Physics with the CMS Detector

Dan Green
Fermilab

“each man’s grief my own”
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CMS

Higgs

Fermilab CDF and DO successfully
i found the top quark, which

O, HlAH has a cross section ~ 10-1%the
Fii Ytot - ]

total cross section.
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B O Higgs
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A LHC has ~ 20 times the
& G-BRy1 :mH=180 GeV c o
T O O sl luminosity of the Tevatron
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75 Tev and 7 times the energy.
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« Establish the Standard Model (100 pb-1)
 Minbias, Underlying event
Dijets and balance, photon + J
B tagging
Dilepton resonances: y, Y, W, Z — mass scale and resolution
Top pairs
 Tau
* Look for the new Physics along the way ( < 1 fb-1)
 Excited quarks
« W’, Z’ in dileptons
 Diphoton gravitons
» SUSY spectroscopy ( dark matter )
* Then a jumping off point ( > 1 fb)
 Higgs
« V+V Scattering
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Assume 200 pb, include
acceptance, initial reconstruction
and id efficiency

Establish Standard Model cross
sections and distributions

Log ~ 200 pb at 10 TeV in 2009.
This should be reliable data
taking without Physics penalty
for masses <2 TeV

= Tyvieal statstics NN

min bias 2 x1013
Jet Et>25 6 x10M
Jet Et>140 6 x 107
v+Jet Et>20 6 x 107
W ->lv 600,000
Z -> |l 60,000
tt-> Ivdq 2000
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2009, Re

L for 1 Integrated L Trigger Process Comments
month
run (106
sec)
102 100 mb-! None Inelastic Input to tweak Pythia
o~ 50 mb non-diff
1024 1 pb-1 Setup Jet Inelastic Calib in azimuth
non-diff
1025 10 pb- Jet g+g -> g+g Establish JJ cross
o(gg) ~90ub | g+g -> gtg+g section
o(ggg) ~ 6 pb
1026 100 ub- Jet g+g -> g+g Dijet balance for polar
g+g -> g+g+g angle — Establish MET
1027 1 nb- Jet g+g -> g+g Dijet masses > 2 TeV,
Setup Photon g+g -> g+g+g start discovery search.
o(@)~20nb | a+g->qéy J¥y calib
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Extrapolation
of the UE is
uncertain. The
UE is crucial

for trigger
strategy - e.g.
lepton
isolation. Must
tune the CMS
Monte Carlo to
have a valid

representation
of the UE
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Jet Response Relative to |n|<1
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Probe Jet ||

144

Use azimuthal symmetry for “rings
in y. Use dijet balance for
equalizing the rings.

We can quickly equalize at “ low
Et” until we run out of statistics.
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Photon + jet balance analysis is ready for data

Ready to combine y + jet and Z + jet and
extrapolate using the MC

« Z + jet balance will give valuable confirmation
but samples will be small

—_ 11 |a 0.2748 = D.01382 a 0.2555 + 0.02075
3.-:_ : N m D.4655+ 0.04219 m 0.4408 = D.O700D3
_e' 1 :_ L= 0.935 + 0.01369 c 09242 + 0.01965
D - -
= -
= oof Medium
- M;—g_“
0.8} W e
- ' ¢ !
0.7 :
0.6{" Y jet only
0.5} -« 7vJjet+ QCD bkg
0.4} MC truth
D 3: i — ] f— — l B | l 1 | —— I N J | l I ——
- 100 200 300 400 500 600 700

P, [GeV/c]
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1.2 Establish low Pt

1.2 —— QcDh —— QCD
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LHC - 2009

