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- Introduction: The Physics Landscape
+ The LHC upgrade path

- The physics case by examples

+ Summary of this lecture




_:Eﬁysics case for new High Energy Machine? :

mm) | Understand the mechanism Electroweak Symmetry Breaking
>

Discover physics beyond the Standard Model

Reminder: The Standard Model
- tells us how but not why (contains 19 parameters!) >
3 flavour families? Mass spectra? Hierarchy? o _—

- needs fine tuning of parameters to level of 10-30 ! 0
- has no connection with gravity / ° o AL
- no unification of the forces at high energy R U

1{GeV)

MSSM

World Average

Most popular extensions these days

If a Higgs field exists: .
- Supersymmetry — ST
- Extra space dimensions

If there is no Higgs below ~ 700 GeV s B
- Strong electroweak symmetry breaking around 1 TeV SR

Other ideas: more gauge bosons/quark & lepton substructure,

Little Higgs models...
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The LHC Machine and Experiments

25 ns bunch spacing = 2835
bunches with 10! p/bunch

First years lumi

~2.1033cm-2s-! = 20 fb-1/year
Design Luminosity:

1034cm-2s-1 =100 fb-1/year

Stored energy/beam: 350 MJ

The LHC will be a very
challenging machine
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oLHC will explore directly the highly-motivated TeV-scale and say the final word
about the SM Higgs mechanism and many TeV-scale New Physics predictions
eAlso LHC will be a great machine for: QCD, B-physics, Heavy Ions, EW precision..




% """ The LHC Progress & Schedule {

The LHC Schedule®™

Crucial part: 1232 superconducting dipoles

Can follow progress on the LHC dashboard ~ ° LHC will be closed and set up for
http://Ihc-new-homepage.web.cern.ch/lhc-new-homepage/ beamon 1l J Uly 2007

e First beam in machine: August 2007
LHC commissioning will take timel
e First collisions expected in
October/November 2007

LHC Progress A i :
%9 Dashboard &V Followed by a short pilot run
. Cryodipole overview O(IO) pb-l ?
More than 250 dipoles e First physics run in 2008

= — installed by now

one to a few fb-1?
Now ~20 dipoles/week [EA

e Physics run in 2009 +...

N

E_ 70 /
- 4/ B 10-20 fb-!/year =100 fb-1/year
g 800 //J //;/
VAV / /
250 / / / (*) e .
g. M. Lamont et al, April 2005.
i _.5-4 4/ Achtung! Lumi estimates are mine, not
0-Jan-01 01-Jan02 0-Jan03 01-Jan-04 01-Jan-02 01-Jarn-06 01-dan07 fr\om 'l'he machine

e C0I0 MassES delivered — Crydipoles assembled M
= Cryodipoles cold tests passed = (ryodipoles assigned to positioninring Upda.re |n June‘JU|Y 2006

m— Cryodipoles prepared forinstallation e Cry0dipoles installed 7




> Upgrades of the LHC

J. Strait 2003:
Not an “official” LHC plot

hypotethical lumi scenario

1100 ']

5 |
4 —— L at year end
—— |ntegrated L
3 | -8 Poisson Error
—=—Time to Halve Error
2 -
1 7 [10%em™s™]
0 [Arb. units]

2007 2009 2011 2013 2015 2017

If startup is as optimisitc as assumed here (1034 cm-2s-1 in 2011 already)
—After ~3 years the simple continuation becomes less exciting
—Time for an upgrade?




2 The LHC upgrade: SLHC %

Already time to think of upgrading the machine if wanted in ~10 years

Two options presently discussed/studied
‘Higher luminosity ~1035cm-2s-! (SLHC)
-Needs changes in machine and and particularly in the detectors

= Start change to SLHC mode some time 2013-2016
= Collect ~3000 fb-!/experiment in 3-4 years data taking.

—=Discussed in these lectures

‘Higher energy? (DLHC)
-LHC can reach Vs = 15 TeV with present magnets (9T field)
~\s of 28 (25) TeV needs ~17 (15) T magnets = R&D needed!
-Even some ideas on increasing the energy by factor 3 (P. McIntyre)

RunI s RunI s Int Lumi Int. Lumi (expected)
Tevatron 1.8 TeV 1.96 TeV 100 pb ~5fb
HERA 300 GeV | 3206GeV | 100 pb ~500 pb
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Physics Case for the SLHC

— Either at least one Higgs exisits with mass below 1 TeV, or new
phenomena (strong EWSB?) set on in the TeV region

— New physics prefers the TeV scale (Hierarchy problem, fine
tunning) but not fully guaranteed

The use/need for for the SLHC will obviously depend on how EWSB
and/or the new physics will manifest itself

LHC should have told us, say, by 2010 (with ~10-30 fb-1)
- Whether a light (or heavy) Higgs exist ..unveil the EWSB mechanism
- Whether the world is or could be (low energy) supersymmetric
- Whether we can produce dark matter in the lab
- Whether there are more space time dimensions, micro-black holes...
- Whether it is all different than what we thought
- Whether there is nothing strikingly new found in its reach...unlikely!

10



& Machine Upgrade Studies .

