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~+Along thero

Which way to SUSY?

Andy Parker







Example of “early” discovery: Supersymmetry ?

SY at TeV scale — could be found "quickly” ... thanks to:

- large  |Q,g cross-section — = 10 events/day at 1032 for
- spectacular signatures (many jets, leptons, missing E¢)

M (TeV) a

2.5

@uino mass (TeVic) / X" X1 Threshold (T

15 | Our field, and planning for future

facilities, will benefit a lot from quick
determination of scale of New Physics.
E.g. with 100 (good) pb-! LHC could say
if SUSY accessible to a<1 TeV ILC

0.5

BUT: understanding E{™sS spectrum
(and tails from instrumental effects)

ATLAS + CMS

0 is one of the most crucial and

q" 1 10 100 | difficult experimental issue for
100 pb-! Luminosity/expt (fb) SUSY searches at hadron colliders.




=4*  The attraction of SUSY

»+ SUSY provides partners for all f
SM fields _h_Q_h_ | _h__‘}}ﬁ;’__@ o o
- stabilises Higgs mass against s
loop corrections. Leads to h
mass <135 GeV

- Good agreement with LEP
and EW global fits

- SUSY modifies running of -
SM gauge couplings ‘just
enough'’ to give Grand
Unification at single scale. :

- Many people consider (low 2 4 6 s 10 12 1e 16 18
mass) SUSY to be too Lo5.(1 GeY
attractive to be wrong
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R-Parity deal7,

R-parity conservation important for experimental searches:

» any initial state must have R; = +1, so SUSY particles must
be produced in pairs. Requires energies 2x the SUSY mass.

*Any SUSY particle decay must be to a state with R, = -1,
and so each final state contains another SUSY particle.

The lightest SUSY particle (the LSP) must be stable.

*A stable LSP (unless very heavy) must be electrically
neutral and weakly interacting to have escaped detection.
This is just what is required for dark matter.

‘R-parity violating models exist, but can cause proton decay
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Prediction of SUSY masses

Start from SUGRA

[x]
[ aiie]
| ]
itil

III'-L,‘_I‘_II|II

.. ¢) tan@=10

parameters, solve
26 renormalisation
group equations
numerically to

predict physical
masses after SUSY

800

600 &=

200 ==

400 =4

and electroweak
symmetry breaking.

‘Benchmark points in mSUGRA
parameter space:

-LHCC Points 1-6; Post-LEP

200

1p00 15040

my (GeV) al.); Snowmass Points and
Slopes (SPS); efc...
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Focus point' region: S
annihilation to gauge
bosons

800 MSUGRA A,=0,
tan(B) = 10, u>0

700 14 GeV

- et al. hep-ph/0303043

500

Slepton Co-
annihilation
300 region

400

200

100

a
100 200

400 500 600 700 200 900 1000

'‘Bulk' region: t-
channel slepton
exchange

WMAP constraints ~
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The problem with SUSY  [* =

But SUSY is br'oken, giving hlgh SUSY_ .USt over theref?
SUSY particle masses. J '

- Breaking mechanism in
"hidden sector” not
understood: SUGRA, GMSB,
AMSB

- 105 parameters in MSSM, — =
almost all from SUSY R e e
breaking. T :

Normally shown plots with just 2
parameters (my and my,,), based
on mSUGRA -> small part of real
parameter space (even within
MSSM)

Cannot trust DM constraints -
modified gravity? GMSB? RPV?

4 10 2 30 40 50 &b 0 2-15-1405 0051 15 2 i
lan A (TeY)
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Figure 4: Number of Higgs

30000 models!

Murmber of chiral Higgs pars [(212042 12142 12Ri2 212

ST
il

Worried about
your search strategy?

