


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, rare decays etc. experiments in tandem with
the LHC will confirm a model

This talk: Can we establish SUSY models at the LHC?
How accurately we can calculate dark matter density?




SUSY at the LHC

(or I*l-, T+t-) _ _
h (or Z) q High Pqjet
[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 7. DM R-parity conserving
High Py jet 4 h (or Z) (or I'l', +1-)

The signal :
jets + leptons+ t’'s +W’'s+Z’s+H’s + missing E;
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SUSY at the LHC Dilemma...
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SUSY at the LHC Dilemma...




SUSY at the LHC

Final states = Masses = Model Parameters
-> Calculate dark matter density

~ ~0

Q —> q + I + Zl Identifying one side
~ ~0 IS very tricky!
L1+,
~O — ~O
Xoza Z,nI+ 77 et

We may not be able to solve for
masses of 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

> Calculate the Dark Matter content

The best strategy:

Solve for the minimal model: mMSUGRA/CMSSM -
4 parameters + sign: my, My, Ay, tanf and Sign(p)

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

Some of the key masses may be reconstructed...

Next step:

Models with more parameters or with different features, e.g.,
Next to minimal model (Higgs non-universality),

Gaugino Non-universality (Mirage Mediation model) etc...



MmSUGRA Parameter space

mSUGRA/CMSSM, tan =50, Ay=0, p>0

1500 Focus point
CMSSM-FP, tan $=50, A,=0, u>0
5000 r
4500 -
1000 1000
3 $ |
O, % 3500 —
o e
£ i
Nt 3000 T
500 ', ' 2500 -
HQ\E . NN s CDMS bound
500 1000 1500 2000
my 2 [GeV]
1000 1500 2000 Dutta, Mimura, Santoso
my» [GeV] _
Coannihilation arXiv:1107.3020
Region 1.2 TeV squark bound from the LHC

 The direct searches at the LHC, the Br(B;>u pn) measurement

from LHC, Tevatron and direct DM detection experiments are
probing the parameter space



1. Coannihilation, GUT Scale

In MSUGRA model the lightest stau seems to be naturally close to
the lightest neutralino mass especially for large tanf3

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

2 —_m2 2 2 2 2
mEC m0+0 15m1/2+(37GeV) 0 = 0. 16m1/2
4
Thus for m,= 0, E becomes degenerate with ¥, at m,, = 370 GeV,
l.e. the coannihilatlon 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 my; - my, models even with non-
plane. universal soft breaking.



SUSY Masses

Smoking Gun of CA Region

Typical decay chain and final states at the LHC

\ U Jets + 7’s+ missing energy

Low energy taus
characterize the CA region

However, one needs to
measure the model

~O ’... ° .
X '\ parameters to predict the
K 5, . T. dark matter content in this

scenario

(CDM)

2 quarks+2 7’s

+missing —5~15 GeV
energy
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SUSY at the LHC Dilemma...
o) D g

,-c+

11



SUSY at the LHC Dilemma...
OS-LS Subtraction

800 ' =
T
700— —
(s
% 600 — 27, subtracted
O 500 —
w0
» 400 =
el
S a00l B
8 300
200— =
100— —
o | | S g e - g s
0 50 100 150 200 250 300

M, (GeV)
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CA Region: Final States

SUSY Masses

—_—_—— e —— e —— — — — — — — — — 4

Excesses in 3 Final States:
a) E_I_miss_|_ 4j h
b)E ™SS+ 2j+27
C)E;™Ms5+ b +3]

Kinematical
variables

—

Example of Analysis Chart for b):
Emiss + 2j + 27 Analysis Path

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

E ™+ EJ!' + E2 > 600 GeV; N(1) > 2 with P, > 40,20 GeV

‘ CATEGORIZE opposite sign (OS) and like sign (LS) ditau events
4
OSzr LS 77
M_, histogram M, histogram

L{‘w'_’ OS-LS mass HM; I
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Extracting One side: jtt

:> OS-LS selection of ditaus selects io , but if we need to reconstruct
the entire side -

:> We use the following subtraction scheme:

The OS-LS 7 pair has momentum
related to the momentum of this
Same Event Jet.

We collect all 27+ Jet pairs: get
related pairs plus random pairs.

Ql

e Using Jets from Previous Events: get
only random pairs.
Normalize and perform - M(ettautau)  Visible OS-LS jet-tau-tau mass
the Same Jet - Previous > e hMjstiattalEvI9S o]
. 1400 — e jettautaubiev &
Jet subtraction: & rijeffaufauBieviioS=Sl
) f S 1200 — hMjettautau[OS-LS]
e Random pairs will -
44 800
cancel. § o
e Only the related o o
. . 200 —
pairs remain. E b ‘
00 200 400 600 800 1000 1200
Bi Event Subtraction technique: BEST M(jettautau) (GeV)
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BEST

Event #n-1 Event #n

J
(W)
. ) msame

J J ]
j mP! j )

Kolev, Krislock,

Phys.Lett. B703 (2011) 475
15




What BEST Looks lee...