Large Hadron Collider Project LHC Project Report 626

2002 Report on study

LHC Luminosity and Energy Upgrade: A Feasibility Study

Q. Briiningd, R. Cappi*, R Garcbyt, Q. Gribner!, W. Herrd, T. Linnecard, R. Ostojic!,
K. Potter®, L. Reesif, F. Ruggiers! (editor), K. Schindl, G. Stevenson®, L. Tavian!,
T. Taylor!, E. Tsesmelis®, E. Weissef, and F. Zimmermann®

Upgrade in 3 main Phases:
* Phase O — maximum performance without hardware changes

Only IP1/IP5, N, to beam beam limit— L = 2.3¢103% cm-2s-!
* Phase 1 — maximum performance while keeping LHC arcs unchanged

Luminosity upgrade (p*=0.25m #bunches,...)—> L = 5-1001034 cm-2s-1
* Phase 2 — maximum performance with major hardware changes to the LHC

Energy (luminosity) upgrade — E,,, = 12.5 TeV

11
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L=

Possible Machine Parameters

parameter

nom ult. upgrades

no. of bunches ny
rms bunch length
o, [cem]
rms energy spread
as [107%]
beta at IP [m] 3*
crossing angle
f [ prad]
beam current
Iy [A]
[uminosity L [104
cm %871
as IBS growth time
7is [h]

2808 2808 2808 |
7.6 7.6 7.6, 7500
4.2
1.1 1.1 1.1, 3.8
3.7
(.5 0.5 025 0.25
300 315 485 1000

0.56 0.86 1.3, 1.0

1.3
I 2.3 7.3, 9.0
971 <
134 Bh 56, 1712
674

(*) Superbunch: 1 bunch of 75 m (rms) in each ring
Good for electron cloud effects/bad for experiments: 50000 events/25 ns slice

Latest parameter
set:

F. Ruggiero et al.
PAC2003 report

May 2003

A luminosity of
103°cm-2 s-!
seems possible

12
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Recent Machine Parameters

____—‘

Effective luminosity for various upgrade options

prut-:ms per hunrh N, [1ﬂ111 1 15

T S T O,
versgecurest |1 | ose | oss | s | 10 |
longitudimalprofie || Gaussian | Gaussian | Gaussian | _flat_|

e A R U A
——-
LGovemisd | 10 | 23 | 92 | ws |
oo | | 6 | « [
msgowiiine ___[opn | e | m | @ | 5
nuclear scatt. lumi lifetime _

1035cm-2s-1 peak luminosity S'|'l|| on the map e

Bunch cr'ossmg somewher'e between 12.5— 75 EE-

R e P B R AT

LHC upgrade scenarios F. Ruggiero and F. Zimmermann
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> Electron Cloud Effect

__—‘

- Electrons from gas molecules, ionized by the proton bunch & synchrotron

radiation.

* Once released, electrons get accelerated to 100-1000 eV and hit the wall
— surface heating

o o S S o FE S S

Figure 1. Schematic illustration of electron cloud effect.
First bunch produces slow electrons, fields of second

bunch accelerate residual electrons to produce secondary
SHIESTS

Can be preventive to run with to
short bunch spacing
Will learn from LHC operation

o

average arc heat load dW/ds (W/m)

[=1]

1 L 1 1 1 |
8 10 712 14 18 18 20
N, (10™)

=]
M
s

Average arc heat load as a function of bunch population for bunch
spacings of 12.5ns, 15ns, and 25ns, and a maximum secondary emission
vield dmax = 1.1. Elastically reflected electrons are included. (Courtesy
F. Zimmermann)

CERN |
F. Ruggiero — ICFA Seminar: LHC Machine Upgrade

14
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Machine Upgrade Studies

___—‘

Studies in the context of the CARE HHH Network
HHH = High Energy High Intensity Hadron-Beam facilities in Europe
http://care-hh.web.cern.ch/CARE-HHH/

Phase 1:

=92 x 10 cm3st!

5) Doubl hes 73
excluded by electron cloud? Step 5 belongs to Phase 2

« IR | Ir.::

Step 4 requires a new RF system
Step 5: upgrade LHC cryogenics, collimation, beam dump systems...

Further possible paths: flat beams, dipoles close to IP, crab cavities...
Challenging but bigger challenges on the detector side

15



224

AR

TR

e 1""'»'«: e Ili'""l“ﬂh‘"!'

-.st'i‘. 3

16



CMS

Detectors: General Considerations

LHC SLHC
Vs 14 TeV 14 TeV
Luminosity 1034 1035
Bunch spacing At 25 ns 12.5/25 ns
Cpp (inelastic) ~ 80 mb ~ 80 mb
Ninteractions/x-ing | ~ 20 ~ 100/200
(N=L oy At)
dN_./dn per x-ing ~ 150 ~ 750/1500
<E> charg. particles ~ 450 MeV ~ 450 MeV
Tracker occupancy 1 5/10
Pile-up noise in calo 1 ~3
Dose central region 1 10

___——‘

The other Lectures
this week will deal
with these challenges

Normalised to LHC values.

