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Hierarchy Problem

From EWK to Planck scale ? <H>=174 GeV - m} ~ O(-100 GeV?)
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SuperSymmetry in 30"

‘Fermion/Boson symmeftr
Y Y Double Spectra of Particles
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Exact cancellation between
fermion & boson loops for Higgs
(cures the hierarchy problem)
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.SUSY must be broken..... model-dependent phenomenology




MmMSUGRA
(gravity mediated SUSY breaking)

SUSY breaking | 9ravity | MSSM L.,¢+ terms introduce huge humber
(hidden sector) (visible sector) (up to 105) of hew parameters
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1. Squarks and Gluinos are heavy

2. mixing of third generation leads
to light stop/sbottom and stau

will be the LSP
(stable if Rp conserved)
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4. One higgs is very light (< 135 GeV)
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gluino/squark production

SUSY and Background Cross-Sections
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 Assuming R-parity conservation

- Signature: E, + jets

Unders’randmg of beam backgrounds
- Difficult..multiple SM backgrounds

* Detector effects

* top and Z->vv+jets irreducible
- understanding of QCD & W/Z+jets



Squark/Gluino Searches

* mSUGRA scenario
A, =0
nu<0
tanp =5 (CDF), tanp = 3 (DO)
scanin M, —M,,, plane

i stop pair production not considered
£33 and the squark masses are averaged
over 4 (CDF) or 5 (DO) flavors

%

- Experiments (CDF & DO) carry out
searches in different final states
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Squark/Gluino Search 14 fb-1

Events / 30 GeV
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squark/gluino masses

CDF Run Il Preliminary

CDF Run Il Preliminary L=1.4fb™
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syst. uncert. (PDF & Ren.)
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Y Limits on mSUGRA parame’rersw

CDF Run Il Preliminary L=1.4 fb" D@ Preliminary, 0.96 fly’
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L [m(t) < mh{?) Theoretical uncertainties — observed limit 95% C.L. _| >
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Tevatron results extend the LEP excluded region
(LEP indirect limits) at low values of Mo and M2
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0.96 fb-1 '
Squar'k Produc’non (t+d eTs+MET)w

D@ Preliminary, 0.96 fb™ D@ Preliminary, 0.96 fb™'

Events / 20

Events / 30
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* MSUGRA scenario (enhanced in T decay) DO Preliminary, 0.96 fb”
Ay =—2 M, tanp =151 <0 S 2/ Z
- : : O 180F
+ Jets + MET (similar to inclusive search) =, 180; LEP
+ At least one t (hadronic decay) £ 160
- optimization based on MET and JJTHT 1401
. >175GeV, JITH, > 325GeV 120/ LEP I
= 2 events (SM:1.7 + 03¢ 4. i
* Translates into a limit on squark mass: sol [ observed
E --- Expected
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Stop Pair Production

o
X5 e % scenario with ’r — ¢y (100%)
e very li h’r sto —
Y g P 45 < M(%2) < 90 GeV
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Cuts optimized for different stop masses

~
E. >706eV,H, >140 GeV

Only 2 jeTS 66 events 401"ﬁfﬁf tggg;g?"

At least one c-tag > (SM:64.2+9.5) | gorfum [t

No isolated leptons 201 — Oeeames i

Cuts on AY(E;, jet) & Ad(jet, jet) o esies, /'
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1 fb-1

CDF Run Il Preliminary (1.0 fb")

Events /10 GeV
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Background Prediction
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Chargino/Neutralino

Multiple leptons in the final state
* three leptons + MET

- two like sign leptons

| Relative low oxBr(in leptons) but is clean
o | S dPbl: PP —28, 43, T, ST VY, 232 714
%. L - SM background very much reduced
: — Mo * Dominated by Drell-Yan, Z/W+y and Dibosons
} AN - Small contributions from ttbar and bbar
10 NN
N , : g
NN\ Long list of tuned cuts to kill SM contributions
10 N\ N D@ Preliminary, Runilb, 0.6 6 |S250
NN o Y =T
S m X.ﬁl‘ﬂ‘u‘\ i [GeV] 3102 é‘z\x;‘t
10 100 150 200 250 300 350 400 450 500 ,8_ ee+TraCk
. . M (GeV 210 e
MSUGRA scenario with ( ) §
w
tanf=3,A,=0,u>0