2000 , 2000 —
> 3
51500 (51500 .
0 0 Normalization
~1000 ~1000 i
7)) 7))
= =
S 500 S 500
(@) (@)
O O
0 | | | | | 0 | | |
0 50 100 150 200 250 300 0 50 100 150 200 250 300
m:2" (GeV) mb' (GeV)
%1000— ' d
@ 800- »
e m
je—x= 7))
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c
-
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0 50 100 150 200 250 300
meEsT (GeV)



Top reconstruction : BEST

Even with backgrounds, BEST triumphs.

. s B () Number of leptons =1, wh
@ 7 TeV collision energy @ LHC, 2 fb~". jistovieib i

(i) Miss. transverse energy > 20 GeV

@ ALPGEN - tt signal and W+jets background (@ Number of jets, N-3wheres: =206

and at least one jet has been

tightly b-t d
o PYTH'A i Shower (iv) ll\lgum%er oiq[glﬁs, Nt = 0 for taus
@ PGS - detector

with Pr =220Gev

>2000_ I | | I s | 1 > 400_1 | I_
) Q
(1500~ O 200 .
o =
1000 ~ 200~ A
) N
- il
3 500 S 100 -
3 | S o—s
o . ._ . e B
0 50 100 150 200 250 300 50 100 150 200 250 300 350 400 450
m; (GeV) m,,, (GeV)
my = 81.11 £ 0.32 GeV my =170.5 1+ 1.5 GeV
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__________________________________________________________________________________________________________________________________________

>6 equations for 5 SUSY masses
M7 = 1,(AM, 7, 2,) * 1

M 260 3 GeV

<— M, = 321.5 GeV

b b b b biaaa g

Counts / (10 fb' X 10 GeV)
IS
>

| [ [ [ | | B

SIOpe — f2 (AM ) \ 130_ o w;}'—llﬂﬁ'o' S |

(2)peak __ ~ ~0 =0 ‘ . '

Mjrfea = 1,(q0. 2, . 41) A 1 S M (e _

. T e AM =165 GeV ]

(2)peak ~ ~0 =0 2 1°E AM = 10.6 GeV =

sz'lpea f4(qL’AM’Zz ’Zl) >\ = - : AM=5.1 GeV ]

(2)peak ~ ~0 ~0 9 é -] vy LA e E

M JTZ - f5 (QL ,AM ’Zz ’Zl ) 8 (; 20 40 ------ -6-0 Lo l1-00
peak __ ~ ~ PY*® (GeV)

M = f(9.0.) [Next page] 3 o ey -

» Invert the equations to determine ; “T D

S 20 e —

the masses § b ]

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



__________________________________________________________________________________________________________________________________________

M = E{J1+EJ%+E3+E 4+ E;MSS [No b jets; g, ~ 50%)]

__ > EJ1>100, E[234> 50
_PP—99 > No e’s, /s with p; > 20 GeV
> M. > 400 GeV:

»EMss > max [100, 0.2 M 4]

1
—————————m,,=335GeV |

S 1200 < G

8 B L N | Meffpeak = 1220 GeV I

o 1000 - 1

- [ m,, = 351 GeV

X 800 K

= B e Meffpea = 1274 GeV

o) Y 4 Rl

o i e\ u

o 600[—

I :

~ 400

5 0

S 200 -

> | 3 l

L 0_4L4-",...|....|....|...l|.. -
0 500 1000 1500 2000 2500 3000

M. (GeV)

= f5(9.4,)




__________________________________________________________________________________________________________________________________________

M= E g1+ 2+ E 4 E i+ /7% (11 = b je]
EJ1>100 GeV, E234>50 GeV [No e’s, &’s with p; > 20 GeV]
M. > 400 GeV ; E,Miss > max [100, 0.2 M.

Itan,B 48 I|tang =40 tan,B 32
I M PIPeak = 933 GeV I| M PPeak = 1026 GeV | : M ®Peak = 1122 GeV

]

'c 250 A, (GeV)

S 20 020 40

S sk LEN 7 4 @ e | m;,=350GeV____ 7

N B 1040 S i

qv] - o 1020~ R RS 3

s sof 3% s B -

o) E LR Ty = = 000 Ay T

2 0~""500 1000 1500 2000 2500 _ 3000 393 39.6 20 20.4 30.8
Mer PPk (GeV) =0y

M9 can be used to probe A, and tanf without

measuring stop and sbottom masses




__________________________________________________________________________________________________________________________________________

M, = 831GeV [1] Established the CA region by detecting
M_, = 260GeV low energy 7’s (p+V' > 20 GeV)

