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Dark Matter (DM) in Unive
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DM Particle

I’'m hungry. Can you make
the DM sandwich with the
elementary particles?

No, sir. But with
Neutrino?

MENU
~SPECIALS~

*Dark Energy Power Drink .. $73
- Chef’s choice
*Dark Matter Sandwich ...... $23
- Neutral, long-lived
- 7',G or V from SUSY
- ¥k from UED
- Heavy y from LHT
FAtomic Soup ......ceeieeennnnn. $4
- All elements in one

"I CAN'T TELL YoU WHAT'S IN THE DARK MATTER
SANDWICH. No oNE KNoWs WHAT'S IN THE DARK
MATTER SANDWICH."
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DM Particle

It sounds good.
Extra charge?

No, sir.
Free of charge.

s

|

MENU
~SPECIALS~

*Dark Energy Power Drink .. $73 ca[e
- Chef’s choice P

="
*Dark Matter Sandwich ...... $23 - IP Won? 177
- Neutral, long-lived 1 = %
- 7.,G or ¥V from SUSY | L A
- ¥k from UED
- Heavy y from LHT ——%
FAtomic Soup ......ceeieeennnnn. $4

"I CAN'T TELL YoU WHAT'S IN THE DARK MATTER
SANDWICH. No oNE KNoWs WHAT'S IN THE DARK
MATTER SANDWICH."

- All elements in one
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DM Particle in SUSY

dx
( O-m-m 4 )

Ta’
T V) = e

arnn

SUSY is an interesting class of
models to provide a weakly
interacting massive neutral

W particle (M~ 100 GeV).
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Minimal Supergravity (MSUGRA)

4 parameters + 1 sign

my, Common gaugino mass at M
m, Common scalar mass at M
A, Trilinear coupling at M,

tanf  <H >/<H > at the electroweak scale
sign(x) Sign of Higgs mixing parameter (W% =y H _H )

Experimental Constraints

. My, > 114 GeV M y,0000, > 104 GeV

ii. 2.2xX10*<Br (b —>s ) <4.5x10

ifi. 0.094 < _(2%10]12 <0129

iv. (g-2), [~3c deviation from the SM calculation]
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DM Allowed Regions

Below is the case of mSUGRA model. However, the results

can be generahzed
2000 [T

] [Focus point region]
the lightest neutralino has a
/ larger Higgsino component

[A-annihilation funnel region]
This appears for large values of

a <11x10™

[Neutralino-stau CA region]

[Bulk region] almost ruled out
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CA Regions - lllustration

Higgs Mass (M)

Branching Ratio b — sy

f}/
Excluded 2
(Magnetic ﬁ \
Moment of / \
Muon) b )‘ﬁt S

Mass of Squarks and Sleptons

L v 7

i - CDM allowed region
Mass of Gauginos
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CC at the LHC

Excess in E.™s + Jets + X

}

X = Dilepton mass endpoint from y,° decay to
reconstruct the SUSY masses

r—\—Qarge tanﬂh

X=ee, uu, 1t X=17
I

Qo—annihilatioa

v
AM = 5-10 GeV
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Excess in E-™'ss + Jets

d Excess in ETmiss + Jets &2 R-parity conserving SUSY
d M+ 2 Measurement of the SUSY scale at 10-20%.

Hinchliffe and Paige, Phys. Rev. D 55 (1997) 5520
» EJ1>100 GeV, EJ234>50 GeV
» M, > 400 GeV (M = EJ+EJ2+EJ3+E 4+ EMiss)
» E;{™ss>max [100, 0.2 M_]

The heavy SUSY particle mass is measured by
combining the final state particles

q q

HM1: High Mass Scenario 1
m,,,= 250, m;= 60; o=451fDb
M(gluino) = 1886; M(squark) = 1721

EE mSUGRA HM1
—--- T+t

— i+t BEWK
—+ G0

piEE PR alg lF.

600 E00 1000 1200 1400 1800 1800 2000 2200 2400 2600 2800
H. (Ge\

q CMS .
-
NO “~ -7 > ~ q 10!
Zl > N 0
Zl [
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Dilepton Endpoint

d DM content 2> Measurements of the SUSY masses

[e.g.,
(2006) 063]

()

="
E fr)
b

J

M.M. Nojiri, G. Polesselo, D.R. Tovey, JHEP 0603

zﬁ.} Dilepton “edge” in the x,° decay in dilepton

(ee, uu, ) channels for reconstruction of decay

chain.

LM1;

(Low Mass Case 1)
m,,,= 180, m,= 850;

o =55 pb

[post-WMAP benchmark
point B’|

M(gluino) = 611

M(squark) = 559

gluino — squark+quark
B(X02 — slep R lept) =11.2%
B(X02 — stau_1 tau) = 46%
B(X+1 — sneut_L lept) =36%

12/17/07

é{_} e 70
2~ .

