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Dark Matter at LHC
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The Large Hadron Collider in the LEP
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LHC Experiments




Weakly Interacting Massive

Particles

* The lightest of these new particles 1s an
ideal candidate for dark matter

 Would have been created in the Big
Bang

* A natural solution — makes it
extremely attractive!

Now we need to detect these
particles!
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Particle | Particle Super
type partner

Fermion Quark Squark
Neutrino Sneutrino
Electron Selectron
Muon Smuon
Tau Stau

Boson W Wino
Z Zino
Photon Photino
Gluon Gluino
Higgs Higgsino




SUSY - sparticles

SUSYMSSM and mSUGRA parameter space
Cross sections

decay BRs

SUSY event topology and mass reach
sparticle reconstruction

SUSY DM particles
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MSSM

Two mass parameters: m,, m,,, , one sign: L

Region 1n parameter space restricted by

* non-observation of SUSY signal at LEP and Tevatron
e Cosmological parameters reflecting cold dark mass properties

Two Higgs doublets, physical scalar bosons:

 Neutral: h, H, A (m, and tan} can be used as independent parameters)
* Charged: H*

SUSY partners of known particles:
 spin 0: squarks, sleptons,
 spin 1/2: gluinos, gauginos, Higgsino

R-parity conservations: decay chains contain several
neutral, invisible particles — missing energy .
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SUSY - parameter space, cross sections

Isomass contours in Minimal SUSY total cross sections (MSUGRA)
Supergravity, in my vs my, plane
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Gluino/squark decay chains

Typical decay chain for a massive gluino or squar

Decay chain for a light gluino or squark (mSUGRA)
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SUPERSYMMETRY
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5c discovery curves
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- SUSY could be
found quickly

... “plausible”= typical
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m, (GeV)
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Nb. of Observable Particles

Benchmarking
MSSMs restricted
by Cosmological
& Particle physics
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Post-WMAP Benchmarks
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Squark and gluino searches, reach in
varinng topologies

Explorable domain of mgy, m,,, parameter space
in g, g seaches in n leptons + EmISS +> 2 jets

m SUGRA, Ap=0,tan =35, u> 0
5 o contours ; non - isolated muons

« Production:

1400
1200(
e More generallydg, gq, QG production leads to:
lepton(s) + EmTiSS + jets final states 1000
e Backgrounds: W + jets, Z+jets, tt, Wtb, WW, WZ.. E
“;{ISOO
E
600
400
investigate sparticle 5]
reconstruction for 10 fo™1 2
(but tanfp =10)
0 500 1000 1500 2000
mp (GeV)

o Jets + E{MISS has highest reach
« opposite-sign two-leptons are most usefull
for sparticle reconstruction
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Sparticle reconstruction

Jets+leptons+neutralin

Gluino/squark production event topology
allowing sparticle mass reconstruction

+

' LSP - DM candidate

gives rise to
dilepton "edge"

=~
a .':x“ h_'_""'—-—

Such cascade decays allow to reconstruct sleptons, neutralinos, squarks,
gluinos...in favorable cases with %level mass resolutions

Starting point of reconstruction is the "dilepton edge" due to the neutralino-2 decays
to dileptons + neutralino-1;

neutralino-2 decay to neutralino-1 + h(— bb) can be used too

Vileano 2004.2 15
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Dilepton edges, sparticle reconstruction

im inclusive isolated dileptons + EtMiSS search

+ g— E.Eg+ X with large BR

« % — % has significant BR

Dilepton edge
E{MISS 100 GeV

a) b)
B gives rise to
>.E*‘ dilepton "edge"
g
Vulcano 2004.2

Starting point of reconstruction is the "dilepton edge" due to the
neutralino-2 decays to dileptons + neutralino-1

C)
use kinematics of:
o
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SUSY point B
mp /g = 250 GeV,
mg = 100 GeV,
tanp=10, u >0

20 40 &0 B0 100 120 140 160 180 200

M(ete) + M( p*u-) GeV

on the edge of %5 =£*£" %"

F'_b}: (1 + M3 M,4-) Pag- in lab. frame

g rEconstruct 'E]L—s- #i“] decay combining 3% with g-jet

W |

and get miqg), assuming m f_;f_i“'] = 0.5 miy ) (Tor ex.)
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Sparticle reconstruction, end-points

In a long cascade of decays a number of particular kinematical configurations
generate end-points depending on sparticle masses, fitting these end points
allows to constrain or determine these masses

N | forex.: ; 0
o’ largest dilepton —— \/(mzo — m}j(mf — mzo)
+ \\ﬁ 1= o >Rzl M 22 A A ]
mass: x=1" M m
%ij«w—w—wlz A
End-points depend on mass iin . 4 \/(mz o Imz_mz )
differences, thus strong i Q=3 X=, A no Ta\Ty s
correlations M m_,
between masses; ;:?;.w_<'i2 max —= 2
A fit of MSUGRA predictions to q — g ™ Mo =m. —myy 1t my >m.m,,
the
set of measured end-points can z _ . \/[mj:;) —m?](m? —m;g)
be q asd X ME;X = : :
performed, this yields model "
parameters and sparticle ) AN
masses, neutralino mass and Wil \/ (m; G )(m _mﬁj
relic density, then check for ot g " M, = :
consistency with terrestrial, CMB q o o i
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Sparticle reconstruction, full chain

