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We are about to enter into an era of major discovery
Dark Matter: we need new particles to explain the content of the universe

Standard Model: we need new physics

Supersymmetry solves both problems!

The super-partners are distributed around 100 GeV to a few TeV
LHC: directly probes TeV scale
Future results from PLANCK, direct and indirect

detection experiments in tandem with the LHC will
confirm a model



SUSY at the LHC

(or I*l-, T+1-) _ _
h (or Z) q HighPyjet
[mass difference is large]

The p;of jets and leptons
depend on the sparticle
masses which are given by

Colored particles are models

produced and they
decay finally into the
weakly interacting stable
particle DM R-parity conserving

High P, jet 4 h (or Z) (or I*l, t+1-)

The signal : jets + leptons + missing E;



SUSY at the LHC

Final states & Model Parameters

Reconstruct sparticle masses, e.g., P2t

N ~0

Q —> q T l + Zl Identifying one side
~ ~0 Is very tricky!
L—>1l+y,
i§,3,4 _)Z1h1l—l+i10 etc.

We may not be able to solve for
masses all the sparticles from a model

Solving for the MSSM : Very difficult



SUSY at the LHC

We can use simpler models to understand the cascades and
solve for the model parameters
The best strategy:

Solve for the minimal model: mSUGRA -
4 parameters: my, m,,, A, tanf} and Sign(p)

The cascades can be understood in a simple way [hopefully!]

Next step:
Next to minimal model (first round of result...)



MSUGRA Parameter space

Focus point
mSUGRA/CMSSM, tan B=50, A;=0, >0

CMSSM-FP, tan =30, Ay=0, u>0
1000 | ; OO 5 o S -
4500 ]
[ 1
4000 | ]
s ]
------- m b -
€ 3500 | ]
E L ]
% 3000 F ]
0] L ]
| = | _a 4
=) 500 b 10"pb ]
£ =500/ 107%pb ======- ]

CDMS bound
i M " T | 1 M L " N 1 M M " n
500 1000 1500 2000

my ;2 [GeV]

Allahverdi, Dutta, Santoso

g8 HE PLB 687:225 ,2010
My [GeV]

Coannihilation
Region

* The bounds from CDMS/Xenon 100 have started becoming
competitive with b =>s y and Higgs mass constraints. 6



1. Coannihilation, GUT Scale

In mSUGRA model the lightest stau seems to be naturally close to
the lightest neutralino mass especially for large tanf

For example, the lightest selectron mass is related to the lightest
neutralino mass in terms of GUT scale parameters:

m2 =m2+0.15m2 _+(37GeV)2 m2  =0.16m>

=c¢ 0 1/2 ~( 1/2
Thus for my=0, E. becomes degenerate with 2, at m,, =370 GeV,
i.e. the coannihilation region begins at Arnowitt, Dutta, Santoso’ 01
m,, = (370-400) GeV
For larger m,, the degeneracy is The coannihilation channel
maintained by increasing m, and occurs in most SUGRA
we get a corridor in the m, - m,,, models even with non-

plane. universal soft breaking.



2 Reglon at tan,B 40

1000

EaERE R ERL ’;‘ ||||||||| l lllllllllllllllllll ] EEERARICEN ERERRTEE: [rrrrrrrrr T’ |_
- : _ 7 A=0, p>0
E .: A,=0, u>0 ] ta[:1]3=40
5 tanp=40 /
800 3 3 -
B e~ el 7]
: - 2 .
E: E? : : 7
O : := f ]
o : 5 10—
% 600 1 .oy i a<Iba0™
00 F :
& E owet 3
s - Py : _.
i : ai“’“t” 2
b P _ W% ‘|
e 42 s .

200 {Q.Hrmﬁg ........ o S i& .........