M. = 151.3GeV
i ‘ [2] Measured 5 SUSY masses
M_, = 140.7GeV ~
# ) (AM, Z11 Zz q 0 ) from
{ MES = X, (m,,m)
m, = X Mffeak = X,(my,,my,tan B, A))
my, = Mgf?ak = X3(m1,2,m0)
tan? = Mé)f?,abk = X4(m1/2’mo’tan:81Ao)
A, =
sgn(u) > 0 [3] Determine the dark matter relic density
t /by determining My, My, tanB, and A,

21



__________________________________________________________________________________________________________________________________________

v'Solved by inverting the following functions:

MP< = X, (my,,,m,) [ m, =210%5
Mf:ak = X,(m,,,my,tan g, A;) m m,, = 350%4
Mff?ak = X3(m1/21m0) AO — Oi16
Méft;)peak = X,(m,,,m,,tan 8, A,) \ tanB = 40+1

r 3

0.12} :
‘E 0.1 1;_ ::““‘,.-.._..------/--:---_----;-:.:.....mu...,." _; PRL 1001
X0 . Sl : (2008) ,
oot *—-50 fb‘1 ; 231802
0% T=i6fh -
008 00 ; 2 2 =
8 ) 10 11 12 13 mioh /QiOh — 62% (30 fb )
AM (GeV 1 1 _
\_ (GeV) L sk
60 o 10,  ~1%(30fh™)

22




_________________________________________________________________________________________________________________________________________

ILC analysis: LHC
500 GeV

m, = 210 AM=95"! (500fby)  Weneed 50fb™

m,, = 350 Arnowitt, Dutta,
Kamon; PLB 05

A = 0 |

tang = 40 This result was used
in Baltz, Battaglia, Arnowitt, Dutta,
Peskin, Wizansky’ 05 Kamon et al,

to extract relic PRL 08

density by using
ILC and LHC
(LCC3 point)’05

23



GUT Scale Symmetry

We can probe physics at the Grand unified theory
(GUT) scale

«)

Use the masses measured at the
my, LHC and evolve them to the GUT
scale using mSUGRA

Mmass

| |
M, Log[Q] Mgur

The masses y¥? , ¥, g unify at the grand unified scale
In the mSUGRA model

Another evidence of a symmetry at the grand unifying scale!
Mirage mediation models can be discerned *



2. Over-dense DM Region

2000

1800

1600

1400 3

1200 3

%p 1

Oid , New values for
0.095< nh* < 0.1117

d
o (o) f(x)

114.0 GeV
iy Higgs

Dilaton effect creates
new parameter space

460 600 800 1000 1200 1400 1600 1800 2000

m 1/2 Lahanas, Mavromatos, Nanopoulos, PLB649:83-90,2007.

Smoking gun signals in the region?
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Y0 [mym440GeV:m=47iGev|

5 ur, to by €r, To X9 B(xs = A+ x1) (%)
Ur t by ER T1 e B(xs = Z2°+x3) (%)
1041 1044 954 958 Do 5% P 341 86.8%
1017 768 899 500 393 181 13.0
Y [my,=600GeV; m, = 440 GeV |
ur, to by €r Ty X5 B(x3 — p°+x7) (%)
Up t by €R T1 X5 B(xs — 1+ 71) (%)
1366 1252 1153 1153 594 574 462 20.5
1211 957 1094 494 306 249 77.0%
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__________________________________________________________________________________________________________________________________________

t m,,=440, m =471, 40, My,,=175 .
T ML Fanf: M E miss > 180 GeV;
g s U N(jet) > 2 with E; > 200 GeV;
104 ;) 1044 EMiss + Eil + E[2 > 600 GeV

’ny E— { ................ N : N(b) > 2 With
161 h 7 Py > 100 GeV; 0.4< AR, < 1
114 Y T e ————————



__________________________________________________________________________________________________________________________________________

v'Solved by inverting the following functions:

M;)Qgpomt = X, (Mg, M) ( m, =472+50
MBS = X,(my,,,m,) m,,, = 440%15
Mé?f)peak = X3(m1/2’mo’tanﬂ’ Ao = 0£95
Me(]gb)peak = X,(my,,,m,,tang, A,) Ktanﬁ = 39+18

N ,

0.25- N, L=1000fb™ -
,§’
0.2 . .
,§‘
c0.15- N 7
,§'
0.1+ N -
N
0.05 R =
X,
"N 2 2
e = mioh /Qioh ~150%
1 1

15 20 25 30 35 40 45 50 55
tan
k ’ |

Dutta, Gurrola, Kamon, Krislock , Nanopoulos, Lahanas, Mavromatos, PRD 0928




Case 3 : Focus Point/Hyperbolic Branch

Prospects at the LHC:
A few mass measurements
are available: 2nd and 3rd
&= neutralinos, and gluino