Lfor1 | Integrated L | Trigger Process Comments
month
run
1028 10nb-"1 Gpg ~ 600 nb. Setup g+g -> b+B 900,000 JJ, 6000 bB,
=run smgle 1200 1”’ 60 2”
electron, muon, . .
photon Establish p jet tag
L} 80 2e and 2p events from vy
1020 100 nb- Setup dimuon,
dielectron q+Q->W->p+v 1000 p from W->p + v
Oy ~ 10 nb (D-Y) Lumi — standard candle (look at high Mt tail)
Y 100 2e and 2 events from Y
1030 1 pb-1 Run dilepton trigger | q+Q->Z->u+u 1500 dimuons from Z-mass scale, resolution
o,,~1.5nb (D-Y) Lumi- standard candle, high M
o~ 630 pb g+g->t+T 600t + T produced
1031 10 pb- Setup, J*MET 400 Z + J events with Z->dimuons — Z+J balance, calib
’ Oguu ~ 40 pb g+q->Z+q->utut+q | Estimate J+ MET (q +v)
End of '07 G, ~ 24 pb q+Q->y+-y (tree) | 240 diphoton events with M > 60 GeV
Pilot Run 6000t+T
T 150 Z->tau pairs into dileptons > 8 GeV * MET > 15 GeV
1032 100 pb- Gqaz ~ 170 pb g+g->q+Q+Z 3000 J+J+Z->vv events, Pt>30
Oqagzg ~ 32 pb g+q->q+g+Z+g 500 J+J+Z->p+u events, Pt>30
600 J+J+J+Z->vv events
G~ 630 pb 10000 J+J+J+J+u+v events
1033 1 fb1 (1% of M of dijet in 100000 top events, W-> i1 +v — set Jet

design L for
1 yr) End of
’08 Physics
Run

energy scale with W mass. Dimuon mass > 1 TeV, start
discovery search, diphoton search, SUSY search
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Several SUSY variants predict
metastable or stable charged particles

- Slepton: "heavy muons”
- Gluino, squark: “R-hadrons”
* nuclear interactions!

Signatures: dE/dx, Time Of Flight
dE/dx: Tracker

- >10 independent samplings in Si
- Estimate the Most Probable Value
TOF: Muon Chambers

- ot additional parameter in the track fit

- Main bkg: cosmics
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Events
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CMS Preliminary
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25 Q12 =
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gm ;_,‘%— —— Monte Carlo
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ga 2g 3 31 30 313 34 :||||||||||||||||||||||||||||]|-|||||:
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Largest cross section resonant dilepton state.
Set momentum scale for tracker. Note the
cross section scale is nb.
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Cross section * BR about 1 nb. Resolve the spectral peaks? Mass scale correct?

Moving to higher P scale.

-
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Check W cross section and y distribution. The

PDF predictions are quite constrained. Charge
asymmetry is a ratio - many efficiencies cancel
out. The cross section is ~ 20 nb.
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(1 L L DL L R I B R R B
E:os = With SM W in
210° — e hand, look in BW

= tail of the W. At
20 e 100 pb!, the W’
mass limit is ~ 2
TeV
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Z Pro
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Z Pro
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Figure 4: Telgger efflclency versus suparcluster &,

The dilepton “tag and probe” - extract data driven
efficiencies for leptons - e.g. e trigger efficiency.

Backgrounds are small so purity for tagging is very
high.
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Calibrati

« Zee mass peak useful to test “¢-symmetry” in EE

« 10 peak: in EE (insufficient for EB: small energy & opening
angle)

« n9->vee (Dalitz): electrons well measured in TK (low pt)

n->vy: rate 1/20 of %> vy but better mass resolution

2 T T T T T T T T T 1T 77T T T L LI I LU T T 11 I_ - 20 — CSA08 ;:tar:‘es :i;:g
c T . '
70 EB, before ¢-recalib. — C DO IMINIA D/ RMS 0.2243
% ¢ 3 s00— PRELIVIINARY
- s = a
60H @ EB, after ¢-recalib. gtgt:t:t: — C
c o ] B
C ! ] 400
50— | O, =564 +/-0.29 ::::::: — B
E et . C
40 C G, =3.95+-0.19 . 300—
30— 3 200—
20— — 100—
10— — P PNt I PP IR PP AN I R A S
C T 0 0.1 0.2 03 04 05 06 0.7 0.8 09 1
oC 2 N Invariant Mass (GeV)
70 110