M(xz) = M(x7) = 2M(x;)
no slepton mixing

dependency on x5 and x; decay Br(— leptons)
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500 600 700 800 900 _1000
MET X p_(track) [GeV?]
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Chargino/Neutralino

D@ Preliminary, Runlib, 0.6 fb'

trileptons SM expect. | DATA
L+ track Cl.?E?jé:%? 2
ﬁl}ﬁ/gewb track | 1.0+03 | 0
ey+/ 0.9+ 0.4 0o
Like sign pu 1.1+ 0.4 1

RunIIa+RunIIb mmmp 17 fb-1

Improved limits compared to LEP results
in mMSUGRA scenarios with no slepton mixing

* heavy-squarks: maximal cross section

- 3I-max: enhanced leptonic decays

* large-m0: W/Z exchange dominates

New observed limit: 6xBr < 0.1 pb (rather flat in mass)
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< Chargino/Neutralino

CDF Run Il Preliminary,ILdt =1.0 fb"

trileptons SM expect. | DATA

e+e+track selection

Processes

s+l (low pt) 0.4+ 0.1

Data

IIIIII]

Drell Yan

DiBoson (WW/WZ/2Z)

ee+ track 1.0+ 0.3
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—— sUSY

y72d/) 1.2+ 02

Q N |W| N~

e+l 0.8+ 0.4
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' GMSRB

t[!’l ~ (gauge mediated SUSY breaking)

Snowmass p8 spectra

=== ..' = 1200
7 ] m [GeV]
. 11000 — G =
SUSY breaking |©0u9¢ Fields| — pgsp A =100Tev —r0
(hidden sector) (visible sector) | 10} Nm =1 o

900 L MmZZA

» SUSY breaking at scale A (10 -100 TeV) *'f tanP =15
* Mediated by Gauge Fields ("messengers”) .|
* Gravitino is very light (~ KeV) and the LSP u>0
- Neutralino is NLSP (its lifetime not fixed) s}

0 ~ ool T T |
X, — 6y wl e
‘Rp conservation (2 NLSP in final state) F ’ &
vy + B+ X i

(taken from N. Ghodbane et al., hep-ph/0201233)



+MET (6MsB) s DY

§1o3 D@ Preliminary 1.1 fo'' ® %gta

& BN W/Z+yy

=z 10 electron mis-1D

[ jet mis-ID
o, @ SM + signal A=75 TeV
------- SM + signal A=90 TeV
10"
----- LO cross-section
0O 20 40 60 80 100 120 140 160 180 200
‘ —— NLO cross-section Missing ET (GeV)
102 B B . g expected limit ¢T > 60 Gev
- — observed limit 2 photons (p. >256eV,|n' |<1.1)
i o A(P(ETIJQT)<25
CDF 200 pb* D@ 260 pb* TR
10 100 120 140 X
: i i m,. [GeV] 3events (SM:1.6+0.4)
- g 4 W g a g g B F o F o oo 8 g
.. 180 200 T 220 240 260
L CDE<DO « i m,, [GeV]
"DF+D@ combo, 2005 1 A > 92 TeV @ 95% CL
JIJIlIlIIIIIIIJ.Iil{llll]l}JJIll}llll.liIllI.lllll