Gluino and sbottom reconstruction Post-LEP SUSY benchmark point B
Decay chain and event topology: f._m.l /2 250 eV, m,, 100 GeV, tanp =10, u = 0)

pp—§—bb (26%) p
Event final state:
’igb {359{0) e =2 high pt isolated leptons OS
e =2 high pt b jets

® missing E;

79 €7(0.2%)
7T — 'iEP+P- 1enes

Dilepton edge o al Squark reconstruction
. ottom reconstruction uino reconstruction Chotao: _
FMISS - 100 GeV anti-b-tag: o < 2, b-veto

o i
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M(b;([}z) GeV M(bb )_(02) GeV M'Iq'iﬂgl GeV DD 3156
fit: fit: fit: _ Vulcano 200410
M(b30,) GeV =499+ 7 GeV M(bby0,) GeV = 587 + 11 GeV M(q70,) =532+ 4 GeV
o =48 GeV o=41GeV o =62GeV

R.Cashmore - -
M(I;L) - 496 GeV  generated mass: M(g) = 595 GeV M(d;) = M(5 ) = 543 GeV
generated:

M(bR ) = 524 GeV M(T ) = M(G ) = 537 GeV



Sparticle reconstruction, full chain

Gluino and sbhottom reconstruction Post-LEP SUSY benchmark point B
Decay chain and event topology: f._ml /2 250 GeV, m,, 100 GeV, tanp =10, u =0)

 F —~
€ -7

pp—g—bb (26%) p
Event final state:
’igb (351%] g . e =2 high pt isolated leptons OS
T € e =2 high pt b jets s
|: R €C02%) " " e
~y ~Q ptp- P
67— %, €€ (60%)
Dilepton edge
E(MISS > 100 GeV
fit: fit: fit:
M(b70,) GeV 4997 GeV  M(bby!)) GeV =587 £ 11 GeV M(q'%p) =532+ 4 GeV
o =48 GeV o =41GeV o =62 GeV
M(by [ ) =496 Gev  generated mass: M(g) = 595 GeV M(JL) — M(51 ) = 543 GeV
generated:  _ - -
M(bg ) = 524 GeV My ) = M(Cp ) =537 GeV
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Squark/gluino mass reach vs luminosity

Reach vs luminosity

miss

CMS q, g mass reach in E, + jets inclusive channel
for various integrated luminosities

JLdt=1,10, 100,300 fb*
1400 3000 A =0, tanfi= 35, u >0
E}"“?_xoo i
o 123 1 ~ three years
1200 - @1034
~| ~ one year
1000 @1034
% .............
< s00
E: N ~ one year
S @1033
ﬁl"]_ e v N,
~ one month
@1033
400 o
~one week ———_|
@1033 001
to explore Fermilab reach: < 500 GeV |
g
0 - - T y
0 500 1000 1500 2000
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Events /4 GeY

Dilepton edges at larger tan[3

Evolution of inclusive dilepton spectra with increasing tanf3

(mg ~ 100 GeV, m1/2 ~ 200 GeV) 5 fo~1
inclusive isolated opposite-sign dilepton spectra (ee, uu, eu)
T T T T T [ T T T T T 10‘1 ! I LI I I -
10% mg =90 GeV, m,,, = 220 GeV - - mg =100 GeV, m,,, = 190 GeV mp = 100 GeV, my,; = 190 GeV 3
S U=0, Ay =0 3 i =0, Ay =0 ] M}:ﬁ-a‘;‘?ﬂ;E ]
I~ anfh = 2 | anf = 10 _ angy = .
B rnfa:1E4{';1:.!':]rrr§n:‘|29 GeV] 10%F rrgg:moﬁetr:lén:ma GeV 3 meg=141 GaVl mg =132 GeV |
103 : mg, =128 GeV | m,, =124 GeV 3 - mg, =91 GeV
B "'X.E—-'ane Mg 3 E ig—"gne"ﬁnl-* ] (?j} 5 fb-T E
- ==l -t 1G2 T')EEU—-"_E.IT | E :
5 fbo~ 2 ER 1
10 ) 5 51 3 B
=111 & : T n
10 §
10 i
1 ! 1 1 : . =
200 300

0 100

1 1
0 100 200 300 0 100 200 300
M(I*T) (GeV)

M(I*17) (GeV) M(I*17) (GeV)

—» SUSY may reveal itself early through peculiarities in dilepton spectra,
for example such "edges" or "collapsed edges"
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Observability of dilepton structures

Observability of "¢+¢-edge " or threshold structure in inclusive
; miss .
Isolated two - leptons + E; final states

m SUGRA; tg p=2,Ay=0, u<0 m SUGRA, Ag =0, tan p =35, u>0
all leptons isolated 5 o contours ; non - isolated muons
- ' oms
low tan 1000 4 ik high tan 3
regime regime

