(New) Physics

at the LHC
Fabiola Gianotti (CERN)

O Status of machine and experiments,
experimental challenges

® The first year(s) of data taking

© Longer-term physics potential
(examples ...)

@ Constraining the underlying theory
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LHC

R CE

- Heavy ions

14 TeV  Ljegign = 103% cm=2 st (after 2009)
Linitia = 2 X 1033 cm-2 s (until 2009)
(e.g. Pb-Pb at Vs ~ 1000 TeV)

TOTEM (integrated with CMS):
pp. cross-section, diffractive physics

ALICE :
ion-ion,
p-ion
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O Status of machine and

S R

experiments =

Snoul Pece
Sus Bars

. -

Cuadnpale
R Rars

o

Prosles Liart
[ry T

TP

- -
- Y e

e W

A5

Muxiliary
Buas Bar Tuibe

s rurmeniation
Feod Throsinghs

| Bzium i Yessel
Lupereondiscting Bies-Rae
Iron Yoks
man-ddagnetis Collars
Varuuim Yessed
Rpckatican Screen

Therrial Shasid

The
15-m long
LHC cryodipole

836 out of 1232
superconducting
dipoles (B=8.3 T)
produced as of last
Friday

Magnet quality
is very good




110 dipoles installed
in the underground tunnel
as of last Friday
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Dipole interconnections
Cryoline successfully cooled down
last week

Such a high-tech machine requires
sophisticated tests ...
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Not only dipoles ....

Dipoles 1232
Quadrupoles 400
Sextupoles 2464
Octupoles/decapoles 1568
Orbit correctors 642
Others 376
Total ~ 6700

tl l'!ll 'll “
3 W “I l\
r..r-‘-i""‘” J

Inner Tr'lple’r quads assembly



LHC injection lines:
5.6 km, 700 magnets

23/10/2004: first beam injection
test from SPS to LHC
through TI8 transfer line
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LHC physics goals

Search for the Standard Model Higgs boson over ~ 115 < m, < 1000 GeV.

Explore the highly-motivated TeV-scale, search for physics beyond the SM
(Supersymmetry, Extra-dimensions, q/I compositness, leptoquarks, W'/Z', heavy q/I, etc.)

Precise measurements :
-- W mass
-- fop mass, couplings and decay properties
-- Higgs mass, spin, couplings (if Higgs found)
-- B-physics (mainly LHCDb): CP violation, rare decays, B° oscillations
-- QCD jet cross-section and a,
-- etc. ...

Study phase transition at high density from hadronic matter to quark-gluon plasma (mainly
ALICE).

Etc. etc. ...
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The environment and the experimental challenges

© Don' t know how New Physics will manifest — detectors must be able to detect
as many particles and signatures as possible: e, |, t, v, v, jets, b-quarks, ..
— ATLAS and CMS are general-purpose experiments.

Tracking Electromagretic Hadron Mueon
chamber ralorimeter  calorimeter chamber

Excellent performance over

unprecedented energy range : photons
few GeV — few TeV ot
—
Muons
- - — —_—
tt — bW bW — blvbjj event 7t p
from CDF data —
_b-n

Jet2 Jet 3 Innermost Layer... P .. Outermost Layer

b-taqgging (secondary vetices)
t(b-hadrons) ~ 1.5 ps
— decay at few mm from
N o primary verfex — detected
e+ W V Jet4 (b) 4 with high-granularity Si detectors
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® Event rate and pile-up (consequence of high luminosity ...)
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Event rate in ATLAS, CMS :
N = L X Ojpastic (PP) = 1034 cm=2s71 x 70 mb
~ 10° interactions/s
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10 Higgs
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10*

10° ~ 20 inelastic (low-pt) events ("minimum bias")

10° Fg (M, =500 GeV) 10° produced simultaneously in the detectors at
e T S L each bunch crossing — pile-up
Al Pl V2 W
Impact of pile-up on detector requirements and performance:
-- fast response : ~ 50 hs %’i P
-- granularity : > 108 channels > “—

-- radiation resistance (up to 10'® n/cm?/year in forward calorimeters)
-- event reconstruction much more challenging than at previous colliders
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©® Huge (QCD) backgrounds (consequence of high energy ...)
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* No hope to observe light objects (W, Z, H ?) in fully-hadronic final states — rely on |,y
* Fully-hadronic final states (e.g. ¢* — qg) can be extracted from backgrounds
only with hard O(100 GeV) p cuts — works only for heavy objects
+ Mass resolutions of ~ 1% (10%) needed for |, v (jets) to extract tiny signals from
backgrounds
* Excellent particle identification: e.g. e/jet separation



Muon Detectors Electromagnetic Calorimeters

. Forward Calorimeters
Solenoid !