Mee (GeV/c?)
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Having established Z decays into dileptons, look in the
BW tail of the Z for new physics. At 100 pb! start to
probe the “terascale” - masses ~2 TeV.
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@ - i - - [ e
E 5 i 1 a5 [ No Corrections T~ | e
W eop B w | | .
< D o Entries=1476 | !_ =
b E =7k Mean=153273 GeV | ] e
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B LW 1501 pr Based Corrections | [ =
20 = | - rJ f_..i--‘l . .
J4a/7 100 Entries = 1476 | '—I —
A 1,532 = 0.2905 C Mean=1222 GeV a —_— .
I o B 1.037 =0.02544 ] ED: BRMS = 17.85 GeV | j I ".._: =
- c 0.02554 = 0.002084 | - - Type-lJet Based Cofractjon - - B
: D 7641+ 3213 : - U O T B L 1 J R ‘_Il-l- LI l—:-l- I |""'|'-;
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- reco true
SE. (GeV) AMET = MET™*° - MET""® (GeV)

Establish MET with SM processes: e.g. W
leptonic decay, Z -> v + v and top decays. When
validated use MET as a tool for probing new
physics. Use particle flow and tracking
information to improve MET resolution by ~ 2x.
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Irreducibl

CMS Preliminary CMS Preliminary
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Z -> v + v is irreducible. Use leptonic Z decay to
estimate (low statistics) or use photon as a signal

which is dynamically similar to Z.
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Establish top pair SM signal in dilepton final state - clean
but low statistics. Top has SM “candle” with leptons, jets,
MET and b jets.
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CMS Preliminary @ 10pb™
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Check jet energy
scale with
hadronic decay of
the W. Check b
tag efficiency
with 2 b in final
state. Establish
MET scale.
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M Z Decay to

SM “candle” for tau -
third generation lepton
important in many BSM
scenarios.

Assume collinear
neutrinos. Then have 2
Eqs in 2 unknowns. Must
cut on determinant

l det=sing,sing,,sin(¢, - ¢,,)
M T \/2( Eﬁl + Evvl)(EEZ + EVVZ)(]'_ COSHEMZ) | det | >0.005 is ~ 70%

efficient after cuts on Pt
of the leptons and MET.

METX=E ,o,,+E, .2,
METy=E 1@y T szayzz
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= B
60

Having established clean electron, muon and tau
“objects” a look at di-lepton masses can be taken with
some confidence. The top pair background dominates
the dilepton mass spectrum at high masses - SUSY.
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Mass spectrum
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GeV. Large
increase in mass
reach at the LHC.
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® COMPHEP-tree
diagrams

Istanbul Turkey — Oct. 2008

29



CMS

Di-phot
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Gravity couples to all mass “democratically”. Therefore look
at rare processes with SM weak couplings. LHC will be in
new territory by 100 pb.
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SUSY MS

600 - q to

o qL
qRr. bo i
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Higgs Gauginos  Sleptons Squarks
MSSM has ~ SM light h and ~ mass

degenerate H,A. LSP is a neutralino.

Squarks and gluinos are heavy,
sleptons are light.

Why SUSY?

e GUT Mass scale -
unification works with
SUSY

*Improved Weinberg angle
prediction

*p decay rate slowed
consistent with present
limits.

* Mass hierarchy protected
Planck/EW

e Dark matter candidate

*String connections, local
SUSY and gravity.
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GUT a

Evolution of Coupling Constants in SUSY
70 T T T

SUSY particles
] intervene at

n masses ~

1 (100,1000) GeV.
The modified
loop running
improves the

convergence at
. the GUT mass.

1/o

0 1 1 1

10 10 10"’ 10*° 10°°

Mass(GeV)

Mcur =2 x 10 GeV and Vag,r ~ 24
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o susycross SN

The SUSY cross
103 T T T sections for
_ squarks and
102 Ve=14Tev gluinos are large
assoc.prod a) Mg= Mg because they
R tanf=2 have strong
10! u=-mg couplings. R
= CTEQ2L 3  parity means
a 100 7 cascade decays to
; ? LSP. Simplest

signature is jets
10" ~3&:-.. and MET,
"""" independent of
"""" § specific SUSY
h & model.

]
500 1000 1500 2000

Dimensionally
c ~ 0.%/(2M)?

or~1pb forM =
1TeV.
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M, [GeVic]

Very Early Discovery Potential:
10 pb™" : ~50pb production XS
100 pb™':  ~dpb production X3

Already with O(10pb)
we are probing

Total GH-F1+00+T cross-section [ph]

very interesting
SUSY
parameter space
00 gy G0y [ 1000 1200 1400
M, [GeV/e?]