1200

800

A\

> "
[} : P T \ ; =
G 600 3(1500) s ZmmisAor- Ao 8
E\l \l '\\ ._‘_. — mo
E k e
-2, |44 30 2455 2405 1/
400 H -2 5000 TN e
., \ e s
\isibility D?':Il.e_:tnn \ A |
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Structures tend to be less evident with increasing tanf} and are limited to
smaller regions of parameter space

R Cistamabad 44 Vulcano 2004.12 %)



Sparticle reconstruction, use several edges

Post-LEP SUSY benchmark point B, ATLAS/2004-007
A fit of mMSUGRA predictions to the set of measured end-points can be performed

Edge  Nominal Value FitValue Syst. Error  Statistical

Energy Scale  Error

m(ll) e 77.077 77.024 0.08 0.05

m{qll)*ee 4311 431.3 4.3 24

m(gl) & 302.1 300.8 3.0 1.5

m(ql) 380.3 3794 3.8 1.8

m(gll)thres 203.0 204.6 2.0 2.8

m(blT)rhres 183.1 181.1 1.8 6.3 /

Fit the best MSUGRA point by minimizihg

the overall ¥2

Deduce the LSP mass (with ~10% uncertair __ ;
and relic density at the point

— =

+ eight other
measurement
Parameter Expected precision
30 b 300 fb"1
m, + 3.2% + 1.4%
m,;, + 0.9% + 0.6%
tan(p) + 0.5% + 0.5%

ATLAS/2004-008

1 100 fbt ﬂ

0.192+0.00

200
=5

Determine ©,h?and check for Consistencm;—

with-WMAP, terrestrial, astroparfjcle gic ; '

R .Qxhi

0' rilif IS I R BT S .. B R S
0.14 0.15 0.16 0.17 0.18 0.19 0.2 0.21 0.22 0.23 032.4
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dpim, {71Gav)

dp/m,, (F1Gav)

Model-independent predictions

Alternative approach to CMSSM fit to edge positions
numerical solution of simultaneous edge position equations
but interpretation of chain model dependent
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ATLAS study results:
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Dark Matter, SUSY, LHC (I)

Dark matter:

baryonic (machos, but represent no more than 20% of galactic halo DM),

elementary particles, particle physics candidates: o
axion ATLAS, Emissing and R-

arity
CAT Il-]

neutralino (CDM), x°,

neutrino (HDM), v_, but too light, not more than
few% of DM content

LHC Point 5
(Physics

Events/10 Gev/3p ib”
e
=

ey R-Parity
the neutralino-1 (%°,) is a viable DM candidate only so far _ | / Conserved

is the Lightest Supersymmetric Particle (LSP) and R-peusi/v R-Parity

is conserved i.e. is a stable particle ‘o gViolated
0 200 400 600 a0n 1000
. . E™S (GeV)
DM detection: )

. . . Lo t, A f
direct (ex.: relic neutralino (WIMP)-nucleon scattering” I P g + hZ +
indirect (ex. relic neutralino annihilation in Earth or Sij —~——1 AR
giving, for example, two neutrinos: . A " '
neutralino production, as at LHC (or the Tevatrc ¥ _. . o
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Dark Matter, SUSY, LHC (I)

DM detection:

direct (ex.: relic neutralino (WIMP)-nucleon scattering)

indirect (ex. relic neutralino annihilation in Earth or Sun
giving, for example, two neutrinos:

neutralino production, as at LHC (or the Tevatron):

I}[]
t 1
0 ¥y g
~ h, Z
y { i +
k ! o A
M
R.Cashmore Dark Matter 3
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R.Cashmore

LEP neutralino limits

(GeV/c?)
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(GeV/c?)
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M

ADLO preliminary Any ALD, my< 1 Te‘ﬂcz, Mmp: 175 l;]reWt:2

u>0
Ag=0.M, =175 Gevic
........................... _\u :OM”F i Gewc ;i
Excluded at 95% C.L.
] } ]
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tanf
u<0o
A=0.M, = 175 GeVic?
A=0,M, =180 Gevie? -
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| | |
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Dark Matter 3
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Dark Matter, SUSY, LHC (II)

Two questions:

- do present (WMAP) constraints on DM assure
SUSY detection at the LHC, and what limits
do they imply on sparticle masses?

- can we measure the neutralino-1 mass?

