A Roadmap for Colliders

Thefuture...

Where arewe? Why the TeV scale?

What’ sthe next scale abovea TeV?

S. Dawson, BNL
Oct. 17, 2003

Reprise of talks by A. deRoeck and F. Gianotti



The Challenge: Connecting the Energy Scales
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With what we know now,
how can we best decide
where to go next?

Better title: Towards a Roadmap for Colliders



Outline

 Machines on the market*
— SLHC, VLHC, LC, CLIC, p collider, yy....

* The big questions

— What can we expect to know after the LHC?
— What questions will remain unanswered?
— How to compare physics potential

e A few case studies

— Precision measurements Not comprehensive study:

» Higgs Physics

— New Particle searches

many other examples
possible

e SUSY searches

e NewZ's

*B’'s and v’'s are another talk




Livingstone plot

What are new entrys on
Livingstone plot? gER LA

What physics can they address?
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Science Timeline
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L epton Machines

LC: Initial energy vs=200-500 GeV at 2 x
1034 /cmé/s

— Physics demands 500-1000 fbt
— Energy scans for precision mass measurements

Upgradeto vs= .8-1.2 TeV
Giga-Z for precision Z-pole measurements
Positron polarization

Progress towards setting
Assume we have a the stage to make a
LC beforeaVLHC technology decision for

alinear collider




Physics drives accelerator requirements

» Basicsof ee collisions: n
— 2 2 processes
o= (1s)
— Vector boson fusion
(Zhh, vwW*W-, etc) ~
g = log(s) v
e LC:Vs=(.5-1) TeV
L=1ab?

+ CLIC: Vs=(1-5) TeV 1
L =3-5abt!




The Next Steps in Hadron Machines:

SLHC & VLHC
* LHC upgrade: SLHC Goal: 3000 fb?in 3-4
— L=5x10%*-10%/cm?/sec years
_ Vs=14 TeV
— Technically feasible Major detector upgrades
* Syearsafter LHC starts needed to exploit high
e Higher still energy: luminosity
VLHC
_ Vs=40, 100, 200 TeV Energy upgrade of
LHC much harder

Which energy????




Rates at the energy frontier

e (Growing cross sections at high

. 100 e
energy allow: Epp ooy ]
— Expanded discovery reach T
— Precision measurements of rare g ' £~ 10 cross sections i
Processes % P L {T»e*ve 7l
. . — 6 :
Eg BR( t WZb) 2 X 10 106 E W.Z: pr(e)>20 GeV, |y(e)|<2.5, p/;>20 GeV —E
tt: pp(e)>15 GeV, |y(e)|<2.5, Pr>50 GeV, py(b)>50 GeV, |y(b)|<3
105 S PP B B

Cross sections grow with s (Tev) /
log(s) for states of fixed

Tass 10°tt pairs

Baur, Brock, & Parsons, hep-ph/0201227



Where are we now?

Experimental successes of
past decade put us on firm
footing

We have amodd....
And it worksto the 1% level

Gives us confidenceto
predict the future!

Winter 2003

Measurement

Pull

(Omeas_ofit)/cmeas

3-2-10123

m, [GeV] 91.1875+ 0.0021
,[GeV]  2.4952 +0.0023
Op.g [Nb]  41.540 +0.037

R 20.767 + 0.025
Al 0.01714 + 0.00095
A(P,) 0.1465 + 0.0032
R, 0.21644 + 0.00065
R, 0.1718 £ 0.0031
AYP 0.0995 + 0.0017
AY° 0.0713 + 0.0036
A, 0.922 +0.020
A, 0.670 + 0.026
A(SLD) 0.1513 £ 0.0021
sin“05r'(Q,,) 0.2324 +0.0012
my [GeV]  80.426 +0.034
r,[GeV]  2.139+0.069
m, [GeV] 174.3 5.1
sin“6,,(vN)  0.2277 +0.0016
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We' ve seen one example of gauge unification

AIEIRE Charged and neutral

currents unify at 100 GeV

10

! vz H1,ZEUS ep
0" — Standard Model . .
S \ Model requires Higgs

boson or something like
It for consistency!

do/dQ’ / pb GeV ™~

3
10 10




What are the big questions?

Origin of EW Symmetry breaking

— Fundamental Higgs?