Goals:
1)technique on Qh?
2)SUSY mass measurements

29



__________________________________________________________________________________________________________________________________________

(M, 0 M,SuCs M,S,S,

Y 0 M, M,c,c; —M,Cy S,
7° -M;s,Cc; M,C,Ch 0 - U o e
\ M,syS; —M,Cys, —H 0 ) ss=sin(B) g =cos(d)

( )

M= Ayga (Myp, g1 1aNG)
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Focus Point: Leptons

« Large m, — sfermions are heavy
* my,=3550 GeV; m,,=300 GeV,; A,=0; tanB=10 ; p>0
« Direct three-body decays ¥°, — ¥°; +2 leptons

« Edges give m(x°,)-m(x°,) Tovey, PPC’07
~ ~ ~ = 70— || Parameter | Without Exp.
0~ x%— %Il _ .
AT T TR T T cuts value
2 300 p0 72.05 + 10.37
& 550 o2 anizrozze | | My 68192 103.35
ATLAS i
2002—300 fh-1 . |j =1 MZ'Ml 57.7%1.0 57.03
1502— JH[ M3-M1 7/7.6x1.0 76.41
1002—
sof- i - .
- o } W Similar analysis: Error (M2-M1)~ 0.5 GeV
o Preliminary } G. Moortgat-Pick * 07
o 20 a0 e 80 100 120
M, (GeV)
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__________________________________________________________________________________________________________________________________________

200K T T~ T T T~ T T T &3 [T T T T T T T T T T T 2007171 1 T T "~ T T T T T
L ; 3500 . L
2000— 5:” _ 0 7(y 3000— —~ Bl(y . 1500— S
E - 0 ' 2500 0 1 3
o 1500~ ﬂ ;i; a 1 g I 6
2 i 52000— p 1000~ rnl/2 = 5.6% N
S 1000— -4 Q1s00- o § —m = J.070: |
(=] L
© 1000 1 = 500— 1/2 _
500 - L
500 -
0“—g0 192 1e4 196 198 200 005 H0 15 ~20 25 30 ~35 40 45 50 0“~360 280 300 320 340 360 380
\ u (GeV) tan(f) m,, (GeV) j
' | ' | I '
5.(2h2 )
i ~ 2804 | Dutta, Flanagan,
0 Kamon, Krislock,
o
1000— —
g to appear
3 —
c
3
O 500 -
o L 1 I 1 I 1 I
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%
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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,, myy #= m,(most plausible extension)

-> easy to explain the DM content:

1) Reduce p or 2) heavy Higgs/pseudoscalar (A) resonance

Case 1 steps:

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

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

mﬁlu =m;(1+87°),m?, =m; (1+87),

2
[ %4 _ 52 (1+2D°)]m§ +..

tan® B

For low and intermediate tanp... 33

Where D,<0.23




__________________________________________________________________________________________________________________________________________

Parameters at the GUT scale:
e mo = 360 GeV, my,» = 500 GeV, Ay = 0 GeV, tan 8 = 40
e Non-universal Higgs: my, = 732 GeV, my, =732 GeV *

o . Qh2=0.112
SUSY masses (in GeV):
] . B e X
5 u b by e 72 X3 %i
UR f1 b1 eR %1 }28 561
~0
X1
432

1114 992 989 494 446 317 428
1076 /80 946 407 255 293 292
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BEST and SUSY Dilemma...

In this scenario we have W’s in the final states:

35



End Point Techniques with BEST

Even with backgrounds on top of SUSY, BEST triumphs.

@ 14 TeV collision energy @ LHC, 100 fb~".
@ nuSUGRA: my = 360 GeV, my » = 500 GeV, >Ny >4, py>30

> E{%2> 100, E;™ss > 180

tan 8 = 40, Ay =0, and my = 732 GeV. s E;;'l+ =E > o
@ SM: tt, W+ldets, and Z+Jets. ’ &

_m§ame
6000 i | [ T T bl T ]
. > 600 e,
- i | ¢p S00[- \ — mEEme .
3 —mBEST Q 400 jBEST —
> 4000 i = 0 bk — My
g 8 |
£ £ 200 | .
2 2000 3 100 L -
O O 0'| e =l =
400 600 800 1000 1200 1400
my,, (GeV)
|

0 50 100m"1(glev2)00 250 300 m}nmg}x — 769 + 18 GeV

Significance improves 5 times with BEST 36



__________________________________________________________________________________________________________________________________________

Q!

~70
Xq

Mow

~ Y% + leptons
X‘; ) & P

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

37



__________________________________________________________________________________________________________________________________________

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

» Mfﬁeak == f1(m1/2);

e S Dutta, Kamon
o Mgy = falmuyz,mu); Kolev, Krislock,
o MPP* = fi(myje, mu, mo); Oh, Phys.Rev. D82

(2010) 115009

L 4 M’?’Jl’_ld — f5(m1/2)mH)m0:A0);

. Mf?d = fe(my/2, mm, mo, Ao, tan B).