R.Cashmore Dark Matter 3 28



Relic densities in LHC mSUGRA parameter
cnace (nre-WM A P)

The lightest neutralino “}“1' is an excellent cold dark matter candidate

(provided it is the LSP and R-parity is conserved) a A
) o
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Relic densities in LHC mSUGRA parameter
space (pre-WMAP)

Cross sections to calculate relic densities

107 rrrrprretyrererrprrnri | [ 1T 1 1
- gome of the avemgeﬂ
H. Baar & Brinkk e . .
B annihilation cross sections: |
] . tfanfi=2Z p=0 _
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A .|
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0 |
- " b _1:'-_
— _\_-_ T a lI-F ._ h
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Relic densities in LHC mSUGRA parameter space (pre-WMAP)

Newer Relic Densities and COBE limits
in (MSUGRA) neutralino parameter space
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SUSY dark matter and present constraints from
laboratory experiments and WMAP

Relic neutralino DM contours, J. Ellis,K.A.Qlive,Y.Santoso,V.C.Spanos,hep-ph/0303043
including constraints from LEP,

b — sy, g,-2 measurements H00
and new WMAP cosmological

tanB=10, u>0

LS LARAN ERARE RARAN RARRS LARAY
'!
1
|

700 | my, =114 GeV E
DM i i example
constraints —~ 600 i i at
-~ : ! E
favored by g,-2 3 sl mp R tanp =10
at 2 level < 1 co-annihilation region
E 400 :

older cosmological constrain :
0.1 <Qxh?<0.3 St

bulk region

newer cosmological constraint 200@\{
0.094 < Qyh2< 0.129 — N

100 200 300 400 500 6066700 800 900 1000
my; (GeV)

only this talil is left!
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SUSY dark matter and present

Full tanf3 range

tan3=10, u>0
LRLRARAR AR LR AL LA LA LA

0 tanB=10, u<0
700 i iiimh=114GeV E;mh=114GeV
1 ?/ i’/
favored by g -2 = | B | £ |
H 5 ool | mpn 13
QO so0q | myz=104 GeV
at 2¢ level \;@K‘: '- 3

older cosmological constrain
0.1 <Qyh?<0.3

jEE
100 200 300 400 500 600 700 800 900 1000 100 200 300 400 500 600 700 8OO 900 1000
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newest cosmological constre

0.094 < Qyh2< 0.129

tan f=35, u<0 tanP=50, u>0
T T T

1500

R.Cashmore
Islamabad 117.2

{uy 1LY Zlly 100 1000 2000 3000

m,, (GeV) m,, (GeV)

J. Ellis,K.A.Olive,Y.Santoso,V.C.Spanos,hep-ph/0303043
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WMAP results mapped onto m, vs m, , plane

Compatibility between WMAP results and laboratory experiments -
mapping of the WMAP constraint 0.094 < Qxh2 < 0.129 onto the my vs m 1/2

plane for tanp from 5 to 55 (u > 0)

1500 -+—————————————————————————

u>0 | J.Ellis etal.
hep-ph/0303043

1000

my (GeV)

tanf = — % : .
-« blue region is favored by
Z
e

95 ' = | G,-2 (u)at 20 level

O -
tanf =5 T
100 1000 2000 2500
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Updated Post-WMAP Benchmarks for
Supersymmetry

‘ZI Fine-tuned
1500 ..+'.'3’.‘i. ‘,H',

,,/A, 1500 —— . “|{D
= . s : |
3™ ‘ 2™ 1M. Battaglia et al.
Fe r {hep-ph/0306219
|CERN-TH/2003-138
+ 1 i D’ 1
1M \;IN_/UM\-'/ 1000 | 2000 2500
myp; (GeV) my (GeV)

Typical (A, B, C..)

Figure 1: The shaded strips display the regions of the (my 5, mq) plane that are compatible [15]
with 0,094 < Hxhg < 0.129 in the ‘bulk’, coannihilation ‘tail’, and rapid-annihilation ‘funnel’
regions, as well as the laboratory constraints, for (a) g > 0 and tan B 5,10,20,35 and
50, and (b) for g < 0 and tan g3 10 and 35. The parts of these “WMAP lines’ for g > 0
compatible with g, — 2 at the 2-a level have lighter (pink) shading [7]. The updated post-
WMAPF benchmark scenarios are marked in red. Points (E°F’) in the focus-point region

have larger values of mg.
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WMAP DM results and compatibility with LHC
SUSY reach

Squark, Gluino reach
at the LHC |
-reach in jets + E{M'SS

LHC/CMS reach vs SUSY DM
regions after WMAP results

= |imit m%,ma _

CMS

Reach vs luminosity

~ P~ . miss - . L]
q, g mass reach in E. + jets inclusive channel
for various integrated luminosities

1400 4

1200

m, = 0.4m,,,

new LEP, b — sy,

WMAP-compatible region

Qcpmh? = 0.09-0.13

"old" Cold Dark Matter range: @ h*= 0.1-0.3

—» neutralino mass <~ 7-800 GeV

new WMAP range: b= 0.09-0.13

—» neutralino mass < ~ 4-500 GeV (for tgp < 50, u> 0 or for tgp < 35, u<0)

high tanf3 = 35,
u > 0 regime

JLdt=1, 10, 100, 300 fb'
_.\": 0, tanfi= 35, u = 0

oo

...................