In a cone of radius = 0.5 there is E;~ 80GeV.
This will make low E, jet triggering and reconstruction difficult.

10* Gy/year R=25 cm

17



- Detectors Upgrades for SLHC

- Modest upgrade of ATLAS, CMS needed for channels with
hard jets, p, large E;™miss

* Major upgrades (new trackers ..) for full benefit of higher L:
e* ID, b-tag, =-tag, forward jet tagging (?) , trigger...

‘ Assumptions for the study ‘

* Detector Performance
 Performance at £ = 103 cm-2s-1 is comparable to that at 1034 cm-2s-1 |l

» Some know degradations taken into account in individual analyses
» Integrated Luminosity per Experiment

« 1000 (3000) fb-! per experiment for 1 (3) year(s) of at L=1035cm-2s-1,
* Pile up
* Corresponding to 12.5 bunch crossing distance scenario

18



* Electroweak Physics
* Production of multiple gauge bosons (n, > 3)
» triple and quartic gauge boson couplings
 Top quarks/rare decays
 Higgs physics
* Rare decay modes
» Higgs couplings to fermions and bosons
* Higgs self-couplings
« Heavy Higgs bosons of the MSSM
* Supersymmetry
« Extra Dimensions
* Direct graviton production in ADD models

“ "Exfending the Physics Potential of LHC, ¥

Examples studied
in some detail

CERN-TH/2002-078
hep-ph/0204087
April 1, 2002

PHYSICS POTENTIAL AND EXPERIMENTAL
CHALLENGES OF THE LHC LUMINOSITY UPGRADE

Conveners: F. Gianotti ', M.L. Mangano 2, T. Virdee 3

Contributors: S. Abdullin %, G. Azuelos 5, A. Ball ', D. Barberis &, A. Belvaev 7. P. Bloch
Bosman ®, L. Casagrande 1. D. Cavalli ?, P. Chumney 9, S. Cittolin 1, S.Dasu '°, A. De Roeck
Ellis L, P. Farthouat 1, D. Fournier ', J.-B. Hansen *, 1. Hinchliffe 2, M. Hohlfeld '3, M. Huhtir
K. Jakobs 2, €. Joram L, F. Mazzucato ', G Mikenberg 1%, A, Miagkov!®, M. Morettil7, S. Morett
T. Niinikoski 1. A. Nikitenko® T, A. Nisati '%, F. Paige, S. Palestini *, C.G. Papadopoulos®!, F. Pice
R. Pittau?2, G. Polesello 23, E. Richter-Was2*, P, Sharp 1, S.R. Slabospitsky'®, W.H. Smith 1°, S
nes 2%, G. Tonelli 2%, E. Tsesmelis ', Z. Usubov®™2® 1. Vacavant 12, I. van der Bij??, A. Watsc
M. Wielers 31

Include pile up, detector...

* Resonance production in Randall-Sundrum models TeV-! scale models

* Black Hole production
e Quark substructure
 Strongly-coupled vector boson system

W, Z gW,Z ,ZZ scalar resonance, W W * |

* New Gauge Bosons

19
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Standard Model Physics

Precision measurements of Standard Model processes and parameters

Reconstructed top mass distribution:

CMS|

1ofe! |

g

events/AGeV

0P + b
- o, (W, )
] b kg rou nd

F 12"

X0 1—2"2"

17—

1=

1=
gl

o
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Triple/Quartic Gauge Couplings

P
Y, L

Production of multiple gauge bosons: statistics limited at LHC
E.g. # events with full leptonic decays, Pt>20 GeV/c, |n|<2.5, 90% eff
for 6000 fb-1

Process WWW WWZ ZZW 2727 WWWW WWWZ Ul
N(my=120GeV) | 2600 1100 36 7 5 0.8 quintuple
N(my=200GeV) | 7100 2000 130 33 20 16 | COUPIIHQS?
Coupling | 14 TeV 14 TeV 28 TeV 28 TeV LC
100fb~! | 1000fb~" | 100 fb~" | 1000£fb~! | 500 fb~!, S00 GeV
A, 00014 | 00006 | 00008 | 0.0002 0.0014 Triple gauge
Az 00028 | 00018 | 00023 0.009 0.0013 couplings:
Ak, 0.034 0.020 0.027 0.013 0.0010 Wy WZ
AKz 0.040 0.034 0.036 0.013 0.0016 .
|
gt 00038 | 00024 | 00023 | 0.0007 0.0050 production

Use only muon and photon final state channels, statistical errors only
= Equal or better than LC for A type of couplings, worse for «

21
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-0.003
| 14 TeV 100 fb-1 |\% 95% CL.
0.001

44 T Fhy st o
.Ir L LAY ] A b W

| 14 Tev 1000 fb-1 | __2—e

-0

| 28 Tev 100 fb-!

| 28 Tev 1000 fb-!