— Strong Dynamics?

— Extradimensions?

Pattern of Fermion masses & Mixing

— Why istop heavy? |
Origin of parity violation My claim: current
: machines cannot answer
Why 3 generations?

all these questions
Why gauge symmetry?



Thefirst prong of the attack:

Precision measurements
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Precision EW Measurements: M, <219 GeV
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The Tevatron will point theway....
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M, dependence is logarithmic

M dependence is quadratic

Suppose M=179.4+5.1
GeV

(5)
Al g =

. —0.02761+0.00036

e My = 179.445.1 GeV )|

| Excluded

N,/ _Preliminary

Increasing M by 5 GeV increases My,
limit by 35 GeV

R. Claire, WINO3

10°
m,, [GeV]
Limit on My goes from 219
GeV to M < 283 Gev

Best fit goes from 96 GeV
to 126 GeV



Precise M; measurements limit SUSY
models

135IIII|IIII|IIII|I|II|I|II|IIII|IIII

e Upper bound on My, in MSSM
strongly affected by M;

130
e Knowing M, precisely will limit
the SUSY scale -
« Note M¢* dependence S 125
£ theory prediction form,_ |
G m ~2 5m ¥ = 2.0 GeV
| exp _
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Heinemeyer, Kraml, Porod, Weiglein, hep-ph/0306181



Precision measurements can't tell you source of new physics

o Example: try to fit precision datato MSSM

x?/d.o.f = 27.2/16
x’/d.o.f = 16.4/12
x?/d.o.f = 23.2/16

SLC:

sin®'®
eff
M,,(LEP)
. 2nlept
sin eeff (Ag) =
b - XSY -»1.@.~<-J,~"'fv:"<>:

a,susy i
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—Z —Z 0 2
pulls=(data-theo)/error

deBoer & Sanders, hep-ph/0307049

M,, [GeV]

MSSM dlightly better fit (17% prob)

vs SM (5% prob)
MSSM prefers “light” SUSY
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First order of business;

Find the Higgs or something like It



Signal significance

10

If thereisalight SM Higgs, we'll

find it at the LHC

JLat=30m"
(no K-factors)

ATLAS

H - vy

ttH (H — bb)

H - 722" - 41
H »> WW" S v
qqH — qq ww®
qqH — qq7t

Total significance

Ll
100

-
120

N
140

P L
180 200
my (GeV/cz)

Ll
160

(@]

T

CMS, 30 fb™
No k—factors

OH — yyinclusive
* ttH, WH, H — bb
¥ qgH, H = WW', vy, 77

®H — ZZ, 77" — 4 leptons

AH — WW — llvy
W qqH, H = WW — Ivjj
¢ qqH, H = ZZ — vy

— Total significance

(o]
(o2}

50 at 2 fb™' DY

| 50 at 10 fb™"

130

[
=
(2]

+ U O OO

No holesin M, coverage

Discovery happens early in the game!

(plotsare 30 fb1)

730 7N

1-Sz-W2 0 1xC



Once we find the Higgs, we need to measure its couplings

L C measures couplingsto a

Ratios of coupling constants
NG few %

measured quite precisaly at LHC g '[ bb
g -
5
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; Q.. 5 2 ”
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Can SLHC or VLHC improve Higgs
coupling measurements?

e Ciritical ingredient in LHC coupling g

measurements is weak boson fusion

— WBF gives 2 forward jets with il
large rapidity gap Jet rapidity distribution

— Forward jet tagging/central jet -

veto crucial (degraded at SLHC) [ Y0¥ ™hn @
— Higher rate at VLHC: but need - 0 Gev Ny
hadron calorimetry to - |
'y =l 6-7 - 2\ \
SLHC improves Higgs coupling | :’.—':I.']/./.’. "
measurements by = factor of 2 % ¢ @ o fyl(ma])

Baur, Brock, & Parsons, hep-ph/0201227 LHC rapidity coverage



Hadron machine not competitive with LC for
Higgs couplings

08

A(oxBR)/(6xBR)

0B

04

02

qq — qgH (H — WW = Ivly)  BWH (H — )

qq — qgH (H — 1t — Ivly) OtH(H— vy
AWH — WWW = Ivlvly * ttH (H — bb)

YWH — WWW = Ivivjj

/ ATLAS

[Ldt=3000fb"

SLHC gives factor of 2
Improvement over LHC in

Higgs coupling measurements

Azuelos, hep-ex/0203019




RMSSM(h)/RSM

How well do we need Higgs couplings?

