV and m; < 130 Ge\” (and
combining Zh, Z Z-fusion and W W -fusion production processes).
=> statistical error in BF(cg)/ BF(bb) of ~ +7%.

— Theoretical uncertainty in m.(m.) and ms(ms) (sum rules, lattice)
and QCD running from m,, my — my, should reach < 10% level

in a few years — net error of < 10%.

=> distinguish h® from hgsp at > 20 level for m 0 <
450 GeV for mpo = myg,, = 110 GeV.

e Many other h properties can be determined, but:

— the most accurately measured are not very useful for distinguishing
hsu from AY for large m 40 due to rapid approach to decoupling
limit;

— others that could be very useful, e.g. ', must be measured very

indirectly, and thus not very accurately.

Table 2: Summary of approximate errors for branching ratios, coupling-squared ratios. couplings-

squared and T}’ as determined using only data accumulated in /s = 500 GeV running at the

NLC, assuming L = 200 fb~! is accumulated. For BF{hsas — vv) we have combined the NL('
Vs = 500 GeV results with results obtained using LHC data; the net accuracy so obtained for

BF(hspy — 7v) is also reflected in the determination of T}, following the indirect procedure.

The errors for ['(hsy — ¥v) quoted are for L = 50 fb™! accumulated in vy collider running at

Lot

V'8 ~ my,, /0.8, and are those employed in the indirect T determination.

hsm
Quantity Errors
My, (GeV) 80 [ 100 [ 116 [ 120
(cEhsm )/ (Bbhsar ) ~ +7%
(WWhsp)?/(bbhsy)? - - - +23%
(vrhsm )2/ (bbhsy)® | +52% | £33% | £20% | +26%
(ZZhsy)? +3% — +4%
BF(hsp — bb) +5%
BF(hsy — cT) ~ 9%
BF(hsp — WW*) =
(WWhsn)? +5%
(ZZhsp )2 /(WWhsy )2 6% — £7%
BF(hsy — 17) £16% | £14% | +14% | +14%
(vrhsar)? ~ £12%
it (indirect) +19% | +19% | +19% | +18%
(bbhsy)? £20% | +19% | £19% | +19%
Mg, (GeV) 130 140 | 150 170
(cthsm)?/(bbhsar)? +7% ?
(WWhgne)2/(bbhsp)® | £16% | 8% | +7% | +16%
(yvhsm )2/ (bbhsp)? +27% | +30% | +41% -
(ZZhsm)? +4%
BF(hsp — bb) +6% | 29% | ~20%?
BF(hspy — ct) ~ +9% ?
BF(hsp — WW*) +16% | 8% | +6% | +5%
(WWhga)? +5% | 5% | 48% | +10%
(ZZhsp 2 /(WWhsy)? | 7% | £7% | +9% | *11%
BF(hsp — v7) +14% | £20%7 | +41% -
(yyhsm)? +15% | *17% | £31% -
T, (indirect) +13% | +9% | +10% | 1%
(bbhsn)? +14% | £11% | £13% | +23%
Mgy (GeV) 180 190 | 200 300
(Z2Zhsm)? 4% - £5% | 6% | +9%
(WWhsy)? +11% | £12% | £13% | +24%
(ZZhsm ) [(WWhsy)? | £12% | £13% | £14% | +25%
BF(hsy — WW) +6% | 7% | 8% | +£14%7
(vrhsm)? +13% | *12% | +12% | +22%
it (indirect) +13% | +14% | £15% | +28%




Bring in the muon collider: my,, = 110 GeV, €L=0.00125b™! per bin

T T T

e MC = big further gain (if m; # mgz) by focusing on p*p= — I L 100[S/Bn at penk R=0003% -]
[3] Tay =3 MeV
. o fad
production at /s =~ my,. (J.G., Barger, Berger, Han) - E
For a Standard Model-Like Higgs m; < 2my is required for good s- g ]
7] 60 |— —]
channel cross section. Above that 'y, becomes big and 7, o« BF(h — B r [ ]
+,,-\ : ] [
pt ) is too small. w0l I .
L
| . 1. NI 1
. . 109.98 1098.06 110 110.02 110.04
Eg'fectwe Cross Sections: m,=110 GeV V§ (GeV)
10 T T T T T T
5 "““"R'J.le ! l
0% 1= oo R-000% h°: tang=20 | Figure 2: Initial scan for centering on my,, = 110 GeV Higgs boson.
104
= 103 g — “Typical case” — myp ~ 110 GeV, o5 ~ 2 MeV, Amy ~
“ L tang=10 . (-
= 102 o et 100 MeV = ~ 50 points needed to center within < o s Each
io 10! . . - ..
00 point requires L ~ 0.0015 fb™! to observe or eliminate the A at
10 m =175 GeV _
e Mypp=1 TeV - the 30 level. = L = 0.075 fb~! needed to center = for
10 no squark mixing
P N I I T : _ -1 . )
1078 = 1505 o Y T L = 0.1 fb™" /yr, centering might take 1 yr.
Vs (GeV
(GeV) ~ Worst case — my, = mgz; a factor of 50 more L, needed = 4
Fi 1: The effective cross section, Gy, obtained after convoluting o, with the Gaussian distributions for _ -1
Rl%_ln;)e,m%, 1‘;e= 0.06%. and R = O.l%,.‘ is plotted as a function of /s taking m) = 110 GeV. years even at L=11fb /yr
. . — The above is based on bb mode only, neglecting use of FB asym-
Strategy: First center on /s ~ my and then measure Higgs proper- ¥, neg 8 Y
ties metry of background, and assuming polarization beyond natural
es.

P, ~ P_ ~ 0.2 = substantial L loss. Kamal, Marciano and
o For a SM-like Higgs with my < 2mp: Amy, ~ 100 MeV from LHC

Parsa have estimated that FB asymmetry and 777~ mode —
(L = 300 fb'); Amy ~ 50 MeV from /s = 500 GeV NLC (L =

useful scan time reduction.

200 fb1).
desi final ring for /3 ~ m Once centered at /s ~ my, the crucial measurements are:
= can design a final ring for \/s ~ my.
: : :dth- Ttot — o T
Once operating, scan over the Amy, interval so as to center on /s =~ — The very tiny Higgs width: I'}?* =110 MeV for a SM-like Higgs
my, within a fraction of o /s with m), < 140 GeV (i.e. mass as predicted for h® of SUSY).
-
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Figure 3: SM rates and L required for 50 observation as a function of myg,, .
—o(utpy~ = h = X) for X =bb,WW*,ZZ*.cc, 7¥7"*
Accuracy achievable? Employ optimized 3-point scan.

At L =0.4fb~! (> 4 yearsat R = 0.003%) the errors for o BF (hgp —

bb) are small, but those for T} ~are not wonderful.

e If no Zh NLC or MC data, use o BF ratios to distinguish
hsy from hC. At myg,, =110 GeV, Lo, = 0.4 fb! (see Table 3):

(WW*hsy)? (cthoy)?
22 M)y £15%, oot s~ £20%
hsm)? " (bbhgm)? 0
(WWhsy)® (cthsy)?
(tt7-hsm)? = £18%, (r*t7-hsm)? —~ £22%

Systematic errors ~ 5% — £10% from uncertainty in m;.

Combining above = > 20 deviation for m 40 up to ~ 400 GeV.

= similar to NLC for L = 200 fb™!.

*Note from Eq. (0.2) that o(utp~ — h — X) provides a determination of I'(h — ptu~}BF(h — X) unless
0 ;< et

Table 3: Percentage errors (1) for c BF (hsy — bb. W™, ZZ*) (extracted from channel rates) and
T}y, for s-channel Higgs production at the MC assuming beam energy resolution of R = 0.003%.
Results are presented for two integrated four-year luminosities: L = 0.4 fb™' (L = 4 ") An
optimized three-point scan is employed [which. for the cross section measurements. is equivalent to

L~02f7 (L=21b"")at the /s = my,,, peak].

Quantity Errors
Mass (GeV) 80 mgz 100 110
o BF(bb) 2.4%(0.8%) | 21%(7%) | 4%(1.3%) | 3%(1%)
oBF(ct) ? ? ? 19%(7%)
oBF(rtr™) ? ? ? 8%(3%)
ocBF(WW?*) - - 32%(10%) | 15%(5%)
oBF(ZZ*) - - - 190%(62%)
s 10%(3%) | 78%(25%) | 30%(10%) | 16%(5%)
Mass (GeV) 120 130 140 150
o BF(bb) 3%(1%) | 5%(1.5%) | 9%(3%) | 28%(9%)
o BF(WW*) 10%(3%) | 8%(2.5%) | T%(2.3%) | 9%(3%)
oBF(ZZ*) | 50%(16%) | 30%(10%) | 16%(8%) | 34%(1%)
Iy, 16%(5%) | 18%(6%) | 29%(9%) | 105%(34%)

Note: T errors big + I'i® model-dependent = no clearly useful.

Still, deviations from SM substantial if m 4 < 500 GeV.

e If NLC and «+-collider facility at NLC data available =

determination of fundamental Higgs couplings.

Best Example: 4 ways to determine I'(h — ptpu™):

D) D(hgy = ptu™) = [P(hgy =t u™)BF(hgpy —bb)imc

BF(hgy—bbnLc ;
2)T(hsy = ptp™) = E@w;z;‘?g;:{lf‘x%gzw*nm;
- - —_ * ~tot
3) Dlhsy = p*p7) = Thow Iﬁlf‘(h)sipihzsg)rjf DTl ;
—ptu~)BF S WWEITtot
4) D(hsy — p*pm) = -2 r‘lfiﬂ'li‘fmff AL

Resulting errors are labelled (1~ hsy)?|nLosmc in Table 4.



Table 4: Percentage errors (1) for combining L = 600 fb™' LHC, L = 200 fb™' -/ = 500 Ge\’ L =04 fb! scan = ﬁ‘f? — +18%, % — +22%, ﬂ%’l — £15%, Z‘i — £20%
NLC. L = 50 fb~! yy-collider and MC R = 0.003% s-channel data. with errors for the latter
as quoted in Table 3. Results are presented for two total four-year integrated MC luminosities:

L=04fb" (L=4"Y). NLC, Zh Mode: MSSM/SM Ratio Contours
Me=175 GeV, m,=110 GeV, Mox. Mix.

Quantity Errors 0 E ;

Mass (GeV) 80 100 110 120 s}  BR(WW)/BR(bb)
(BbhsarinLcame | 10%(6%) | 16%(10%) | 13%(7%) | 13%(7%) - i
(cthsa)PinLcame | 13%(9%) | 18%(12%) | 15%(10%) | 15%(10%) uf §

(¥ i hsm)Plnposme | S%(5%) | 5%(5%) | 5%(4A%) | 4%(4%) @ uf |

(rrhsm e | 18%(16%) | 33%(17%) | 21%(14%) | 20%(14%) § wf
(vrhsm)?InLcame | 10%(9%) | 11%(10%) | 10%(9%) | 10%(9%) 8 03 |

i INLceme 9%(3%) | 16%(8%) | 12%(5%) | 12%(5%) sF :

Mass (GeV) 130 140 150 170 ar 198 / 08
(Bbhsm )’ Inucamc | 12%(8%) | 10%(9%) | 13%(13%) | 23%(23%) S S
(CEhSM)Z‘NLC+MC 14%(10%) ? 0 100 200 —'730‘; 460 5&0 “;0

(et i hsm)?invcamc | 5%(4%) 4%(4%) 5%(4%) 14%{13%) °F -
(WWhsyPimc | 24%(17%) | 30%(12%) | 104%(33%) - sk BR(c‘c)/;BR(bb)
(WW*hsp ) Invoame | 5%(5%) | 5%(5%) 8%(6%) | 10%(10%) 16 |- i

(yrhsa ) Imc 22%(14%) | 34%(20%) | 110%(48%) - b i
(vvhsm)Inuceme | 12%(10%) | 15%(13%) | 20%(25%) - @ nf |

Tit, Invosme 10%(5%) | 8%(6%) | 10%(9%) | 11%(11%) § mwf

8t 0.3 50.5 0.8
6 \
Use combined measurements to distinguish between hgys W
and h® of the MSSM = constraints on H? and A°. S x .

In particular, T'(h — p*u~) (error < 5% for MC Lyo, = 0.4 fb71).
m, (GeV)

= probes at 3o level out to m4 < 600 GeV for all

mp S ZmW' No systematlcs. Figure 4: Constant value contours in (mgo,tan8) parameter space for the rate ratios

(WW*/bb))0 /[WW* [bbl,,, and [c/bblus/[cT/bblkg,,, for “maximal-mixing” with fixed my =
110 GeV. Same contours apply for b - 7.