End Cap Toroid

ATLAS

i Inner Detector ! ' ieldi
e Hadronic Calorimeters 26l

* Tracking (|n|<2.5, B=2T) :
-- Si pixels and strips

Length : ~45 m . - :
-- Transition Radiation Detector (e/n separation)

Radius : ~12 m
Weight : ~ 7000 tons

Electronic channels : ~ 108 * Calorimetry (|n[<5) :

-- EM : Pb-LAr
.. and 3000 km of cables ... -- HAD: Fe/scintillator (central), Cu/W-LAr (fwd)

» Muon Spectrometer (|n[<2.7) :
air-core toroids with muon chambers
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FORWARD [MuoncHaMEERS |
CALORMET ER 7Y,

Total welg ht : 12,5001.
Ovenalldlameter: 15.00m oL
Overnalllength : 21.60m
Magnetic flekd : 4 Tesla

CMS

CMS-PARA-DD1-11/07/37 JLB.PP

Length : ~22 m
Radius @ ~7 m
Weight : ~ 12500 tons

» Tracking (|n|<2.5, B=4T) : Si pixels and strips

+ Calorimetry (|n|<5) :
-- EM : PbWO, crystals
-- HAD: brass/scintillator (central+ end-cap),

Fe/Quartz (fwd)

* Muon Spectrometer (|n[<2.5) : return yoke of
solenoid instrumented with muon chambers

F. Gianotti, GGI Inaugural Conference, Arcetri, 19/
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Point 1:
8t (and last) ATLAS barrel toroid installed
in the underground cavern
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August 25 2005:
an historical day
at Point 1 and Point 5
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Point 5:
CMS magnet (230 tons, L=12.5 m, R=3m) rotated from vertical
to horizontal position before insertion into cryostat (operation at T=4.2 K)




CMS end-cap Muon Spectrometer

All 400 €SC chambers produced, > 60% installed
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ATLAS inner tracker: insertion of the third Silicon layer (out of four)
into the barrel cylinder
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First cosmic muons
observed by ATLAS

in the underground cavern
on June 20th

(recorded by hadron
Tilecal calorimeter)

ATLAS Atlantis  Event JiveXML 1114 00005
4 2 -~ = -.\.... -;\__\ ] S !

g




Examples of expected performance

Electron E-resolution measured in beam tests
of ATLAS EM calorimeter
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Heavy narrow resonances will likely
be discovered in the X — ee channel
(muon decay useful for couplings,
asymmetry, etc.)

Muon momentum resolution expected in CMS
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® The first year(s) of data taking

First collisions (Summer 2007) : L ~ 5x 1028
Plans to reach L ~ 1033 in/before 2009
Hope to collect few fb! per experiment by end 2008

Channels (examples ..) | Events to tape for 1 fb-! | Total statistics from
(per exp'r: ATLAS, CMS) pI"QViOUS Colliders
W= uv 7 x 10¢ ~ 10% LEP, ~ 10® Tevatron
Z>uu ~ 106 ~ 106 LEP, ~ 105 Tevatron
T+ 9W b W b - (Y% +X I 105 ~ 104 Teva'rrton
g8 m=1TeV 102 - 103 -

With these data:

- Understand and calibrate detectors in situ using well-known physics samples
eg. -Z—ee, Uy tracker, ECAL, Muon chambers calibration and alignment, etc.
-t —blvbjj  jet scale from W-jj, b-tag performance, etc.

* Measure SM physics at Vs =14 TeV: W, Z, tt, QCD jets ... (omnipresent backgrounds
to New Physics)

- Gianotti, 66T Inaugard . PTEPAreE the road to discovery ... it will fake a lot of time ...




Example of initial SM measurement : top signal and top mass

(relevant to New Physics .....)

* Use gold-plated tt+ — bW bW — blv bjj decay
- Very simple selection:

-- isolated lepton (e, ) py> 20 GeV

-- exactly 4 jets p;>40 GeV

-- no kinematic fit
-- no b-tagging required (pessimistic,
assumes trackers not yet understood)
* Plot invariant mass of 3 jets with highest p+

Events Stat error Stat. error

e 105 | OM,,(GeV) | dofo

Bentvelsen et al.

ATLAS 150 pb-!
—S+B h (< 20 days at 103?)
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Ultimate LHC measurement precision:
Myop T ~ 1 GeV (and my, to ~ 15 MeV)

= fop signal visible pretty soon with
simple selection cuts and no b-tagging

= cross-section to ~ 20%

= fop mass to ~7 GeV

= get feedback on detector performance
(jet E-scale, b-tag)

= 11 is background to many searches

F. Gianotti, GGI Inaugural Conference, Arcetri, 19/09/2005

21



What about early discoveries ? Three examples ...