J0.006
0.004
0.002

Sensitivity into the
range expected from
radiative corrections

in the SM

A
z 0

-0.002
-0.004
-0.006

3 B
|/{ -0.05-0.025 0 0.025 0.05

i‘.‘ﬁi,ﬂ,

00025 0 0.0025 0.005
f}.gi

Electroweak Physics

| Triple gauge couplings: sensitivity |

0.06
0.04
0.02
Ak, o
0.02
0.04
0.06

-0.004

-0.006
0

[
050025 0 00250

05
AK,
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CMS

Top Quark

LHC: AM(top) down to 1.0 GeV (and AM,, down to 15 MeV)
—Limited by systematics/no significant improvement expected

Statistics can still help for rare decays

‘ t—qy ‘

‘ t—qg ‘

‘ t—qZ ‘

- Results in units of 10-°

Ideal = MC 4-vector
Real = B-tagging/cuts
as for 1034cm-2s-1
u-tag = assume only B-tag
with muons works

b-tagging || ideal | real. | pu-tag
600fb~" || 0.48 | 0.88 | 3.76
6000 fb~" || 0.14 | 0.26 | 0.97
b-tagging || ideal | real. | p-tag
600 fb~! 22.3 | 60.8 | 210.
6000 fb~! || 7.04 | 19.2 | 66.2
b-tagging || ideal | real. | p-tag
600 b~ || 0.46 | 1.1 | 83.3
6000 b~ || 0.05 | 0.11 | 8.3

at 1039cm-2s-1

| Can reach sensitivity down to ~10-¢ BUT vertex b-tag a must at 103°cm-2s-!

23
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Higgs Physics

= What is the origin of Electro-weak Symmetry Breaking?
— If Higgs field at least one new scalar particle should exist: The Higgs
One of the main missions of LHC: discover the Higgs for my< 1 TeV

The only Higgs
sighted so far

r o(pp—H+X) [pb]
102k . ‘
E Vs =14 TeV
M, = 178 GeV
10k CTEQ6M
l S w T
oL q@’ —HW
a2l i
10 i, i ]
T, 824G HIT 3
| Brout, Englert
10k % 3
; T s
4| qq—HZ =~ -3 ety ooy oy)
]0 I i I L 1 i i I i I 1 I 1 i i i
0 200 400 600 800 1000
WW, ZZ fusion =9 My, [GeV]

24



@ What do we know about the Higgs?

E JLdt=10 ”‘j ATLAS + CMS
07 :_ E" . = [ dt=30fb {no K-factors)
05 [ | Probability for
Lo «— | my combining
025 [ direct and indirect .
: information N Ny
! 0 . 100 | 2:]0 | 300 4‘;0 5:}0 | 600 LHC: SM H|993 Wl-l-h 10 fb-l
m;, (GeV) o ~1 good year of data taking
6 : T bt —_—
5__ :: ..{ mffgd = ._ 0 my (Glg\’)
B Vel B — Light Higgs preferred by EW data
“ A : — Light Higgs needed for SUSY (<135 GeV)
& 3- il
“] ;] Caution ... some recent developments
" A e Higgs + higher dimensional operators
Excluded N A Prefimimg
0 T I e e e :

(— Higgs could be heavy)
e Higgsless models in Extra Dimensions scenarios

e EW fit criticism...
114.4 < M5, < 186 GeV — A light Higgs is not guaranteed

25
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Higgs at SLHC
Higgs couplings!

H S
Couplings obtained from measured rate in a given production channel:  *— gu
Rff=ILdtoa(e+e',pp—>H+X)OBR(H—)ff) BR(H-)ff):rf :

— deduce T'¢~ g%

tot

- Hadron Colliders: ', ; and o (pp — H+X) from theory — without theory inputs
measure ratios of rates in various channels (I';,; and o cancel) — I';/T’«

03

o ~028
< o 1%?2 (drost = AA LT, (indrrect)
E o MO T,T,(indrect)
Tos e 0O I,/T, (indirect) T
. * ¥ T,/ (direct
Closed symbols: T IWEEre) [ ggH — gaww
LHC 600 fb! ol ttH = ttyy /' qaH > qqrr
G g — o ttH — tthb @ /
01 Open symbols: &_é}‘
Houw SLHC 6000 fb-! 02
H—ZZ H—> WW
| H—ZZ | WH X WH—> WWW
° 120 140 160 180 0 L How H—> WW
100 150 200
m,, (GeV)
my (GeV)

SLHC could improve LHC precision by up to ~ 2

26
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Rare Higgs Decays Modes

CMS

Channels studied: BR ~ 10-4 for these channels!
o H— Zy - oty Cross section ~ few fb
e H— pu

dar xﬁi.{i—ami]

mpy (GeV) | S/vVB Rk
I | 120 GeV 7.9 0.13 3000 fb-1

130 GeV 7.1 0.14
140 GeV 5.1 0.20
150 GeV 2.8 0.36
Channel my S/\NB LHC S/NB SLHC
(600 fb1) (6000 fb1)
H—> Zy — iy ~ 140 GeV ~35 ~ 11
H— uu 130 GeV ~ 3.5 (gg+VBF) ~ 95 (gq)