Combining => 20 sensitivity up to m 4 ~ 400 GeV.
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MSSM/SM I(h —> uw) Ratio Contours
Mie = 175 GeV, m, = 110 GeV, No Mix

20 F T -
18 | | |
16 b : :
o " |
12 F i ;
« 7 ; ‘
C 10 t ' H
5] ! :
~ 8F : :
: :
6 F ; :
: 1.15
4k J
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H 1 i 1 i k]
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Figure 5: Constant value contours in (mo,tan B) parameter space for the ratio TR —
ptp=)/T{hsy — p*p~). We assume “no mixing” in the squark sector and present results for
the case of fixed mpo = myg, = 110 GeV. For “maximal mixing”, the vertical contours are
essentially identical — only the size of the allowed parameter range is altered. Contours for
T(h° — bB)/T'(hsm — bb) are identical.

Determine to +4% with L = 0.4 fb™" scan and NLC (200 fb™') and LHC
(600 fb~!, ATLAS+CMS) data = 30 sensitivity for m 40 up to 600 GeV.

Heavy Higgs of the MSSM and the MC

o Possibilities for H®, A% are limited at other machines.

~ The LHC has “h%-only” regions at moderate tan3 2 3. m. 40 >
200 GeV (see figure). For given m; = 1 TeV, b — sv too
big unless my+ ~ m o 2 350 GeV.

ATLAS+CMS fLdt = 3 10° pb™
My, = 175 GeV
h=> ¥y and Wh,tth with h—>yy

Figure 6: Discovery contours (50) in the parameter space of the minimal supersymmetric model for
ATLAS+CMS at the LHC: L = 300 fb~'. Two-loop/RGE-improved radiative corrections to the
MSSM Higgs sector are included assuming m; = 1 TeV and no squark mixing.

— At the NLC ete™ — Z* — H®A" is limited to mgo ~ mp S
V3/2 — i.e. 230 ~ 240 GeV at /5 = 500 GeV.
— A 77 collider could probe up to myo ~ myo ~ 0.84/54,-, but

this would require L ~ 150 — 200 fb~!, especially if m 40 near
400 GeV and tan S is large.



e In contrast, p*pu~ — HY, A° potentially allows production and study
of H*, A% up to myo ~ myo < /5. For L = 50 fb~! (5 vrs running
at < £ >=1 x 10%, as possibly achievable for R 2 0.1% for Vs =
300 — 500 GeV):

— With preknowledge/restrictions on m o (from h® data.
LHC or NLC discovery. etc.) ptp~™ — H® and ptu~ — A°
can be studied with precision for all tan3 2 1. In particular, a
scan to determine their widths would be no problem. Fine reso-
lution (R < 0.01%) might be required to separate A° from H° if
tan 3 is large. (Lower expected L for such a small R would be ok

once the overall peak location had been determined.)

Separation of A® & H° by Scanning
L B e e Eaman e

8ot~ A°H® - bD
m,s=350 GeV ,"

# events/0.01 fb™!

20 [

346 U9 350 ast 52 ‘383
Vs (GeV)

Figure 7: Plot of b5 final state event rate as a function of /3 for m 4 = 350 GeV, in the cases tan 8 = 5 and
10, resulting from the H®, A° resonances and the bb continuum background. We have taken L = 0.01 fb~?
(at any given /3), € = 0.5, m; = 175 GeV, and included two-loop/RGE-improved radiative corrections to
Higgs masses, mixing angles and self-couplings using my = 1 TeV and neglecting squark mixing. SUSY
decays are assumed to be absent. Curves are given for two resolution choices: R = 0.01% and R = 0.06%
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— Without preknowledge? From LHC and possibly also NLC.
we will know that m 4, myo 2 250 GeV if they are not seen
(assumes my ~ 1 TeV) — m 40, myo > 350 GeV if trust b — sy

and my has been measured to be large.

= 2 strategies:

+ Hope that m 0, mgo S 500 GeV and scan from
250 — 500 GeV. => discovery if my 2 250 Ge\' and
tanf 2 4 — 5 — small no-LHC, no-MC gap for 3 <
tanB S 4 — 5. “

* First run MC at /s = 500 GeV (or whatever) and
use bremsstrahlung tail. For m resolution ~ £5 GeV
(either via direct reconstruction or hard photon recoil) and
L =50 fb™! (200 fb™!) at /5 = 500 GeV, the A®, HY peak(s)
are observable for tan8 > 5 — 6 (3.5 — 4.5) if 250 GeV <
my < 500 GeV — i.e. the LHC/MC gap for tanf 2 3 is
essentially closed at the higher luminosity.

Meanwhile, other physics results would be obtained.

— Net result: Together, the LHC and MC = guarantee
A HO discovery if < 500 GeV; tanf3 gap depends on £
for /s < 500 GeV.

— For higher m o, m 40, higher MC energies are required.
Without some restrictions or . . . from other data, scan interval
large and discovery might be missed if tan 8 is not large.

Thus, use of I'(h® — ptp~) to decide if m 40 2 600 GeV

very valuable.



p’p” Bremsstrahlung Tail MSSM H®A° Production

105 T ¥ T T ] T ™7 [ T T T ' T T ' T T T

- V8'=500 GeV, R=0.1%, L=50 fb-"
F dots: tanf=20

o dashes: tang8=5
solid: background

IR WE T

I

bb Final State
104

Number of Events in m,z+5GeV

0 100 200 300 400 500
Central m,; Value (GeVv)

Figure 8: Taking /s = 500 GeV, integrated luminosity L = 50 fb~!, and B = 0.1%, we consider the
b5 final state and plot the number of events in the interval [my; - 5 GeV.m; + 5 GeV], as a function
of the location of the central my; value, resulting from the low /3 bremsstrahlung tail of the luminosity
distribution. MSSM Higgs boson H® and A° resonances are present for the parameter choices of m a0 = 120,
300 and 480 GeV, with tanB = 5 and 20 in each case. Enhancements for myo = 120, 300 and 480 GeV
are visible for tan 3 = 20; tang = 5 yields visible enhancements only for m 40 = 300 and 480 GeV. Two-
loop/RGE-improved radiative corrections are included, taking my = 175 GeV, my =1 TeV and neglecting
squark mixing. SUSY decay channels are assumed to be absent.

H°A® and H*H~ Pair Production

Value of H°A% and H*H~ pair production is great. (JFG. Kelly)

m0 2 1 TeV cannot be ruled out simply on basis of hierarchy and natu-
ralness (but — fine tuning stretched).

= if A%, HY not observed at LHC, MC scan, etc., then must build /5 >
2 TeV muon collider if NLC can’t be built with needed energy.

For high masses, the decays could be very messy. We have explored a

number of GUT scenarios.

e Discovery of H% A% in their bJ or ¢ decay modes and H* H~ i their t}
and b decays will be easy for expected luminosities, even if SUSY

decays are present.
® Measurement of mass with reasonable accuracy will be possible.

® Measurement of branching ratios in combination with measurement
of mgo ~ myo ~ mys and, say, Mt (chargino) discriminates with
incredible statistical significance between different closely similar GUT

scenarios.

Bottom line: Higgs pair production and measurement of their

decays will be a powerful tool in determining the correct GUT-scale

boundary conditions.



Verifying Higgs CP Properties

Direct verification that the SM Higgs is CP-even would be highly desirable.
Direct determination of CP property of arbitrary neutral Higgs will be
important.

If CP violation is detected in Higgs sector, then we must go
beyond the SM and MSSM.

¢ v collisions and u* u~ s-channel provide the most elegant and reliable

techniques.

In 7 collisions at NLC:

— In terms of the polarization vectors €} 3 of the two 7’s photons in

the photon-photon center of mass,
‘C‘Y‘Yh = é'l . 528 + (51 X 52)20,

with £ and O of similar size if the CP-even and CP-odd (respec-

tively) components of the h are comparable.

— The difference in rates for photons colliding with ++ vs. ——
helicities is non-zero only if CP violation is present.
Experimentally this difference can be measured by simultaneously
flipping the helicities of both of the initiating back-scattered laser
beams. => Easily measurable for a large range of two-doublet

parameter space if CP violation is present in the Higgs potential.
— In the case of a CP-conserving Higgs sector, there is strong de-
pendence of the 4y — h cross section on the relative orientation

of 51 and é'g.
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Use parallel vs. perpendicular cross section asymmetry for collid-
ing photons with substantial transverse polarization (obtained by
transversely polarizing the incoming back-scattered laser beams).

=> 77 collisions may well allow a determination of whether a given
h is CP-even or CP-odd.

In p*pu~ collisions:

~ A ptu~ collider might well prove to be the best machine for di-
rectly probing the CP properties of a Higgs boson that can be

produced and detected in the s-channel mode.

— The most elegant possibility arises if it is possible to transversely

polarize the muon beams.

For 100% transverse polarization assume that the p* transverse
polarization is rotated with respect to the u~ transverse polariza-
tion by an angle ¢.
2 _p2
o(¢) x 1—22—;~%cos¢+a72:"_1)—b5sin¢. (0.3)
To prove that the h is a CP admixture, use the asymmetry
_o(m/2)—o(-m/2)  2ab

= = . 4
! o(n/2)+o(—n/2) a?+b? (0.4)
For a pure CP eigenstate the asymmetry
o(r)y—a(0 2
=AM =00 _a (0.5)

o(r)+0(0) ~ a+ b2
is +1 or —1 for a CP-even or CP-odd h, respectively.

Background processes and only partial transverse polarization will

dilute the statistics; further study needed.



Exotic Higgs Sectors: Complementarity of LHC, NLC and
MC

e Doubly-Charged Higgs Bosons (A™7):

Theoretical issues:

— Consider models where p = 1 is natural (not infinitely renormal-
ized).
=> vev of any neutral member of the same multiplet = 0. = no
W-W~ — A~ coupling. = narrow width in general, especially
if A= — W~A" is kinematically forbidden (as is likely).
— Especially interesting = lepton-number-violating £~ — A~~
coupling. For Q = T3 + ’7 = —2 the allowed cases are:
(el > A~ (T=0,T3=0,Y =—4),
bGbp > A (T = %,Tg = —%, Y = -3), (0.6)
G > A~ (T=1T=-1Y =-2).
Note the above cases include the T = 1/2,Y = —3 doublet rep-
resentation with no neutral member, and the popular T = 1,Y =

—2 triplet representation.

— In the case of a |Y'| = 2 triplet representation (to which we now
specialize)

Ly = ihi}, CraApip + hec., (0.7)
where 1,j = e, p, T are generation indices, the ¢’s are the two-
component left-handed lepton fields (¢ = (v, €7 );), and A is
the Higgs field matrix:

Ao ( AT /\/§ A+t )

KRN, (0.8)

— Limits on the h;; by virtue of the A=~ — £7¢7 couplings include:

Bhabbha scattering, (g — 2),, muonium-antimuonium conversion.

and p~ - e"e”et.

|h& > S 1075m} - ( GeV)
|h8, 7|2 < 4 x 107m4 - ( GeV)
B8 hA™| < 6 x 10~ mi——( GeV)

€

RATHRATT £ 5 x 1071 mA__( GeV)
ey ee A

(0.9)

from the above respective sources. Last suggests small off-diagonal

couplings as we shall assume. Adopt convention
|hg " ? = coemA--( GeV), (0.10)

where c.. < 1072 is the strongest of the limits.
— For éT =1,Y = -2 triplet,
(A= = A~W~) = (1.3 GeV) (1855)’ Bhow-, 0.11)
T(A™ = £0) = (0.4 GeV) (125) (1mazsy)’ '
Result:
I'tet_ big if A=~ — AW~ allowed or some cy near
upper limit.
I'et_ small if all ¢y < limit and A77 — A~W™ not
allowed. ( For extremely tiny c's, virtual versions of AW can

enter.)



Strategy:

— Discover A™7 in pp = A™"A* with A== = (AT o
Het (£ =e,p, ) at TeV33 or LHC (J.G., Loomis, Pitts).

LHC
sart(s) = 14 Tev

cross section (fb)

W0 E - Tevatron
sqrt(s) = 2 Tev

1 2] 1 1. 1 sl
200 400 800 BOO 1000 1200
&7 mass (GeV)

Figure 9: A** A~ pair production cross section as a function of A=~ mass for both the Tevatron
and the LHC.

* A~ detection at the Tevatron (/s = 2 TeV, L = 30 fb™})
ok for ma-- up to 300 GeV for £ = e or p and 180 GeV for
¢ = 7. (Criteria: ~ 10 evts. for £ = e, p and ~ 300 evts. for
L=r1)

* At LHC ma-- discovery ok up to roughly 925 GeV (1.1 TeV)
for ¢ = e, p and 475 GeV (600 GeV) for £ = 7, for L = 100 fb™"
(L =300 fb™").

= TeV33 + LHC will tell us if such a A~ exists in
the mass range accessible to NLC and MC.
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— Study A~ in e"e” and p~u~ s-channel collisions via

the allowed Majorana-like bi-lepton coupling.