An easy case : a hew (harrow) resonance of mass ~ 1 TeV decaying into e*e,

e.g. a Z or a Graviton — e*e” of mass ~1 TeV

An intermediate case : SUSY

A difficult case : a light Higgs (m, ~ 115 GeV)

F. Gianotti, 6GI Inaugural Conference, Arcetri, 19/09/2005
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An “easy case" : G — e+e- resonance withm ~ 1 TeV predicted in

BR (G — ee = 2%), ¢ = 0.01 (small/conservative coupling to SM particles)

Randall-Sundrum
Extra-dimensions

Mass | Events for 10 fb!| [L dt for discovery

(TeV) (after all cuts) (= 10 observed events) - large enough signal for discovery

0.9 ~ 80 ~ 12 fb! with ~1 fb! form — 1 TeV

1.1 ~ 25 ~ 4 fpl « dominant Drell-Yan background small

1.25 ~ 13 ~ 8 fb! - signal is mass peak above background

F ATLAS, 100 fb!, m;=1.5 TeV
25[- C. Collard —L Randall Sundrum Graviton . LAS, b=, mg e

- G—ee %15 g “data”
2“;— CMS: Full Simulation Graviton (s=2) 2‘4;' spin 1 /

- and reconstruction , 12| /f\
15— or Z (521) ? : u

: c=0.01 andfl_=1nfh“ s look at et 0| 'lll
10 :_ One experiment thUlC(I" » l\l

: distributions ol |
5 |

n |

- 4

0 .
850 860 870 880 890 900 910 920 930 940 950

Mass (Gerc’)

-0.5

05
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An "intermediate case” : SUPERSYMMETRY

If SUSY stabilizes my — at TeV scale — could be found quickly ...  thanks to:
*large  §7,55,85  cross-section — ~ 100 events/day at 1033 for m(q,g)~1 TeV
- spectacular signatures from cascade decays of heavy objects

50 discovery curves TR T ‘
1400 - a0 a-oup-3s>0 || Using multijet + E;™ (most model-independent
e — signature if R-parity conserved)
CMS ..... S S 23) - -
1200 ‘Er_:-?lf\‘{‘]?o LD I — ]‘_[_i_',E}-,-.
""""""""""""""""""""" ~ one year at 103%:
1000 -
up to ~2.5 TeV
> | e
A R R e L. N
< s00
g ~ one year at 1033:
5 .. SO up to ~2 TeV
600 - | T (e e
~ one month at 1033:
400 - up to ~1.5 TeV
200 | o, _son) ¥ : : :
(TN S — cosmologically favoured region
Tevatron reach : < 500 GeV ,
0 . . | |
0 500 1000 1500 2000

my (GeV)



Why is SUSY more difficult than the previous case ?
Because of larger (and less well known) detector-related and physics backgrounds

Example:

Parton shower MC underestimate
high-p+ region, signal less clear today
with Matrix Element — importance of

adequate MC tools to describe backgrounds

At LHC will use a combination of MC and

data:e.g. Z — ee + jets events to measure

Z — vv + jets (dominant) background

Will also look for SUSY events with =1 lepton 1o

(cleaner signature)

10°
% C ATLAS Preliminary SUSY
G 10° - sum of all BG
= = @ ttbar
NPT A Welet
EE = ¥ Z+Jet
S 10° SUSY signal g acbp
S - %? Mass=1TeV

V-E 10° o ﬁ

5 £
o -

N,

F 0 500 1000 1500 2000 2500 3000 3500 4000
’ ~ "M {RaV)

10

Mg = Ziy 5 Eqj (jets) + Efmss

1999

do/dM , (Mb/400 GeV)
o

wh
(=]

10

. ATLAS
o g (Parton Shower result

4000
M__, (GeV)
3 2005
@] E i .
g 0L ATLAS Preliminary — susy
!z - ) [77] sum of al BG
Y wl. W (ME results) @ uwa
S = A7 Alpgen MC 277
3 10tk G 7 | aco
g L
v
w 7
s Y81
® Y N
= 10.;-_'5-,’[5 7
5 X
= 77 7
: 7

/2005

0 000 1500 2000 28500

3000 ‘!sou 4000

. (GeVg



A difficult case: a light Higgs (m,, ~ 115 GeV) ...

_ -1
s [Ldt=10fb ATLAS

02 " JLdt=30m" (no K-factors)

Signal significance

Expected Higgs signal significance (S/VB)
in ATLAS (combining both experiments

~ 33 . e p. .
3 years at 10 significance increases by ~ v2)

10 ~1 year at 1033

'''''''''''''''''''''''''''''''''''''''''''''''' 50 = discovery

| LEP limit:
m,> 1144

2
10

 Higgs can be discovered over full allowed mass range

— LHC will say final word about SM Higgs mechanism
* Most difficult region (especially at the beginnning) : m, ~ 115 GeV

- close-to-optimal detector performance needed

to detect H — yy, ttH — bb, qqgH— =
- knowledge of (huge) backgrounds to few percent required
— it will take a lot of time ...

F. Gianotti, GGI Inc



If m, > 180 GeV : early discovery easier with gold-plated H — 4| channel

H — 4l : low-rate but very clean (narrow mass peak, small background)

s 2 1N AN H—ppup
\my = 150 GeV

: A — = i b %
74 i\\ Ao _:,r} SN h ) 3
[~/ 5 \'_?:'::"f'u. -*"',':'_"T Ir [P ]
. el +20 min bias
. Y
) AN 4
| 1 \

Events / 0.5 GeV

May be observed with 3-4 fb-!
(end 2008 ?)