Additional coupling measurements :
eg.I', /Ty to~20%

Note: also a challenge at a ILC: e.g. Agy,, ~ 16 % for 1 ab-! at 800 GeV

27



. Higgs Self Coupling Measurements

Once the Higgs particle is found, try to reconstruct the Higgs potential

.- H
. 0 i1 ) i oy L
‘W (D) = —Av(D'D) + A(D'D)” ey
mHZ - 2 A V2
“H
gg->HH
g 1 - H g ! -- H
H
t enareeee t t
g t ‘h“-“ H g N o[-Te LT[ T el T [o L] t SemTEETE T H
1”‘“: T T T T T T T T T T T T T T T T ] . .
- sMipp—HH+x ] Djouadi
LHC: 6 [fb] 1 etal.
gg — HH y
10 3 Dawson
1 etal.
= WW+ZZ — HH i
z=—24[xtntyryitlntntyty)ed I 7 WHH+ZHH __aCkgr..
| A2 <h< 30/2 |’Z :
- WHH:ZHH ~ 1.6
T OWWZZ =23
cr . . . ojb—t v -
| Difficult/impossible at the LHC | o0 100 120 140 160 L0 0
H [

28
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{}“ - )"Sﬂ)/}kﬂlﬂ

Ay

Baur, Plehn, Rainwater

Higgs Self Coupling
HH — W* W- W* W- = £ vjj £vjj

____—‘

Limits achievable at the 95% CL. for AL=(A-Agn)/sm

|
pp = {E 4
Vs = 14 Tevy
95% CL limits

B
_—— I

LHC: A= O can be
excluded at 95% CL.

SLHC: A\ can be determined
to 20-30% (95% CL)

1

T LR T PP P . 3{}00 fb__

-~ 600 b7}

<00

Note: Different conclusion from
ATLAS study —no sensitivity at
LHC and smaller sensitivity

at SLHC.  Jury is still out




CMS

Beyond the Standard Model

New physics expected around the TeV scale =
Stabelize Higgs mass, Hierarchy problem, Unification of gauge couplings, CDM,...

Supersymmetry Extra dimensions
_ i 4
q ',’ . ’/Graviton
~ X7
§ - % +
§~..~ by aae-e X, 2 \%\

+ a lot of other ideas...
Split SUSY, Little Higgs models, new gauge
bosons, technicolor, compositness,.. 30
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A popular benchmark...

e
i g

!
o
ra
|
E
-

“ufl
o e "-'-lll'f'.."l
a " “:.-l:l-._. .

r;.-'qu"lt
A

I
A

s
3

=

7
7
'35':_'_

1 H.I'I':l-:l !

L -

o
"One day, all of these will be supersymmetric phenomenology papers.”
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1400

m,, (GeV)

1200

1000

800

600

400

200

v | = If low scale SUSY: then large
production of squarks/gluinos at the LHC

— LSP responsible for dark matter?
Comparison with WMAP to within 15%

1000

Discovery reach

32

300 fb-1: 2.5-3 TeV
1fb-1: 1-1.5 TeV already
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Impact of the SLHC
Extending the discovery region
by roughly 0.5 TeV i.e. from
~2.5 TeV — 3 TeV

This extension involved high
E; jets/leptons and missing E+
— Not compromised by increased

m,, (GeV)

pile-up at SLHC

Supersymmetry

____—A

56 contours

3000 7
/ miss
CMS E; + jets |
— ;
f’}: ;'f
S "l 5
2500 E / )
v J."ll
- /
L = '
3 /-
2000 o / ar.
b o a00)
b= !
E ..'
Q
>
[+1]
1500 | =
8
e
o
2
=
1000
/\s=14 TeV : 100 b7, 200 b’ 1,
3
."; tanp=10 :
500 —
0 500 1000 1500 2000
m, (GeV)
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SUSY Measurements

== gluino

30
20

| __— 10

CMS
5000 A A B M) A
F
No EWSB
2000 - —
E M
Q. h?
1000 |- X K -
o= o
e 0
v 2
S s00f 1 {yh i
g 2 1 g
,E: J /
200 E I —
G p 4
100 B C Charged LSP ]
50 [ A IR I N TV TV T R ol
100 200 300 500 700 1000 2000

squarks === slepions @ w——
- LHC
Sl L R |I|-|-| |-|I|.| L

LEGICJHMAEFKD

# of particles/species detectable

Benchmark points (Battaglia et al./hep-ph/0306219)
Difficult points F,H K, (M) ..high masses/low event rate
High Luminosity beneficial to complete further the spectra
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. SLHC: tackle difficult points

Squarks: 2.0-2.4 TeV Gluino: 2.5 TeV

Can discover the squarks at the LHC but cannot really study them

mMess .
Mesy = E7"™ + ) Erjet+ D Efjepton P, >700 GeV & E,Mss>600 GeV
jets leptons P, of the hardest jet
eg. Point K in hep-ph/0306219
. 10 - - I
a F . 2 quf = C
: signal s 5
= 2 = r 2] L
(% 105— 3 r % L
8 F g 1oF g 20
£ g g 2 r
i “F & T 2 s
3 £ :
- 1ol
1F 4:_ E
_ 2 5F
10" 1" 1000 2000 3000 4000 5000 606 7000 3000 O 500 1000 1500 2000 2500 ot e S T
M, (GeV) - 0 50 100 150 200 250