* At e~"e” machine, spectrum ~ Gaussian near /s, with a 1o
rms resolution of o _j ~ 0.2%+/s, + tail (beamstrahlung and
bremsstrahlung). ~ 38% of total L resides in Gaussian peak
at ~ /5. Assume 2 1/2 vears, = L = 50 fb™' in the central
0.2% Gaussian peak.

* A useful mnemonic, for \/s = ma--, is

~ ma—— R\/g)
7~ 026V (f5re) (0.2% - (0n)

The crucial issue: ¢ S5 VS It .

For ¢ = 107° and R 5 = 0.2%, Eq. (0.11) = T(A™" —
t747) = o s for mp-- ~ 70 GeV. If all ¢’'s < 10~% and the
A~ — AW~ decay is disallowed, = T _ « o s

* The cross section (after convolution) is denoted by &o--. Re-

call, for /s = ma--,

4rBR(A™ " —e" €™ tot .
UBRA o) el s

41r-l-——lA___‘e_ (013)

= A e~
ﬁ%ﬁ—m‘{g_s FtA()'l~<<U\/§.

Here, we consider T < o /3 case.

TpA--

 Taking L = 50 fb~!, and using Eq. (0.12) for o /s and the result
in Eq. (0.11) for [(A™" — e7e™), Eq. (0.13) (for TRL- < o ;)
=

N(A™™) ~ 3 x 10'° ( 1:‘;_‘*5) ((ﬁ\f’) . (0.14)

= enormous if ¢, not too far below its upper bound.

Note: if the A~ is observed at the LHC or NLC. we will know

ahead of time what final state to look in.

Note: if I'f'- <« o s, Eq. (0.14) = event rate alone is

sufficient to determine c... (This is unlike the 'L >
tot

o /s case for which scan measurement of I'{~ - and/or observa-

tion of AT~ — e~e™ decays needed.)

tot

Ultimate sensitivity to c¢,e when I'{L. < o /& suppose 100

events are required. Eq. (0.14) — 100 A~ events for

Ceel100 events ~ 3-3 X 1074(R £/0.2%). TR~ < 0 5.
(0.15)
independent of ma--. = dramatic sensitivity. Even if
1000 events needed (e.g. when the semi-virtual modes domi-
nate the final state), we achieve a nearly 8 orders of magni-
tude improvement over the current limits on c... If
the p~p~ final state were dominant, as few as 10 events would

probably constitute a viable signal.



* At p~p~ collider, £ at /s ~ 100 GeV (say) would be
smaller and depend upon the choice of R ;. Absence of beam-
strahlung and smaller bremsstrahlung = 2x more of total L
in central Gaussian peak vs. e"e™. For the muon collider I
consider two options:
1. R = 0.14% beam energy resolution option. implying R i
0.1%.
For this option the 2 1/2 year luminosity in central Gaussian
peak would be about L = 2.5 yrx1fb™ ! yr1x0.8 ~ 2fb~ "
if /s ~ 100 GeV (higher at higher /s ~ mu--).
Thee e, 't Ko s results change by factor of
02% 2!
01% 50
2. R = 0.003%, implying R, /; ~ 0.002%.
In this case, Ly 1/ ~ 0.2 fb~! and the I <« o /s scaling

0.1 (0.16)

factor is
02% 0.2fb!

0.002% ~ 50 fb"
The excellent R possible at the MC compensates

for the smaller L expected, provided I'%?*_ is very

~ 0.4 (0.17)

small.
If T large (e.g. A7~ — A™W™) op— ~ independent of
R, = run with R that gives largest L.
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The PNGB’s of an Extended Technicolor Model

e Most non-minimal technicolor models of a strongly interacting elec-
troweak sector will contain PNGB's, although the number and their

exact properties are model dependent.

e In the extended BESS model, the PNGB mass derives from gauge
contributions and a contribution from the effective low-energy Yukawa

interactions between the PNGB and ordinary fermions.

e The lightest neutral PNGB’s are combinations of the isosinglet and

isotriplet components:

3 —Tp T3+ Tp
Pl=——= PV= 0.18
The P boson couples to the T3 = —1/2 component of the fermion

doublet while P%’ couples to the T3 = 1/2 component. It is the PO

that could be looked for at a muon collider.

Mbo = %\;mg, mbor = 7%—/:;771,2 (0.19)
where A ~ few TeV is an UV cut-off. =
mpo ~ 8 GeV x A(TeV).
— mpo S 80 GeV for A < 10 TeV (as expected in the present model).
e The P® Yukawa couplings to fermions are
Ly = —idbysb P’ — i\, Fys7 P® — i\, jiyspuP° (0.20)
with

,\bzﬁ.ﬂfﬁ, A= —VBr, Ay = —VEt (0.21)
3w v v



For the PY. the vy and gluon-gluon channels (from ABJ anomaly Corresponding branching ratios are shown in Fig. 10.

couplings) are also important. - . . .
plings) P ¢ Limits from elsewhere? Nothing definitive!

100 S S M S | T T 7T 3 T
g bB_] ‘!_ = [ f_: T T ] T [ T I
e 1 00 e s E
1077 & e i 2 ]
r : z ]
L i 3
Npg= 4 =10 -
e 1072 e e _ ,7,7— -— F .
m c IR 3 05 3
i /_/ i e b byl
. 0 50 100 150
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- 7 7
I ]
-/ . Figure 11: [y for the P° as a function of mpo.
10—4 { ’ PR WO DU | I [ N B l
0 S0 100 180 o = Muon Collider search for P°.
mpo (GeV)
- Recall:
. , . . o ez R NZ
Figure 10: Branching ratios for P° decay into p*p~, r+7~, bb, 77, and gg. o ~~ 1 MeV ; (023)
Ve 0.003%/ \50 GeV

o The important widths:

_ : . 4m?
(P = ff) = CERN (1 — 2Ly

is actually smaller than F{:,: of Fig. 11.

— Final states considered:

87 ™o - . .
a? Separate 777, bb, c¢ and ¢, gg final states by using topological
0 . s 2 3 R
N(P" = gg) = 487r3v2NTCmP 0 and 7 tagging with efficiencies and mistagging probabilities as
2 : .
F(PO —3 '7’)’) — 573 2N%Cm§)0 (022) estimated by B. Klng.
miv

where C' = 1(3) for leptons (down-type quarks) and Nr¢ is the num-

ber of technicolors.

A jet final state is deemed to be:

* bb if one or more jets is tagged as a b;




100 T L?In.ln?Slrty 'fo|r E.)U ——— Table 5: Luminosity (in units of 0.01 fb!) required to scan from Mmin+ (1mz — 90} to My + (7 —

90) + 5 (GeV units) and either discover or eliminate the PO at the 30 level. For scan details, see

text.

Mpn! 11 16 21 (26| 31 36
L 10.028]0.0510.079}0.10/0.13{0.18
Mot 41 46 51 | 56 | 61 | 66
L 023029040 :055!077] 12
Mupn| 71 76 81 | 8 | 91 | 96
L 22 | 53 17 | 166 | 274 | 52
Mupin | 101 | 106 | 111 | 116 | 121 | 126
L 23 15 11 |94 | 85|81
Figure 12: Luminosity for a 5o signal of P? for the channels: bb, 7+, ¢z, gg, and for the optimal Muin | 131 | 136 | 141 | 146 | 151 | 156
combination of these four channels. L 2o | 82 | 83 | 8718900

L (tb™)

50 100 150

mpo (GeV)

* ¢ if no jet is tagged as a b, but one or more jets is tagged as

ac Require Ngp = 3.
* q7, gg if neither jet is tagged asa borac. Table 5 gives L for a 30 P? discovery after scanning the indicated

Note that even though the P does not decay to ¢, some of its 5 GeV intervals.

bb and gg decays will be identified as ce. Prospects for discovery by scanning would be excellent. For ex-

Require jets or 7's to have | cos 8] < 0.94 (corresponding to a nose ample:

cone of 20°). * To cover [11 GeV, 76 GeV] at 30 level requires just 0.11 b1,
— In Fig. 12, we plot L for S;/+/B; = 5 in a given channel, i (as distributed in proportion to the (combined) luminosity plotted

defined after tagging), with v/s = mpo. in Fig. 12.

Also shown is L for optimal T; S;/v/%; Br = 5. * For {106 GeV, 161 GeV], require ~ 1 bl

Very modest L is needed unless mpo ~ mz. * mpo ~ mz, = need to know ahead of time.

— If mpo unknown => SCAN. Choose /s values separated by 20

and assume resonance sits midway between the two /s values.



CONCLUSIONS

1. Higgs boson physics remains as exciting as ever. Measurements of
Higgs production rates. decays, couplings and widths provide a very
powerful probe of a wide range of new physics. Once we have accel-

erators capable of detecting Higgs bosons, we will be very busy.

2. A muon collider is needed for precision studies of the SM Higgs or
the MSSM A?, and, possibly, to discover and, certainly. to study the
heavier MSSM H°, A°.

3. A muon collider is at least as useful should the Higgs sector be more
complicated, e.g. a 2 doublet -+ 1 singlet NMSSM model, or a general
2HDM.

4. A triplet Higgs sector with bi-lepton couplings can only be fully ex-
plored with a muon collider. We will want to determine the absolute

magnitude of each type of bi-lepton coupling.

5. The pseudo-Nambu-Goldstone bosons of an extended technicolor model
could have a very rich structure, some of it very difficult to explore at

any accelerator other than a muon collider.

6. We will be very hard pressed to find sufficient L for all the
complementary studies that are needed to fully explore

and quantify a Higgs or PNGB sector.

Increased muon collider luminosity at low /s could be crucial.

-1

. = Will one NLC and one MC be enough?
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Recent Results at LEP Il Introduction

Yibin Pan e LEPE .
University of Wisconsin Xperiments:
December 10, 1997 ALEPH, DELPHI, L3, OPAL
MM97, San Francisco ® LEP runs
e Introduction )
LEP | per experiment
e Results on W Physics:
4 (1989--1995) Z peak ~ 160 pb™
Massandcrosssecton ~ TTo s mtoososseoscsscccsoocsoseoeos
LEP 1.5
o Results on Searches: ( Fall 95) 130, 136 GeV  ~ 6 pb™!
SUSY particles (MSSM) LEP Il R
Higgs Bosons (SM, MSSM) Summer 96 161 GeV ~ 10 pb!
4-jet events - Fall 96 | _
Photonic events 172 GeV ~ 10 pb-?!
1997 ~ -1
e Conclusions 130,136 GeV 6 pb
1997 ~183 GeV ~ 60 pb™

1998 ~190 GeV 100~150 pb




W-Boson Mass

pp-colliders = —®— 80.41 +0.09
LEP 161+172 = 80.48 + 0.14
Average(world) —¢— 80.43 + 0.08

: ¥*/DoF: 0.2/ 1
LEP1/SLD —A— ’ 80.329 * 0.041
( EW Fit)

80.2 80.4 80.6 80.8
m,y [GeV]
- With 1997 LEP data (60 pb-'/exp. at 183 GeV)

o(Mw), gp ~ 0.07 GeV
- End of LEPIl: 6(Mw),p ~ 0.03-0.04 GeV

WW Cross Section
. ALEPH preliminary
A v-exchange only
.......... no ZWW vertex
— Standard Model

SywiPb)

i !

!