CMS , 10 fb!

"’f— ] Signal

BI_ Q Backgr

ﬁi— H— 4] (I=eu)

10850 200 220 |-|_|_'|_H_| QJIPJ‘ Iﬂlgfl:‘_lﬂﬂl_l HI ”H{O
m (4l) &
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© Examples of longer-term potential Extra-dimensions (ADD models)

To characterize the model need

Look for a continuum of Graviton KK states : to measure M and d
q Measurement of cross-section gives
ambiguous results: e.g. 8=2, My=5 TeV
g very similar to 3=4, My= 4 TeV
— topology is jef(s) + missing E; Solution may be to run at different Vs :
F T B R B
. 1 0 e
Cross-section = N 07 LYV NN NN TS N o S Mk D
D ' - o(10TeV)/o(14 TeV) |
e s
Mp = gravity scale 012 [ g ———
d = number of extra-dimensions PR R SN OO NS NSO SR N S DO
o
o
ATLAS, 100 fb"! 008 o
5=2 5=3 5=4 o2 - ATLAS . I — S——
Mmex 9 TeV 7 TeV 6 TeV R b s e s Mz (Te\;)"
Discriminating between models: Good discrimination between various
-- SUSY : multijets plus E{™ss (+ leptons, ...) solutions possible with expected <5%
-- ADD : monojet plus E;™miss 5 accuracy on (10)/0(14) for 50 fb!




Little Higgs ¥ models

cotd

2-
ATLAS OZ,~>r
300 bt @Wy-lv
Z, 1" bb
= W,—Ivbb
1.5 ATl N
\/P4 e \/ }1
m,=120 GeV

Alternative approach to the hierarchy
problem predicting heavy fop T (EW singlet),
new gauge bosons W, Z,, A,, and

Higgs triplet @°, ®*, o*

Observation of T — Zt, Wb
discriminates from 4™ family quarks
Observation of V,;, — Vh
discriminates from W', Z

T — Zt —ll blv

ATLAS
300 fb!

B~

Events/40 GeV/300 fo ™'

II|II
35445555

(TeV)

1000 1800

500

2000

Il blv mass (GeV)

6
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Other scenarios ..... Excited leptons ; e*e, e* — Wv —jj v

b A=6 Tev
3 Py >200 GeV
.. o250 P, >200 GeV
Leptoquarks: Iglq —1j ] £ P 570 Gev
4] > P
_% 1ot E 10* LIJ‘?,-_;” L :o‘t\a]-:n:cl\g,
CMS
107 '
100 fb-!
102 107 f 150 = ATLAS
10 300 fb'l
16 100 =
1
500 1000 1500 2000 2500 500 1000 150y 200G 2500 )
M, (U e\f}c ) i &%e\f}c ) 44
= 2 0250 S00 750 1000 1250 1500 1750 2000
D

Transverse Mass (jjv), GeV

LFV: W — v, t— 3

20

CMS, 10 fb!

500 1000 1560 200 ggoo 500 1009 15(00 200 %OU i
My (Gev/c My (Gev/c s || BR=1.9 x 106

| Reach (30 b1y | |L
Large number of scenarios studied: | BR<4 x 108 s

= demonstrated detector sensitivity to many signatures :
— robustness, ability to cope with unexpected scenarios *°|
= LHC direct discovery reach up fo m = 5-6 TeV '

F. Gianotti, GGI Inaugural Conference, Arcetri, 19/09/2005



O Constraining the underlying theory ...

Courtesy M. Duehrssen

Measurements of the SM Higgs parameters 25 | 2(H,2) / g°(H,W)
J'jE 1
s T N g(Hr) / g°(HW)
T A xm -
Eqp H. WH. ttH (H—=y) | %
= A WH, ttH (H—bb) ox |
< O H—=ZZ-4l < U‘OB_
H—WW-—=lvly )
& WH (H=WW—slvlv) -
& all channels
10 o ATLAS+CMS
i I L dt=2 x 300 fb
10" 0.4~
ATLAS + CMS
2x300 fb-! 9.2
4 B
10
1[3‘2 - 1Ileﬂf.ls
mHI: Ej 0III|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|III

110 120 130 140 150 160 170 180 190
m, [GeV]
Lot of useful information to constrain the theory

(though not competitive with LC precision of e.g. = % on couplings)
F. Gianotti, GGI Inaugural Conference, Arcetri, 19/09/2005 31




Higgs self-coupling A H

e not accessible at LHC I \

* may be constrained to = 20% - my2= 2 A v2
at Super-LHC (L=103°)