The situation in 2006 -
A lot of string vacuua

Number of Higgs doublets

hep-th 0411129 SUSY spectra from special string vacua

Sascha Caron
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SUSY decay chains

Decay scheme for a massive gluino at large tanp

> I

q, (~1857)
q, (~1770)

b, (1659)

« &, (689)
« b, (1619)

o §, (1449)

L, 2% ctoem)
* X (1066)
i |a B (10s6)

1o X (754)
e 243 (754
(020
| v (T12)

SUSY Decay chains
are very complex,
and the details
depend on the
model parameters.

Small changes can
switch masses
around
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« Strongly interacting sparticles (squarks, gluinos) dominate
production.

 Heavier than sleptons, gauginos etc. = cascade decays to LSP.
« Long decay chains and large mass differences between SUSY states
— Many high p; objects observed (leptons, jets, b-jets).

* If R-Parity conserved LSP (lightest neutralino in mSUGRA) stable
and sparticles pair produced.

— Large E;™Mss signature (c.f. W=1v).
 Closest equivalent SM signature t=>Wob.
* Biggest physics background is neutrino emission (eg Z->wv)

Andy Parker 12 CERN-FNAL 2007
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Closing In on SUSY

A

go for mass scale, then
particular properties

Rely on DATA not MC!
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, Strategy for SUSY Searches

Search for inclusive signals, measure SUSY mass scale.
Inclusive signals contain a distinct signature which can be
produced by many processes.

Make detailed measurements of exclusive modes, extract
kinematic end-points and combinations of masses, in as model
independent way as possible. Use global fits o extract model
paramefters.

Discovery of SUSY is simple: understanding is not!
http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/TDR/access.html

http://cmsdoc.cern.ch/cms/cpt/tdr/index.html for complete
information.
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Incluswe SUSY search’ beBirg

10t Jets + Eqmiss (Ol) | | ATLAS pr'ellmlnar'y ets + 1] +Emiss S.Asai
I.%, E SunSWYnf all BG ? Sum\;f all BG
e [
L » M
|m (q,2) ~ 1TeV| '
T ?%j 'R
i N =
| . . L s
n A . aq |
0 500 1000 1500 2000 2500 3000 3500 4000 1070500 1000 1500 2000 2500 3000 3500 4000
M, (GeV)= > E, (i)+E,™ GeV
14 Estimate physics backgrounds using
EMiss spectrum contaminated by cosmics, data (control samples)
beam-halo, machine/detector problems, et - .
o P - ATLAS preliminary
::dc:.::zc::l removed 102 =
10“ Noisy events were removed - 1 fb‘l
Bad cells/towers were removed :
o Run I 101
10 V. Shary CALORO4 - I.Okawa et al.
10° 1 R: Z(—vv) +jets
after - B: as estimated
cleaning no cleaning [ | from WEw)wets | | ]|
1079~ 100—200—300—200—500—600— 700 800 900 1000

Andy Parker Missing E; (GeV)




e

4" Inclusive SUSY search reach

Observe that best reach is obtained in processes with jets and
missing pr. - here the signature simply relies on the missing energy
from the two LSP's leaving the event.

But a single lepton can improve S/B. This is because many heavy
SUSY particles produce leptons in their decay chains.

Events with multiple leptons have less background, but do not give
such good reach, because they rely on the production of weakly
interacting particles, and hence have lower rates, and poorer
statistics.

The reach does not depend greatly on the other parameters (sgn(u)
and tanp).
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10° .
Pythia dijets
YT 129 pb™’

10° E!‘_ !

Entries / 20 GeV

G
ol L]
MC r'LI.lL!"
1E MH Lo
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El,mu;iGEV}

10°F

Entries/ 10 GeV

| L

10_ -

: AJ il
' 000 e AL
-300 200  -100 0 100 200 300
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E,miss spectrum contaminated by cosmics,
beam-halo, machine/detector problems, etc

Paige, Willocq

S FAET includes cells with E>0 [no CH)
& [ Mo correction
[[] Badruns were removec
10" [] Moisy events were removed
[] Bad cellsittowers were remo wed
10° Run 1l
V. Shary CALORO04
& af’rer'.
cleaning

400
Missing ET, GeV

Andy Parker

Study of dijet events shows
resolution in missing ET and
tails in reconstruction.
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/] ake missing

Four events with shower from TileExt/HEC crack giving fake muons:
Event 23003: Ey = 508 GeV, three muons with 520GeV:

Muon with —495 GeV matches ID track with —172+ 17 GeV?