: £
i I | 70
Spiropoulou q=7 ] X \_ B {
(SUSY2007) q | |

o 45 i i miss

i ; : CMS @ S_FOS dilepton+jets+E~

£ . M o tt:WW+j.Z+j:0other~ 6:1:1:1

a A~ 1

g w | '..I o 11D » flavor subtraction (e~p* + €*p™) to

= 2 ‘ M supress chargino, W, tt, WW, “other”

& 20 L q

E o ' e L1+HLT trigger path required
of [ 4 e overall systematic on the background 20%
; S A ;,—iL'iLj.iri[fLH:|-r=L,r!E'L" il (JES dominated)

0 20 40 BO 80 10D 120 140 160 180 200

M) (GeVicd) e 50 discovery with ~ 20 pb~"' (of data

understood as expected with 1 fh—™1
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Dilepton Endpoint in CA Region

d In the CA region, however, the ee and uu
channels are almost absent. We are In a
different game:

Br(x.° > ee, uu) ~ 0% 30 '
Br(x,° 2 ) ~ 100% § A 10
AM = 5-15 GeV :

[ Questions: 3

(1) How can we establish the ;a»
dark matter allowed o
regions?

(2) To what accuracy can we ; :
calculate the relic density .- o o
based on the measurements 20040 mm[ggv] 800

at the LHC?

Cosmological Connection at the LHC:
12/17/07 Stau Neutralino Coannihilation Case 16




Our Reference Point

my,,» = 351, m, =210, tanf =40, u>0,A; =0
[ISAJET version 7.69]

TABLE I: Masses (in GeV) of SUSY particles for our reference
point mi, = 351 GeV, mo = 210 GeV, tan5 = 40, u > 0,
and Aqg = 0. We use ISAJET v7.60 The ¢gr and ¢gr masses are
represented by the ur and 4r masses. AM = 10.6 GeV.

s A gz :-52 Er T2 5 o
@R ti E}l ER ﬁ:l X ey
231 748 725  T0h 319 329 9603 140.7

725 b6l 645 251 151.3

Cosmological Connection at the LHC:
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Smoking Gun of CA Region

u L :.'
)
(D) s
7)) s
(7)) s
S
>
>
D

9>,

0 }0()0/0.A ~
Xl —

(CDM)

2 quarks+2 7's
+CDM particle

=5~15 GeV
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SUSY Anatomy

SUSY Masses
1
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P soft Slope and M __

> : - 7 || 7! 1 | Py and M, distributions in true
S o (romNecays) 1 | di-7 pairs from neutralino decay
z I —UXY ] | with n| <2.5
E E AM = 20 Ge E
Cl: :
T T =
£ L : © %1 |Slope of P distribution of “soft
= S T B | N I P R T . . .
2 % ww | 7 contains A M information
Visible P(7) (GeV)
> 1e0F T T T A~ Low energy 7°s are an enormous challenge
S ek X > % > 7t} 3 | for the detectors
Z 120 AM = 5.7 GeV = ~
o ( ) = § = 831 Gev
= - E;vis(true) > 20, 20 GeV _p
S = = .V'i e — 7] = 264 Gev
Qi 60_— ~0
; 402_ y A 137.4 GeV
g 20 7, = 143.1 GeV
s 20 40 _' s T R T
G M™ (GeV) co i End pont = 62.0 GeV

Cosmological Connection at the LHC:
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Warming-up Quizzes

I. Hadronic or leptonic?

» Hadronic, because e or u does not tell us the
evidence of tau leptons

II. How low in p?
» CDF : pis >15-20 GeV

II1. Worries about triggers?
> E™ss + jet trigger for SUSY
»  Lepton+tau trigger for Z’s (calibration)

|Assumption] €= 50% , fake rate 1%

Cosmological Connection at the LHC:
12/17/07 Stau Neutralino Coannihilation Case 21



E™ss + 2j + 27 Analysis Path

Cuts to reduce the SM backgrounds (W+jets, ...)
E, M > 180 GeV, N(jet)>2 with E, > 100 GeV
E miss+ E L+ E 2 > 600 GeV; N(t) > 2 with P, > 40,20 GeV

v

CATEGORIZE opposite sign (OS) and like sign (LS) ditau events

v v

OS77 LS 77

M__ histogram M., histogram

OS mass OS—L.S mass LS mass
4
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M __Distribution