. . Buszello et al. SN-ATLAS-2003-025
Higgs spin and CP

Promising for my > 180 GeV (H — ZZ — 4l),
difficult at lower masses

er b ! u
Z, 7, %
/ "
.
my (GeV) | J®P=1| JgP=1 | JoP=0-
Significance for exclusion of J=0* 200 650 | 480 40 o
ATLAS + CMS, 2 x 300 fb-! 250 S s
300 23 0 22 ¢ 70 o
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Precise SUSY meas

urements

1> =

Mass peaks cannot be directly reconstructed

(x% undetectable) — measure invariant mass

- %% spectra (end-points, edges,..) of visible particles
g/ L X% lR_ “““““ — deduce constraints on combinations
g TN

of sparticle masses

m (I*l") spectrum

m(q, % T, x% )= 540,177,143,96 GeV

end-point : 77 GeV
experim. precision ~0.1%

800F
800
- i ATLAS, 100 fb'! - 600l
2 i o ~
S 600} o v 8 I
= I mSUGRA Point "SPS1A" 2
E i Courtesy B. Gjelsten E 400l
~ 400 T} i
2 | @
£ :
@ 200/ @ 2000
:' ‘H+ :
0 - : 0
0 10 20 30 40 50 60 70 80 90 100 0

m (Ilj)mn spectrum
end-point: 431 GeV
experim. precision ~1 %

?
i,
| H| hl | l||| ||*|

m(ll) [GeV]

tri, 19/09/2005

100 200 300 400 500 600
m(qll) [GeV]



Putting all measurements together:

» deduce several sparticle masses: typical precision 1%-20% N

Model-indep. (just kinematics), but interpretation is model-dep. demonstrated so far
» from fit of model to all experimental measurements derive in MSUGRA (5 param.)

-- sparticle masses with higher accuracy

> and in more general

-- fundamental parameters of theory to 1-30% MSSM (14 param.)

-- dark matter (x%) relic density and o (x°; - hucleon)

g 1200 /ndf | 8883 / 34
£ ' Constant 7459 + 9335 -
g Mean 0.1921+  0.3741E-04 =
i ' Sigma 0.5305E-02+  0.3928E-04 =
u 1 o
= =
3| a(@h?) = 3% :
ATLAS, 300 fb'! >
| mMSUGRA, =
j Point "SPS1A" o
600 | =
| k)
400 | =
| e
| :
| &
i
1

70.1750.180.1850.190.195 0.2 0.2050.21 0.2

==

QXhZ retri, 19/

Direct Dark Matter searches

Zepelin, CDMS,
Edelweiss
— present limit
4| --- projected
LHC data
T .
L] e . _
10 T} Tia T
WIMP Mass [GeV]
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General strateqy toward understanding the underlying theory
(SUSY as an example ...)

Discovery phase: inclusive searches ... as model-independent as possible

First characterization of model: from general features: Large E{™ss? Many leptons ?
Exotic signatures (heavy stable charged particles, many vy's, etc.) ? Excess of b-jetsort's ? ...

Interpretation phase:
- reconstruct/look for semi-inclusive topologies, eg.:
-- h — bb peaks (can be abundantly produced in sparticle decays)
-- di-lepton edges
-- Higgs sector: e.g. A/H — py, Tt = indication about tanf, measure masses
-- 11 pairs and their spectra = stop or sbottom production, gluino — stop-top
* determine (combinations of) masses from kinematic measurements (e.g. edges ...)
* measure observables sensitive to parameters of theory (e.g. mass hierarchy)

!

At each step narrow landscape of possible models and get quidance to go on:

* lot of information from LHC data (masses, cross-sections, topologies, etfc.)
- consistency with other data (astrophysics, rare decays, etc.)

- joint effort theorists/experimentalists will be crucial
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Conclusions

(CERN fully committed to it !).
-- complete installation by end of 2006
-- deliver first collisions by summer 2007
The experiments are generally on track for ready-for-beam in middle 2007
Emphasis is now on integration, installation, commissioning of machine
and detectors of unprecedented complexity, technology and performance

so, hopefully ...
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— if New Physics is there, the LHC will find it (*)

— it will say the final word about the SM Higgs mechanism
and many TeV-scale predictions

— it may add crucial pieces to our knowledge of fundamental
physics — impact also on astroparticle physics and cosmology

— most importantly: it will likely tell us which are the right
questions to ask, and how to go on

(*) Early determination of scale of New Physics would be crucial for the future of
our discipline and for the planning of future facilities
(ILC ? CLIC ? Underground Dark Matter searches ? ... )
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Spare slides
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Extra-dimensions
Additional dimensions

— Mgr‘aviTyN MEW
New states at TeV scale

Little Higgs @
/ SM embedded in larger gauge group

New particles at TeV scale, stable m,

SUSY

New particles at TeV scale [
stabilize m,

\

M ew/ M pignei ~ 1077
omy ~ A (scale up to which SM is valid)
= New Physics at TeV scale
to stabilize m,,

/

Split SUSY

Accept fine-tuning of m
(and of cosm. constant)
by anthropic arguments

¢
o

Technicolou /

New strong interactions break EW symmetry
— Higgs (elementary scalar) removed
New particles at TeV scale

C/

LHC potential for ~all these scenarios
demonstrated since long time. Here:

©® What can be done at the beginning ?