Andy Parker 18 CERN-FNAL 2007
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LAR  RTHancils e Jiessi Sil_ il by fbd ey Had

Muon with 1310GeV matches ID track with 111 +5.4GeV? Give Moore
credit for effort here. . ..
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~ Z —>vv Missing E; Distribution

Okawa et al
Missing ET (Alpgen v2.05) |
E This blue distribution is obtained
ok TTLH%: RiZ—=>wv from Z —> pp events
Number [ . B: Estimated Muon reconstruction efficiencies
of T : and Z Decay branching fractions
Events : are considered
10— ; *_L
- ST Number of Event (E;miss > 300GeV)
i ; = 157 +/- 13 (Z => V)
i Lt 142 +/- 39 (Z —> uu)
10100200 300 400 500 600 700" 800 900 1000

Missing E; [GeV]

They are consistent, and the estimation is successful.

But statistically limited
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Z —>vv Missing E; Distribution
Extrapolation from Looser Cut

[ Missing ET (Alpgen v2.05)] Okawa et al
- Tﬂl R: Z—vv BG
Numbe“r’”? — B: Estimation Number of
of & 1 from looser cut umber of events
Events | 2 (missing E; > 300 GeV)

|

10

157 +/- 13 (Z —> vv)
77.9 +/- 10.9 (Z —> up)

Monte Carlo

T c e s e 1
10 10[) 200 300 400 500 600 700 800 900 1000

Missing E; [GeV]

Loose selection samples have a lot more statistics, and errors are small as we
have expected.

But the kinematics seems to be different.
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Missing ET (Alpgen v2.05)] Okawa et al

R: Z—>vv BG

102
Numbert B: Estimation
of from W

Number of Event (E;miss > 300GeV)
! 157 +/- 13 (Z —> vv)
..... 134 +/- 10 (W — uv)

1

1

I

Events !
10 :
1

I

W sample gives
better statistics and
Missing E; [GeV] good match to Z
distribution

v b Py s b b by Py b s Pl s P v ny
10 100 200 300 400 500 600 700 800 900 1000
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4 SUSY Mass Scale )

L | |_| L | ] |_|_| LI | I | ] = :

Look at hardest jets/leptons

Me: = rTniSS'i' Z pIT ' %
i=1,4
Distribution peaked at ~2x Ea“’
SUSY mass scale 5

0 250 500 750 1000 1250 1500 1750 2000 2250 2500

M, (GeVie)

Parton shower MC
underestimates rate of
high mass, high
multiplicy background

Mumber of Edents /1
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ATLAS TDR
(Parten Shower result:

Man (@2Y) - Asai, Sasaki, Tanaka

.. [—susy
ATLAS Prelimin FZjsumofall BG |

(ME results)| @ tbar
A Wt
W Z+Jet
B aco

- R A R e
1000 1500 2000 2500 3000 00 4000
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Meff at point SU4 fems
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Krstic et al - Belgrade at high M.

Andy Parker 24 CERN-FNAL 2007
.|



1200
= tanB=10,A =ﬂ,u:=-0 .
u+iEtS+E_T’?“"‘"’ @ Inclusive
1000 with systematics search in
i miss
_ e i+ jetseE,
- =~ channel
>  L=601fb"
S o0 H=30T0 E,miss>210 GeV
= L=10fb
g ot E.Jet>730 GeV
400 p
L=1fb
m, =114 GeV
200
m, = 103 GeV - A
| | | | | | ! NOEWSs
uu | 1 Izulnl | Iml | IEWI 1 Iaunl 1 I1unul | :Izml | :Imul ;Eml 1 llaunl 1 Izuuﬂ
m, (GeV)
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Andy Parker