Observable | Value 1000 fb~! Stat. 100 fb~! Stat. Systematic
B 1499 +7 +91 +45
i Rl el I TP +43 +107 +43
Mg 793 +2 +5 +29
ME 415 +8 +26 +40
Mend 85.3 +0.8 +2.8 +3.8
Mgrd 540 +2 +6 +34
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Relic Density

L (™ myj (GeV) my (GeV) mg (GeV) Ay (GeV)  tanf | p (GeV) Q)E(th2

1000 | 5004£3 727410 366426 3434 395+£38(321+£25 0.0M47%
100 50049  TOTH13 36757 0473 305446331448 0.088T0%

Syst. +10 115 +56 166 +45 +48 1ol
— 71 11 -1 -1 1T 1T " 1T "~ T "1 "1
0.4—
0.3
N f—
=
G 0.2
0.1—
1 1 I 1 I 1 I 1 I 1 I 1 I 1 I 1 I

0
160 180 200 220 240 260 280 300 320 340 360 380
u (GeV) 39



Case 5 : Mirage Mediation

Soft masses: Moduli mediation + anomaly mediation

the ratio of the m odulus-m ediation to

anomaly-mediation contribution to ther—
SUSY breaking soft terms.

The biliear Higgs coupling constantwe

assume p > 0, since positive p is favored
from the muon g — 2 experim ent

modular weight of matter fields n_

modular weight of Higgs fields n}£

I, specifying how the visible sector is

constructed. (L, is universal, we take all
l,=1.)

Mirage Mediation Model Parameters

i X3
the gravitino mass [~ mr) %
3/2 %
the ratio of the vacuum expectation
values of the up-type and down-type
Higgs, <H,>/<Hz>
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Mirage Mediation

Mirage Mediation Model Mass Spectrum

Mirage Mediation Model gives the sfermion masses at low energy scale 11 :

2 Jl M
(L) 16 72 o 8 T ) W (L) 15
il als in (,u) (Mmir)} (Umir)}
i = i = i § s
" 4 o= {Y (1) 2 el il n L n v
Where ¢ =1 —-n,, Y, isthe U(1) y hypercharge. v, is the anolalous dimension.
Gaugino masses are given as:
ms /2 L 2 Hmir
My (1) = =22 a1 - ba ga? (1) 1n
1.8 75~ g 7= JiE

Where b_ are the gauge 3 function coefficients for gauge group a and g_are the
corresponding gauge couplings.

Choi, Falkowski, Nilles, Olechowski, Pokorski; Choi, Jeong, Okumura

41



Mirage Mediation

Non universality of the
gaugino masses at the
GUT scale

—B 7T2/oc

Mirage Unification of the Gaugino Masses

Gaugino masses are unified at the mirage unification scale.

The mirage unification scale is given as: [Umi 1+ = MGUT =

n,=l,n =1/2:0=6, m,,=12 TeV, tanf=10, u>0, m =175 GeV
= n,=0,n_=1:0=-10, m =4 TeV, tanf=10, u>0, m =175 GeV

WrE—r—T & L& & T & T & T & & & & T T =

ST o ¢ T T O b T U T O

800 [~ - E M, ]
[P M, i -100 | -
700 = 200 M, =

|
% 600 (— - 2 300 '_ _:
© f ] 2 ]
S 500 / - S™ 00 f o

400 - M, . 500 |- ¢
- ] [ M(;l"r ]

200 M ] -600 |- |
300 - 1 — L B
r M(ill'l ] u M, l .

¢ 3] o3 || A M NI [N | [N [ | NS | S | SN LS S| o, (RS P [N | Y 1 1 1

L1 1 1 1 1 ] 1 1 L 1 1 1 1 1 1 1 1 > 3 5 06 2T ol s > 13 S, 16, 17418 1019, 2
W e e e e e 10" 10" 10”7 10° 10* 10° 10° 107 10° 10° 10" 10" 10" 10" 10" 10" 10" 107 10" 10" 10™°
10" 10" 10 10’ 10" 10° 10° 10" 10° 10” 10" 10" 10" 10" 10" 107 10" 10" 1

Q [GeV]

Q [GeV]
Howard Baer, Eun-Kyung Park, etc., arXiv:hep-ph/0703024v2

. My o { i 2 (Umir)}
M = —= oa|l - — b 1n | ———
a (U) 16 2 T a 9a” (L) y
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Mirage Mediation