Arnowitt, Dutta, Gurrola, Kamon, Krislock and Toback’PRL, 08 8



SUSY Masses

Smoking Gun of CA Region

Typical decay chain and final states at the LHC

Jets + 1's+ missing energy

Low energy taus
characterize the CA region

However, one needs to
measure the model
parameters to predict the
dark matter content in this
scenario

2 quarks+2 7's

+missing =5~15 GeV
energy




CA Region: Final States

SUSY Masses

__________________________________________

Excesses in 3 Final States:
a)ETmiss_|_ 4] ]
b)E. miss+ 2j+2 7
¢)E ™5+ b +3;

Kinematical
variables

—

Example of Analysis Chart for b):

Cuts to reduce the SM backgrounds (W+jets, ...)
E,m= > 180 GeV, N(jet)>2 with E; > 100 GeV
E; ™ + E(i' + E(?2 > 600 GeV; N(t) > 2 with P, > 40,20 GeV

| CATEGORIZE opposite sign (OS) and like sign (LS) ditau events
2 4
OS7r LS 7z
M __ histogram M, histogram

L{lwl_’ OS-LS mass  [¢—| LSmass | } I
1

o



——————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————

» 6 equations for S SUSY masses

ME™ = f,(AM, 70,7 o N
Slope = f,(AM , 7.) f
M = £, 2, 70) \ 1 T
MO = £, AM, 7020
M = f.@G, M, 70, 7)) ) L2
MG = f(2,4,) [Next page

Counts / (10 fb™ X 10 GeV)

AM = 169GeV &
AM =10.6 GeV =
 AM=5.1GeV -

1°E

2,
I

20 40 60 80 100
P‘"s (GeV)

/:ounts /10 Gevj

M; =660 GeV ~

=)
~
1 l 1

>
&
>Invert the equations to determine ; ‘T —
S 20 € ]
the masses 8 _

0 200 400 600 800 1000

(2)
[1] 2 taus with 40 and 20 GeV; M__ & p+,, In OS-LS technique Wi (GeV)
[2] M_ < M_gndpoint: Jets with E; > 100 GeV; M, , masses for each jet; Choose the
2”0' Iarge value - Peak value True Value



——————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————

M4 = EJI+EJ2+EJ3+EJ4+ EX™SS [No b jets; g, ~ 50%]

e.g., pp > gg > E-lJl > 100, E-|—j2’3’4 > 50
- S, > No e’s, u's with p; > 20 GeV

» M, > 400 GeV;

»>EMiss > max [100 0.2 Mg]

> 1200 | L. "_I m,,, = 335 GeV ,
3 E L1 M Peak = 1220 GeV |
Q 1000 . -
2 so0p P r|\T/|11/2r>e_ak3§ 1126764:/ GeV
;_e I 4 N4 1 eff B
o 600 :
i i
~ 400
-g i
S 200 .
> [ y il
11] [ o P oo e q 0 o5 o 9 @ 0 ¢ 59 5 T 5 5 5 ¢ [ o =

00 500 1000 1500 2000 2500 3000

M. (GeV)

=f6(§’qL)




——————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————

M, = 831GeV [1] Established the CA region by detecting
M, = 260GeV low energy 7's (p"* > 20 GeV)
M. = 151.3GeV
' ¢ [2] Measured S SUSY masses
M_, = 140.7GeV
d y (AM, Zl’Zz 9q g)
t gaugino Unlversallty at ~15% (10 fb1)
- _ [3] Detern}ine the dark matter relic density
" o by determfning m, m,,, tang, and A4,
172 - . °
tanf = So far using: a) E ™+ 4y
4, = \ b) E miss+ 2j+27
SgmH) > 0 py, Mf::k = X,(m,,,,m,)
_________ t e e e e e e e D le'):ak = XZ(ml/Zﬂm()?tanﬂ9A0)
EQ;?{’hz Z(my,m,, tan f3, 4, ) Mff?ak = X,(m,,,m,)
J ? = X,(m,,mytan 5, A,)

13



——————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————

e > . 7 . A

Mesi) = EfP=0+EJSHES+E I+ EfMSS [[1 = b jet]

E/1>100 GeV, EJ?34>50GeV [No e’s, u4's with p; > 20 GeV]
M ® > 400 GeV ; E,Mss > max [100, 0.2 M_]

: tanf = 48 1| tang =40 tan,B 32
t Me (b)peak =933 GeV || M ff(b)peak = 1026 GeV M (b)peak =1122 GeV

= A, (GeV)

- 0 20 40
=2 'm(};ZIOIGe\'f -
53) | m,, =350 GeV___ -
c C e ]
R “----...“___' __________,;n—-
s  PF g0 1 & b =
A T A T _
:-5 E L LFE - | | . . | | | | _.
2 00 ~""500 1000 1500 3000 2500 3000 2396 20 A Y