167 173

0 i L i L 4
155 161

‘179‘ 185
E,(GeV)

® Oww in good agreement with SM
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Triple gauge couplings (LEP)

Parameters: Olwis Olys Oy

SM = Oyy=0y=0py=0

Preliminary LEPII Results Ward/EPS 97

o 95% c.l. limits
16
Oy 0.02:218  —028<0<0.33
o, 0.15:227 - 037<a<068
057 _
gy 0.45% 0.67 0.81<0<1.50
3r ---- Aleph
25} ---- Delphi
- 2} L3
& 15
=i il ---- Opal
o5l —— LEP average
0
-1.5 -1 1 1.5

Search for Supersymmetric Particles

® Candidates for SUSY particles:
Charginos X; (I=1,2)

Neutralinos X% (i=1,2,3,4)

Sleptons 6 HTV (LandR)
Squarks q (LandR)
® General Assumptions*:

- R parity conservation

— X3 = Lightest SUSY Particle (LSP)

e Common event signature:
e*e —— (S particle) pair
Sparticle — XJ X... (X°=missing energy)
e Backgrounds:

et — YZ', WW , ZZ
YY — ff

* searches based on other assumptions have also
been performed: e.g. R parity violation



cross-section limits for charginos and neutralinos Neutralino Mass Limit :

oy 717 (B8%cL) ( Assuming GUT unification for M,M2)
Bke® S =L \, SO ALEPH 1614172 Gev
S [ B=112Gv | ] X1 Mg=200Gevic?
s 1 L 5 (Gev/d)
= 707 g y S 40
22 60 VI
=
507
40§
30
20 —
10—3
0 ;.A\j\ll.
45 50 ; .
e'e"— %02 My [GeV] | .
I | 1 2 3 4_5tanﬂ1°
E 80 P\ V5=172GeV- 95 % CL lower mass limits in GeV: ( tanp >1)
a"'?‘e' 6o | ALEPH DELPHI L3 OPAL
= 25 249 246 247 (My>-200GeV)
40 | 14 13.3 (M3 > excluded)
e The lightest neutralino (~LSP), if stable, could be a
20r ', significant part of the dark matter of the universe.
o b * Preliminary 183 GeV result: my > 30 GeV
0
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Squark e‘*e- — qq

1

0

x

t—c

e

Slepton e‘e"—
ALEPH DELPHI L3 OPAL preliminary 95% CL

-~ ° o
ARY #3 $
@y, 2 S
(/] \ssz2i WELY H o H. [+ M
e s 1 s Y g
NME & £ e SE
1> |< \H B 2 mav h g
» ¥ £ I o .E
a unu ¥ % CL m m
v
NER \ 8 o S
Yow n 5N
w)
g o8 & |’ ¢ Lo
b
> w
)
g ~
L33 -~
S G >
ol %> ~ L]
B\ fox y
] CYapuing L m gl
a i Ssaass: ﬂ M
-+ um.WN : ] R or wd
2 it ™| = s
2 \& g iiile oz
\z tHHH - B
3% \ Bt HE i B
A ¥ X e & N 4 &
© H . \k &
) < g & 8] °© 8 zmm 2 ] ©
= 2 x>
s 8 =8
o
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“ _.\. na. \_ ’ . _ u. RN 9&‘) ! ... 1 _ ; K ..“.n- (<]
> Iy
D 13
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©
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RpV: Charginos and Neutralinos

indi =. di LLE
More SUSY: MSSM with RpV 90 W indirect BEMdirect ( )
& [s=161172 (:1ev ALEPH
85
e additional RpV term: %
80

WRpv = Ak LIL]Ek + X i]kLiQ]l—)k + 7»"|]k01656k
(LLE) (LabD) (UDD) 75

=> Sparticles can decay into SM particles 70§
(including LSP )

LESS E 601

® New Topologies:
{more leptons, or jets ...

60 I indirect direct  (LLE)
Vs= l61-b72 GeV tPH

e.g. ete"—> VV

M;2(GeV)

4¢ (V— k)
LLE

=> { djets (V—> djdk)
L.QD

48+ (V—> Vi X0

L v€j{x )
LLE
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Search for Neutral Higgs Bosons

100 heavy
"4
® Neutral Higgs Candidates: H? h, H, A.
(SM) (MSsSM) 0z
ete” — H
* Production : 5 : .
e Ho(h) e* 2 h 2
- Z *. ] i
e 4 e o ‘6 ! |
A @ 3 \
(/2]
: 161
® Decays: b 8 2
y b b T < 5 2 N
Higgs — -
(-85% (7% 1 N \183
_____________________ RN -
' %0 S0 6o 70 80 90
Z —> ",z' ., /\ ﬂ mH (GeVIcz)
(on shell st LEP 1) v g & e q §
20% 10% 70%

Important:

* b tagging is essential.



HZ — bbll Candidate Event

Run: 44577 Event: 9277

et p=40.64 GeV/c ECALE =40.75 GeV
e p=4298 GeV/c ECALE =44.78 GeV

M(ete™) = 84.78 GeV/c2
M(recoil) = 97.47 GeV/c2
M(b jets) = 96.06 GeV/c2

NN btag output (Jet 1) = 0.946
NN btag output (Jet 2) = 0.993

Total Background Expected (no btag):
2.2 Events
2 events seen
(with b-tag 0.3 ZZ events expected)

EASORG: DCOR11 7000333331053 "1233'h2 XS o
INPT6 08 S3-OC-1333 12:33:32 P} DEEAEKNYIY M DVIT El
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H° Mass Limits

= E (1614172 GeV) preliminary
O 10 ]
- 5%
-2
10
~77.5
10°
10*
. 4 LEP exp. combined
10 95% C.L.
10'.71 lllllllllllll'lllllll[ljl
66 68 70 72 74 76 18 80
Higgs mass (GeV/c?)

ALEPH DELPHI L3 OPAL

Mu> 707 662 695 69.4 (LEPI+1)
(GeV) 63.9 55.7 60.2 59.6 (LEPI)

* very preliminary NON OFFICIAL 183 GeV results
A D L(60%) O (70%)
My> 88 836 822 82

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

EW fit: my= 115 f‘;: GeV (<420 GeV @ 95% C.L)

Limits on the MSSM Neutral Higgs Bosons
Vs =172 GeV

DELPHI Preliminary

@ - .. - o
o LEP 2 '"\°="(‘)‘x'"9-

zo-_‘v hZ + hA lpl<<c Mg

10 95:/° Excl. No mixing maximal mixing:

8’ 3 <= Typlcal mixing — f\l= V6Msg

6 il plc< Mg

* 'f: “typical® mixing:

. A = Ms = -u,

(Ms~1000GeV)

1 22N : Bl - LACME SN wrley RE
20 30 40 SO 60 70 80 90 100 120

mp, (GeV/c?)

lower mass limits at 95% C.L.

ALEPH DELPHI L3 OPAL
Mh> 625 59.5 58.4 56 GeV

MA> 625 51.0 - 56 GeV
(tanB > 1)

* very preliminary result with 183 GeV data:
Mp, Ma > 73 GeV (ALEPH, DELPHI)



Searches for Charged Higgs Bosons

More Searches: 4-Jet Final states

>WW\< H*— CS, TV ~Why 4-Jet?
e H

-To study hA -> 4 (b) jets without b-tagging.

\/ ~What to look for? My M,
m
- m, 4 - well balanced 4 jet events: "¢ My

. Ve “ - My~Myq M. M;

- Plot M = Mj;+ My , better resolution

#,0.8 \\\\\\\\\\‘ \\\\\\\ L 5| ALEPH 1995 ]_ B ord Processes
Z N ‘ m,>52.0 GeV/c? e 41 atpeak |L =
= 0.6 \\\\ (ALEPH) AN
ey |mE>54.5 GevIE? %,
0.4 \ ‘ (DELPHI) g2 |
ALHMHBDNN m,>52.0 GeV/c? gl \\i\ : S FL | ‘
0.2 §\§‘§§f\\§ combined (OHI:AL) ° 'uélc-): 80 100 120 ) n;?g ) 12;50
&\\\\\\\\\Q@ total : 8.6 expected , 16 observed

04 45 50 55 60 65
m,2(GeV/c?)
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2r 133 — 172 GeV LEP at 130/136 GeV
10 ALEPH (ALEPH+DELPHI+L3+OPAL)
8k
N, =303 2F
S Npwn=37 > 1w0F 0N 328 1995
G p T 21.8 pb-!
sk sk . pb
[ | I ! l } S | U Ndata=49
2 o 8-
1 c [
[ o [
0 =26 ""30" 60 80 100 120" 140 160 180 300 o it
ZM for minimuméM 2 :rJ:
SE : L
% 3 133 - 172 GeV ° 50 60 70 80 90 100 110 120 130 140
2t N,,,=87.6 127
ls;_ N, =90 % 10 - O Nexp = 38.3 1997
3 i ' -1
10 * g 8 F O Ngata =33 : 25.6 pb
°F } ‘ g sf |
0™36""30 60 80 100 120 140 160 180 200 o 4 -
= M for minimumaM g | ‘f—D:D:Er |
- i |
-- Probability of fluctuation ~ 104 0 b EFFT'_FF_ ! ! I o RO
50 60 70 80 90 100 110 120 130 140
(DLO down or ALEPH up?) Dijet mass sum (GeV)
-- 130 GeV specific?




More Searches: Photonic Events

- Event topology:
“Y+E  YY+E YYY+E -
-- Possible source:
SM:  ¢*¢" —> VVY(Y)
New physics: e*e™ — XY, XX X — YY

e.g. Y: invisible
(a) A light gravitino could be the LSP:
ete” — i? é e‘e” — i? 7‘1’ _
Lya a6
| TG
(b) Excited neutrino:
e‘e” —> V'V
Lsvy -

(c) In certain region of SUSY parameter space:

e‘e” — X3 X9

Ls ¥ %3
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ALEPH, DELPHI, L3, OPAL:
No excess beyond vvY(y) predictions

- 8 r
© | Vs=161+172GeV
o 5 F Preliminary
St
o 4
@ s| WALEPH
§ ,[ W DELPHI
@ [ mL3

1 W OPAL

0:

WE

0 20 40 60

<80 100 120 140 160
Recoiling mass (GeV/¢)

Limits can be set on the light gravitino (and other )
theories predicting y(y) E topology

For example 7YY GG channel:

.t

7 @ g
1
1 3 0.3
‘io .
1 Y g
a
95% C.L 0.1
Mgzo > 76 GeV

e
o

o
»
T

e
N
T

'-“. (— GMSB (Mgp= 1.5My)

.
.
LY
.
.
.

LNZ Theory ".‘

TS FRRTE FURTY FUTTA ENETS FRNUY FUUNE FWh.
45 B0 55 60 65 70 75 B0 85

%y mass (GeV/c?)




CDF eeyy in the context of:

pp — 886x

8 — Xle

Levd

120 Lopez, Nanopoulos.

GeV/c?

100

80

60

40

[ Excluded at 95% C.L.

80 100 120 140 160 180
mg, GeV/c?

CONCLUSIONS

Mw = 80.48 £ 0.14 GeV

Higher energy at LEP Il improves the
limits on the SUSY patrticle searches,
BUT no SUSY discovery yet.
Mz >25 GeV large mg
14.0GeV any my
Limits on the masses of the Higgs Bosons
have also been extended.
- SM: Mpo>77.5 GeV
MSSM: My > 62.5 GeV (Ecm up to 172 GeV)
Ma > 62.5 GeV (tan B >1)
Mt > 54.5 GeV

(Ecm up to 172 GeV)

End of the 4-jet story

New leptons, leptoquarks, and many other
topologies have been searched for, no
discovery yet.

The future
1998, 1999 : @ 189 - 192 GeV
2000 : @ 200 GeV (M ~ 105 GeV)



61



Ve

Physics potential of CMS/LHC CMS Detector

Sridhara Dasu
University of Wisconsin
Department of Physics
Madison

for CMS collaboration

Basic design criteria

¢ A general purpose detector optimized for runs at the highest
LHC luminosity (103 cm? s7)

e Standard model Higgs e But aIs'o well adapted for studies at the initial lower luminosities
. ] Technologies

¢ Minimal SUSY model H'QQS ¢ Muon - Central Drift tubes, Forward Cathode Strip Chambers,

e SUSY sparticle search Additional Resistive Plate Chambers for trigger

¢ 4 Tesla superconducting coil

e Calorimeter - PbWO, Crystal ECAL, Cu-Scintillator HCAL,
Quartz VFCAL, Pb-Scintillator preshower

e Tracker - Inner Si Pixels, Central Si Strips, Outer Micro-strip
gas chambers



CMS Detector Summary

Magnet
* 4 Tesla strength, 5.9 m diameter, 13m length solenoid
* Muon measurement with single magnet upto n=2.4
* Large enough to accommodate trackers and calorimeters inside
Tracking
¢ Needed for isolated lepton measurement
*AP/P, ~ 0.1P (P, in TeV) resolution (central)
* Charge measurement of leptons upto ~2 TeV
* Provide b-tagging with impact parameter resolution of 20um in
transverse and 100um in z, for both low and high luminosity physics
* Highly segmented (107 channels) for pattern recognition at high
luminosity
Electromagnetic calorimeter
¢ Strictest performance requirement from Higgs decays to yy
*0.5% constant term and 2%/VE resolution
* 50mrad/VE angular resolution in barrel
¢ Additional preshower detector with better angular resolution needed
at high luminosity
Hadron Calorimeter
¢ Hermetic coverage upto 1 of 5 needed to reconstruct missing E,
©0.087 ¢ x 0.087 n granularity to match EM and muon chambers to
provide good dijet separation and aid in trigger.
Muon system
¢ Coverage upto n of 2.4
¢ At least 16\ material to ensure good muon id
* Together with tracker, muon P, resolution of 0.5% at 10 GeV, to
few% at 100GeV, to <20% at few TeV.
® Correct charge assignment (99% confidence) up to 7 TeV
* Correct beam crossing tag with 99% efficiency
¢ Triggers from few GeV up to 100 GeV

CMS Trigger Summary

e Triggers at hadron collider and in particular at CMS/LHC is a challenge

* QCD interactions with 30 GeV E, particles occur at MHz rate.