Look for some
outstanding
signatures to guide
Interpretation of
Inclusive results

Leptoﬁs

Photons

Taus




Aracena -
 In many SUSY scenarios we look at leptonic decays of Bern
neutralinos: N
! N' p =0
Ve L
~ -~ — 0 — —
q do /-T\l 1
> 721 ndf 98.98/90 > 200
§ :z_ H‘ p0  294.7+91.7 %
PEN: } | U st 5 150 MC truth I,
= 40: P2  1.521+ 0.472 g MC truth |
w30 My =97.9Ge R
20F- v full sim. data
12; ml;lax =100.31GeV mrlnix — 5 0GeV Jf N 206fb_1
o (] i .._.I.-:.EE_—.E
0 20 40 60 80 100 120 140 160 180 200 ® AT Iy
m, (GeV) 0;':::.: EI Jr+ +ﬁ+ﬂ+ I+-|-++++++J_L
0 B0 100 150 200
M, (GeV)
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CMS trilepton search

mSUGRA tanf=10 Ao=0 u>0

350 [rrergprtrrprre |7 ~ O ~ i
e —allOSSF cms || pp — Z2Zl
-3y ] Trileptons give access
j to chargino/neutralino
— : production.
= L=30 fb" ( .
2 } e r—— “ Reach is small because
o] / - weak production
£ | mechanism -> low
ool statistics.
| NO EWSE Clean signature.
m, (GeV)
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Exclusive SUSY processes

Look for processes with a defined set of particles in the
final state, from a particular decay chain.

This requires that the process can be identified cleanly -
so cannot use pure jet+missing energy channels.

A useful decay mode is from the chain

q

# g
N\

The lepton pair gives a

Example analysis
from ATLAS TDR -
old, but shows main
features

Ii

good rejection against T
background. "
i

Andy Parker 29
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.
o - Y
T

€ Each step in the chain is a two body decay.

The momentum of the outgoing particles is fixed in the
rest frame of the parent, and is only a function of the 3

masses.
mz-p My Myp

< ) >

Consider two successive 2-body decays in the rest
frame of particle 3:

m4’pn
Invariant masses of pairs of my,p’ ;\m m,.p’
particles given by masses and / R 03 R
0 only
\m5,p”

Invariant mass distributions will show “"edges” at max
and min allowed values.
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The Dilepton Edge b

T T I T 1T 1 T 1T 1 | T 1T T ~/
~ 0
| ___ signal i — %
400 . SMbackg — ;(2 gRZ Z Z
i ___ SUSY backg _
PR 1 Invariant mass of
8 f 1 lepton pairs, for
& t 1 simulated data at
2 200 4 point 5
] i
i) -
100 i —_ T ~
- | MM )/ Ml MG
| I X 2/~ 21
*‘T“'_;-FI|J-r-h:-J-_L|rJ4.__-|LrJL--IT-:T'-_T-'L ha T . \ M (Zz)\ M (IR)
Y EE N )

m, (GeV)

*Edge position can be measured to 0.5 GeV with 30 fb-!

5800 signal events, 880 SUSY background, 120 SM
background - note dominant backgroud is from SUSY
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- ""_v T4l
3 - -r"-:‘

v
e vy

The edge in the dilepton spectrum is a strong signal, clearly due to
hew dynamics.

The leptons in the signal must be of opposite sign and from the same
family, since the slepton carries the family information down the
chain. Most background comes from processes with unrelated leptons.

eg: WW, or chargino pairs create equal humbers of uu, ee, en and pe
events.

Hence most background can be subtracted using opposite sign ep
pairs.

The position of the edge depends on the masses of the slepton and
the two neutralinos.