Meff(b)peak (GeV) tanj
M9 can be used to probe 4, and tanf without

measuring stop and sbottom masses

14



——————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————

v'Solved by inverting the following functions:
M = X, (m,,,,m,) [ m, = 2105

jrt

le?:ak = X,(m,,,,my,tan 5, 4,) m m,, = 350+4
Msf;ak - X3(m1/29m0) A = 0i16

0
M " = X, (m,,,m,tan f,A,) \_ tanf = 40+t1

a Y

0.12 :
-Clo > 0 ]_E . < ’’’’’ ~ ‘. ]
AF ‘-.“'.'. ﬁ..,‘-- ) _ '._.: o
| 90 f
0.09- LEi0h " -
o088 ; 2 2 0 -1
§ 9 10 11 12 13 |K2,h"/Q k" =6.2% (30fb)

AM (GeV)

=4.1%(70fb™")

15
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——————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————

M, = 831GeV | [1] The CA region is established by detecting
M., = 260GeV | low energy z’s (p;>20 GeV)
M. = 151.3GeV
’ “| 121 M, Slope, M.,, M., and M., measure 5
M_, = 140.7GeV 4 jee ) R :
71 SUSY masses and test gaugino universality at
t ~15% (10 b
m, = 210GeV| [3] The dark matter relic density is calculated
m,, = 351GeV| by determining my, m,,, tang, and A, using M; _,
tanf = 40 My, M., and M
A, = 0
sgn(u) > 0
i mfohz /Qf,h2 ~6% (30fb7")
Q" =0.1

sc., lo., ~7%(30fh™)
X1 P 1P

16



2. Over-dense DM Region

2000 5 Xy 1
Old , New values for £2_,h” ~ J. dx
1800 . % 0 <0' v) f(x)
0.095< 0h™ < 0.1117 (Té_é ann
1600 -

1400 3, 114.0 GeV
"y Higgs

Dilaton effect creates
new parameter space

17



——————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————

A m, = 440 GeV; my= 471 GeV |
7 ug, to by er, Ty X5 B (x5 = h° +x?) (%)
UR t1 b1 €R 71 X3 B(xs—2°+x%) (%)
1041 1044 954 958 557 532 341 86.8%
1017 768 899 500 393 181 13.0

m,= 600 GeV; m, =440 GeV |

ﬁR 51 bl éR ’711 )’Eg} B (ig — T+ %1) (%)
1252 1153 1153 594 574 462 20.5
1366
1211 957 1094 494 376 249 17.0%

18



——————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————

t m,,=440, m =471, tan =40, m,, =175 .
mlfi _mO an = Lnt 0 ETmlSS > 180 GeV;
g __‘ u, N(jet) > 2 with E; > 200 GeV;
1041 ;l 1044 E miss + E 1 + E.J2 > 600 GeV

§1000~ | [ !
2 g0k | |
- 800 : : ]
S, 600 I | B
§ 400 : i
2 200f I i
0.2 0.4 0.6 0.8 1j STTTTTTE:
ARz (b P_>100 GeV) .
LR I B R
. ARbE
XI I 0‘ ........... . : N(b) Z 2 With
« :
o1 h yA - Pr > 100 GeV; 0.4< ARbb <1
114 o1 ) L



——————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————

Slde-band BG subtractlon

i | end point __
§jgg_ i /> M, = X,(m,,,,m,)
~an0- _ peak _
ol N | M = X,(m,,,,m,)
Sa00- - (b)peak  __
200 . (bb)peak _
S100- M = X,(m,,,,my,tanf3, 4,)
G —"30 100 150 200 250 300
Mbb (GeV) where:
500 ! (m, = 47D Mey= A S
8 _ (0] Je S, gb -~ 0
g w/ side-band BG M (b) = E1J1:b+E1J2+E1J3+E1J4+ E miss
£ ~l subtraction eff(bb) ebin b e e 4 e miss
: £ . Mo ®D) = EJ1=04+E 20+ E I3+ E i+ E;
2 ‘
E
z