Part of SUSY spectrum at TeV scale ® Signal interpretation and constraints

(for couplings unification and dark matter) of underlying theory ?
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LHC start-up scenario

L=3x10%8 - 2x1031

“ Difficult to speculate further on
what the performance

L=10%2- 4x10% might be in the first year.

As always, CERN accelerators
departments will do their best !”

Lyn Evans, LHC Project Leader

L=7x1032- 2x1033

L=103

April
May

June

Machine checkout July
August
September

October
November
December
Shutdown January
February
Machine checkout March
April
May
June
July
August
September
October
November
December
Shutdown Tanuary
February
Machine checkout March
April
May
June
July
August
September
October
November
December
January
February
Machine checkout March
April
May
June
July
August
September
October
November

Shutdown

December
Shutdown January

February
Machine checkout March
April
May
June

July
August
September
October
November
__ December
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- Now : detectors being commissioned with cosmic rays also in
large chunks, addressing system issues.

- Q1 06, cosmic challenge: slice test of CMS during the Magnet
Test

- Test with cosmic rays will continue in the pit after installation and
re-cabling
- Pilot run: Assume that we get a reasonable amount of collision
data which are completed by Beam Gas/Beam Halo Muon datasets
-LVL1/HLT/DAQ: Timing-in, data coherence, sub-system
synchronization, calibration, debug algorithms, ---
-ECAL and HCAL calibration :Intercalibrate barrel crystals -
“Phi Symmetry Method”™ ~2% and Cross check and complete
source calibration for HCAL channels ~2%
-Tracker and Muon alignment : Align the tracker strip detector
significantly below the 100 um level, Align the muon chambers
at the 100 pm level
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e Cuvil Engineering is off the Critical Path

 Magnet: Coil connected. Start swivelling preparations in June 2005. Q1-06 end magnet
test and cosmic challenge & start heavy lowering April 06

e HCAL, Muons : construction on schedule and well advanced.

e TO WATCH:
e ECAL: Crystals production, new contracts signed with two vendors.
e TRACKER: Hybrid production and tracker integration at CERN.

Initial CMS* detector will be ready and closed for beam on 30 June 2007.

*ECAL endcaps and pixels (even though ready) will be installed during winter 2007
shutdown in time for physics run in 2008.
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Simulation of
CMS tracking
detector

At each crossing : ~1000 charged particles  p
produced over |n| < 2.5 (109<6 < 1700) ]
However : < p;>=500 MeV
— applying pt cut allows extraction

of interesting events

30 minimum hias events + H -~ 2727 —~ 4n

%PT
—> e
’|”| =

-In g 6/2

H

reconstructed tracks with p. > 2.0 GeV

Impact of pile-up on detector requirements and performance:
-- fast response : ~ 50 ns
-- granularity : > 108 channels

-- radiation resistance (up to 10! n/cm?/year in forward calorimeters)
-- event reconstruction much more challenging than at previous colliders

—4
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©® The first year(s) of data taling

1 fb-! (10 fb1) = 6 months at 1032 (1033) cm2s-!
The first LHC data : from Summer 2007 ... at 50% efficiency — may collect
few fb-! per experiment by end 2008

Channels (examples ..) | Events to tape for 1 fb-! | Total statistics from
(per exp'r: ATLAS, CMS) pI"QViOUS Colliders
W= uv 7 x 10¢ ~ 10% LEP, ~ 10® Tevatron
LN ~ 106 ~ 106 LEP, ~ 105 Tevatron
T+ 9W b W b - u.'V +X I 105 ~ 104 Teva'rrton
gg m=1TeV 102 - 103 -

With these data:

- Understand and calibrate detectors in situ using well-known physics samples
eg. -Z—ee, Uy tracker, ECAL, Muon chambers calibration and alignment, etc.
-t —blvbjj  jet scale from W-jj, b-tag performance, etc.

* Measure SM physics at Vs =14 TeV: W, Z, tt, QCD jets ... (omnipresent backgrounds
to New Physics)

— prepare the road to discovery ... it will fake a lot of time ...
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A difficult case: a light Higgs (m,, ~ 115 GeV) ...

g : 5
E E LL.d.t_}.(LIh.( K? t }' n RH(HYL bb)
. B -1 b= no K-factors s H -5 229 5 41
= JLdt=10b ATLAS & ATLAS H > WW" 5 v
5“ 102l ® [Lat=30m" (no K-factors) 2 102 . qqH — qq WW®
E ; gﬁ 3 A qqH — qq1t
E%P w0 _ Total significance
L0 10
1> 1144 GeV h?r'e discovery easier
> with H — 4| N S A T T
1 : 100 120 140 160 180 200
10° 10° my, (GeV)
my, (GeV)
ATLAS ttH — ttbb QQH — qqtt
my ~ 115 GeV 10 fb-! (Il + |-had)
S 15 ~ 10
., B 45 ~ 10
+2.
total S/vB=~4.7; S/ VB 2.2 ~27