Energy is important. Quickly surpass Tevatron
discovery reach.
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Getti

z
o
S

g
in

Guine ms (Tewe) X0 X Thieshald

ATLAS + CMS

a

! 1 10 100
100 pb-! Luminosity/expt (tb1)

Very early for SUSY CMS will exceed the CDE/DO0 mass
reach - for strongly produced squark/gluino even in 2009

at 100 pb-L.
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A'-__u‘i‘.._l
A e

S

Use SUSY cascades to
the stable LSP to sort
out the new
spectroscopy.

Decay chain used is :
A i A
YA

b— 72 +b
§—b+b
Final state is

b+b+/¢ +0" + 7
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SUSY

Dilepton edge Sbottom reconstruction Gluino reconstruction

E{™'%5 > 100 GeV =5

20

18

301 30,

Entries 5607

16

14 |

25 |
12 |
20|
10 |

15 |

g b
10| St
ol
5 N
2 4 190 80" 100,120 1:40- 160 180200 %% 200 400 600 800 1000 09 200 400 600 @00
M(e+e) + M( p*u-) GeV M(b %0,) Gev M(bb 75) GeV
To oW+ +0 b p+b §—b+b
2 1 X2 g—>0+

Massof % from MET, then othersfrom observed decay
products. Earliest searchesarewith jets+ MET, semi-
Inclusive. Here use dilepton end point? Note plotsarefor 1 year
at 10% of design luminosity.
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¢

The gluino pair
production cascade
decays to jets +
leptons + missing Et.
Gluino is a Majoran,
like sign ~ same sign
for dileptons

The gaugino pairs
cascade decay to
missing Et + 3 leptons
which is a very clean
signature, but with
smaller cross section
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Dilepton

E
Ln

CMS preliminary

Ewvents f 4 GeW § 1fb-1
e [ =3 =1 (%3 [*3
[T = (1] on

L

40 &0

B

B (sg)z 111221
MIl_max = 779410
S (e8) = 182421
Z(p8)= 12250

120 140

- [
BBz jats

160 180
(e8] [GeV]

Mf

2 2 2 2
max __ \/(Mig _M? )(M? _M%O)

+'€7 -

M.-

70007 = 7t

CMS preliminary

Evenss / 4 GaV 7 1fb-1
B2 R 8 om B &

Blup)s 1B2:28
MI_max= TB.O3£0.58
Sfup)s 21+
Zfup)= 0264

W o
Bz jets

120 140 180 180
i () [GeV]

Edges give mass information.
Signals for 1 fbl. Use flavor of
lepton and charge pairing to
extract signal (Majorana)
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Cos
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-

Mo Big Bang

Supernovae

CMB

ex pands TOTEN ex

-1 F

O == - . [ F—
| Clusters \ <
S
- s

o
%,

%,

O

1 =2
£2ng

W

The universe

is flat and
composed
largely of
dark energy
(73%) and
dark matter
(22 %). What
are they? We
understand
only about
5% of the
Universe by
weight !
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T
observed i

—1

expecied
from
_ _ luminous disk

10 R (kpe

M33 rotation curve

There is no SM candidate. Can we produce DM in CMS?
Is it the SUSY LSP? Searches at LHC, in direct (recoil)
measures - e.g CDMS, in annihilations - e.g GLAST , in

flavor loops - e.g. LHCb and in annihilations (e.g.
GLAST) may find new aspects of DM
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Dark Mat

., Boltzmann Eq.
dY/dx=-x<o,ve Y - Y] Freezout of relic when

3/2__x annihilation rate ~
expansion rate.

Y=n/s,x=M/T,
FA(TF) ~ H(TF)

Neutralino annihilation rate into
quark pairs. A weakly interacting
particle with a mass (100, 1000)
GeV has the correct relic density to
be dark matter. Thus DM ( lensing,
rotation curves), plus cosmology
(thermal relic) implies a weakly
interacting, TeV scale stable (R
parity) object. Can we be more
incisive? What is the thermally
averaged annihilation cross section
times velocity?

