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SUSY in hadron colliders

Inclusive signatures provide evidence up to 2.5 TeV for squarks and gluinos.

Everything is produced at once; squarks and gluinos have largest rates.

Production of Sparticles with only E-W couplings (e.g sleptons, Higgs) may be
dominated by decays not direct production.

Must use a consistent model for simulation
cannot discuss one sparticle in isolation.

Makes studies somewhat complicated and general conclusions difficult to draw.

LHC Strategies different from Tevatron where weak gaugino production probably
dominates

Studies shown here are not optimized

Large event rates are used to cut hard to get rid of standard model background.
Dominant backgrounds are combinatorial from SUSY events themselves.

Studies shown here are not optimized; large event rates are exploited to cut hard to
get rid of standard model background.

Full program difficult to estimate, depends on masses and branching ratios

”/r}l lan Hinchliffe — Princeton — July 2005 1



General remarks

Huge number of theoretical models

Most general SUSY model has > 100 parameters Simulation has concentrated on
cases that are qualitatively different; some examples were chosen in the expectation
that they would be hard.

Model determines the masses, decays and signals.
A Model must be used for simulation in order to understand the problems of
reconstruction — Background to SUSY is SUSY itself

Analysis does not depend on a particular model
SUSY production is dominated by gluinos and squarks
Other susy particles produced in their decays

Therefore observation of direct production of sleptons and weak gauginos is difficult
but not impossible
Final states with e, u, 7, 7, 1 studied
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Characteristic SUSY signatures at LHC

Not all present in all models

Er

High Multiplicity of large p; jets

Many isolated leptons

Copious b production

Large Higgs production

Isolated Photons

Quasi-stable charged particles

N.B.Production of heavy objects implies subset these signals
Important for triggering considerations

| show only examples, many cases have been studied

( SUGRA, GMSB, broken R parity ....)

Simplest models have few parameters; m /5 and m determine gluino and slepton
masses.
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SUGRA Model
Grandaddy of SUSY models
Unification all scalar masses (mg) at GUT scale
Unification all gaugino masses (1124 /2) at GUT scale

Three more parameters tan 3 = v, /v2 sign(u) (superpotential has uH; H>) and
Trilinear term A, important only for 37¢ generation

Full mass spectrum and decay table predicted

Gluino mass strongly correlates with 12, /5, slepton mass with my.

R parity good — neutral LSP stable — all events have 2 LSP’s in them
= missing Er

Gravitino has mass in TeV region: irrelevant to colliders

Can relax unification assumption — more parameters
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Where to look
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0.1 < Qzh? < 0.3

Take model seriously: really!?!

Bulk
Too much dark matter unless o 5 NSt
LSP light or annihilation enhancedﬁ-g 3&”
usually by some almost degeneracy, i N\@\ 0\&4‘ f
but also by content of LSP ¥ S/ A
If SUSY explains (g — 2),, masses ; Q&\» ;
are small E th

e
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Nomenclature

e Bulk region: Masses low xVx} — ete™

e Connahilation region: Something almost degenerate with LSP: xler — ev

enhanced

e Higgs pole region: M ~ 2m

~0
X1

e Focus point region: Large myg, LSP Higgsino, region is sensitive to m;op, may not
exist if mMop = 172. phenomenology of split SUSY is very similar to this region

Caveat emptor: Don't take this too seriously
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Two typical spectra

800
800 point sU3 = [EE
i _ LT 700 |
AL peeeeT
- dr 2
600 o, —— 600 | ; .
I H+ ~ ~ uL,‘iR— "'2
g - HA . XE)L:X;— 500 UR,dr by
> - ~1 % ~0 B by
[O)) S X3
@ 400" . .
s : \\ 400 LHO, A° — H ;ch )Zéc 7
R —— 3, %7 300 |
2001 e o
o £Ra7R=i—='- _________
L h ———— e )2? 200 L ; T =0 St
B ! X2 X1
lR =2
\ 1 1 1 \ \ 1 1 1 \ hO 1 .
L J=0 J=1/2 oo .
Used in ATLAS studies: important decays .
shown SPS1a: used in many LHC/ILC comparisons
f\ A lan Hinchliffe — Princeton — July 2005 9



Several SUGRA cases studied in detail In one case unification assumptions were
relaxed to investigate how signals changed (New signals appeared, old ones stayed)
Some cases were restudied assuming that R-Parity was broken

— LSP decayed inside detector.