Mirage Mediation Model Parameters ..,
the ratio of the modulus-m ediation to : "‘
anomaly-mediation conrbutionto T : ) ' a
the SUSY breaking soft terms. ] :
the gravitino mass [ I‘Ilq, ‘ mq 1
: L 2/ 4
the ratio of the vacuum expectation
values of the up-type and down-type |4 [anB [anB
Higgs, <H,/<Hp>
The biliear Higgs coupling constantwe 1
assume 1 > 0, since positive i is favored ""'Slgn(l'l
from the muon g - 2 experiment ) ; D
: L™ | Vi
modular weight of matter fieldsn_ []1*
modular weight of Higgs fields n X
T,
I, specifying how the visible sector is 1 l
constructed. (1, is universal, we take all ’ ’ ¥
=1) v

B. Dutta, T. Kamon, A. Krislock, K. Sinha,
K. Wang, 2011

M3 = function ( 1§ -

M = function ( ;-

Mg = function ( «, i

M = function ( ¢, m,,., n,, Ny )
M-

% = function ( ¢, m

l !

log (PT*) = function (m;,, m.

)
M®™ = function (., m:, m, o)
Mend function (mg, m? o |

)

M _ function (mq, m~<2),

T

peak .
Mg ~ function (mg, my)

| 43



Mirage Mediation

Dark matter allowed regions:

1. Stop Coannihilation
2. Stau Coannihilation
3. Higgsino domination

4. Wino domination
5. Pseudo scalar Higgs resonance

Two main goals: Gaugino unification, DM requirements
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Mirage Mediation

One typical stau-neutralino coannihilation point

mJ3/2 o tan[3 n n

10000 | 7.5 30 0.5 1

Mass Spectrum P

5 = ~ 5 < 0
Gevy | 9 EIL }32 L ‘iL T }f%
Up | b, t, . | Ty X,

898 | 841 | 791 | 810 | 427 | 426 | 389
815 | 736 | 600 | 368 | 310 | 284
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Mirage Mediation

Character of the benchmark point

Decay ratios:

~ 350
i, ——> X, +u | 31.6%
X, ——> T, + 17| 98.3%
t, ——> R+ 71 | 100%

b, ——> X[+t | 38.6%
[, ——>X/+b | 59%

I, ——=> X[ +d | 635%
X'——> X+ W' | 12.8%

H

7780
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Mirage Mediation
Mend M(?nd

x10° | i)
£ M(tautaans) Visible OS-LS tau-tau mass

600 i hMtautauVis[OS] - M(jettau) 1 Visible OS-LS jet-tau mass

500 ——— hMtautauVis[LS]

1000(— hMjettauEvt [0S-LS]

E = hMtautau[OS-LS]
400 —

—— hMjettauBievt [0S-LS]

300—

—— hMjettau [0S-LS]

200 -

Counts / 5 GeV

100

| b M - —
0 120 140

M(tautauVis) (GeV)

Counts / 30 GeV

0 100 200 300 400 500 600 700 800 900

End point Miiettau) (GeV)

PT experiment simulation for PT of t| hMPTtauMax
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1800 ‘ PT a:
= " [ PT T Mln RMS 36.14
S  to hMjettautauEvt[0S-LS] S " \ —_— Max + 7 Mi . .
3 - —— hMjettautauBievt[0S-LS] 3 - i
o 1200 —— hMijettautau[0S-LS] F
) F ) \
—  1000— ~ 10E
..2 800 — 2 :
=] 600 — = ‘
0 E =S
QO 00— 0 E
200— (@) F
o5 ‘ |
2 & @ = - L = W W e s 0 10 190 160 180

.en d M(jettautau) (GeV) PT 563D
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Mend s Mmax - m

Mirage Mediation
Mend

mTauTauEnd Vs mNeutralino2 ‘

Dependence of Observable on

individual sparticle mass

TT X

mTauTauEnd

M®™ = function (mo, m

mTauTauEnd Vs mStau1

=

XN
L]

mTauTauEnd

100
80
mTauTauEnd Vs mStau1
* Theoretical formula
40 — / —— Experiment simulation
= B Reference point

mTauTauEnd Vs mNeutralino1 ‘

mTauTauEnd Vs mNeutralino2
120 Theoretical formula
0 —— Experiment simulation
B Reference point
100
90
80
70
60
340 360 380 400 420

mNeutralino2

0

270 280 290 300 310 320 330 340 350

mStau1

a

mTauTauEnd

-, IM-0
T X1

140 e~ == Theoretical form

120

mTauTauEnd Vs mNeuti

—— Experiment simu

B Reference point

100

80
60
40

20

mNeutralino1



Mirage Mediation

Dependence of Observable on
individual sparticle mass

2
end ma mi’ 0 m%
X 2 1
M- =M. = Mg 1- 1-
T I 2 2
mx A )
q X5
| mJetTauEnd Vs mNeutralino2
30 " mJetTauEnd Vs mNeutralino2
Theoretical formula
| === Experiment simulation
-g 50— | m Reference point
E
~ 450 -
[t
©
- 400 —
E F
350
30 30 ) 450 500
mNeutralino2

2 2)

end _ : )
M = function (mg, M, M;

mJetTauEnd Vs mSquarkL \

550

500

mJetTauEnd Vs mSquarkL

Theoretical formula
—+— Experiment simulation
| M Reference point

450

400

mJetTauEnd

350

750

mJetTauEnd Vs mStau1 ‘

850 900 950

mSquarkL

mJetTauEnd Vs mStau1

550
500/
450—

400

mJdetTauEnd

350!