Inclusive: M > 4000 GeV Efc_)lusi;/e %hannel
S/B = 500/100 (3000 fb-1) 99 °7%1 X1 39

M,, (GeV)
Higgs in y, decay
.—>¥1h becomes

S/B =120/30 (3000fb!)  visible at 3000 fb-t

Measurements become possible |
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SSM Higgs h,H,A —

October 20052

i Minimal supersymmetric model
2 Introduces two complex higgs doublet:
— 5 Higgs particles h,H,A H*

: N H = CP even/ A = CP odd

7] = U O -

In the green region only SM-like h
observable with 300 fb-1/exp

__| Red line: extension with 3000 fb-1/exp
Blue line: 95% excl. with 3000 fb-1/exp

I3

1 A MR

100 200 300 400 500 600 TO0 BOD 800 1000

M, (GeV)

Heavy Higgs observable region increased by ~100 GeV.
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CMS

Events ! 20 GeV

mEL

n e

w0
e
E ]

0

w3

M, =7 TeV

us = 14 Tel

H wewn wen
|:| (o)
Lz

@ Signal

|,-.
1400 16

2000
E,riss (GeV)

Extra Dimension Signals at the LHC

Graviton production!

Graviton escapes detection

ADD type of Extra Dimensions

Signal: single jet + large missing ET

P 14 TeV, 100 tb™'
® 14 Tev, 1000 fb’
28 TeV,. 100 b7
i 28 Tev, 1000 fb™’

M, reach (TeV)
Ll
jaw

)
o

10 &

About 25% increase in reach
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Di-lepton Resonance Production

:E B
5 g
g7
3
May be seen very £°
) & Sen
early: first weeks of )
the LHC 3
e

Wi mass (GeV)
‘ Example : The Di-lepton channel|\> EI

“ / AN
(New gauge bosons) (ADD)

Any, Z4 y()/Z(M)
(Little Higgs) (TeV-! Extra Dimensions)

G(1)
(Randall-Sundrum)




. SLHC: New Z' Gauge Bosons

Z' mass (TeV) 1 2 3 4 5 6 | |
(2" —e e )(fb) | 512 [ 239 25 | 038 | 0.08 | 0.026 | With Z-like
T (GeV) 306 | 624 | 942 | 1261 | 158.0 | 190.0 | couplings
S. Godfrey

Number of events
=9
o
w

1
g © 300 fb Ys=14 TeV, L=100fbL | |
I Vs=28 TeV, L=100fb ™"
2 5=28 TeV, L=1 ab”
L P 4 \s=40 TeV, L=100fb"" | :
e’e and w u modes #
A two experiments Vs=40TeV,L=L ab™ | .
3035 4 45 5 58 6 65 T /s=100 TeV, L=100%:"! H—
Mass of Z, TeV A &Y . .
Includes pile-up, ECAL saturation..  v=iotev.iziat .
om0 Tev, L Lo

Reach: LHC/600 fb-1 5.3 TeV | aorev ioio | ————————

SLHC/6000 fb-1 6.5 TeV T ] T
DLHC/600 fb-1! 8 TeV 1000 10000

Discovery Reach for Z' (GeV)

T T T T T v
Tevatron (pp) Zy
\.\ ® 3000 fb™ Vs=2 TeV, L=15fb"! Z,
- LHC (pp) Z
(\\
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s I Strongly Coupled Vector Boson
System e —

If no Higgs, expect strong V, V, scattering (resonant or non-resonant) at Vs~ TeV

A Difficult at LHC. What about SLHC?
| v L+ degradation of fwd jet tag and central jet veto due to huge pile-up
. VL,< - BUT : factor ~ 10 in statistics - 5-8c excess in W*, W* scattering
\q Vi — other low-rate channels accessible

Fake fwd jet tag (In| > 2) probability Scalar resonance Z,Z, — 4/
from pile-up (preliminary ...)

' 25
EN Snsp 3000t Mo
% o Sigg \% 20 zz
S LS 1 B3 T qZZ (SM)
S 15
Dy 5
A 10 not observable
_‘\:"0@ 15 at LHC
\ 2.5

g
5
H
5
g
g
z
g

U=

900 lﬂﬂﬂ 1100 ]2[:'(]
M (GEV) 40



Cing | [

Compositeness

_____-A

J5 <<A : contact interactions qq — qq

2-jet events: expect excess of high-E; centrally produced jets.

{5 . v =14Tev M;>6.0 TeV > 28 TeV . i ) t eV
/Z% - L =9000 o™ * No=40 TeV (g 1 3000 fb- f i :Eg I:: B 1+ | COS 9*|
B | PYTHIA=5.7 A AL=50 TeV o) ® & =E0 Te¥ —
PL = 1—|cos 6*|
= 0.5 — c
~— L .9 0.5 o
_zﬁ g f 0* angle btw jet & beam
_ S . .
0o R, M 2 . % by bt * If contact interactions
i | — excess at low y
7| L1 1 | I ‘ [ | [ | L 111 I
0 5 10 15 20 25 o o 0
X X

95% CL 14 TeV 300 fb! 14 TeV 3000 fbY 28 TeV 300 fb! | 28 TeV 3000 fb-!