70 75 80 85 90 95 100 105 110 0 "
A (TeV) M(x;) > 126 GeV,M(y,) > 231 GeV



Events/5 GeV

vw+MET & vyy+t

G G
Search for yy + X X =1
% EI ‘ CDJ—' Run JI Prellmmary 2EI14 ph a8
o 18- ]
g 16_— m— Standard Model__
] B
S4 E
@ 120 £
100 £
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4 .
Search for yy+E,, Signal sample 2 .
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o e el 050 100 150 200 250 300 350 400
CDF Run Il Preliminary, 1.2 fb Ht (GeV)
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I QCD + fake E; - Searchfor7{+XX —
L 7 CDF Run |l Preliminary 2014 pb ]
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=
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Search for W + X, X =1

228

S0

s

CDF Run II Pmllmlnary 2014 pb -

= Standard Model -

0 5 10 1520253035404550

Missing Et (GeV)

Search for yy + X, X =1

:' T dnE Run i Pren‘mmary 2014 p‘b' ¢ ]
30; = Standard Model?
250 N
20 .
15- .
100 i

I _r_ .

E b L]y — J
$5 0051152253354 45

N Jets, Et>15 GeV

Signature-based search: Good agreement with SM predictions
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0.6 fb-1 _il[)elqyed Photons (GMSB) B

e . cor Caorne | EA SR
C (A alorimeter 102F T ]
- Standard Model 3
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i i 35_I L | L I LI l LI I,l LI I LI | L l LI I L l_
- 7+ET+1jet analysis with EMTiming (570 pb™) .
$T > 40 GeV 30:_ I Predicted exclusi.on regi.on _:
o Observed exclusion region !
a phOTOﬂ (p]‘(- > 25 GeV,l 1’]y |< 11) = - ALEPH exclusion upper limit =
- jet jet — ' ]
a jet (E¥" >356GeV, | n** |« 2) 2 N, omsBorE ]
A(P($T,Je1-) > 1 g B .'-_‘. Mmess=2As tan(B)=1 5 N
-"a L Nmess=‘I ;>0 ]
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. . . = -
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10 -
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:I [ | I ] 1 | I 1111 I 1111 I 1111 | I I‘i 1 I 1111 I I |

M(x9) > 101 GeV @ 95% CL (with T , = 5ns) bs w75 7 mass @ovic) o
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> Electroweak Fits
4@ (indirect Higgs Mass constrains)
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experimental errors: LEP2/Tevatron (today)
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both models
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Heinemeyer, Hollik, Stockinger, Weber, Weiglein '07 7
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165 170 175 180
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Measured top and W masses
favor low values for MH

(dangerously entering MSSM regime)
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MSSM Higgs:- } <

H,H,—shHA and H

tanB=<H, >/ <H, > 9555555

bgﬁ_<
b h b h

Treelevel: M, and tanp as parameters

g 353588 b >‘mn<b

. . h

enhanced coupling to down - type fermions s " q )
(low M, and high tanp) I
Tevatron, Vs = 1.96 TeV —)
. . . . mhmax tanp =40 "~ H
MSSM Higgs production cross section e —

boosted compared to SM at large tanp

o(bbA) x BR(A — bb) ~ O'(bl)A)SM X !

/4
”
w
b 5
=
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S
r~ X ———— @3 10 5
I8 (L+A)°+9 & +
- B - tan? 3 S 102 ~
19,bb — A) x BR(A — 7177) ~ 85—t Mg ———— = y :
o(gg ) ( ) (g9 Jsm VNI S j / :
Atlow masses o EWERT A\ o(9) ~20(A) -
10 =~ I L™s =
cqq® / =
- oo N i
1 I 41 I i x| LNy | | | | | | |
Br(h — bb) ~ 90% , Br(h — 1) ~ 10%



CDF Run Il Preliminary

N =
S 035F B m, =90 GeV/c?
& o3k B m,=120GeV/c®
= . 4 ] my, =150 GeV/c®
T F B m, =180 GeV/c?
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041 F
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50 100 150 200 250 300 350
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CDF Run Il Preliminary (980/pb)
N . E
S 300 S S00p
250 [
i - 400t
§ 200 a 5
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Q 150 3
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- N I { A L el | i 3 0
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2 2
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db(b)->bb b(b)