Theoretical formula
-+ Experiment simulation
B Reference point

200 250

W B/ 200
mStau1
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Mirage Mediation

Dependence of Observable on
= .. . ‘ mJetTauTauEnd Vs squarkL ’mJetTauTauEnstsquarkL
individual sparticle mass c0o Experiment simulaton

o] 580 i— =——e— Pure simulation (visible tau)
m2 m 5 Lﬁ 560 ? B  Reference point

~0 ~0 = 540 —
Mizt=mq |[1-—J|[1-—5 £ =
mé m?, 5 2
q X2 = 480
g 460;
= 440

end _ : 2 wE =
MjTT j— funCthn mq’ mi/g’ m g) 760 780 800 820 840 860 880 900 920 940

DO

mSquarkL
mJetTauTauEnd Vs mNeutralino1 mJetTauTauEnd Vs mNeutralino1 .
Experiment simulation ‘ mJetTauTauEnd Vs mNeutralino2 mJetTauTauEnd Vs mNeutralino2
600 . . . - 00 = Experiment simulation
- B =—e—= Pure simulation (visible tau) F == Pure simulation (visible tau)
c 580 — B  Reference point o 540|— B Reference point
L 560— Lﬁ 520
‘:é 540 ‘:é 500
l; 520 < |; =
|‘—° 500 |¢_g 460 —
b 480 ° 401
- 460/ 2 420 )
£ a0 E 400
P N I T D D I 382*”\‘”\”"Hm”m”mum‘\‘Hm”
80 200 220 240 260 280 300 320 340 360 380 80 300 320 340 360 380 400 420 440 460 430
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Mirage Mediation

PTtauMinSlope Vs mNeutralinot | | PTtinSiope Vs mheutralinet
Experiment simulation for lower PT tau
r =@ Pure simulation (visible tau)
o 0.04— B Reference point
o} B
-0.06 —
o -
D 08
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b 01
=) -
@ 012
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o 01
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=g Experiment simulation for lower PT tau
- ==m@e  Pure simulation (visible tau)
-0.04— | ] Reference point
8- -
2 -0.06 ;
n -0.08—
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> 04
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280 290 300 310 320 330 340 350
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Mirage Mediation

Two t’s in the final states: decays of 7 — 77, >y,

‘ PTtauAngIope Vs mNeutralino2 ‘ PTtauAgbSlope Vs mNeutralino2
‘ PTtauAngIOPG Vs mNeutralino1 ‘ PTtauAgbSlope Vs mNeutralino1 0: e Experiment simulation for algebraic mean value
B g Experiment simulation for algebraic mean value Q -0.02 } [ ] Reference point
w -0.02 } ] Reference point 8- 0,04 i
Q B — T
O 004 (/)] -
-— - 0 -0.06[—
/)] - > C
o % < Bp
(o)) - B
-0.08 = -
< L ‘“ -0.15
g 01— g C
- C E -0.12 —
= o B
o : 0.14—
I~ 7\\‘ L \\\\‘\\\\‘\ L \\\‘\\\\‘\ \‘\\\\‘\\\\‘
0141~ | | | | | | | 315 320 325 330 335 340 345 350 355 360 365
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QO -0.02 } ] Reference point
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m C
0 -0.06 E
e 0.08— 1
< Pr(algebraic mean value)
© 01—
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014
C L ‘ Ll L ‘ I ‘ Ll L ‘ I ‘ Ll L ‘ I ‘ Ll L ‘ I ‘ Ll L
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Mirage Mediation

Two 7’s in the final states: decays of 7; — 77, =77z,

PTtauDiffSlope Vs mNeutralino1 PTtauDiffSlope Vs mNeutralinof PTtauDiffSlope Vs mStau1 PTtauDiffSlope Vs mStaul
0.14; o i S R (5 e 2 e 0.14} g Experiment simulation for absolute difference value

8- 012 i n Reference point 8- 0.12 i | Reference point
0 B [®) i
— 0.1 - 1
7)) C HU_) B
£ on = 00—
Q C i Q -
= 0.06 =S 0.06 —
® - S -
N ; 0.04 —
= 0.04 - = C
o 0.02— o 0.02—