¢ The data acquisition bandwidth to tape and analysis computing is limited
to 100 Hz, requiring hardware triggers that enable lepton/photon id and
essentially full event reconstruction in software triggers.

* CMS reduces the interaction rate from 40 MHz to 100 kHz using
hardware triggers, and reduces it to 100 Hz leve! with higher level
triggers running on scalable and programmable CPUs.

¢ Efficiencies and rate capability of hardware triggers is particularly
problematic and has been simulated extensively.

For a selection of trigger cutoffs at low and high luminosity high
efficiency for physics is realized while limiting QCD background rate to
15 kHz. (Only calorimeter triggers simulated)

High Luminosity:
Process Efficiency (%)
H (80 GeV) > 1y 94 Low Luminosity:
H(120GeV) >ZZ s eepp 74
Process Efficiency (%)
H(200GeV) o ZZ > eejj 95 pp-ttoeX 97
pp-ttseX 82 pp—)tt—)H+X—fCXe’r 94
p p - bb (hadronize), B »e X | 0.2 (But 400Hz)
pp-tt- H X€x € 76
1 SUSY CMS TP Scenario A -
SUSY CMS TP Scenario A o (Muse = 45, Mepart ~ 300 GeV)
(Musp = 45, Mspat ~ 300 GeV)
Inclusi r - SUSY Neutral Higgs 40-98
ne gsuon 0 ml’!o.n trigger {Range of tan b and M values)
provides full efficiency




Physics at the LHC

pp Collisions:

i) Hard collisions
— Standard Model Higgs search, up to ~ 1 TeV
— SUSY Higgs searches (h0, HO , A0, H¥)
- Squark , gluino searches, up to ~ 2.5 TeV
— New gauge bozons: W', Z', upto ~ 4.5 TeV
- Alternative symmetry breaking mechanims
(P1c + Vhess ' VDHT
— Detailed studies of top
— Tests of QCD ; compositness
— Tests of ew gauge couplings - triple
gauge boson vertices
ii) CP violation in the B sector
iii) Soft physics: 6y, 0g , do/dt etc..
Heavy lon Collisions : from O-O to Pb-Pb
— Search for quark - gluon plasma
e—p Collisions:
— Low-x physics
— Structure functions
— Search for leptoquarks

0_D_578c

Higgs mass estimate

MH versus Miop

from all data availablé up to June 1995
including Myop (CDF + DQ) and AL R from SLLD

24 :
23 Bl

E N

L3

20 E ~

19 E m
X2 18 w

16 E _

15 E

14 E | :

sk [ Miopt 150~ 195 GeV | '

12 E | | (Enis, List, Fogll)lé% g

10 102 16°
My (GeV)

80 < M, < 1000 GeV is still interesting at LHC.




H° production at hadron colliders:

Higgs Decays

q

Total width o+
g mmm t q TTTTY L) i ey —
g g fusion : t HO WW, 22 fusion : HO 100} Total width i Z ,Z ?
92000000000, ! q = (inct. QDC corr.) H—>—
3 Ty~
q o 10f T +
t g 4
9 © 1F 4
- q W,Z £ 'Y
t1tusion : He w2z T H
. —~ 0.1} 7 Q Y
- HO
q
W, Z bremsstrahlung 001k i W;:’:\MN ¥
100 T T T T | | H A A y
- = 0001 1131 1 L.t 1 1)1} ShoAAN
9gH PrpHeX  emtaTev 3 100 200 500 1000
10 Dominated OvEct 108 M,, (GeV)
by gg fusion m, =174Gev 3
1 - 10 7, Branching ratios
) 3 a my 130GeV 2m, 130GeV _2m,
Q J S Yy ¥ ¥ v £
a 4 = 1] 1 1 gt
o B ; 107 ' = E 1/
E E L | b = 1/ -
o ] L] ! 1 03k
.01 E _g 103 § | - N
E . . = l — -
- Associated production useful to 3 . oy v g %E 3
.001 suppress backgrounds 102 o - = 3
3 PP ackg 3 0 © ' 4 oozt ]
- . | o
.0001 I L L I 8 N Y =
0 200 400 600 800 1000 3 | 3 E
My, (GeV) 3 o0.003 .
But: BR(H—Z°Z- 41%) = 141073 , ! 0.001 o
i _ ~4 50 100 150 200 250 100 200
BR(H —Z°Z°— 4u™) = 3+10 M, (GeV) My (GeV) DD706c
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H— vy

e Signal: W Y
Signature : 2 isolated photons with EY ~ 50 GeV P
; Vo) ¥
1 E T T 1 T
E peprHmmsX Vo= 18 Tev ‘fa
o M 100160200 GV 1,04 @,
g F E
g s s 8 Observed width is dominated by
v F 1% instrumental mass resolution
¥ s
L i o102 é
s z
0.000% hiien 4 1
100 120 140 160 180
My, (GeV) q
[ R s eV Vo NSNS SN
® Backgrounds: L q q Y
i) Irreducible background from; 9"~ 9~y
i B amans bl 4
+ Bremsstrahlung diagrams : +

g s »

L~ Y
=> Calorimeter resolution in M, is essential: 3M,, <1 GeV is required
v -y mass resolution: Oy/M =1/2] 051/ E/ & GEz/ E: ® Oy/tg(6/2) ]

At high luminosity 3rd term can dominate unless angle of emission of photons
is determined
ity QCD jet-jet and y-jet bkgd faking "yy":
Rate larger by ~ 107 than signal but can be reduced
= photon isolation and calorimeter granularity are essential to
supress 10 — yy background

D_D_&74dc

Higgs — vy

o PbWOy4 calorimeter
e 10° pb"1 taken at high luminosity

reconstr. (1 year)
* £y = 64%
¢.BR required to give
specified significance
1000 " T T T T T T T T T
L 12 i
Ey "> 40,25 GeV Vs = 14 TeV, [Ldt = 10° pb™!,
- Inl<25 £ 200 -
R & { < roc.
=1 | 1l & < €Y included
ty
2 500} .
s L ]
>
] - .
0]
E -
c
g
w 0 -H -

= - -.Standard model H° E
) 1 ] 1 ] 1 ]

80 90 100 110 120 130 140 150
myy (GeV)

1 1 1
80 100 120 140

My (GeV)

o o/E { 2% / VE ® 0.5% ® 200 MeV / E barrel

5% / VE ® 0.5% @ 200 MeV / E end-cap

and barrel inl <1.1
e Ao =40 mrad /VE with preshower

Better than 5¢ significance discovery
in the Higgs mass range 80-150 GeV




Conversions

H > vy studies in CMS

Mass resolution; recovery of conversions

H-»yy my= 100 GeV H->yy m= 100 GeV
T T T T T T T T
«Barrel only
«Basket boundaries excluded * At least one y conversion
4|~ +No conversions 4 43% of events in window of 0.67 GeV
*No ydirect_ibn smearing
3.5} -~ 3.5} -
g s 4 £ 3 =
2 2
5251 -1 225 -
<] . o
Matrix: Matrix:
R 2 5 crystals 42 2F s crystals
1.5 - 15
Eff. RMS: :
1|~ 0.67 Gev - 1 il
0.5(- - o5 R §
0 0 o S
97 98 101 102 97 98 99 100 101 102

99 100
My (GeV)
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Events / GeV

!ne.g | <2524 .
40| Vietatey Heu—2ze>alt
| CTEQ2L 1 30, cut, -
tracker isol., all leptons:
™ background: (R=02; pr>25GeV)]
- #, Zbb, ZZ* (IP/O)ax < 3 -

)
100 120 140 160 180 200

Higgs — ZZ

Ep> 20,15,10,10 GeV; p{'> 20,10,5,5 GeV:;

M @4 /%) Gev

Vs'=14TeV, mygp =174 GeV, CTEQ2L str. func.

o x BR required to give specified significance
100 T T T T T

T

STANDARD CUTS:

L EY'>20,15,10,10 GeV, ini® < 25
[ P> 20,1077 GeV, Iy < 2.4

[ 4isolated laptons (AR = 0.2, pr < 2.5 GeV) |

Reveboneberaboadad

©1P) max <3
1OF no amg cut JUdt=105pb-!
E [ €, =085 ]
& [ ]
& I i

£, =09 STANDARD CUTS ]
+(mz £ 6 GeV) cut .
o) (50)

- SM Higgs ( CTEQ2L; no K-factor )

i i i i 1 1
120 140 160
my [GeV]

Golden events

Better than 5¢
significance discovery
in the Higgs mass
range 125-165 GeV in
one year of high
luminosity running.



Expected observability of Standard Model

T iqas i ith 3 -10% pb-1
T T T T T T T T T T 80 T T T T T T T T T H'ggs |n CMS W'th 3 10 pb
T mezzalE ] 5°+ H—>2zz—>4l*
80% T omyy=500GeV - .i My = 400 GeV
2 | bkgd : ZZ continuum 341 bkgd : ZZ continuum -
6 | Ve w18 ToV 4 VS =14 ToV 25T T T T TTTTTTT T T T TT
& sof- + oTEGRL 1 Soof cTEQ2L B
§4°_ §+ 105 pb-? g 20l ++ + 2 10* pb™! ) . CMS
W + ; + } | Standard model Higgs
w T 1T - T ' 1to 3+ 104 pb-!
Lo +§+ +' \é&L 4 20 5 -1
ol t 11 [yt 3 \‘w,‘!ﬂli [¢] TR T T - £} 220 Teb.
300 400 s00 0 700 soo o0 o0 4% «5:°v soo 700 : k-factor 1.5 for H 5 vy
Mgt (GeV) 4 (GeV)
,,,,,,,,,,,,,, s e T T T i H EN \h"n’ ___)[l wwW
- H—=ZZ - [T w 3 H-ww->1vjj ]
:g V= 14 TaV; 10°pb~! % w: ;mh:f",;z::;ms',,m ] ° . N ]
S My = 800 GV b 3] P E O H-oZZ, 77" - 4
8 - & P ] c
80 b} L ET 250 Gev § et "'—"”'j’ - Sinal+ Bgd | 8
3x104ppt - Signal 1 o
§ 1tagging jot € > 1 TaV S e} - gl 'lé
S—MM ) g 2f (%
300 400 S00 600 700 800 00 1000 °

H-oWW-4v

S I
400 600 600 1000 1200 1400 1600 1800 2000
P11 (Govic) : MET™ ). 0V

Explorable mass range at\/s =14 TeV with 10° pb”!
taken at 103 cm2s™:

LA B W) ' IS S " R P QR WY
U SR W Y N W |

50 100 200 300 400 500 1000
HIGGS MASS GeV 2
b LEP200 §,
LEP1 )
265GV T v N p -1 H—ZZ—> ﬂu . e
June ‘95 B 2z 41 , t‘ 1 I 1 l | | l { l--
I > 27+ 41 60 100 200 300 400 500 700 1000
H-+ZZ-—+ 1llvy _

O_D_s0%c

H-» zz,ww — 115, 1vj TN

my (GeV)




Supersymmetry

Additional particles expected:
fermions - boson super-partners
bosons - fermion super- partners

SUSY is a broken symmetry, but:
| M&art - M&art| S 1 TeV2

if of relevance at e-w scale

The Minimal Supersymmetric Model particle spectrum:

Squarks (q), gluinos (g), sleptons (¢)
neutralinos 5’(? (i= 1,4), charginos X (i= 1,2)
Higgs sector: h0, HO, A0, H*

Production and decay:

Sparticles are pair produced (if R-parity conserved)
Lightest sparticle (LSP) is stable and weakly
interacting

This LSP, if it is the lightest neutralino %9 .
it is an excellent cold (or mixed) dark matter
candidate

69

MSSM Higgs Sector

mys = mho + miy (1)

1 .
Mo po = 5 [mio +m% £/(m%o + m%)? — 4m¥m%, cos? 2[3] (2)

¢ Three neutral h, H, A and two charged H* Higgs
needed to generate masses for up and down type
quarks

e Two independent parameters, e.g., M, and the ratio of
vacuum expectation values, tanf

e The lightest Higgs, h, increases with the mass of A
and reaches a plateau for A heavier than 200 GeV

e Although there is a good chance of seeing h at LEPII,
the upper bound on h mass is outside of its range.

e |f A is heavy, h behaves like Standard Model Higgs -
LEPII cannot tell if it is MSSM, even if it discovers h.