~ One year
ol e @1034
. TH
> --------------------------------
@ 800
g ~ one year
""" @1033
—_ w4 T -.\\ ------------------ “W'”’_\\_ ___________________
i ~ one month
point B @1033
400 SN N
~ one week
@109 it s new . —
to explore TS, S— old cosmologically plausible region
Fermilab reach: < 500 GeV D
0
) 500 1000 1500 2000
m, (GeV)
‘Wulcano 2004 25

D. Denegri, CMS waek Juna 2003.04



My (GeV)

SUSY at SLHC (I)

3000 ! | | Higher integrated luminosity brings an
Squark / gluino reach obvious increase in mass reach in squark,
T CMS gluino searches, i.e. in SUSY discovery
2500 v £S5, jots 1 potential; this is not too demanding on
5 detectors as very high E, jets, E;mss are
....... ) N involved, large pile-up not so detrimental
2000 Mooy
---------- -1 = with SLHC the SUSY reach is
________ increased by ~ 500 GeV, up to ~ 3 TeV
1500 § R - SLH In squark and gluino masses
"""" " but this is just “the reach”,
1000 -
Ao =0.tanp =10, p>0 larger fraction of spectrum,
%00 - o0 s aoee  MMOTe precision, but this would require
m, (GeV) detectors of comparable performance to

Npticenadyantage of a 28 TeV maching, . Ma‘t’tgff ent ones 37



Model dependent tests, sparticle masses, neutralino mass

- If a viable DM candidate is found initially (events with large
missing Et, stable) assume specific consistent model e.g. CMSSM /
MSUGRA.

- Measure model parameters (m,, m,,, tan(f3), sign(n), A, for
MSUGRA).

- Check consistency with accelerator constraints (my, g,-2, b — sy
etc.)

- Estimate Q h?— consistency check with astrophysics (WMAP
etc.)

- Ultimate test of DM only possible in conjunction with astroparticle
experiments

— measure m, , G, O, etc.



neutralino mass 1n exclusive chargino-neutralino final states

?{? mass determination in 3£ + no jets + E?‘”SS

How to look for charginos final state from ﬁf :;:S production

and neutralinos at LHC
mg= 200 GeV, my»=100GeV, tanp=2 Ag=0,u<0
e Production, for ex by Drell Yan: M {5520) -M (35‘1]} =M (%9) =52 GeV

=0 80
e I I I I I I I
q /‘
~t ¥ y

Y. 0 Lint = 104 ph‘1 -
K :
P S ——
W| n‘\ 3\ m L a
RN Sum
_ Xg " .é :b -~ /,/
q (% 50 | payE: Cuts: -
7 < pf > 15 GeV
79-18P W a0k Isolation
. . . . = Central jetveto
= Search in: 34 and no jets + (ETm'SS ) events 0 My +p— < 81 GeV
i,

Require:
® Three isolated leptons: p;!>15 GeV 20

e \Veto central jets with E, > 25 GeV in|l nJ <35 10 SM bkgd. -

0 D g8

® myy<81GeVormyg=m,+dm, A

1 1
0 20 40 , 60 80 100 120 140

e E;“iss < no cuts, shloud be significant /,j Mg+ GeV
Backgrounds: ft, WZ, ZZ, Zbb, bb other SUSY channels (§.4, 2, 1, ) My =M G - M (5) = M(Z]) =, 525 M ()

tin m SUGRA

R Cash the “edge” can be measured \]/)vith better3than ~1 GeV precision and thus neutralino
~-asimore masses within thiR*HSEEF 3and where the edge is visible!



Events /4 GeV

Evolution of inclusive dilepton spectra with increasing tanf3

Inclusive dilepton edges

(mg ~ 100 GeV, m1/2 ~ 200 GeV) 5 fo 1
inclusive isolated opposite-sign dilepton spectra (ee, uu, ewn)

T T T T T - T T T T T 10.:— I I LI I T ]

104 my =90GeV, m,,, = 220 GeV — - mg =100 GeV, m,,, = 190 GeV F Mg = 100 GeV, m;,; = 190 GeV 3

g u=0, Ay =0 3 i U=0, Ag=0 T o H}&I;?E: = 35 ]

B anfl = 2 ] = anf} = 10 _ - : -

i rr:;a=1ﬁ4f;2:f1 m, =129 GeV] mag rr|3:n=14DGE‘:l'?I|:Ir|:|'gn=‘IBEGEV 3 L my=141 GeV mg =132 GeV

103 = Mg, = 128 GE:V_ r “ My, =124 GeV ] - 102 My, = 81 GeV ]

1 8 [ }eow  Brmermw ] S 5fo-1 3

4 Yo—T,T - 7]

A E 102 e = P .

102 % 5! 1 & ]

(0 1 w° E

10 b _ .