0 200 400 600 800 10001200 1400 1600 1800 2000
2
M, (GeV)
20



——————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————

v'Solved by inverting the following functions:

end point __ q:: 250_— | | Melan I439.&5 —%
Mjbb = X (m1/2’m0) E 200 RMS  14.72
peak - 2 F ]
M = X,(m,,,,m,) X150 E
(b)peak g 100 E
M = X;(m,,,,m,,tanf3, A,) 3 s E
(bb) peak X [ . ]
M — m m..tanf3. A 0350 200 450 500
eff 4( 1/2) 0’ ﬂ’ 0) m”2 (GeV)
S 200 Mean  -0.03134 | 5 300 Mean 4715
£ W RMS 95.25 _ £ 20t RMS  49.53
:n’. - 8 200" =
S I S 100- =
o e = b E
a I T S 50000 PEAK=3941 | | E
300 200 0 200 £ : _ : 200 00 600 800
A, (GeV) & 4000 el m, (GeV)
< 30000- .
L E
O 20000F
o] c
e | C
@ 10000
& -
b "20 20 60 80 100
tan

21



——————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————

v'Solved by inverting the following functions:
M;ll)ll;lpomt = X1 (m1/2,m0) ( m, = 472+ 50
M&(;ak = Xz(ml/zym()) m1/2 = 440+%15

M™™ = X, (m,,,,m,,tang, 4 4, = 0£935

(bb)peak __
M eff

O e Q. h? /gzjz(,h2 ~150%

\ 15 20 25 30 35 40 45 50 55 2
‘ tanp
" .

Dutta, Gurrola, Kamon, Krislock , Nanopoulos, Lahanas, Mavromatos, PRD 0922




——————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————

Over-dense Dark Matter Region:

v Sop-cpm ™~ 9cpm /10

Implication at the LHC:
v Region where z,° decays to Higgs
O0Qcpm /Ccpm ~ 150% (1000 fb1)

v Region where 7, decays to stau and Higgs

23



Case 3 : Focus Point/Hyperbolic Branch

| Prospects at the LHC:

1 A few mass measurements
are available: 2"d and 3
“ | neutralinos, and gluino

= Can we determine the
U dark matter content?

Goals:

1)technique on Qh?
2)SUSY mass measurements

24



——————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————

([ M, 0 M,syc, M,sys, )
M - 0 M, M ,cpc;, —Myeys,
7 M,s,c, Myepc, 0 — U
sw = sin(fy) cw = cos(fw)
 Mzsysg —Mycys, —H 0 s =sin(8)  cp = cos(3)

\ J
\ K )
( \
M, Dy =My =My Dy =Mz, -M,
L~ g 2 s LA I
E'Qf{’h = Z(ml/zhu’tanﬂ)i

________________________________

25



——————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————

éD21/D21 5D31/D31
=) Q 0.25 S
- C -
S 8w =
§ \ 0.15 g
o 0.1 ()
% ag 0.05 ?T
: oW O/
Let’s test this idea:
& oD A1) &D 1) oM, 2)
Q@ 21 _ 1,79, 3L _1.1% £ =4.5%
\ 21 D31 g

(1) D. Tovey, “Dark Matter Searches of ATLAS,” PPC 2007
(2) H. Baer et al., “Precision Gluino Mass at the LHC in SUSY Models with Decoupled
Scalars,” Phys. Rev. D75, 095010 (2007), reporting 8% with 100 fb-!

26
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2500(— B
3500
2000— 3000(— _
E “’2500_—
N 1500— 2 -
2 £ 2000
ﬁ -
Ewuu— §1snn:—
© 1000/~ -
500 -
i 500
0™ 0% 10 15 20 25 30 35 40 45 50 0“~780 280 300 320 340 360 380
\ tan(f) m,,, (GeV) j
T ' T
=1 5.(2112
i ~ 289 - Dutta, Flanagan,
0 Kamon, Krislock,
o
S 1000 -
= to appear
ﬂ -
c
3
S 500 -
0 1 L | L ] 1 |
0 0.05 0.1 0.15 0.2 0.25

Q h?

LHC Goal: D,, and D;; at 1-2% and gluino mass at 5%

27



Case 4 : Non-U SUGRA

Nature may not be so Kind ... Our studies have
been done based on a minimal scenario (= mSUGRA).