¢ LHC needed to sort out MSSM

e Couplings of A and H to charge 1/3 quarks and
leptons is enhanced when compared to SM higgs at
large tanp

¢ A does not couple to gauge boson pairs

eH, A - vy, Tt and pp, and H - hh, A - Zh and A — tt
are useful modes



MSSM Higgs Searches

Channels
oh, H— vy
® h — yyin associated production with W
and top
osh,H—> ZZ* ZZ — 4 leptons
oh,H A —>11
~— 11 — lepton+hadron+missing E,
— 11 — electron+muon
oh H A-pu
e H* —» 1 v when produced in top decay
Regions of sensitivity in (m,, tanp)
Simulation with
M= 174 GeV
e Masses and couplings at two loops level
e CTEQZ2L structure functions

SUSY Higgs to two photons

50 Two-loop / RGE-improved radiative comections
AN L
I My= 113 GeV
2} HEHE R A R A D Rt
11 \
: 1 3 \
@ 10} Expected production cross section
§ A Bk RO S R B AL L W oBR(h »yy) for the MSSM
5| light scalarh® in (tgB, mp) space
\ i . atthe LHC
J;“TQV N N EEE e i
g Nostopmiung A P
Mgyygy = 1TV, g ik REED CER P, i £4
°|
a

100

5§ o significance contours h, H - yy
assuming no mixing; associated production also shown

T T
Two-loop / RGE-imp

H—""

1050t Regions of the MSSM parameter

space (my, tgB) explorable through
. the yy channel

%-17SGGV
ob m -m;;!ToV

mstopnlﬂxlng
0 100

50 significance contours obtained using ¢.BR plot shown in Standard
Model Higgs discussion

See next plot for W/top associated production



5 o significance contours

SUSY Higgs to 4 leptons

20 Myp = 140 GoV
V§ =16 TeV

for Wh, tth - ¢ vy
[ Production of H' > ZZ > 4 £~ at LHC |
102 ) ' . , 50: LA LU L NI B L SR e B S B A
A mSUSY= 1TeV mt= 175 GeV ] o*BR contours (fb) ; ]
- no mixing O (R) (P) L=10%pb! G*BR (H0>4/ ) (fb)

CMS
m,= 113 GeV

AY
TNy
‘ [;:
L
-t
(=]
L

I 2 &g
- [ 2 /] o}
o [ | m=110GeV 7/ ] ianifi
: F | ™ o/ 3 cunesta zoimer | OO sngnlflcancg
I ' / ; I o :\,/oo' -5~ contours obtained
my= 100 GeV ) M (GeV) using .BR plot

Reglons of the MSSM parameter space (ma, tgB)  Shown in Standard

m;= 80 GeV

o e 0 ! exporale ough vrus SUSY Hagmcnamet  Modiel Higgs
1 LomReo0.8 § o 3= : hH~2Z, 22"~ 4f*tor 105 p! discussion
0 100 200 300 400 500 50| Mip = 175GoV |
m, (GeV) i CMS Mgy =1 TeV ]
sl seeenors e-copmd.cor| 1 WO photon and four
no stop mixing
AE 25% 02 s=141ev | lepton modes do not
ok "Optimistic" ECAL E = \/—E ® _E & 0.5% span the allowed
(m,,tanp) plane.
AE 3.5% 0.2
"R" "realistic" ECAL ="""® T ®07%
E VE E
. e AE 5.0% . 0.2 0 NI R
"P" "pessimistic” ECAL - JE GBE $1.0% ma (GeV)
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Significance contours for SUSY Higgses How to look for Sleptons at LHC

« producti
Regions of the MSSM parameter space (mp, tgB) production

explorable through various SUSY Higgs channels

o 50 significance contours

o two-loop / RGE-improved radiative corrections 4 c——- _({
emyop = 175 GeV, mgygy = 1TeV T Z X
1 ! 4 1 a ‘e r
; . _ 50
ih,H_»W; hH->2Z* 22— 46%; hH,A-> py for 105 pbr! %
H —>1v; AH->1t>ep and £h; A-»Zh>£fbb for 10* pb-! Y,
o no stop mixing | ) L, ¥
i CMS a W 9 X
50} -1 B _.(
i AHh-tt->epn 1 ~‘
. ' _— 7 \Y;
20 3 / d
Hoyy
o,
.5; 10 3 s Searchin:£ £ (££0)+ ETsS events
5 i Require for example: '
i « 2 same flavour leptons, pte >20 GeV to > 50 GeV
HE — ] . E’}‘iss > 100 GeV
2r o relative azymuthal cut ETSS vs leptons
111 ] T § * Central jet veto, ex. no jet with Eq > 25 GeV
0 100 200 300 400 500 inint <3.0
_ mp (GeV) ) Backgrounds : tt, WW, tt, bb production, other
Can exclude the entire M,-tanf plane at 95% c.l. with 105 p SUSY channels
Ensuring 5¢ discovery over the entire M,-tanf plane require 0.0.0zz

more luminosity




Squark and glumo searches
: EmISS + jetS i -

Explorable domain of mg,m,4,» parameter space

with 100 fb~1 in g,g searches
in n leptons + E{M®® + > 2 jets final states

m SUGRA;tgB=2,Ap=0,1<0
5 o contours (¢ = Nsig IV Nsig + kagd) for 105pb’1

| ] | | 1 | 1 |
1000 |- CMS; 100 fb-1  —
5 i " S0 ]
1 800
e
g
g q >
- (O]
q & 600 |- e
3
| 400 H---- o2 .
== Final states with jets + E?'SS
(number of decay jets from 2 to 8)
200 Fois .o B0 N S

Large background expected from: i ‘\f“(:-,% \ | ; g

e QCD multi jet production, with mismeasurement of jets “—-HL_F_\_" : " ; =
1 ] ] | ] | .1

e tt—Wb Wb — 4vbijjb 0 400 800 1200 1600 2000
o W(—4v) +jets mg GeV
e Z(—vv) + jets

D_D_g38c
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Summary

Standard model Higgs can be searched over most of
the expected mass range (80 GeV < M,, < 1000 GeV)
with good significance
¢ Calorimeter performance is a challange forH — yy
for 80 < M, < 130 GeV
* There is a weak spot at 160 GeV <M, < 170 GeV

CMS/LHC will allow tests of SUSY at Electro-weak
scale in a decisive way
® Most of the MSSM Higgs sector parameter space
(M,, tanp) can be explored
¢ sparticle searches can reach
— squark, gluino masses of 2 TeV
— slepton masses of 400 GeV
— neutralino masses of 350 GeV

There are plenty of other physics channels to explore
at both low and high luminosities.

CMS @ LHC with 14 TeV c.m. energy and 10%* cm2s

luminosity will be ready to explore TeV physics
whether or not it is described by SM or MSSM.
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The Top Quark & Higgs Boson
at Hadron Colliders

Chris Quigg

Fermilab |The Big Questions for ptpu~ Colliders'

quigg@fnal.gov

e Preamble ¢ What machines are possible?
n?
e The Top Quark When?
What is known? At what cost?

What will be known?
What do we want to know?

What are the physics opportunities?

Can we do physics in the environment?

e The Higgs Boson .
(What does it take?)

What is known?

LEP Prospects

How will these experiments add to existing

Hfggs sear(:'h and study at the Tevatron Collider knowledge when they are done?
Higgs physics at the LHC

e Envol

C. Quigg, “Hadron Colliders, the Top Quark, and the Higgs Sector,”
hep-ph/9707508, FERMILAB-CONF-97/157-T.
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lThe Hadron Collidersl

Fermilab Tevatron + Main Injector
pp collisions at 2 TeV
CDF and DO detectors

e Run I: 100 b~ recorded in 1994-1996
e Run IL: 2 tb~! in 2000-2002

o Run HE 30 8571 by 2006

CERN Large Hadron Collider
pp collisions at 14 TeV
ATLAS and CMS detectors

o [Ldt=100fb"" in 2005-2009

Slide 3

| Key considerations '

e High sensitivity from high integrated

luminosity

o The success of b-tagging in the
hadron-collider environment:
+ CDF: Silicon Microvertex Detector (SVX),
with resolution ...
+ CDF and D@: Soft-lepton tag from b — cfv

e The great mass of the top quark

Slide 4
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lThe Top Quark'

Observed at the Tevatron in

pp — 4.

L+ w-b

w+p

b-quarks identified as

e displaced vertices

s “soft” lepton tags b — cfv

e+jets
15%

Al jets
44%

p+jets
15%

T+X
21%

Channels studied to date: dileptons (including v + (e, it)),
lepton + jets, all jets.

Slide 5
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Top Mass

DO dilepton B 168.4 + 12.8
DO tepton+jets —— 173.3 £ 8.4
DO combined - 1720+ 75

Tevaol:on leplan b jeta @ HESURVRE S ]

“Unofficial” average including latest data:

my = 174.3 £ 5.3 G(-?\/'/c2

Top’s Yukawa coupling:

my = %_-;i ~ (176 GeV/c®) - ¢
==y Cl‘ ~1

¢ Is top special?

e Is it the only normal fermion?

Slide 6
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Top Lifetime

Governed by semiweak decay t — bW+

T(t = bWH) =

Three generations:

[Vip| = 0.9991 £+ 0.0002 ~ 1
= T(t — bWT) ~ 1.55 GeV

Corresponds to a top lifetime

‘-rr 0.4 x 10724 g

Compare time scale for confinement

0-—24

1/Aqgcp = few x 1 s

¢ { decays before it can be hadronized

¢ No discrete lines in ¢ spectrum;
no dressed hadronic states containing top

Gpm3 Mz, '\
PR w2 (1- =) {1+
872 m?

Top Production

2M2
w 103 g
2 3
my 3
102 |-
E 101 —
100
10—1 PR T S I PESS S TN | I FRU S T |
4] 5 10 15

Important characteristics:

e At Tevatron, o =5 6 pb
90% qf — t 10% gg — t

o At LHC, o =~ 800 pb
10% qf — t 90% gg — tf

Characteristics of top production and the hadronic

environment near top in phase space should be calculable

in pQCD

Slide 7
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Future Top Yields

Tevatron energy increases to 2 TeV =3 o(t{) x 1.4

TOpCI‘OSSSGCthIl 20.0 [T
10.0F
20
- m GDF 5.0
18} —
N e DO 2 20
1 \\ '''' Berger et al. ® ok e T
Q141 \\\ Laenen et al. F 18 T;l} ........... ]
~ - DA A = . Y Tl gg Ttea, 1
§ 121 ’~.‘\:l\‘\\ --------- Catani et al. 05— LT E
§1o; P I I BN A
L 160 170 180 190 200
§ 8t m, [GeV/c?]
e -
O 6} 225K #f pairs produced in 30 fb~!
4r Mode 2fb~™'  30fb~! S/B
24 Dilepton 80 1200 5:1
ol 1 £+ 3jets/1b 1300 20000  3:1
140 150 160 170 180 2190 200 £+ 4jets/2b 600 9000 12:1
Top Quark Mass (GeV/c") Single top (all) 170 2500  1:2.2
Single top (W*) 20 300 1:1.3

cpor: 7618 pb DO: 55418 pb

LHC produces 8 x 10° tf pairs in 10 fb™!

Expect | §m; = (1-2) GeV/c? | at Tevatron, LHC

R. Frey, et al., “Top Quark Physics: Future Measurements,” in Snowmass '96.

Slide 9
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Measuring |V})

CDF measures
_rt—=w) IthlZ

= = =0.99 +0.29
(= qW)  [Vial? + [Vasl? + [Ves ?

b

With three generations,
[Vis] > 0.76 (95% CL)
Without the unitarity constraint, learn only that
[Vis] > [Vial, [Vis]
Expected improvements in éBy:
Run II: +10% Run IIT: £ few % LHC: +1%
Direct measurement of |V in single-top production
Ggg— W* — tb gW — tb
a(t) o [Vin|?

Expect 8]Vip| = £(10%, 5%) in Run II and 11, using both
W* and gW fusion.

LHC: gW fusion cross section is 100x larger

S. Willenbrock, “Top Quark Physics for Beautiful and Charming
Physicists,” hep-ph/9700355.

Slide 11
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Searches for new physics

Top decay is an excellent source of longitudinally polarized
gauge bosons

thelicity| = 1, weight = 1 helicity = 0, weight
=m?/M%,
Expect longitudinal fraction fy ~ 70%

dT (Wt — ¢ty
d{cos §)

: = %(1 ~ fo)(1 — cosf)? + %fﬂ sin? 8

Prospects: §fo = £3%, Run 11, +:1%, LHC.

g
FCNC decays t — Z +

y
unobservably small (<« 10710) in standard model.
Present constraints allow few % branching fractions

Prospects: Tevatron ~ 102 LHC ~ 1074

Rare decay t & bW Z (BR ~ 10~% in SM) might be
detectable at LHC

Slide 12
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Resonances in ¢t Production?