MSSM example:
_ 1.7
_ BR(h - bb)
- 1.5
BR(h - 7°77)
g" 1.2
Msusy=15TeV
.
2- 0.8 -
1.8+
16 tanf=50
— S
08 e
O'6200 460 600 800 1000

1.6+

14+

1.3+

M, 0=500 GeV <0A> 1 1 At
A0 AR R 21% deviation
---- w0 A<0
e ﬁ>o A0 / from SM
K //I/ - -
_______________________ i 5.4% deviation
ottt g '.ij\\\_"_ from SM
10 20 30 40 50 60
tanf3
Note rapid approach to

decoupling limit

Guasch, Hollik, Penaranda, hep-ph/0307012



Can we reconstruct the Higgs potential ?

M, 2

h® + Avh® + %‘ h*

V =

2 __\,2\n
+chn(h V°)

/\(Zn—4)

Fundamental test of
model!

SM: A3=A=Mp2/2v2

ViV/'2

2!

We need both A; and A4




Reconstructing the Higgs potential
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Baur, Plehn & Rainwater, hep-ph/0304015



Tri-Linear Higgs Coupling at et+e- Colliders

e My<140 Gev, e'e - Zhh

— Dominant decay, h— bb

— High efficiency for identifying b’ s recoiling from Z
e Mp>150 GeV, h-W*W-

— Phase space suppression

— o(vvhh) << g(Zhh)

— Vs=500 GeV optimal energy

LHC & LC are complementary:

LHC sensitiveto M>150 GeV,
L C sensitive to lighter My,

Castanier, hep-ex/0101028
Baur,Plehn, Rainwater, hep-ph/0304015
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Comparison of Higgs Potential capabilities
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 If the LHC givesusalight Higgs, with
perhaps TeV scale SUSY .....

— Wewant alinear collider to measure all the
Higgs properties




Standard Model Pnhysicsisn’t motivation for
future hadron machine

* Electroweak physics, B-physics, top physics well
known from Tevatron, B factories, LHC

 VLHC not competitive to improve SM precision
measurements

o Argument for VLHC rests on new physics

discovery potential

— LHC unlikely to tell uswhy the top is heavy or why
the world looks 4-dimensional.....

— Although we hope it gives hints of whereto look...



Standard Model Is an effective Theory

Higgs self-coupling scales with energy

2
Lo = My e e A
2 4

A-Uatscae A d 32
dlogQ® T ar

Heavier the Higgs (A=M%/2v?)

— The smaller the scale A

Relatively low scale of new physics 3

(0 4000

800.0

Landau pole

-
-

200.0

Above scale A\, New Physics

' T Potental bounded from below

Only for Sma” range Of M h IS SM 10 1\ A .:;U.i:\ _ 10~ 10
consistent at Planck scale energies! M =120 GeV, A=10° GeV




Higgs can be heavy with new physics

Non-zero AS and/or AT required for heavy

Higgs

M= 450-500 GeV allowed with large AT
(isospin violation)

Constructing areal model is the hard part

0.5‘_

-0.51

AT

————
| Preliminary
168 % CL

U=0

0 100 200 300 400 500 600
my, [GeV]

Measuring a heavy Higgs
o hel ps pinpoint the scale of
e new physics!

*Chivukula, Holbling, hep-ph/0110214



Beyond the Standard M odel

 Atsomescae
— The gauge symmetry is extended
— Or the Higgs is composite
— Or the spectrum of supersymmetric particles begins
— Or the Kaluza Klein resonances of extra—D models start

— Or....
* Probe effects of new physics at scales smaller than A

L=Lgy +Z/];:no(4+n)

o Canfit EW precision datawith f= 1, A =1-3 TeV



Many Possibilities for New Physics

Supersymmetry

Extra dimensions

Compositeness

Strong Electroweak symmetry breaking
Something new?

— Cluesfromthe LHC

What is scale of new physics?