A (TeV) 40 60 60 ~ 85

e For this study, no major detector upgrade needed at SLHC
(but b-jet tag may be important)
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T o E E
Indicative Physics Reach
e ——
Ellis, Gianotti, ADR
, hep-ex/0112004+ few updates
Units are TeV (except W W, reach)
%Ldt correspond to 1 year of running at nominal luminosity for 1 experiment
PROCESS LHC SLHC VLHC VLHC LC LC
14 TeV 14 TeV 28 TeV 40 TeV| 200 TeV| 0.8 TeV | 5TeV
100 fb! | 1000 fb! | 100 fb! | 100 fb-!| 100 fb!| 500 fb! | 1000 fb!
Squarks 2.5 3 4 5 20 0.4 2.5
W W, 26 40 4.5¢ /o 180 6o 900
Z 5 6 8 11 35 8t 30t
Extra-dim (5=2) | 9 12 15 25 65 5-8.5t | 30-55t
q* 6.5 7.5 9.5 13 75 0.8 5
Acompositeness | 30 40 40 50 100 100 400
T6C (1) 0.0014 0.0006 0.0008 0.0003 | 0.0004 |0.00008
T indirect reach Approximate mass reach machines:

(fr‘om PPQCiSiOH measuremen‘rs) \s = 14 TeV, L=1034 (LHC) L up to~ 65 TeV
Vs =14 TeV, L=1035(SLHC) : upto~ 8 TeV
Vs = 28 TeV, L=1034 . uptox 10 TeV

42



“. "LHC Luminosity/Sensitivity Evolution?

: ADD X-dlm@9TeV SUSY@3TeV ¢
110100 N pi— A PP T 4. ................................................. l ..................... :

______________________________________________________________________________________________

1000

_____________________________________________

l v

Higgs@ZOOGeV

]

300
100

w
o

Integrated luminosity (fb™)

-------------------------- YU SO ot NN WS RN S S S
SUSY@1TeV l g
; O : i i

10

"""""""" O b | [71100 fortiyr [ 1000 fortiyr |

F. Moortgat, A. De Roeck

>

| | | | | | | | | | | | | | |
0.1 ;toos 2011 2013 2015 2017 2019
Accumulated by year

First physics run: O(1fb-")
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CMS

Summary: LHC Upgrade

____—‘

The LHC luminosity upgrade to 1035 cm-2s-1

e Extend the LHC discovery mass range by 25-30% (SUSY,Z', EDs)
e Higgs self-coupling (20-30%)

e Rear decays: H—puy, yZ, top decays...

e Improved Higgs coupling ratios,...

e TGC precision measurements...

In general: SLHC looks like giving a good physics return for modest cost,
basically independent of the physics scenario chosen by Nature
= Looks like a natural upgrade of the machine

e It will be a challenge for the experiments!

e Needs detector R&D starting now: Tracking, electronics,
trigger, endcaps, radiation, shielding...

e CMS and ATLAS started working groups

—This will be the subject of the next lectures
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-ackup Slides: some more phisi-
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Quartic Gauge Couplings

lectroweak Physics —

study pp — qqVV —jjVVv (V=W,Z)

Indirect Limits LHC, 100 fb~* LHC, 6000 fb~" LHC, 6000 fb~*
A. S. Belyaev et al: Coupling (17} (1o} (1) 95% C.L.
Operators leading to (x107) (x107) (x107) (x107)

. . . g —120. €y <11 | =11 € ag <11 | =067 < g <0.74 | -0.92< 0y < 1.1
genuine quartic vertices as | 300.<as< .| 22<as<77 | -12<as<12 | -17<as< 17
Lo = ay[Tr (V)P as | —20.<as<18 | -96<as<91 | -35<as<3.2 | -43<as< 39
roo— Tr (V, V' ]] a7 -19. <o <18 | ~10.€ar<T4d | -44<a7<22 | -54< ;<28

¢ ; K10 -21. < K10 < 1.9 —-24. < K10 < 24, -41 < ST < 4.1 —4.8 < K10 < 4.8
Lo = anl(l Vo) T (TL"' (7Y 5 =102 =102 =10 = =10 =

Lr = “r Vi) [Tl(T‘L“ 003 [T 0.03 [ ; | |
Lip = T[Tl (TV,) TT{TIJ-H:'] ; 0.02 \ 002 | -

]
(=

Results for
events with full leptonic decays,
P,>20 GeV/c, |n|<2.5, 90% eff.