10 5 3 ]
1 SM %
1 1 1 1 1 1 : ’ L L o
0 100 200 300 0 100 200 300 0 100 200 300

M(I*1") (GeV) M(I*1) (GeV) M(I*I) (GeV)

—>» SUSY may reveal itself early through peculiarities in dilepton spectra,
for example such "edges" or "collapsed edges"
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WMAP- DM contours and dilepton structures

1000

WMAP compatible
SUSY DM regions

I= 009013
Qo 0.09-0. 1

R.Cashmore

800

200 ==t

Observability of "¢+¢-edge " in inclusive

isolated two - leptons + E;

m SUGRA;tg =2, Ay=0,n<0
all leptons isolated

. "".‘l';}'r
1.1'_5%4J
S

a : T,

MISS final states

m SUGRA, Ag=0,tan f =35, p>0
5 o contours ; non - isolated muons

I I
EMsE (anom”)

CMS
1400

n2
1200 @

600

1000 -

002G T

- " ‘l-
Visibility ofdilepton v !
edge \-\ v T 400
& A '\I% y
o .  (500) ._\ - = -IT
- R R e =%y
o I"/._ \ | _| 200
"I"’ | i s vigibilty of dilapton
| O . i
400 800 1200 1600 2000 0 500 1000 1500
Dark Matter 3

0._0_¥aMcmad

2000

high tanf3 regime

41



Sparticle reconstruction, use

several edges
Post-LEP SUSY benchmark point B, ATLAS/2004-007

I } |
"a 600[- ﬁﬁw wHﬁ} g
a7 +H Py £ 200
g | i g
& 400 +H E
v L o I
E L ! £ 100
= 200~ 4 g
Ll : ++ I.ﬁ
LN (IG V) ‘ 0 600
(o 100 b
300 [
; M M ql(max i
a N {H e 300}
g il 2
< 200 I H = i
8 J[]LH} | 3 200}
5 100 " {H} f ‘5 100:
@ | a 100 iy
I ﬁjﬁﬂ . "
% 200 400 % |




SUMMARY

e LHC and Direct Searches will allow an
understanding of DM

The next 4 years should be an exciting time

R.Cashmore Dark Matter 3
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erdwide Sentiﬁc Collaboration
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PRESENT

MATTER DOMINATED ERA

THE UNIVERSE BECOMES

Decoupling of
Matter-Radiation

Particle Accelerators
are Time-Machines that bring us
back to the Early Universe

R.Cashmore



Perspectives for Dark Matter
Searches in ATLAS

University of Sheffield

R.Cashmore Dark Matter 3 47



SUSY Ddavisiid atiess Strategy will

proceed in four stages:

1)SUSY Discovery phase (discussed by Marco
for CMS)

-» success assumed!

2)Inclusive Studies (measurement of SUSY
Mass Scale, comparison of significance in

incldﬁ%%ﬁéﬁfﬁgi,on Stages 2, 3 and 4

R.Cashmore Dark Matter 3 48



+ Following any BELHSING DT LHC Paint
SUSY next task will be to

Evenis/10 GeV/3

test broad features of w R-parity
potential Dark Matter  Violated
. 10 L ATLAS
Candldate' U:H|I||“f-_ltlllﬂlll||”f|lll|[;”|”|é(|]:f]|“|| a00 1000
@ : Non-pointing , &7 o)
° Qu % 15 {f- photons from x0,~>Gy y * Question 2: Is the LSP the lightest
Co % I neutralino?
g 0 H GMSB Point 1b - Natural in many MSSM models
— | : (Physics TDR) 1 andidatef YES then test for consistency with
s |- .. astrophysics
-1 SIIVE _ 1 NO then what s it?
( of < ] ms e.g. Light Gravitino DM from GMSB

( At (ns) models (not considered here)
R\Cashmotle/ R A Dark Matter 3 49



» IfaviabiMBllel-L ., msuors acoanp-10, >0

i M) RAAL LA LA A T

?a.n.dldate 1s found ;.-m_- E.“‘h = 114 GeV E::::I:/a(:'aosms k
lnltlally dsSsume 5:1]- i Disfavc;‘hred by BR(b —>sy) =
specific consistent & § ;77001 CEoEEE
model Q"‘i so0 i/ Mz =104 GeV
£ w0
—e.g. CMSSM /
mSUGRA. jm_ 0.094<Q h?<0.129
200, (WMAP)
e Measure model

parameters (m,, m, ,,

tan(B), Sign(},t), AO % 0 00 40 S0 &m0 00 80 900 1000
for CMSSM). myyz (GeV)
R.Cashmore Dark Matter 3 50
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Terrestrial Dark Matter
e Terrestrial Dark %%ﬁél’lﬂh 102

experiments: a
=
— Direct searches for elastic g 104
scattering of Dark Matter 2
particles from atomic nuclei ¢ cDMS
[ 105
(C,p) E
— Indirect searches via self- = zePLIN EDELWEISS
annihilation products from 106 |
. 1 10 100 1000 10000
¢.g. centre of sun (e.g. high Mass GeV

Current world-best limits

. , (ZEPLIN-I, EDELWEISS):
* Direct search experiments G,, S 10 pb (m, ~ 100 GeV)

cah ii®asure neutraling

energy neutrino flux ¢, )

ark Matter 3 51



Measurin S%/ICMQ SM

* First indication of.

parameters from 1 c@l{.&we

channels

— Compare significance 1n jets
+ Emiss + n leptons channels

-
o
2

1000

® | Point m, |m,,| A, | tan(B) | sign(n)
LHC Point5 (100|300 (300 [ 2 +1
SPS1a 100 |250 |-100 | 10 +1
Sparticle | Mass (LHC Point 5) | Mass (SPS1a)
q. ~690 GeV ~530 GeV
¢ 7% 233 GeV 177 GeV
In 157 GeV 143 GeV
P 122 GeV 96 GeV

prﬁéésilg(]r% S ly : Dark Matter 3

| T TT1 | T TT | TTT | TTT | T TT | T TT | T TT | T TT1
. JLdt=10m"
e | tamiB)= 10,0 20,4, =

.............