Full GEANT simulation, simple cut-based analyses

K-factors = o(NLO)/o(LO) = 2 not included




Remarks:

Each channel contributes ~ 26 to total significance — observation of all channels
important to extract convincing signal in first year(s)

The 3 channels are complementary — robustness:

H— vy ttH — 1+ bb — blv bjj bb

- different production and decay modes
+ different backgrounds
- different detector/performance requirements:
-- ECAL crucial for H — vy (in particular response uniformity) : o/m ~ 1% needed
-- b-tagging crucial for ttH : 4 b-tagged jets needed to reduce combinatorics
-- efficient jet reconstruction over |n| < 5 crucial for qgH — qqrr :
forward jet tag and central jet veto needed against background

Note : -- all require "low" trigger thresholds
E.g. 1tH analysis cuts : p; () > 20 GeV, p; (jets) > 15-30 GeV
-- all require very good understanding (1-10%) of backgrounds
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If m,>180 GeV : early discovery may be easier with H — 4| channel

Luminosity needed for 5o discovery (ATLAS+CMS)

W e T P o e e o e
= LHC 14 TeV (SM NLO Cross Sections) ]
E . # 10fb-1 per expt. E E CMS , 10 fb
i 4 / o 1o B signal
=10 _.*' T = -~ - ‘
="F / 3 months (B?A - % F g Backgr
o - . = ey = -
- @’4—1033 cifi2s1 g b _
3t f~~—ou__/ - 6 H— 4l (I=eu)
(] L E_ ——— = H =YY é B
3 > —_— H 2Z A 2 |'|_|"|_‘ HPJ‘ H
g meee MWW of 1
- 8 180 200 220 240 260 %90
115 GeV - m (41) Ge
10—1_| 1 | R L )
100 200 300 400 500 600
MHigas [GeV]

*H— WW — |v lv: high rate (~ 100 evts/expt) but no mass peak
— not ideal for early discovery ...
*H— 4| : low-rate but very clean: narrow mass peak, small background
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SUSY Higgs sector : h, H, A, H*

90 contours

Septambar 2001

“g‘-jz | ATLAS + CMS
° JLdt=300 16"

30 1 | Maximal mixing

my, < 135 GeV o Ma=Myg =My,

20 < H,A— pu, tt
\ H* - tv, tb
_-——"‘_-_"7’-#‘---
=
10
9 4 Higgs observable
N o .
; | N\ 3 3 Higgs observable
. A\ 2 Higgs observable
s . 1 Higgs observable
LEF 2000
3 | -
N Y Assuming decays to

"1
AN ‘oo
400 450 500

m, (GeV)

SM particles only

Here only h (SM - like) observable at LHC, unless A, H, H* — SUSY

— LHC may miss part of the MSSM Higgs spectrum

Observation of full spectrum may require high-E (Vs = 2 TeV) Lepton Collider
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Most of MSSM Higgs plane already covered after 1 year at L= 1033 .

50 discovery curves

Septambar 2002
A\ ATLAS
: A -
* 45 | 'I,ffl fLdt=10 fb™
\ 1/, Maximal mixing
a0 | ;/.fl

A, H, H* cross-section ~ tg2f

Atan fitanfi ¢ %)

350

Large variety of channels and signatures
accessible
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Measurement of tg f3

Lk =300 !
m, = 150 GeV

tanfi ~
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Extended gauge groups : Z' — [*I-

Dilepton invariant mass spectrum

Forward backward asymmetry measurement

Rapidity distribution

CMS

—— — 1.2 , - b)
-llllllzl. I'=24.1GeV a) [ "'Z_a_ b) 2500 + - Z,”‘ 100fb1
Z,, T=13.GeV i ) jE LHC, Ns=14TeV z, : + "
: 7 T=144GeY b L=100fb - el C Z, fituu
g n = . M,=1.5TeV >0.8 r AL, e O fit dd
7 T=38.6GeV 0.8 2 il o - fit
> [==si b 0.6 -
g ] 0 4 2 1500_—
o C
% W < -
T _::IHI. y : C
L% 2 -‘:'_'E':' ) -“{:HI_::- I:“' : :"E 0.2 1000 :—“'
- 0 -
500 —
1w 0.2 C
-I 111 I 1111 I 1111 I 1111 | 1111 | 1111 | | I L} .- .0.4 1111 | 1111 | 1111 | IIIIIIIIIIIIIIIIIII I 1111 DOI I I0.2I I I0l4l I IOIBI I IOIBI I 1 12 14 I1-6“.I.“l1 -8 2
1000 1100 1200 1300 1400 1500 1600 1700 1800 1000 1100 1200 1300 1400 1500 1600 1700 1800 v,
M, [GeV] M, [GeV]