Note typically large rates

Table 1: SUGRA parameters for the six LHC points.

Point mo My /2 Ay tan(3 sgnpu o

(GeV) (GeV) (GeV) (pb)
1 400 400 0 2.0 + 2.9
2 400 400 0 10.0 + 2.9

3 200 100 0 2.0 — 1300
4 300 200 0 10.0 + 28
5 100 300 300 2.1 + 15
6 200 200 0 45 — 99
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Point 1 2 3 4 5 6
g 1004 1009 208 582 767 540
XE 35 321 9% 147 232 152
X 764 537 272 315 518 307
X 168 168 45 80 122 81
X 326 321 97 148 233 152
X 750 519 257 290 497 286
Xy 766 538 273 315 521 304
@y 97 93 317 918 687 511
Wp 925 933 313 910 664 498
dr 959 966 323 921 600 517
dp 921 930 314 910 662 498
o 643 710 264 504 489 365
to 924 933 329 805 717 517
by 854 871 278 774 633 390
bo 922 930 314 903 663 480
ey 490 491 216 814 239 250
ep 430 431 207 805 157 219
De 486 485 207 810 230 237
71 430 425 206 797 157 132
To 490 491 216 811 239 259
Dr 486 483 207 806 230 218
R0 111 125 68 117 104 112
HY 1046 737 379 858 638 157
A% 1044 737 371 859 634 157
HE 1046 741 378 862 638 182

~
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General Features
In general Msguark > Msiepton, Mgluino > My
Splitting between mg, and mg;
Stop is usually lightest squark
Lightest SUSY particle (LSP) stable if R-parity good.
LSP must be neutral if stable
SUSY particles produced in pairs even if R-parity broken.
SUSY production is dominated by gluinos and squarks.
Not necessarily true for Tevatron. Stable LSP = Missing Er
Background for SUSY usually other SUSY, not Standard Model.
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Gauge Mediated Model

Aims to solve FCNC problem by using gauge interactions instead of Gravity to transmit
SUSY breaking

Messenger Sector consists of some particles (X) that have SM interactions and are
aware of SUSY breaking.

M? = M? + F4 Simplest X is complete SU(5) 5 or 10 to preserve GUT

Fundamental SUSY breaking scale F' > F4, but v F<10'° GeV or SUGRA breaking
will dominate Gaugino masses at 1-loop

Mg ~ OéSNxA
Squark and Slepton masses at 2-loop

Mg ~ Ow '\ NxA

True LSP is a (almost) massless Gravitino

Sparticles decay as in SUGRA, then “NLSP” decays to G
lifetime model dependent

NLSP does not have to be neutral
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6 parameters

A, M, N5, tan (3,

stgn

10TeV S A = Fa/M S 400 TeV: Scale for SUSY masses.

M > A: Messenger mass scale.
N5 > 1: Number of equivalent 5 + 5 messenger fields.

1 < tan B3 S my/my: Usual ratio of Higgs VEV's.

sgn o = =£1: Usual sign of p parameter.

Cgsrav = 1: Ratio of M5 to value from F'y, controls lifetime of NLSP.

Point A M,, N5 tan8 sgnpu Cga =1 o
(TeV) (TeV) (pb)
Gla 90 500 1 5.0 — 1.0 7.6
G1b 90 500 1 5.0 — 103 7.6
G2a 30 250 3 5.0 -+ 1.0 23
G2b 30 250 3 5.0 — 5 x 103 23

lan Hinchliffe — Princeton — July 2005 14



Sparticle Gl G2 Sparticle Gl G2
g 747 713
T 223 201 T 469 346
X 119 116 ;z% 224 204
X3 451 305 X4 470 348
ar, 986 672 ap 942 649
dr, 980 676 dR 939 648
1 846 584 iy 962 684
by 935 643 by 945 652
er 326 204 eR 164 103
Ve 317 189 7o 326 204
71 163 102 U 316 189
n0 110 107 HO 557 360
A0 555 358 HT 562 367

Mass spectrum more spread out than in SUGRA

m(squark)/m(slepton) bigger

~
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Anomaly mediated model
Superconformal anomaly always present
predicts sparticle masses in terms of mg /; Randall, Sundrum, Luty, Giudice, Wells, Murayama
Simplest version predicts tachyonic sleptons!
Some other SUSY breaking mechanism must be present to get realistic spectrum

Add universal squark masses (mMAMSB) or new very heavy fields (DAMSB) (similar
to gauge mediated), both variants are in ISAJET.