Determining source of new physics requires data




Case study:

Exploring the SUSY spectrum



Supersymmetry Is afavorite candidate*

0.125 |\

e MSSM most studied T T T

variant of SM
* Motivated by coupling g oors|
unification; Higgs G oml
mass renormalization |
o Definite predictions for oY U A A AV T 4T
rates, nggS Mass Q (GeV)
* Most general model _
has many parameters Doesn’t happen in SM

*Spireshas > 7800 papers after 1990 with t supersymmetry or
supersymmetric



TeV Scale SUSY likely to be discovered at

| | ~ 30 , 50 contours
| ILdr= 1, L0, 100, 300 o= ! miss
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SLHC increases discovery reach

SUSY can be found with low
luminosity....but what isit?

by = 500 GeV



WMAP suggests SUSY is

tanB=10, u>0

800

7009| |s

m, (GeV)

3004 |}
2004 |

1004

|||||||||||||||||

600 |:

L mys 5104 GeV
[}

5004 s
\

4004 |

0_ 1
100 20! 300 400 500 600 700 800 900 1000

i
imyp, =114 GeV

/

. CDM preWMAP |

L

m1/2 (G’eV)

WMAP CDM

Ellis, Olive, Santoso, Spanos, hep-ph/0303043

Just around the corner?

Assume dark matter is
L SP of mMSUGRA

Note low m, scale!

Pink is (g-2) assuming e*e solution
for hadronic contribution

Doesn’t look nearly as pretty
without mSUGRA
assumptions



MSSM heavy Higgs difficult in wedge region at LHC

Octobar 2007

tang

30

—
_—

H observable with 3000 fbt/exp
95% excl. for H with 3000 fb-Y/exp

20

—t

] = Lo o, -l mno
T,

[+

! 100 200 300 400 500 600 700 BOD 900 1000

m, {GeV)

e'e - H'H getsto=
Kinematic limit

Need to find not
just SM Higgs, but
heavy and charged

Higgs, aso

SLHC improves
discovery reach by 50
100 GeV

LHC can miss part of
MSSM spectrum!



Measuring SUSY masses at
hadron colliders

Complicated decay chains g p 7
. . - oy~ 2 1
Main tool: dilepton edge from | x,” — 1'17x,°
Sbottom/squark and gluino
reconstruction e a8 B =
. . w B KX
Proportional to mass differernces:
strong mass correlations
Same flavor-opposite sign lepton Invariant gll mass
distribution _
o0 0 A
700} 600} M H}Pl]l
600; 5002— H | +le |
wna: a0 ii th
i - t
400E 200" :# *H
300: C } }
200} 200 ft H,
i B } H
100F LI 100:_ i *+++
0:..;»-%‘;1....|....|....[....|....|....1....|....|..;'.' Oz.m«“T| T T T o
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Events/10 GeV/300 fb

LHC: Gluino mass precision directly related to LSP mass

Gluino mass reconstruction from )?ZObE

B x2/ndf 3376 / 29 |
— Constant 63.70 + 2.709
80 |— Mean 587.6 + 2227
Sigma 57.43 + 1.577
60 — | —
40 — * —
20 — —]
0

400 800 800
m(xbb) (GeV)

Gluino mass as function of LSP
mass

620IIIIIIII|IIIIIIIIIIIII

O A N T N VO T O O B O O O o A VO ol
56070 80 90 100 110 120

m(LSP) (GeV)

=Am(gluino) = Am(L SP)




L C makes precision mass measurements

e Chargino pair production, S-wave
* Rises steeply near threshold
o Thisexample:

om

—=.1%
m

Blair, hep-ph/99910416



L C mass measurements from endpoints
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LHC & LC improves SUSY mass resolution

 LSPmassconstrained at LHC at 10% level _
eTake LSP mass asinput from LC

08 T T T T >
: : GeV) |LHC |LHC+ |LHC+
 LHC - (GeV)

oss [ k LC(.2%) | LC(19%)_

2 : ] Am(x’ ) | 9.2 2 1
3 of .
- P
, Am(l,) |92 5 1
0.25 —
— P
05 __L.J TR T S A T S ST O V0 T |_— Am( XZ() 9'0 '3 1
-05 -0.25 0 0.25 0.5
AM,M >
Bachacou, Hinchliffe, Paige, hep-ph/9907518 Am(by ) |23 17 17
P
- - AM(G) | 15 5 5
=L C input improves (a)
C v
accuracy significantly * * * <

Weiglein, LHC/LC Study



Need to ask the who cares
guestion?