P2
A
22 M2, M2

Clean peak even for faw AM Larger 77 Mass — Larger M,
I

- i : - -
80— = 80— —
=~ AM = 10.6 GeV NS _F AM = 10.6 GeV .
> 70/ ERNS 3
© +t M,=1407GeV 1 2\, .| M, = 140.7 GeV -
E 60— X - o - 1 ]
¢ - ] > — E
- 5O M. = 831.0 GeV — = 50 M =831.0 GeV —]
Qo " F 1 2/ ]
S a0f - M, = 748.0 GeV = g 40— M =748.0 GeV
— — ‘ .......... . ] — U B N e SR L LY ) Ny . ]
PR o e Yo, T 30 ‘e,
2 % "M, =260.3GeV itk " M,=3215GeV % |
= 42 »* - =] [ Y -

3 20/ AL TPPTL = 4 92 | N "ttriseaasssss . .
“E N ]k E
% 50 100 150 200 280 % s 100 150 200 250

M. (GeV) M.. (GeV)
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E™iss + 2j + 27 Analysis Path

Cuts to reduce the SM backgrounds (W+jets, ...)
E /s > 180 GeV, N(jet)>2 with E, > 100 GeV

E, miss+ EJl+ EJ? > 600 GeV; N(1) > 2 with P, > 40,20 GeV

v

CATEGORIZE opposite sign (OS) and like sign (LS) ditau events

v v

OSz7 LS zz
Low p,_histogram Low p, histogram
High p, histogram High p, histogram

Low OS Low OS—L.S Low LS

A

High OS High OS-LS High LS

24



OS-LS Slope(P )

=

10.6 GeV
831 GeV

—_+—— OS

> UE -1 L__ E
8 é | ]
2 - | L 1
~ -1
o / il
o : - — — ——
M(tt) < M(tt)endpoint s o QS_|LS N !
- o ==
. I i - LS | ]
- I ] [ ] _
80 = 10 |— S )
S"‘ E AM — 10_6 Gev E :I I I b b b b b by ey | I I |:
) 70;_ —] 0 10 20 30 40 50 60 70 90 100
o M,=1407GeV - PF"(7) GeV
2 60__ I 1 __ L ] T 1T 1 1 L ] T 1T 1T 1 | L L ] T 1T 1 1 | T 1 11 ] T 1T 1 1 | L ] LI
- . 103 — -
‘.-x 50(— [ M, = 831.0 GeV — - —— AM = 10.6 GeV =
H.ﬁ_l . | = B M§ =831 GeV :
2 4o T M, = 748.0 GeV — t—— M, =260 GeV -
@ 0F I M,=260.3GeV | 8 —
5 E | i: - ) e E o 102 = "True’ Distribution =
Q 202_ ] . B == l -
o | . 2 : | v OS-LSDistribution |
10 E 3 | J: —
0'_ 1 | 1 1 1 |—|_‘_I_n—: © B | __ B
0 50 100 150 200 250
M,. (GeV) 101 —— 1
: | | | | | | | ! :
0 10 20 30 40 50 60 70 80 90 100
_ _ P:°" (GeV)
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AM Dependence of Slope(P.5°ft)

10T BN e B .
: S M _, =260.286 GeV
L \ ‘"\ X2
N\ \\\ — AM =5.7GeV
%103:_ \ \\\
S \\ = — AM =10.6 GeV
i | N N > | —— AM =15.0GeV
T - N\ << :
8102 N\ \\ S )
: N\ = \*\
7] S P N PR VT P N

10 20 30 40 50 60 70 80 90 100
P:°"(1) GeV

We can still see the dependence of the P slope on AM using OS—-LS method.
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SUSY Anatomy

SUSY Masses
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M. Distribution

(X3

peak end
M o« M

_(GeV)

2
~ 0 ~0
d
M =M, 1-— [1-—
M M2,
X2
80— —
= AM = 10.6 GeV .
@ 70| — -
(5 - M__u — 140.7 GEV -]
S 6o o =
X M., = 260.3 GeV -
Tﬂ 50— 2 ]
— : =
S 40
*E 301 L E
3 20 o |
O F -
10— .
Op 200 400 600 800 1000

jrr jtr

M(’C’C) < M(Tt)endpoint

Jets with E. > 100 GeV
JtT masses for each jet
Choose the 2" large value

Squark Mass = 660 GeV
Squark Mass = 840 GeV

Peak value depends on squark mass
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Determining SUSY Masses (10 fb?)

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

4 Obser.vables defined as 5th observable (M) ;
functions of S masses J?

— o is not ready for this |5+ =
NOS—LS:f(g)qL)AM)ZS);ﬁO) y 3
N 0 0 talk. We assume:
M:; :h(g’AM’Zzyll)

5 T qg, =09-g i
Slope=w(g,M, 7,,7") t

Entries 1e+007 -

Mean 137 S

137+19.GeV

Hypothetical Exper

[This assumption

eak ~ ~ ~0 ~0 o i
MJI"n =84, AM, ¥, 1y ) . £ wf
K . will be removed |£

nvert the equations g
to determine the f)nce the ]‘[jr StUdy %
masses as functions is ready.] %

of the observables S Eug

g=f(N 0S-LS? Mff“k, Slopg M{;erak)

5,=09-3
AM=h(Nyg 5, M2, Slope M) g
72 =W (Nps 15 M2, Slope M7:*) Z
71 =Y (Nos_ M2, Slope M2 £

jrr
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Gaugino Universality (10 fb?)