Top-condensate models, multiscale technicolor both imply

Charged Higgs Search

color-octet resonances — tf

. . . it > :d GeV.
Because top is so massive, top decays may surprise. with masses of several hundred GeV
" . _— Technicolor:
Semiweak decay t — bPT may occur in multi-Higgs 99 — nr — (tf, 9g)
models, supersymmetry, technicolor, .... -
b g opcolor:
.. g — Vo — (ti,bb
Search begun in CDF and DO: 99 = Ve — (1, bb)
" Look for structure in tf invariant mass.
2 DFf PRELIMINARY CDF Preliminary 110pb™
3 .f;“’ Uncaorrected Distribution Entrias 2
S s < sean 4228
~ ek AMS 81.83
z g
140 el o CDF dato
.2 I S Top+Bockground
120 S i
of
100 LN o .
© 3 :
&0 2
PIPUTY WU t
1w 1 10 LA g , L -
0200 400 800 800 700
Reconstructed Mass of ttbar (CeV,/c?)
CDF excludes M £ 500 GeV/e®
Slide 13 Slide 14
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ITop Quark Measurementsl |The Higgs Boson'

Only possible at the Tevatron until LHC operates. ) X i
Central challenge in particle physics:

LHC is a veritable fountain of tops. explore the 1-TeV scale, elucidate the nature of
electroweak symmetry breaking
o dmy ~ 1-2 GeV/c? at Tevatron and LHC
A key element: search for the Higgs boson
o So(tt) = £5% at Tevatron,
+ few % at LHC
It — oW . : . -
. —(——-~——~—-)— will improve to +10% in Run II, unique opportunity: u*tu~ — H
IL'(t — qW)
+ few % in Run III,

(Why the Higgs boson must exist)

Calls attention to a not-too-heavy Higgs boson, as

+1% at LHC favored in supersymmetric models

% i 2 3g2m? my myg .

* 6|‘/tb| ~ £10% in Run II’ My = Al[% cos? 28 + ] y') \n;; [log ( - 2 ‘2) LI } £ 130 GeVje©
. . P EN ER m2
+5% in Run III i :

¢ Searches are under way for tf resonances, rare

. . Henve Himas reraning o lovien] posaibilite
decays, and other signs of new physics. Heovy Higgs renains o logien] possibility

(Abbreviate to standard-model Higgs)

Slide 15 Slide 16
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Higgs searches at LEP2

Constraints on My ...

Perturbative unitarity: Current status:

1/2 _
My % (81:\/5) 1 TeVh ete™ = HZ at 1614 172 + 183 GeV
3Gp
Examine qgbb, vvqq, 77qq, (ee + p1pt)gq channels
Triviality: . ..
A2y Representative preliminary results from OPAL,
A < Mp exp ( M, ) including 39 pb™" at /s = 183 GeV:
Vacuum stability: .
My 282 GeV/c?
3Gp V2 .
MY > —f—‘,l/ﬂ(‘zMw + MY —4m}) - , N
16w Progected sensitivity after running at 192 GeV,
My 296 GeV/e?
% s2 = 192 GeV
2 300 A o
% 250 | frors e o //,I'
= 200 e b b ;
=] : /,:
2150 |- , g /',
£ i,
j100 o O TP PO S l’:
50 | o i . Wy
35 7 9 11 13 15 17 19 o E===== ,-5.(1.Dlsf?:’?-4£_-957 -L-‘-"f‘ﬁ"’-"-? Nt
logso A [GeV] 50 60 70 80 90 100
My, [GeV/c?]

Higgs Physics Working Group {convened by M. Carena and P. Zerwas), in

Vol. 1 of Physics at LEP2Z, G. Altarelli, T. Sjsstrand and F. Zwirner, eds.,

Report CERN 96-01, Geneva (1996). ; f EUSPIRN
F unning ab 200 GeVoin 20007
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‘ Clues about My I

Higgs constraints from precision EW measurements are sensitive to
light-quark contribution to the vacuum polarization for o(Mz).

Using ete™ — light hadrons:

My = 69783 Gev/e?

1 té i1 1€ 1§ 2 22 24 26 28 2
0G0 (My/(1 GeVic?)]

236 90%
Mg < { 287 GeV/c® at 95% CL
413 99%

J. Erler and P. Langacker, October 1997 update of “Electroweak maodel and
constraints on new physics,” for the Review of Particle Physics

Slide 19
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IClues I

.3 ] (5) .
Using pQCD for day

Mg = 971702 GeV/e?

229 _ 90%
My < 273 GeV/c? at 95% CL
377 99%

SLD’s measurement of Apr favors very low values of My. Using
ete™ — light hadrons and PDG scale factors:

My = 122t3,‘;4 Ge\7/62

329 90%
My < 408 GeV/c® at 95% CL
613 99%

Jens Erler, private communication.
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iClues I

~indirect data
—direct data -
80.5-
+ 50 MeV, + 5 Gay
|—>—1 .
®© 80.4-
R
2
=
80.34
. O + 20 MeV, 1 2 GeV
My - LePEWWG|
80.21 70/ /.. Preliminary
| 140 160'”"180 ~“2605‘
m, [GeV]
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Search for a not-too-heavy
Higgs boson

81.2 T T T " T T T T T
' 1 TR
81 |- . _g
(4]
r [}
. & ot
80.8 |- . @ 3
> 806 - 00(1997) RIS £ 107%
o »\\30 g(:,‘?z : r
0] — : S &
> hee® p
§ 80.4 I indirect Megs.. @ - 8 4t
S SEE - b a
PR e o
802 COF{1997) . o o
. & gt . MR I i b
s 24 4 pii] 140 188 200 240
80 L - Higgs Boson Mass [GeV/c*]
79.8 |-
P T S S S o Tevatron:
140 160 180 200 220 240 -
my [GeV/c?] @ = HW.Z)
t _
Ly 8
P. Chankowski, et al., Nucl. Phys. B417, 101 (1994); A. Dabelstein, W. e LHC:

Hollik, W. Mosle, hep-ph/9506251. The variation shown is for

90 GeV/c2 SMpgK1 'I‘e\»’/cz, assuming that no supersymmetric particles
are detected at LEP2.

g9 —+ H = vv,
9§ -~ HW

Ls 88
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l Tevatron Search Strategies I Simulated Higgs signals at the Tevatron

q¢ — HW
o gg — H — bb is swamped by QCD production of bb. l—> 147
Even with 30 fb~!, only < 1-0 excess. bb

By-product: Z° — bb observable in Run IL.
Backgrounds: Wbb + WcE + ti + (W* — tb) + (Wg - tbg)

e Special topologies improve signal/background and

_ significance:
Tevatron WH Production (5 fb™)
pp — HW + anything 100 g ey AR B
90 ¢ M, =60Gevice] 70 E % My=B80GeVic? 3
L e o {eob Iy
- 70 £ 3 E E
bb 60 § 50 ; e
50 E 1 40 F 3
., ' 40 E E E o E
pp — HZ 4 anything 30 E ERE E
20 F 3
- 20 E : 3
l—} C+C + v 12 E 3 10 Le o
bi) 0 E .&m o L "“Iﬂr‘uﬂﬁ
0 50 100 150 0 50 100 150
Dijot Mass {GeV/c?] Dijet Mass [GeV/c?]
o per ™
70 M, =100GeV/c2] 70 | p M= 120GeVic®
60 [ 3 60 F [ E
50 F 4 50 F E
40 [ 4 40 E
30 b 4 30 f 3
20 | 4 20 F : 3
10 F w4 10 F 1y
o Bl e oo
0 50 100 150 0 50 100 150
Difet Mass [GeV/c?] Dijet Mass [GeVic?]
A. Stange, W. Marciano and 8. Willenbrook, Phys. Rev. D49, 1354 (1994); S. Kim, S. Kuhlmann, and W.-M. Yao, “Improvement of signal significance in
Phys. Rev. D3O, 4491 (1994). WH — £+ v + b+ b search at TeV33,” in Snowmass '96.
.
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7 Luminosity required for Higgs observation
| Tevatron Collider Rates I

pp  — HW + anything
Number of signal and background events in Run 111 (30 fb~1') for l_) fv
WH and ZH processes, and signal significance.

My [GeV/c?] 60 80 90 100 110 120 ®
WH signal S 681 420 228 117 R
Background B 2085 1260 789 456 b o8}
s/B 0.33  0.33 0.29 0.26 £ 20f
S/VB 149 118 8.1 5.5 E o Disoovery
ZH signal S 108 92 82 51 % Tk
Background B 533 495 462 378 g
s/B 0.20 0.19 018 0.13
S/VB 4.7 4.1 3.8 2.6
My, {GaV/c?}
Number of signal and background events in R T 15 671 for Significance of Higgs observation in Tevatron Run II & Run II
WH and ZH processes, and signal significance. '8 A '8 VR
Mpg[GeV/c?] 60 80 90 100 110 120 2 @
WH signal S 45 28 15 8 H o ‘gm
Background B 139 84 53 30 8 1 3
S/VB 3.8 3.1 2.1 1.4 5 5| B s 30t
ZH signal § 7 6 5 2
Background B 36 33 33 25 s tosss ensnt s s st 0 st f“’f“‘;ﬁ«t‘ ]
S/VB 1.2 11 10 07 S0 8070 im)e;fcog;mmm s ee e 33(§§v}2“0“013°

Based on J..Wormefsley,”Dis(:()veril.lg the Higgs at TeV33: a Status Report,” Based on J. Wormersley,” Discovering the Higgs at TeV33: a Status Report,” D@
D@ Note 3227, April 1997 {unpublished). Note 3227, April 1997 (unpublished).
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Higgs at the Tevatron: Summary

‘Higgs Search at the LHCI

o If Higgs boson is discovered at LEP2:

—= observed in WH with f Ldt <10 71 o SM Higgs discovery potential
D eH > yy+wH,H b
O LeH > 27 e 4
o If My 2(95-100) GeV/c?: o @

== 5-0 discovery possible in WH in Run III
(30 fb7!) up to My = 125 GeV/c?

e 3-0 observation possible in ZH in Run III
(30 fb_l) up to My ~ 110 GeV/c?

— +15% measurement of ¢Zwi /g
d9wwn/9zzH

- . . o 10° pb™' ATLAS
g s BUH o DY see known from LER, + 3yearsatlowl
R - +1 year at high L no K~factors
determine gy fo L 109, 1 - 3 : ot
10° X

1
Higgs mass (GeV)

My determined to £(1-3) GeV/e?
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|I—Iiggs at the LHC: Summaryl
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, ‘Summary e I
' Summary I

The LHC will exist!
Tevatron exists!
e A fountain of tops: ~ 8 million pairs

Chris Quigg

e Expect considerable improvements in my,
My, searches for nonstandard production

and decay in Run IT (2 fb™7).

P 11130 ') holds great promise for top
properties, including measurement of |V3| in

single-top production.

un 11 extends the search for a light Higgs
boson throughout the low-mass region favored

by supersymmetry.

Low-scale supersymmetry should be found at

the Tevatron.

Slide 33

produced per year at £ = 10%% cm™2 s71;
hundreds to thousands of interesting events

detected per day.

Extends the search for the agent of
electroweak symmetry breaking toward

1 TeV. Good sensitivity to the
standard-model Higgs boson throughout the

interesting range.

Will explore the spectrum of superpartners
up to ~ 1 TeV and make possible detailed

measurements of supersymmetric parameters.

Many other possibilities for exploration.
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Conclusions ' Colliders $or SUSY (msuer4)

e LEP2: M, > 8C.S6eV Ay 95 GeV
me,. > }S 6ev A 90 6V
Mu > ZFF.S GV . A Q< C*-\/!!

* Tevatron MI: Low tan p - 3L+ &y

TCVS'S-' Some mefease in ceach

Sovma prectsin weosurenants possible

My — 100-120 6eV 17?

o LHC: deta. i 200€ ?
 Prove. or d\'s‘lm weal-scale Susy >

T sust discon—ed , lange deta 4ot

W lobs 1o learn 3 wmodk! dependent
(_stgts ;LYY

e Nex Lq’m Collider ¢ etem n /‘4}«- o beth ?
h‘sh{— Higgs  wy ~ vT-100 6V
sparhcle spectvscapy
pAarization

Special 4o o uUup collider
*"0 Hi%ﬁs resomancé
%o upqmde Yo 2-4 TeV




Higgs Searches at LEP-200:
Present Status

Philip BAMBADE, )
MUMU®?
San Francisco, 107
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OUTLINE

Theoretical framework and mass limits
Higgs detection at LEP-200
Tools: b-tagging and mass reconstruction

Final results from 1996, using combination
techniques

Preliminary results from 1997

Expected limits and discovery potential at
189 GeV (144%)
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Theoretical Framework and Mass Limits

Standard Model: H = met fr LEP

mass (H) > 100 GeV (A ~ 100 TeV mass (t) = 175 GeV)
MSSM: h, A, H, Ht

mass (h) < 130 GeV (<150 in NMSSM)

CMSSM (b,t Yukawa couplings unify @ GUT scale)
-> tanf ~ mass (t) / mass (b)

ruled out unless very heavy H, x (97, W.de Boer, Jerusalem)
=*» “low tanp scenario” I<tanf <3

mass (h) < 105 GeV (mass (t) = 175 GeV)

LEP-200 rule of thumb : mass (H) < Ecms — 95

‘Higgs Boson Production at LEP-200

+
H
VI\/\A + WW fusion (10%) + ZZ fusion (1%)
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SM Higgs Production Cross-Section at

LEP-200

|M.u 3 : : H -
g i === lLEP1!
=] : : ! : H ; : ; ;
.m 2.5 - ...... , ....... 3 ....... :....Howmn< .....
S 2 e

1.5

1

0.5

AAS. 3caﬂxv\su.~>$.p_n.