800

T,
.......

600

._-m;, -----------------

Pomt\SP 1a(A --100
./ GeV, tan(B)=10, u>0);

o0 BN

400

0
0 200 400 60D SO0 1000 1200 1400 1600 1800 2000

M, {GeV)
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- Fit reconstrivad mMeasﬂm@l@@ﬂt@ obtain

parameters ~
v.g°, détays t) llx%&krelow) or
k / q \1 1

R.Cashmore Dark Matter 3 53
e Two nentral I SPg escane from each event



casurecments

________ X

X"

y WhelDileﬁton Ed
y

kinematica
accessible x°, can

undergo sequential T R T
wa (€€ F UL e BMbackg  — -etw - ute 5 fb- ]
two-body decay to = [PontS g Cwerws] wf FULL SIM -
- - g %0 FATLAS 433 [ATLAS E
Xol via a I'lght- 8 23 ffabsl S - Modified
3 =0 48 F Point 5
slepton (e.g. LHC ¢ Physics | " | (tan(B) = 6)
. 108 TDR — i i
Point 5). RN I s
Results in sharp OS : Ha
. rp ME2x — M9 [1- M(1k) leﬂ(x?) = 108.93 GeV
SF dilepton S T T B TS
invariant mass edge
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MICHSICRCHIR THY STV S Tarks

Gives multiple constraints on combinations of four masses.
Sensitivity to individual sparticle masses.

:

- (M2~ MZ,)(MZ, ~ M2,)T" ] (M2 M2y (M2, M2 112 H ' LR

[ e - [7“ x;ﬂa u "I:I = 5524 GoV . | s = [7”‘ e "'} = 4793 GeV. ] ‘_bbq edge_ sigral ]

— “ ] 4 1 SV SMbacky
» | lilq edge -, Iq edge |, 29 orror] | 1% ermbr ... susvs |
8 [ 12w —g=m — C L ]

5 oo b 1% error ] ¢ 1% error |3 (100 fb-1){3 " (100 fb7) pg,

o f Ay 18 Ay {8 15 ot B
$ b (100 fbo!) { ¢ (100 fo) |2 R, |iel Point 5
- ® 200 — ¢ - . ]

'E r TDR, w TDR, in} 100 POlnt 5 r ]
soo |- . 1l =5 | —

= | ATLAS Point 5 ATLASY Point5 - % . LATLAS:
uo_ IE{I:O' ' '4(|x:' 'm0 atlx: KL b A 60D Iﬂllml o O "%0 a0 B0 & o Yo = P‘Ezsti){().‘.:| -p.li(lmr":'.il‘i;) . B0 I1(;()0

M) [GoV) M, (Gev)

M, [GeV) My {GeV)
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. wnMﬁ@Sﬂsm&QM&&%&&@@@@J}%MG

edge positions usine snarticle masses and formulae
Point m, my,| A, tan(B) sign(u)
( al LHC Point5 (100|300 | 300 | 2 +1
SPS1a 100 250 |-100 | 10 +1
Parameter Expected precision
30 fb-1 300 fb-
m, + 3.2% + 1.4%
m,, + 0.9% + 0.6%
tan(p) + 0.5% + 0.5%
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1 AN Qi 1“ JBaer et al. hep-ph/0305191
e Measurement prgsﬁhﬁ D mSUGRA-an B=10,A .0, >0

1.8

for Q h* depends strongly

]
LHC Point 5: 106 error (300 fb'1)i 1
SPS1a: 26 A

° 1
on region of parameter ’
g P error (100 fb™1) e f”
Nt~ o8 (Battaglia et al. " S
100 prrer T T T T M o ' hep-ph/0306219)
E u wt 0‘524;?: o.usozl;,z-z;j I T
d » Sigma 03516E-02 + (mvm.mf g0 L ~SPS1a l:'.EﬂI.E-
> ®» - Micromegas 1.1 1 E
z B i
o (Belanger etal.) a0 |
- + ISASUGRA 7.58 0.4
60 4 I
- Point 5 ;e
50 - § o2
o[ ATLAS 1%
: 1| Battaglia et al.
1 300 fb™" m| hep-ph/0306219 05 1 15 2 25 3 35 4 45 &
" _ _ i (based on ATLAS 'm.:,fTa‘u']
ot Cwl of SPS1a) — m-l14108Y — 8 SUEY:0"  _ Brosayxiot
: ] Br{B 0 ool <0 izs  Stgad
0 Lol LA bbb e b bonnd g Doy vy b e b 1 ﬂ'[zlp]}ﬂﬂ”m — 1o I | + i
0.2 0.2050.21 0.215 0.22 0.225 0.23 0.235 0.24 0.245 0.22 i} 0.05 04 015 02 0.5 03
,u 7
Qh
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No. MC Experiments