* Reach in 1 year at 1034 : 4-5 TeV

- Discriminating between models possible up fo m ~ 2.5 TeV by measuring:
-- oxI'" of resonance
-- lepton F-B asymmetry
-- Z' rapidity
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. . .. quite speculative for the
Mini black holes production at LHC ? time being .. many big

theoretical uncertainties

« Schwarzschild radius (i.e. within which nothing escapes gravitational force):
. R, ~—2 M
4-dim., Mgr‘avi‘ry: MPlanck : M2 ¢ '

) Pl 1 MBH i
4 + 6'd|m., MgI"GViTy: MD ~ Tev . Rs ~

l MD MD

Since Mj is low, tiny black holes T .
of Mg ~ TeV can be produced if A 4
PGr‘TonS IJ W|Th \/SlJ = MBH PGSS at a 3-brans B S

distance smaller than Rg

* Large partonic cross-section: o(ij — BH)~ x RS2
e.g. For My~3 TeVand 8=4,o(pp — BH)~ 100 fb — 1000 events in 1 year at low L

» Black holes decay immediately (v ~ 10-2¢ s) by Hawking radiation (democratic evaporation) :
-- large multiplicity
-- small missing E } expected signature (quite spectacular ...)
-- jets/leptons ~ 5
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A black hole event with My, ~ 8 TeV
in ATLAS

From preliminary studies : reach is My ~ 6 TeV for any 6 in one year at low luminosity.

By testing Hawking formula = proof that it is BH + measurement of My, d

logM,, +f (M,,0) precise measurements of Mg, and Ty, needed
0 +1 (Ty from lepton and photon spectra)

log T, =-

Note: mini-BH should also be produced by ultra-high-energy cosmic neutrinos and
observed by Auger
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Other examples of reach for Physics beyond SM ...

Excited quarks g*—yq: upto m=6 TeV
Leptoquarks: upto m=15 TeV
Monopoles pp — yypp: up to m =20 TeV
Compositeness: upto A =40 TeV

Z — AL, jj upto m=5 TeV

W'Q)LV: Up to mzé TeV I
efc.... etc.... i \& e = 4 Tev
E.u-',. W —> ey
La
I
Gl :
3 o
_E_m".- ' -......I_-]b-j'vu-'lrj'l-n
T ) .\:.':.-'..
ATLAS . f}__._..- I YRE T
100 fb-! ’ Background }Iﬂl_r
" r";.:'”' W B 'I-J]-:i
w2 P N N N |='r”|
o ey Ten e e B W

Tronsverse mass my (GeV
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Links with astrophysics and cosmology ?

Flux l[m"2 Srs Gev)_1

Vs=14 TeV| ——  corresponds to E ~ 100 PeV fixed target proton beam

0T
,UE%"& COSMIC RAY FLUXES
r 2
N
10 :
aF "nf The LHC will be the first machine
L ‘
3 " able to explore the high-E part of
107 E ., the cosmic ray spectrum
= ‘.““. Knes
10k y
L "
L Y /
0 F LHC studies most relevant to HECR:
_oF P -- most energetic particles from pp collisions
10 ' .
. N Ak -- pp (and pA, AA) cross-sections
167 : % both require detection in the forward region
il TEVATRON ™%
F CM Energy ' J
10 i ;
i : LHC %,
10°°L : CM Energy ﬁ,
- i 1Dg interactions/s! “":'.l‘- I
o#0 *
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Energy (eV) ) 54




Flux (m2 srs GeV)_1

LHC and high-energy cosmic rays

Vs=14 TeV| —
10 =
[P,
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" ""-‘aq%
_1F A
1{:] — "\‘
0L "t
__',r‘_ .
10 ¥
C '?‘
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- e
a9 i
- “e
- S /
—15[
10 = ‘._'x_
e |\‘~'-_
'
- +
10_15_— : b
i
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T : \
:_ TEVATRON
F CM Energy '
10 i
| i
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i , i
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corresponds to E ~ 100 PeV fixed target proton beam

LHC studies most relevant to HECR:
-- most energetic particles from the collisions
-- pp (and pA, AA) cross-sections

both require detection in the forward region
Charged particle multiplicity and energy
in PP inelastic events at Vs = 14 TeV

ATLAS, CMS

M, fan=1
0 o= R e B D R =J
T

E (Tevy AN =1

ATLAS, CMS

D :IIIIIIIIIIIIIIII vl

- -0 -75 -5 =25 0 25 5 75 1D M

-0.1 -1.1 -12.4 12.4 1.1 0.1 @ (mraadb



Measurement of O, (pp)

180 - _ Cosmic ray 7
7= 22 (best fit) data A

toof - +lo " /9 Curves are ~ (log s)

140

3\ Goal of TOTEM:

801
60 | ; 7 o ..
B : ~ 1% precision
40 = .
% 32 < ©
20 2 55 F = 7]
[l el Ll Lol L il
10 102 103 104 105
/s (GeV)

TOTEM : 3 stations of detectors ( "Roman Pots" RP1, RP2, RP3) at both sides of IP5
(integrated with beam pipe) to measure scattered proton in elastic interactions
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