0399999 b QM
h P h
S5888S_ b b
h h
e l.rr.r.r.r — b

3 b-tagged jets in the final state

Two variables for discrimination
M,, (invariant mass two leading jets)
Mdiff = Mj:::ex + sz:fzex o Mj:r?ex
Data fitted to templates for flavor mixing

95% C.L. upper limits CDF Run Il Preliminary (980/pb)

expected limit
1o band
26 band
observed limit

10

(pp—sbH)xBR(H—sbb) (pb)
NlE

0.98 fb-1

L I 1 1 1 I 1 1 1 I L 1 1 I 1 1 1 I L L L
100 120 140 160 180

.
200

m,, (GeV/c?)
observed limit within 26 of expected




, 0593899 b QM
b b
DY wsma gb(b)->bb b(b)
.. g ssss88., b b
D@ Run IT Preliminary h ‘>,mm'<h
i I 9vsmzer —b - b
600" bbb(b) )
: —&— bbjj Use doubled-tags in data to compute
S00F bbj b-tag probability for a third jet
400 o
3001 Sum of backgrounds | 3 b-tagged sample then normalized to data outside
2000 @ DATA _ signal region (separately for each H mass point)
1001 43 G, Validation using MC samples
0" 50" 100150200250 300 350 200 120°%0 (relative contributions taken from ALPGEN)
mo1 (GeV)
D@ Run II Preliminary
D@ Run II Prelimin =3
800~ — S sl — Observed
7‘0"}:_ .................................................... ........................................................ ,9 E -
Tt g A Expected
m; | — bekg from data 2 I
4{"} ;_ .......................................................... hckg [rﬁm data+sigllal —_—
300 ;_ .............. ............. 10 E_
Zﬂ'ﬂf_ ..................................................................................................................................... B
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e e I T b, O | 100 110 120 /130 140 150 160 170
%50 100 150 200 250 300 350 400 450 500 mH (GeV)

m01 (GeV)
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SM prediction = Br(B, - p'u")~3.42x107

SUSY — big enhancement — (~ tan®p)
b MSSM
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CDF analysis:
» Can distinguish Bs from Bd—>pup
» Using Neural Net to extract signal

 Improve sensitivity by including NN
output and Mpy in limit calculation
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Bs vs MSSM

mSUGRA at tang =50
Arnowitt, Dutta, et al., PLB 538 (2002) 121
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L1fb-1 FRa
Doubly Charged Higgs w

_ exotic extensions of Higgs sector ¢
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%Fer‘mlophoblc Higgs in 2y
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f\lo 51gnrf1carﬁ excess compar'ed 10 SM=yet

Jevatron“will'deliver atotal of
6-/+fb-1.by theend.of FY2009
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SUSY Searches at the LHC
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The LHC is built to discover SUSY :
If itis there, we will find it relatively soon '
o S0 1000 1500 2000
But...do not underestimate the commissioning phase and m, (GeV)

the work needed to understand the SM backgrounds....



Very broad and strong program for
SUSY searches at the Tevatron.

No significant excess w.r.t SM yet..

—

Experiments have presented results

with up to 2 fb-1 of data analyzed. _‘ff

Tevatron will deliver up to 6-7 fb-1 [ _
of data by the end of FY2009. you name If..

A R A

LHC starts operations on summer 2008
with great potential for an "early” discovery.

The next two years will be very exciting...

( First SUSY discovery by LP'09 ?!)
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Collider Run Il Integrated Luminosity
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data with very high efficiency (~85%)




Quarks

Leptons

The Standard Model

(i.e., the need for new physics)

| :
d Sllg
vV, V2
e LT w

Three Generations of Matter

Iers

Force Carr

Who ordered 3 generations?
Origin of Masses?
What about Gravity?