Let’s consider a non-universal scenario: Higgs non-
universality: my,, my,; # m, (most plausible extension)

Steps:

1) Reduce Higgs coupling parameter, u, by increasing my,, ... 2
More annihilation (less abundance) = correct values of Qh?

2) Find smoking gun signals - Technique to calculate Qh?

28



——————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————

Parameters at the GUT scale:
o mg =360 GeV, myz = 500 GeV, Ay = 0 GeV, tan 3 = 40
e Non-universal Higgs: my, = 732 GeV, my, =732 GeV *

. . Qh?=0.112
SUSY masses (in GeV):
] . X
7 U b by 8 72 X3 ii
UupR g by er 71 % X3
~0
X1
432

1114 992 989 494 446 317 428
1076 /80 946 407 255 293 297

29



——————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————

M e

Ql

~70
Xi

%
So far we have used observables with:

leptons + jets, taus + jets, Z + jets, Higgs + jets
In the non-universal scenario: We use W + jets etc

30
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2,400 ¥ ¥ +W - L 0 = N
z B x% X% ] L _x2%2t+x1 N
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0— — -100 -50 0 50 100
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——————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————

Subtraction Techniques

The W momentum is related to the
momentum of this Same Event Jet.

- sk

LR

a We collect W+j pairs:
~1 related pairs plus random pairs
X 2 = Use jets from the previous events
X to generate random pairs

4{IﬂuHIIIIIHIIHIIIHIIHIIHIHIIIHlIH—:
Normalize and perform: G - &
Same jet-previous jet T fmEledel £ U]
S R Subtracted M(j +W) |

_ _ 9 2500 =

= Random pairs will 3 200 787 + 15 GeV i
be cancelled z E

= Left with only
related pairs oFE—+

»Successful identification of one
side of the production process! 32

L1 L1 1 L1 1 L1 1 I L1 1 | L1 1 | L1 1
8 1N 12 1400 1600 1310 2

MW} (GeV)

T III%IIII

E NN

0



_________________________________________________________________________________________________________________________________________

q
a< g
%

1uulm__p|||||||||||||||

anf

0

400r

Counts / 9 Gay

-

2 T Invariant mass

o
i
p e,
Ty
v ]
p&
T 17T | T 17T | L | T 11T | T 11T I I:
i —— M(Same ]+ 21 .
e M(Previousj+ 21) |3
ol —— Subtracted M +27) [
1200 ]
s peak=4140+ 75 GV -
£ m o
El =l
o &1 =
4] m
400 =
M = —;
0 Lol i e

T el gl PR T 9 1)
1 200 40 800 300 W 100 1400
MiJet + Z[05-LS]7} (GeV)

J+2 T Invariant mass

2000 SR RARRSRARRN RALLARARRY

: —— M(Same j +1)

E — M{Previous j+7) |
21 — Subtracted M(j +7) [
{ 4
=]

1]

3 536+ 24 GeV

£

3] L

Usu{l__ —
| o ER ST A DR WRR R W o ||||||||||||l

7 1M 20 300 40 50 &0 FH 300 I N0

M{Jet + 15t [O5-L8]7) {GaV)

J+ T Invariant mass
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——————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————

Utilizing the characteristic decays, we can create some
observables to determine our model parameters:

M, 5(my, m, )

tht(mo’ m1/2) Dutta, Kamon,
Mjr (mO, ml,z, Ly tanB) Kolev, Krislock,

to appear
M;w(my, my ), L1)

MTT (m()’ m1/29 HQ tanﬂ)
Pr(low energy tau) (my, m,,, 4, tanp)

m, =359+10GeV, m,, =502.5+2.9GeV,

=) m, =725+25GeV

Qh? has 71% uncertainty ”




Conclusion

Signature contains missing energy (R parity conserving)
many jets and leptons : Discovering SUSY should
not be a problem:

Once SUSY is discovered, attempts will be made to
measure the sparticle masses (highly non trivial!),

establish the model and make connection between
particle physics and cosmology

Different cosmologically motivated regions of the
minimal model have distinct signatures.

It Is possible to determine model parameters and

the relic density based on the LHC measurements

non-universal model parameters----Can be determined

35
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