M2 () \/1_ M2 (7))

Mmax: M ~ 0 1_ (&
Il (ZZ)\/ Mz(;?g)

M*(Iz)
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Building the chain

6. == (L A= X 0 0 a
4 unknown masses in this decay chain. One constraint so
far from dilepton edge

600 I B B B B B

Events/20 GeV/100 1™

max __
My, =

Mm(GeV)

Andy Parker

! L1 [ L |
400 600 800

|
1000

M(lq)
where | is the first
lepton produced in

- chain

' (\12 M2 VM2 (2
\MﬁL MzSAMzS M;.

\_

)

2
M~

A2

..get another constraint.

33

CERN-FNAL 2007




0> 7> Pl a1 00 g

2500 T

2000

1500

1000

Events/20 GeV/100 fb™’

800

0 N R B

L]

Andy Parker

200

600
My (GeV)

M(llq)

Mass of lepton
pair and quark

Mmax _

IIn

34

One more constraint..3 so far...
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i - i ~ ~ ~+ T - + em
O = 2%0= (0 d=>k 0 [ d s

w00 orrrrr o M(llq)

(after some
angular selections)

Mo
=
L]

Dilepton+quark mass
also has a minimum
value which can be
measured.

Events/20 GeV/100 tb -

—
=
L]

0 S0 Now have 4 constraints
Mg (GeV) on 4 unknown masses.

Can also use information from — Can solve for all

- _ SUSY masses
g —>nd—->nhg  h—-bb

Andy Parker 35 CERN-FNAL 2007
I



=4 Determination of SUSY masses™

T T ey All 4 masses measured from
- AM, /M, s M[ kinematic constraints alone,
00 — . . . o o .
- fh 1 including the invisible neutralinos
oL 1 (two leave every event...).
X - 250 T T T T [ T T T [ T e——
4DD N ] : gzgl: = IIF:.:
: : : AM 0 /M~O tEan D.I':‘@FE-CIIE
i ] 200 - ZI ZI ggma |:|.|3:||_
200 — - -
i j i 50 L ]
|:| ] | 1 1 1 | 1 ] | ] ] | 1L 1 1 | ] = -
-04 -0.2 0 02 04 B ]
AN, 100 -
Fractional errors on masses E ;
8 - 0 - -
la 3% gz 6% - .
/ + 9% 7E10 +12% ° _I-Dl.q I-Ul.zl - [llll | Im!zl 04 :

AM, M,
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€2 Correlations between mass |

determinations
ST * Masses determined by
. the model independent
: method are highly
correlated by common

heutralino mass

025 — .

, AM_/M_
L ]
I
L1 1 1 | I I | | I I | | I A |

» Errors are controlled by
T PR S AV AP the measured error on
MM, the llq threshold.
Slepton vs neutralino masses
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d FITS t0 SUgEA moae|s 1 ,‘,_,ﬂ,g

Input measurements and output parameters for
SUSY fit at Point 5

Low-luminosity High -Lumino sity
m, 100 +4.1 -2.2 GeV [100.0 +1.4 GeV
m,, 300.0 =27 GeV 300.0 +1.7 GeV

Low-Lumi nos ity

h mass 929%1.0 GeV |tan(B) |2.00 +0.10 2.00 +0.09
Dilept on endp oint 1089 2£0.50 GeV

lge ndpo int 4781 xt115 GeV

Rati o of Ig/l Iq 0. 865 0. 060

endp oints

llg th re sho Id 2718 140 GeV

hge ndpo int 5525 £t10.0 GeV

hgt hreshold 3465 £17.0 GeV

Sgn(u) also determined, but data is insensitive to A,

Andy Parker 38 CERN-FNAL 2007
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roblems with mass £
measurements
» Analyses work in particular scenario (INSUGRA, GMSB, etc)

* Mass differences measured well, LSP mass poorly

- Decay chain may not exist, or change character across
parameter space

* Arkani-Hamed, Kane, Thaler, and Wang look at “inverse map”
from 1808 LHC observables to theory parameter space

- Lester, Parker, White use Markov Chain Monte Carlo
methods to include many observables and reduce model
dependence.