Global fit to mMSUGRA parameters:

SUSY: LC+LHC

Mo, My2,SIgN(H), Ao, tanf3

LHC sensitive to heavy squarks,
gluinos

Use neutralino mass, couplings
fromLC

CMS study:10 fbt gives squark,
gluino massesto 1-2% if
neutralino mass known from LC
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VLHC increases discovery reach for SUSY
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But can we tell what underlying mode! 1s?

o Can we test models of SUSY breaking?
— SUSY broken by VEV, F

— Breaking communicated to Standard Mode! at
Scale, M

— Gauge Mediated Models, SUSY masses:

a

~ F
m= —
4 M

= Discovery of SUSY impliesthere
must be anew scale, F



One Scenario

LHC finds SUSY

— Looks like Gauge Mediated SUSY (masses and decays
have the right pattern)

o Lightest SUSY (LSP) particleisgravitino
— Phenomenology described by NL SP (which decaysto

LSP)
T =100 m{looeevﬂ JF )
My | | 100Tev

— LHC measures F and SUSY masses

— Prediction for messenger scale



VLHC looks for Messenger fields

e Discovery of messenger fields confirms GM SB

103 T T T l | S T T I T T T | T T T T ; 108

10% & E,_ =200 TeV 410

sec™!]

103 em™

o(pp-X) [pb]

Events/yr [for £

10—5_|||||||1|||||||||\|—100
5 10 15 20

M (TeV)




L ast Example:

Finding new Z's



New Z’s highly motivated

o Little Higgs models:

— Could the Higgs be a Goldstone boson?
* Intermediate scale, f, limited by precision measurements

— Predict the scale after 1 TeV
* Maybe find new fermions, gauge bosonsat LHC

A =10TeV Sigma model cut-off

f = 1-5 TeV Charge 2/3 quark, Heavy gauge
bosons, Scalar triplets

v =246 GeV 1 or 2 Higgs doublets



New Phenomenology in Little Higgs Models

Drell-Y an production of Zy

— EW precision limits prefer cot 8 =
.2 (Heavy-light gauge mixing
parameter)

— BRsvery different from SM

Han,L ogan,McElrath, Wang, hep-ph/0301040
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L arge Extra Dimension models have
new resonances in Drell-Y an

Runll search for high mass di-leptons

Sengitiveto Z' and Randall-Sundrum
Graviton
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/'’ Reach at Tevatron, SLHC & VLHC

N=100 Events, Z Coupling
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Factor 10 in luminosity extends the
Z' reach by 1-1.5 TeV
14 TeV to 100 TeV extends reach by factor of 7-10




Comparison of Z' Models

Many models, but a agiven
machine, reach issimilar for
al models
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| discussed 3 examples:

e SM Higgs physics

— Because thisis a program which will be largely
completed by the LHC and LC

— With the possible exception of the Higgs potential
Supersymmetry

— Because we are unlikely to know what causes SUSY
breaking even with the LHC and LC: datawill point to
the next energy scale

— If we don't find squarks and gluinos, the extra mass
reach of the SLHC or VLHC could be crucial

New Z's

— Because thisis a case where discovery reach islikely to
be critical

Many other possibilities, of course



Snowmass summary

>
LHC SLHC VLHC VLHC
100 fbt 1 abl 40 TeV, 200 TeV,
100 fbt 100 fbl .
tth 13% 10% 5-10% 1-3%
coupling .
gluino, 2TeV 2.5TeV 4-55TeV |20 TeV
squark .
Z 4-5TeV 5-6 TeV 10-13TeV | 30-40 TeV
g
Composite | 23 TeV 35TeV 50 TeV 100 TeV
ness R
StrongWW | 1.7 0 160 /0 180
g
Extra D, 9TeV 12 TeV 24 TeV 65 TeV
vF4 My ) v Y

Baur, Brock, Parsons, hep-ph/0201227



Conclusions

e Sound bites:

— The arguments for new physics at the TeV scale
are solid and well devel oped

— But many questions will remain unanswered by
theLHCandevena LC

— Therewill be an energy scale of new physics
beyond the TeV....determining what it is
requires DATA from the LHC.