(conservative)

0.01

» o

-0.01

o2 FWZwz

-0.03

[ combined limit

0.01

0.01

-0.02

| combinad limi




> Other ways to ‘cover the wedge' .

| Use decays of H,A into SUSY particles, where kin. allowed |

50 = 50 an
a5 | £ o
= Q ™
E A al
40 as F G)X
== o
. 12 LN
}%35 HIE ko4 \2\ fg;ﬂ — 4 lept
30 WE A
12 . \2\\‘?* W00 fb"
25 = /
= ’ S CMS, 100 fo™' 15 W 1000 fb™'
20 = > . . .
s = maximal stop mixing 10
= = E 3
; &) 5’11__6\ A, H—=>x5x2 —> 4 lept Excluded by
10 ; 2 H/A ;E T —> |+T—jet+x, 30 fb_l 1} 200 r;l]l](GeV;cl]g} 600 1000
= = = rs
= = = E B
= - = Excluded by LEP
100 200 300 400 200 600 700 800 900 Strongly mOdeI/MSSM parameter
M, (GeV) dependent M, =120 GeV,
L =-500 GeV,

AH = yyx — 4 Mpons = 2500 GeV.,
Ieptons quuark, gluino =1TeV
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s, FTTUSLHC: tackle difficult points

BN |
e eg. Point H in hep-ph/0306219
2 pr of stau Squarks, gluino mass > 2.5 TeV
% v-stau mass difference small <1 GeV

— Stau lives long

0 L__1_I“":';"' o] ! I:_"l.l!r?.:. — JI-E :l |_1I-2 — _-'lf?c. :I
0 500 1000 1500 2000 2500 X3 £L £ M 173 CeV
pr, GOV H] '
. Dilepton mass dr—atz—al TR /
g o Without stau S o With stau  End point measurements
¢ 2 % N large luminosity
0 SE o 5
af aF k
3f 3
2 i
1 - L :'I i 1 '; ;_ i
0 .""ﬂﬂ":nﬂrm I o Shomdh
0 500 1000 1500 2000 2500 0 500 1000 1500 2000 2500

M, (GeV) M, (GeV) 48



k/ HPI

CMS

SLHC: KK gravitons

Randall Sundrum model

e Predicts KK graviton resonances
e k= curvature of the 5-dim. Space
e m; = mass of the first KK stat

0.207

0.10

0.07

0.05

0.03 F

0.02F

D.01

T T T | T T T T
/Tevatron

2
|R5|<M5 ;

/

[

4
!

Allowed Region

!
ra
A, <10 TeV

LHC ,.-"SLHC

" 95% excl. -

limits

T.Rizzo

! !
1000

1 !
2000

1 1
3000
Im; (GeV)

4000

5000

6000

TeV scale ED's
e KK excitations of the y,Z
ee

10 E

Events/50 GeV/3000 fb™’

—_—

e
m

10 E

1 is 1 1 1 1
2000 4000 6000
m, (GeV)

100—1000 fb-!: Increase in reach by 25%

Direct: LHC/600 fb-1 6 TeV
SLHC/6000 fb-1 7.7 TeV
Interf:SLHC/6000 fb-! 20 TeV
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Universal Extra Dimensions

Everybody in the bulk! e.g. Cheng, Matchev, Schmaltz hep-ph/0205314
104 : —

Search: e.g
4 leptons +
ETmBs

.0 0.9

RRRIES

XXX RKKL
“.“‘“"“ Yava

<,

0%
SRS
LK
S0
N

K
S 0 000
R

41Fq
AR=20

0 500 1000
R (GeV)

N I
1500 2000

Increase of the sensitivity to R-! from 1.5 TeV to 2 TeV
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CMS

Black Holes

% 10 Oyt = 0.5 Nb Examble:
LRl (Mp =2 TeV, n=1) Cr'osspsec‘rions for
0L black holes can be
- o LHC very large
n=4
10" L May dominate the
G,=120fb_ _ = _ ______ particle production
égf‘y’zgliqg(m =6TeV,n=3) . > at the LHC
P (= 1Tev '“LL‘
O F L MoaTev o But can also be
w0k “ statistics limited
o 4:5 ---------- M, =7 TeV for large M4 and
oy [ Men(add ~ 1 TeV)
0 20040 4000 6000 BOO0 10000 12000
M. GeV

Landsberg,Dimopoulos
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CMS ° °
Higgs Self Coupling for low M,
s010- ——Baur, Plehn, Rainwater [\ hphh not useable
~ 4505 [_bEd bigh pp;;:gfgfvci pp—bbtt  difficult
% X 1 | pp—>bbpp  not useable
10-5 [— ]
E 2.0-10 - I . N@W
=~ o5 B E pp—bbyy  promising
é; - ] e For m,=120 GeV and 600 fb-!?
S 101070 = expect 6 events at the LHC
5 . i with S/B~ 2 (single b tag)
5.0.1078 —] :
: . e Interesting measurement
1.0-1079 | 2 at the SLHC (double b TGg)
myg = 120 GeV myg — 140 GeV
machine “hi” “lo” hkg. sub. “hi” “lo” hkg. sub. Needs (]CCUI"Q'I'@
LHC, 600 b1 H:!l} H:{]i lﬁ:"li B B B pr‘ediC‘l'ion Of The
T G H0.82 +0.74 -0.52 1.7 1 H0.76 bbyy backgr‘ound
DL, D ’ —0.66 —0.62 —0.46 —0.9 —0.8 —0.58
- ey ] F0.44 F0.42 .32 .82 FO.66 F0.38 r‘aTe
LRSS —0.42 —0.40 —0.30 —0.62 —0.54 —0.34 Needs de‘l'ec‘ror‘
vire poomt TRl e e fok o ok ok simulation
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