Andy Parker 39 CERN-FNAL 2007
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Cross-| = .

Lester, Parker, White
+ Edges best for mass hep-ph/0508143
differences
- Formulae contain inclusive
differences in m2 x-section

tmiss > 500
- Overall mass- scale P
hard at LHC
+ X-sec changes rapidly e i,
with mass scale “ e
. . Y
- Use inclusive g
variables to constrain i" combined | [Combine
mass scale * with
- E.g.>500 GeV ptmiss Markov
Chain MC

% Mass (GeV]
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* May not be possible to
identify which particles

©4* Ambiguities in identification

participate in which decay

chains

- Ambiguity in kinematic

edge results

» Can permute neutralino
states and LR sleptons

Andy Parker

41

Lester, Parker, White
hep-ph/0508143
Name Hieracrchy
Hy g > g > mg, > myg
Hy [mg > Mge > My > My
Iy g > My > Mgy > My
Hy g = g > mg, > Mg
H; |mg > g > mg, > g
He ng > mge > Mg, > My
II; g > g > Mey > My
Hy |mg > ingg > e, > My
Ha |mg > imge > Mg, > My
THa Mg > My > My = M
Hy s > Mgy > Mep > iy
Hiz |ng > mgo > mMa, > my
12 different mass hierarchies
which lead to qll final state in
a series of 2-body decays

CERN-FNAL 2007



=¢/  Dealing with ambiguities =~

Lester, Parker, White
hep-ph/0508143

1. Start with experimental | .

observables s

. . = B00

- Kinematic edges etc € oot

2. Use Markov Chain Monte 600

Carlo to explore 5005
parameter space 400; f:i*:: T,

- Fold in ambiguities 300

3. Parameterise by low- fzz_

scale or high-scale diosbios bbb
par‘ameTer‘S 100 200 300 400 500 600 700 Hﬂ#\f?gg‘f}?
- Find islands of probability

+  Fuller exploration of
parameter space

Andy Parker 42 CERN-FNAL 2007
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Arkani-Hamed, Kane, Thaler,
and Wang hep-ph/0512190 Model B ol

Flipper

LHC signatures to theoretical N siep3R
parameter space, by studying Modet B ——

separation in signature w00
space. -
1808 signatures mapped to 0
15-D parameter space. 0 20 w0 0 80

1000
Model A (GeV) Model A

Only 5 or 6 independent wino LSP

variables due to correlations! Example of a "flipper” -

two models where states
flip masses depending on
the exact parameters

Signatures map to isolated
Islands in parameter space,
showing 10-100 degenerate
solutions

Andy Parker 43 CERN-FNAL 2007
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The dilepton edge

Reco leptons : pT > 10 GeV, n < 2.5, and isolation — TDR CUTS (ID 3)

Evidence for a clear excess
in the 40-100 GeV region;
Negligible ttbar bkg: it's only
1 event normalised to SU3
statistic!

Probably flavour subtraction
(to estimate SUSY bkg)
works at high values of
invariant mass;

U. De Sanctis, T. Lari, C. Troncon

INFN and University of Milan

Andy Parker

-
'

Events/ 4 GeV/ 2.2 fb

30

25

20

15

10

| Dilepton invariant mass ATLAS
- v OSSF tt
. J' — OSSF SU3
g — OSOF SuU3
- J 2.2fb"
- ol

o

20

M(¥))—M(y’)=100.7GeV Expected value

44

40 60 80 10

120 140 160 180 200
Invariant mass (GeV)
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% 0| CMS Similar
S analysis
g sof M from CMS
- | | —ttbar TDR - clean
> 2 ‘ signature
E | found with
S 1fb-!
0 |'|| | .I' 1| IFTJ ' ; '.I.llil Pyl 1
Ok 1

0 20 40 60 80 100 120 140 160 180 éGO
a 2
M(I'T) (GeV/c?)
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BACK-UP SLIDES
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