» Unification at Large Scale?
* Hierarchy Problem |

* Dark Matter in the Cosmos?
* Matter/Anti-Matter

4

New Physics (1)

O(TeV) scale phenomenology



Unification of Forces...
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R-Parity

Most general superpotential includes terms
Violating Baryon number and Lepton humber

W, | - %NjkLiLj eit M HLQ, dict pLH,

1 (T Ty
Wies ZEK 3 U; djdk

New symmetry is postulated...

RP - (_1)3(B-L)+25 ‘ RP =+] (pClI"TiC|€S) |

R, =-1 (sparticles)

~ - SUSY particles produced in pairs
P cniometater / * The lightest SUSY particle stable (y.)
ke T W - Valid candidate for Dark Matter

‘ 70% Dark Energy. !

- Distinctive Signature at Colliders

Large Missing E-.




%imi’rs on squark/gluino masses
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PRL 96 171802 (2006)

Sbottom from Gluino Decays

w0

q Gy ——"—q, q, g — b, b (100%)

b scenario where substantial b1 AN bX? (IOO°/°)
%0 mixing leads to a sbottom mass 0
eigenstate lighter than gluino M(y; ) > 60 GeV
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CDF Collab., Submitted to PRD

Stop Pair Production
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S’rop Palr Production (IT) w

T—)blv
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Number of evtents

Stop Production (RPV in decay)
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* One high-pt lepton (e or p)
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Charged Higgs

1

M,=120 GeV

= H* decays to

Branching ratio
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B (B.—uu) and Cosmological Connection

mSUGRA at tan5 =30
Arnowitt, Dutta, ct al., PLB 538 (2002) 121

— _9 6 1000 I:I LB |1 TTT T T TPy i 1 I'I_I. f l:'l ! I | I D T O B B B A
:'. A=0, p>0 B
B My S tan=50 ’
95% CL Limits on B(B s — uu) : i
8H0/07 800 Sk A '*'-i‘ p e
100 - _ g .a: D ya <11x107]
L LT o -
A E—— 8 NN —— WCOF T80 Wy =
= e 57“99“”““ | | ®CDF Expected — e L E ;
- | 11 > e o Ci i
H 14 i | ‘Dﬂ b} . . '1‘ :. “._'_.:: {:’: 1‘1-.* 4
€ 10 | O, 600 . 3, w s o
= PRL 93 mnu-n 032001 O | XTevatron — o A —: ]
o | I A B (CDF_+D_1J Lum) = V2 ‘B =" i ;
o PRL 94 (2005) 071802 ‘Dk’ 11 '| SRR : .
L Alalatesrantiend N e by ] 4
()] "h" “;};l's"};;g; | L | || Fermilab-Pub/07-395-E PN \ : . A
= cp-e i L 5 3 ; 7 .
£ a fa 7 HEURET.
= F=Y cor note 8176 11 o TR Mot e 400 e S ’t}\\ﬁ’“ﬂ y
] | FHAH— T ‘-.éi{“‘“@t%' L :
: o REl ETLgl :
@ | EY W ]
0.1 Eohoe a8 L :

10 100 1000 10000 200

o Py 200 400 600 800 1000
Luminosity (pb ) m]J,z[GCV]




Fermiophobic Higgs in 3y+X Bﬁ
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After Hr> 25 GeV/c :

0 events (SM bC(Ckg: 1.1) M, >806GeV @95%CL (M. <100 6eV and tanp = 30)
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Dermisek, Gunion, McElrath propose adding to the MSSM a non-SM-like
pseudoscalar higgs a, with m_, < 2m, [hep-ph/0612031] "NMSSM”

“natural,” avoids fine tuning
evades the LEP limit M, >100 GeV since h—aga,, but a,-4bb and LEP sought b jets
a, — t't should predominate if m_, > 2m_
Should be visible in ¥ — v a,
Experimentally, CLEO seeks monochromatic y
Use Y(2S) — nnY(1S) tag to eliminate e*e” — tty background

Flag presence of t pair with two 1-prong t decays (one lepton), missing energy
Mass (a,) (GeV) s
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