+ Also use B@I@l{ﬂ&fb&ﬁé&ﬁS enégg_vrﬂty /0305192

50

searches (Point 5) <o
1]
~ — Direct de‘rectlon ( aqqumed tfz;n.e
B FA U T EOMA 1E
o gimeas commn 'E N |
a 0000 o4
ATLAS DarkSUSY 3.14.02 o
(Gondolo et al.) ATLAS
+ ISASUGRA 7.58 o8

40:—
30}
20}
10:—

0 [) [)025[)050(775 01 0125[)150175 0.2 0.2250.2

to predict signals observed "
in terrestrial dark matter

80 -

0

0

P I
8 85 2 19
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Dark Matter 3

I R
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% G

R.Cashmore

LHC Point 5: 106 error (300 fb'1)i 1

SPS1a: 26

error (100 fb-1)

(Battaglia et al.
' hep-ph/0306219)

&) 6ﬂ}(l)sun os 1 15 25 3 35 4 45 5
3 ”‘nfTH'"'"]
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dpim, (1GaV)

dpim, (/1GaV)

* ANFadekipiedseideME Prédie tisns

positions.

0.025
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0.025
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~0
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dp'm, (F1Gav)

dpm, (/1GaV)

w4V~ | f simultaneo Similar process for
oz |- I mass at high tan(p)
- _ Sparticle | Expected precision (100 fb-1)
J &
| \ATLAS X2 e (2L
‘0 1m0 2m 280 s IR + 9%
o Mass \(LGeV) -5(—01 +12%
o £ L o
omzs |  Use approximations together
el with other measurements to
oms - obtain 'model-independent'
v o | ATLAS estimates of Q h? o, ,, ¢,, etc.
Mass (GeV)
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@ocus point’ \

region (significant
h component to
LSP ): v. difficult,
need m(%%,), b, m,
tan(pB) etc. + m(t)
to high precision.
More study
needed

KBqu' region (t- \

channel slepton
exchange - LSP
mostly Bino):

m(7,). '‘Bread and
Butter' region for
\LHC Expts.

R.Cashmore

need m(¥?,), m(l), —

mSUGRA A0, tan 3 = ll/lepton Co- \

BO0 g annihilation
Ellls et al hep ph/0303043 reglon (LSP ~
s I . Representative pure Bino): need
{ | MSSM scenarios m(%°%,), m(%)).
. present within Small mass
| e.g. CMSSM difference makes

measurement

70
21 “\ difficult however/

Also 'rapid \
annihilation funnel’
at Higgs pole at

high tan(p): m(?,),

mA! U, tan(B)s m(t)
etc. needed. /

Dark Matter 3 60
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+ Scalar elbd8g keM&tﬁ@rnm&Sering (DM

direct detection) dominated by Higgs and squark
excl X\/X Scalar (spin independent) couplings (tree-level)
M()

" m n).
H h
q q

Jungman, Kamionkowski and Griest,

q q Phys. Rep 267:195-373 (1996)

~
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Atanf3/tanf3 (%)

- H/A-1t <m»=301.9 GeV

* Further 118&%11%5311’\4[191? al%re' % [ m, = 300/GeMacaca
weak scale SUSY L AT
parameters needed. :

* M reasurgsdrom direct :
seatch‘(Atthough difficult o blomal L W0,
_fOI' m, > 6QO GeV ) m,_ (GeV)

3 * Higgsino mass parameter 1 (governs
AT, higgsino content of 7°,) measurable

"™ from heavy neutralino edges.

- tan(P) accessible from ¢.BR(H/A->1t,up)
or BR(¥%,~17,)/BR(x%,~Ilg).

Ll . . . |1* More work needed.

1 10

Events/S GeV

1a —

- tan(p) via H/A
- m,=300GeV .,

,_.
[T} [ B B - BT T =1
LI

tan
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Following a SUSYUBNNREY ATLAS will aim

to test the SUSY Dark Matter hypothesis.

Conclusive result only possible in conjunction
with astroparticle experiments (constraints on
LSP life-time).

Estimation of relic density and direct / indirect
DM detection cross-sections in model-

depend Thisswonid loe\miajdpdriurap o both

Particle Physics and Cosmology!

R.Cashmore Dark Matter 3 63

Ultimate goal: observation of neutralinos at



R.Cashmore

Earth from Apollo 17 (NASA)

Dark Matter 3
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The Fundamental Particles

L e T
(@) ~0.0 MeV 0 e ~0.0 MeV Oe ~0.0 MeV 0 e
roy 0.5 MeV -1 ¢ 0.1 GeV -1 e 1.8 GeV -1 ¢
D
—
¢ T

" uuu ttt
=
E 5.0 MeV +2/3 e 1.3 GeV +2/3 e 175 GeV +2/3 e
- 10.5 MeV -1/3 ¢ 0.2 GeV -1/3 ¢ 4.3 GeV -1/3 e
@]
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