O~ O 1 2My [y I(A+Y)?]
y=s/M_
q+9-> 7 + 1y
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Dark Mat

~ 10
5 fa
- SUSY = dark
matter? We
need an
ensemble of
experiments
_4: 29{0.01 ;
10 Lol Lol Lol
10 102 10° 10*

m, [GeV]

It may be a big hint that a SUSY LSP with a mass O(TeV) with a
weak cross section (neutralino ?) decouples from the Big Bang
expansion to give roughly the correct relic density to be “dark
matter”. The hope is then to produce and detect dark matter at
the LHC. The memory of the Big Bang is stored in the vacuum
waiting to be reignited at the LHC.
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LEP,CDF D

3020 B Heinemeyer, Hollik, Stockinger, Weber, Weiglein '06

sl SR R T T N TR T RN TR NN TR NN TN SO N TN TN TN TN NN S TR T
160 165 170 175 180 185

Tevatron/LEP 2 [l
LEP1/SLD: darker region

= 400 GeV

Miop (GeV)
Quantum mechanics: traces of higher mass states are seen in
radiative corrections due to virtual quantum loops, e.g. Lamb
shift in atomic spectrum due to virtual e pairs. Note sign -
fermion, boson (Quantum Amplitude - phase matters) - SUSY.
Data indicates light Higgs (SM) or heavy SUSY.

44
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Early P

—p 10

Needed [Ldt (fb-1)

per experiment CMS was
| L designed to
| find the SM
g Higgs boson
: = 5 fb! for Bo discovery at design
N over full allowed mass range luminosity
‘“t \/v_ e o in less than
= e 1 year (100
A fb7).
I
. gi* 4 ATLAS + CMS
| “: preliminary
fnn) 20 =20 430 300 500 00 B00S0CI000

my, (GeV)
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*The dark energy is observed to be ~ 73% of the closure
density of the Universe.

But we have measured the W and Z mass, so we “know”
that there is a vacuum Higgs field,

<¢>=246GeV,M,, = g,, < ¢ >-Landau-Ginzberg
If so, there is a cosmological mass density ~

<@ <% This is ~ 10°2larger than the observed dark
energy density!

What is going on? Is the Higgs field gravitationally
inert? Try to study the Higgs mass and couplings
(especially self couplings). Will we really find a SM Higgs
“ether”’? Do we understand the “vacuum”?
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Is There a Qu

M? (GeV?)

The LHC and CMS offer a ~
35 fold increase in C.M.
energy for heavy ion
collisions w.r.t. RHIC. Will
that allow the formation of a
true plasma?
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« CMS will be ready for data taking in 2009

 We will first re-establish the Standard Model
through a variety of “standard candles”.

 While doing this we will make multiple
signature based searches for new Physics at
a scale ~ 2 TeV.

o At higher luminosities ( > 20097?) the
exploration of the TeV scale will become even
wider and more inclusive.
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CMS SUSY

m,;; (GeV)

1400 -
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800 A
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WMAP —_
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di= 1, 10, 100, 300 b
-'\ 0, tanfi= 35, p > 0

S

J]]

B Nmun
| H e

500

1000 1500
m, (GeV)

2000

Do_2i0

1 year at 1/10
design

luminosity.

SUSY
discovery
would
happen
quickly.
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Events/50 GeV/10 fb ™'
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1

Assuming a conserved SUSY quantum number, the lightest SUSY particle
(LSP) is stable. A neutral weakly interacting LSP escapes the detector.
Dramatic event signatures ( cascade to LSP -> jets + Missing Et) and large
cross section mean we will discover SUSY quickly, if it exists.
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An example of the kind of analysis done, from 1 year
at 1/10t" design luminosity.

Sequential |
2-body decay: edgein M, *|

Mmax

AV

7893 £ 2.10 GeV

40 |

30

2 2 2 2
Mmax _ \/(Mig _M? )(M? _M%O)
Al MN

1

20 |

10 fb-1

e i%,d' IH} H

0 20 40 60 80 100 120 140 160 130 200
M(e"e’) + M(u"p7) - M(e"n) - M(e"n") (GeV)

P2 0507 — 7o

0
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- CMS Preliminary

Use tracker with dE/dx vs. P and TOF.
Also have a TOF measure in the Muon

subsystem. Plots shown for a 500 GeV
SUSY top.
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Production of SUSY Particles at LHC is
dominated by gluinos and squarks

The production is followed by a SUSY+SM
cascade.
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