: :\\\\‘\\\\\\\\“\\\‘\\\\‘\\\‘\\\‘\\\‘\\\\‘\\\\

L1 ‘ L1 ‘ L1 ‘ | 11 ‘ L1 ‘ L1 ‘ L1 ‘ 11 L1

260 265 270 275 280 285 290 295 300 305 310 990 295 300 305 310 315 320 325 330 335 340
mNeutralino1 mStauf

P-(absolute difference value)

=|(Prmax-Prmin)l/2 These two new p- variables are
important in the regions where

tau p; are comparable
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Mirage Mediation

Dependence of Observable on peak
individual sparticle mass Meff

Meff Vs mGIuino| | yeftvs mGiuino

peak : )
Mg = function (mg, mg, my) “

—— Experiment simulation

1320 — B Reference point
1300
5 . £ 1280
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R 1220
t [ 120 L | | L | |
o 1280 Boo 820 840 860 880 900 920 940 960 980
2 o0 | ! .
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20000220 240 260 280 300 320 340 360 380 400 e —— Experiment simulation | |
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mNeutralino1 1320 g g
1300
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peak ‘ g 1280
M f
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eff g J q 1240[—
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1200

760 780 800 820 840 860 880 900 920 940
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Mirage Mediation

Collecting the observables:

Pt sum (Mers Mygy My 1)5 Prgise (Mg, My, Myg); Mo (Mg, Myp, Myy);

\ )
f

Determines m_;, m

X2 mxl

Mj. (Mgg Moo M) Mo (Mggs Myp, Mog); Mege (Mgiings Mya)

Determines squark and gluino masses
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Mirage Mediation

Mass Spectrum ~
(GeV) g

iyl e

898)((841) | 791 | 810 | 427 | 426 |((389)
100 fbt / f
895+50_35 \

-20

(X.=7.6+0'6_0_6, m3/2=9900+94_94, tan‘3=32.4+5'3_5_3,
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Mirage Mediation

* We have moduli mediation plus anomaly mediation

* Using observables like: M4, M., P, M., it Is possible to

T jTt

reconstruct the gaugino masses to check the gaugino
unification scale

900 [

800 F

@10 fbl m

7002—
Input from the 600 -
experimental — 500; P - \r:]alues Ofttrtf
measurements : | _ B asses atthe
400 f : GUT scale
D_utta, Kamon, 00 _oom g \__
Slnha, Wang, L ;&l\”ﬁ#f’rﬂl L 6% s oy s e oy W opww opy opowy gy gl

to appear
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Mirage Mediation

Typical stop-neutralino coannihilation region

m,, | o | tanf | Dy | 0,
14000 45| 30 | 0 | 0.5
Mass Spectrum

(Gey).. . s - ; - <0

g | Yy £32 t.2 e, | Ty | KX ;

Up | b, | £ | | T | 4

650 | 648 | 596 | 617 | 437 | 418 | 338

635 | 821 | 336 |-411 | 315 | 286
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Mirage Mediation
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Counts / 30 GeV

L

Mirage Mediation

mbWEnd Vs mShottom1 ’

bW, same-event — MbW same-event
2000 M :
) bW, bi-event
1500 — — IVIbW, subtracted
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1000,
0 200 400 600 800 1000
M,y (GeV)
mbWEnd Vs mStop1 \ mbWEnd Vs mStop1
30—
360 === Experiment simulation
350
ge)
= 340
g 330 _
320
2
E 310
300
290
8030 320 330 340 350 360 370
mSton1

mbWEnNd

370

360

(
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Mirage Mediation
M, same.event — M sameevent

= | . . ijEnd VS mst0p1 ’ ijEnd Vs mStop1
14000 iW, bi-event _ R
M 300 === Experiment simulation
12000 W, subtracted
10000
= 280
> End =260.2 + 0.28 GeV
Og000 'g
©
26000 — L 260
c
3
84000 ;
v—
E 240
2000
_20007‘ L | ! el I
0 200 400 600 800 1000 1200 1400 20 ‘ | -
M(W) (GeV) 91 0 320 330 340 350 360 370
. | mStop1
mjWEnd Vs mNeutralino1 mjWEnd Vs mNeutralino1
360—
340i === Experiment simulation
320
o} 300}
C 2
w
; 260
1— 240—
E 220
200
180
160260 21 280 290 300 310
mNeutralino1

61



Mirage Mediation

m,, o | tanf} D0, N

14000 45| 30 | 0 | 0.5

Mass Spectrum

338.3 ,*
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’
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I
[l | S R

] 1
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+241f/ / / \l/
645.4 ,, 540_,5%2° 323,*° 313, 281.2 4 55585
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Conclusion

e Signhature 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
SUGRA models have distinct signatures.

« Use the signatures and BEST to construct a decision tree

* It is possible to determine model parameters and

the relic density based on the LHC measurements

* non-universal model parameters (Higgs non-
universality)----Can be determined

* Mirage mediation models? ----Can be determined
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