3.4 lo elllps

3.3

3.2

g/X

3.1

M,IM_ ~3.12
X2

M,/ M ~590
X1

] | L ! ! | 1 1 1 | | | 1 | 1 1 ]
6.2 64 66 6.8

29—

o
o
N
o
Y
P_l_
o
o
o0
m_
l-q

We test a gaugino univesality. I
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SUSY Anatomy

A - q N

SUSY Masses
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M ¢ Distribution

> E/1>100 GeV, E,234>50GeV [No ¢'s, #/'s with P; > 20 GeV]
> Mg > 400 GeV (M= EJ+EJ?+EJ3+E 4+ ELMiss [No b jets; g ~ 50%)])
> E{™ss>max [100, 0.2 M ]

o k — k —
At Reference Point M P2 = 1220 GeV M P = 1331 GeV
(v

‘5-- :""I """" I""I""I""I""I"": T LI [ R T T LIS B — | L T T A A (|
-~ e 3 Entries 44973 3 1000 —
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M.+ Distribution

» EJ1>100 GeV, EJ234>50 GeV [No ¢'s, ¢'s with P > 20 GeV]
> M) > 400 GeV (M) = EJFP+EJ2+EJ3+E 4+ EL™ss [J1 = b jet])
> E{™ss>max [100, 0.2 M ]

o k — k —
At Reference Point M P =933 GeV M P = 1122 GeV
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Meff(b)peak vs X
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DM Connection

M. = 831Gev | [1] Detection of low energy 7s (P; > 20 GeV) in the
g . .
M, = 260GeV stau-neutralino CA region.
M; = 151.3GeV| (5] Construction of observables: Nog s, M., M.,
¢ [3] Reconstruction of SUSY masses using'
#ii — 210GeV €d., Peak(Mﬂ) =f (Mgluino’ |\/Istau’ Z )
. =
my, = 351GeV| [4] Nyog s, M., Slope, My, to solve for my and m,,
tang = 40 e.g., Gaugino universality test
A= ! (b) |
Sefi(y) 0 [5] M_., M " to solve tanfgand A,
¢ [6] Dark matter content in mSUGRA
Q_,h*=0.1
Z1
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MSUGRA Parameters (10 fb1)

We have made a determination

of the masses
ng'(Nos_LsaMpeak Sloqu{)eak)

) jrr
AM =h (N 5o M2, Slope M1
72 =W (Nog_ o M2, Slope M?:)
210 =y (N, 0S-LS? M:;eaka Slope wrerak)

The gaugino masses determine m
~ ~0 ~0
g = fi(my,), 2, = T,(My,), 1, = 1,(My,)

Incorporating the M .and M (¥ observables

Writing AM as a function of the model parameters:

AM = fa (mo’ m,, tan ,3, Ao)
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DM Relic Den3|ty (10 fb1)

We have made a determination of ..[7 JERIDETS 2 I ey | £
the mSUGRA model parameters :
2 — f (g X ’Zl) o E "'-.... .
_h" 5 0 =0 o ) NIV N
my=h (Mg, 9, %, 11) m, (GeV) m, » (GeV)
oy ~ ~0 ~0 (b) - e o e
tanIB =W (AM’ ZZ ’Zl 1 IV eff 1 I\/Ieff ) _ . ] :;j:%: \\".'
) ~ ~0 ~0 (b) v F e ’ 1 e ",
Ab =Y (AM’ 9, 1> ’Z1 y WV etf s |\/Ieff ) G ot . 1 9o "o,
The Dark Matter relic density Acey O
. R tE ron T e E T T
depends on the model parameters: : :
0.13 o
0.125— _f
2 g - .
- f (mO’mll2 tanIB’A\)) %0.11:— —
oaf- E
oo We can determine AM to ~ 17 %
B accuracy and th to ~35 % '
008995 10 105 11 115 12 125
AM (GeV)




o This talk is about a cosmological
connection at the LHC in the case of co-
annihilation (CA).

@ The LHC should be able to uncover the
striking small AM signature (smoking
ogun in the CA region) with ~10 fb-! of
data in multi-t final states and make
high quality measurements with the
first few years of running.

o With the mSUGRA model in the CA
region, the dark matter content can be
measured with an accuracy of ~40%.
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