45 50 55 60 65 70 75 80 85 90 95
Higgs mass, GeVic®

SM Higgs Decays, Final State Topologies at LEP-200

(C ® bbgg 86% ®07 =60% 4 jets

® bbw 86% ®0.2 =17 % "2 jets + missing E
® bbuyp 86%®0.034=3% 2 jets + 2 muons

® bbee 86% ®0.034=3% 2 jets + 2 electrons
® bbrt 86 % ®0.034=3%  2jets + 2 taus

_ @ g 8% ®0.7 =56%  2jets+ 2 taus

bbbb cscs
~ SAME AS SM bbtt cSTV

(bbbbbb (for h —AA)  Tvey




Search Methods

Search ; Dominant xmno:m:‘cn:o;: Typical
Channel Background Focus Efficiency
mo.\o MMMMM"._ bbbb M<n,_>\m.mNN ”\_wﬂmmmmwm_”w 30-50 %
P ]
2 jets-+Emis. Z+N gamma |Energy flow 30-41(
13% b -~ nunu Z+N gamma | Hermeticity
WW, Z7 b-tagging
faq + 2 muons| WW Muon ID 70-80 %
. 2z (b-tagging)
§ b lgq + 2 wWWw Electron ID 50-60 %
Lelectrons zZZ (b-tagging)

o tautiau
m.aoh hgxgc@ag

IR

WW, ZZ

NI N

T

MR

140 160 180 200 220 240
Energie totale (GeV)

120

-
=
f

100

Backgrounds @ LEP-200

113



114

Efficiency

Efficiency

B Smmwsm at LEP-200

DELPHI

26024 / H\ud\

w

7 /
DELPHI

26024 / 1730

Efficiency

P S N A T N T I P ,
F\& -
N —
AN N P, S -
N 2L R e
~J 4}]
w0 /,
................. E g
N -
TN
—Q N ..... /
rl/
107 /./
1
g ’
4 ._em;Aw_.év
B m aq mn,\@:w

B Tagging Angular Coverage and Charm
Separation Important

Efficiency

-l ~ 4
> e o oe

e o
bW

0.1

Likelihood combines:

1. Impact parameters

2. Secondary vertex mass, rapidity,
and charged energy Alv chana v

o
> n

(+ @23 C
AN _ i, : + .
L VL) v n |
________ o
NS PN NS TS P PR DTS DU WE BT T
0 01 02 03 o4 o5 06 07 08 09 1

A q.o\rsiv 9 Phr;a
g\@‘—&\f\e{g*




L3 @ LEP-C (197

B-tag Progress

Since then: 3-D b-tag progress

Number of events

10

06

04 i

B discriminant 1997 Z— q q data

10‘?wv\r'rn-|!|rlv'1 T T p T

103} =

]
® data E

Ead b(MC) ]
E= ¢ (MC) b
T uds (MC) lfO- E

ST

,_ o3 o . : a ceﬂicienpy(MC) ]

[ o v i X N -

02 |

¥ . _‘._A".'V;:‘ ','\\;'L_:_:. Ot P
- Loy i obe

‘?’{," © v béfficiency (MC)

. » uds efficiency (MC)

., , T,
" Aa LTy, ]
DAL N i W o o S PP PP N
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10
-"log P,

event

Increased Sensitivity at 183 GeV
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Btag Performance in Higgs Search

M

hZ—abb qq :

i i i

0 0.1 62 03 04 05 06 07 08 09 !

W PAIR REJECTION
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Mass Reconstruction in 4 jet Topology
= critical in HZ, hZ Search

DELPIIL pretiminary haq Vemldd GoV

.
— N §

b .+ Require clustering into 4 jets
»« Perform 5C kinematical fits

: requiring M(qq)=M(Z) for 6

pairing hypothesis

14
s
T

t

(00 Gavies
—resn

B 10K
14
K1 R |

YRR
AR

(XX

%

X
W
0

¢,

!
X
X
Y

- 3 ) - - 3 Tee
M (Gevact)

&~ 3 Gev * Help pairing choice with jet b-
+ 257 tad -1 tag

- » allow 4 and S jet clustering  ja. preg

vz * likelihood to combine fit, b-tag
probabilities (for jets in VD and
q 9 Z—udsc) and jet angular shapes

LEP-200 Performance ¥ Mﬂr..-.

b'Y) __Jnon.‘nnon luminosity seen by experiments from 1993 to aww.\_

—C— Physics 93

~O— Physics 94 *

o o o o o e i

T

—@3— Physics 85

—m— Physics 96

~—u— Physics 97

v e S L e ] -

e e o e R g0 oy Ao 0 o e e 0 PR —— .

0a3a8888858888338¢

STe vy R®TREG IR RS BB ERERTEBEEEEEEF

e 95 130-136 GeV 6 pb-1
® 96 161-172 GeV 20 pb-1 final results + combined LEP (HZ)
® 97 183 GeV ,mm pb-1 prelim. results as of Nov.11 (LEP-C)




Summary of SM Higgs Search at
- 161-172 GeV

® ALEPH: O candidates, 29 % eff. 0.5 backgr.

® DELPHI: 2 candidates, Hqq: mass ~ 59 GeV,
Hvv: mass > 65 GeV, 30 % eff. 2.3 backagr.

® OPAL: 1 candidate, Hqq: mass ~ 75 GeV,
33 % eff. 2.4 backgr.

® L3: 33 candidates selected = weight technique
to measure Higgs-likeness of signal

Combined LEP Higgs Mass
Limit from 161-172 GeV

_ LEP A Method: combined (Poisson)

o - — probability for observing N

s.um \\ events with specific masses
| : and other values of

o \ discriminating variables, given

10" fifos the expected number from

0TS - — signal (and background), and

womorRey o7 Eo i the respective shapes of the

Tenvsalen Higgs mass (GeV/c) masses and other variables

> Mass>77GeV @95 % CL oM ceqnsienc g-n

1-confidence level
~
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PRELIMINARY RESULTS @ |83 LV Higgs Candidate Example
(H2) (LEPC 11-197)

Runi 685703 Event# 3598

L3 Camdi&a{e_s vmden S‘fwl)/ (30 B-faa ')
Limct based o 60% of 97" data
my > 822 Gev @ 15% coL

OPrL  80% of 97 dota
I QV&A"S expecf‘ocl /7 pmd
my >822 Gov @ 95% ce (vy

owe mice 22 evat (- H2 gg)
N
2

ete”

tam T X
Lo p* 0 g
DELPKI  1oo% o 7 data
€ cvadds ex pactod / * ﬁmmi
my > 23.6 v @ 5% CL

ALEPU IOO% oﬁ ?7’ do‘(a\

evauls o x pected , 3 d
5 ;/Wl >P gcg [4 /%V%qf % [y} Vertex at 1.5 mm Vertex at 4.1 mm
N ' o

(exp. Limct A 83 31«/)




Higgs Candidate Example Limit on Standard Model Higgs

MZ¢ = 93.2GeV Mi$¢ = 78.2GeV Intermediate result from 36 pb ':
B‘ag = 3-3
(Data collected untill 29.09.97)

L3 Preliminary_

Run# 685703 Event# 3598 Total Energy : 196.25 GeV

v~y v

0.4
0.3

0.2

o1} 82.2 GeV i

- l

/ 1-CL=5%

0.0186...1...%11 ‘.“55 Il 8|3. Lia 81&...1....85
M, (GeV/c?)

/ 3 16V at 05% CL
Candidates under studv, no new imils My > 82.2GeV at 95% CL
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OPAL New Physics Search: SM Higgs|

o ete™ — ZH, uses [ £ ~ 39pb~!
e Search in 4 channels: qqbb, v/qq, 77qq, and eeqq+u1qq

o Likelihood for 4-jet, vvqq

V3 (GeV) 161 172 183 Total
Nexp 1940103 | 22401403 | 10805420 | 149+05+£25
Nobs 1 1 7 9

Higgs candidate mass for selected events:

> S T T 1)

U

©,s|[ OPALPRELIMINARY 183GeV

N r

g Jf + OPALaaa 1

‘: - Four Jets Channel

~ | B MissingEnergy ]

g 25 [ IR Tau ]

g M Lepton

é —  Signal (m,=80 GeV) ]
2 -

1.5 [

:

12
Candidate Mass (GeV)

WAV

OPAL SM physics: ZZ, 4f]

< Epeam > = 91.3 GeV => just above ZZ threshold.

ete — 7070 - ete- 11
=X
Hvy Ve

4 Sump=i49.4) Keal(N= I9 SumE=108 9)

Run:event 8435: 91664 Cirk (A=

Eheam 91,508 Vex ¢ -, 02, .16, .S§¢) HealNs 3 Sumk= L7) Muoni(N= 1)

Mass (e*e") = 89.5 +/- 3.4 GeV

Mass (recoil) = 90.7 +/- 3.1 GeV
Expectation from ZZ:

channel l Nexp l Nolﬂ

eeqq, ppuqq || 07 0

i 0.1 1
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Expected Number of Events

<,
Cl'..'..".'cct
ps;
g,

»,
0,.
"'

e,

e

’\.
0

‘., — 95%C.L.

e, g0a?
e
) 1"

Y Y

OPAL Preliminary
161 GoV mmmeme

+ 172 &v sistuias
+ 183 GeV =

o
t‘"""’oi
o "Il.‘.

o,
L/
"
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fepe_31.gif A wwwinfo.cern.ch

DELPHI

' g ® Hqq, Hpp, Hee, ggrt : sequential analysis

Summary of Higgs search :

&
& Hvv : nonlinear discriminant analysis 3-}
0y
& Versprelminiary, stifl turing the unalvsis Q T
#® Results with optimised cuts ixgeiencies telow arefor b1, = 50 Gevi

® The cuts are pravisiono! and subject to chrngrs...

Channel | QCD ww 22 Background|Efficivncyl Number
(qq ng) Wiv m (tewnl) %) | ofevents
Moy |.942.2201.224.071.874.071 2044 .24 {983 1.2 2
Hye {494, 021574 .420.352.071085 % M4 {31214 _g_
I o 0.52 4.8 20.2 41
Hee 01401153 082 4 261 L2991 5.25) 407 _I
He . - — ods 132208 o
T 0445 o7 |1eds 08 g

® Limit in the Standard Model (95% CL) : 83.6 GeV

LEFC. november [1th 1997 “

Phillppe Charpentiar, DELPAI collsborasion
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Waan ~ 68 gov ) btag Gfebime 13
bfaJ Cowlojned > 2

~ £8 ¢V br‘a{ (ibime > (3
M71 A~ |07 81\/’ b'\(aj Comr bined > 2

Mg

[ mass /-2 bad botuco £ Fcro )V



pe.34.gif 3 wwwinfo.com.ch

DELPH!
-

LEPC, novewber [ 1tk 1997 V

Philiype Charpentier, DELPRI callsborarion

MSSM exclusion

* Mmp = 175 GeV, M= LTV ind sqacvks)
& Linidts nat wsing the mass iiformation fram the selected roe

$ Atall vedues of e B, M, > 75 GeV and M, > 75 Ge¥
>

B,

75,
'-g“«,,

Mp
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Aleph Status Report -- P.J. Dornan

Kinal State [Expected  |No. of
Background [Candidatcs

Heq LS 0

HI 22 2

Hvy 09 1

_hA Analyses

Final State | Expected No. of
Background | Candidates

bbbk 1.1 ]

bbrr 0.2 0

"HZ — bbll Candidate Event
Run: 44577 Event: 9277

et p=40.64 GeVic ECALE=40.75GeV
¢ p=4298GeVic ECALE =44.78 GeV

M(e*eT) = 84.78 Ge Vit
M(recoll) = 97.47 GeV/c®
M(D Jets) = 96.06 GeVic?

NN btag output (Jet 1) = 0.946
NN btag output (Jet 2) = 0.993

‘Total Background Expected (no btag): 2.2 Events
2 events seen
(with b-tag 0.3 ZZ cvents expected)
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Expected Limit and Discovery Potential
O Faue at 189 GeV
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1998 fd evidome o Higgs on e xchde " Do taw B scemanio

Philip Bambade, LAL, Orsay 15

Conclusion and Outlook
o >.n..nh
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