AMSB only — Most important feature Ms > M; > Mo = LSP is a WO and almost

degenerate with X1 X1 — xy7 " with e < 10 cm DAMSB has very short lifetime
and bigger mass difference Wells, Paige

Sleptons are lighter than squarks ¢, — )qu and q; — )E‘fq, i.e. opposite to SUGRA
and GMSB.

Gravitino mass is ~ TeV, irrelevant to LHC.
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AMSB has 4 parameters my, mgs/2, tan 3, signu

DAMSB has 5 parameters M), msz/2, N tan 3, signu. n is the number of new
fields at mass M.

mg /2 IS the gravitino mass

Sparticle AMSB DAMSB Sparticle AMSB DAMSB
g 815 500
ii 101 145 523%5 658 481
X 101 136 X 322 152
X3 652 462 X4 657 483
ar 754 432 uR 758 384
dj, 757 439 dpr 763 371
tq 516 306 to 745 454
by 670 371 by 763 406
er, 155 257 en 153 190
Ve 137 246 7o 166 257
71 140 190 Ut 137 246
n0 107 08 HY 699 207
A0 697 203 ot 701 303
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Start with SUGRA

® Look for characteristic signals
® jets and missing energy

e these should work anywhere
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Inclusive analysis

Select events with at least 4 jets and Missing Er

A simple variable
Mg =PFP1+ Pio+ Prs+ Pia+ Er

At

high

Meff

non-SM

background note scale
Peak in M.g distribution correlates well with

SUSY mass scale
Mgsysy = min(Mz, My)

signal

rises

above

Will determine gluino/squark masses to ~ 15%

Events/50 GeV/10 fb *

5

4
10k

500 1000 1500 2000 2500

M, (GeV)

lan Hinchliffe — Princeton — July 2005

19



1400

m,, (GeV)

1200

1000

800

600

400

200

Ay=0, tanf =35, u>0

0 500 1000 1500 2000
m, (GeV)

CMS

= lan Hinchliffe — Princeton — July 2005 20

f(rereer




Can also add lepton(s): More channels more robustness

mSUGRA reach in various final states for 100 fb™

A,=0, tanf=35, u>0

g(3000)
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e 2 §(1000)

400 9()' ey oS es¥eeseciciodbamaxnc
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200 | /- Wsgy o T~ 9(500)
100
0 No symmetry breaking
0 500 1000 1500 2000
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~
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Energy of LHC is most crucial: reach increases slowly with luminosity

MSUGRA reach in ETS-?- jets final state

A,=0, tanp=35, u>0

,,,,,,,,,,,,,,,,,,,,
,,,,,,,,,,,,,

Chargino Searches at LEP
No symmetry breaking

500 1000 1500 2000
m, (GeV)

Should get nervous if no signal in few inverse fb

~
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How robust is this?

Backgrounds based on showering MC may underestimate multi-jet final states.
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Peak in Mg distribution correlates well with SUSY mass scale

W
-
Y
(=4
o

min(M ’Mg) (GeV)

> D

(=] o
||||||||||||°||||°|||||

SUSY —

(o]
(=]
o

Mgsysy = min(Myg, My)

M
o
o
=)

400

200

0600 800 1000 1200 1400 1600 1800
Effective Mass (GeV)

Use this and similar global distributions to establish that new physics exists and
determine its mass scale

Method is slightly model dependent

~
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Generalizations to other models

Similar method works in GMSB and MSSM
In MSSM, 15 parameters were varied

Events selected to have no isolated leptons, at least 4 jets, large missing E
More global variables were used; best is

> |Brlor) |Er|+ Er

jets jets

Error is bigger in MSSM
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Not optimized

Leptonic channels not used

More work on “global signatures” needed
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What about 1fb—!

How Useful Is This??

Sensitivity of Atlas with 1fb to MSSM

EN e -
1200 |
1000
ﬁ Cdvers “preferred region”

800 5
600
400

i L

G [ I
oﬂ
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Digression on Simulations

Varying degrees of sophistication
Run an event generator: Makes a list of particles (e.g Pythia)

e ''Full simulation”

Full material description of detector

Track particle: model its interactions, follow all the secondaries with energy above
some threshold

Translate “hits” into simulated electronic signals

Now event looks like a real event: reconstruct it using same software

Advantage: Full description

Disadvantage: Slow ( ~ 15 mins per event), can only be done by experimenter.

Problems, Low energy hadronic interactions, geometry is hard

e “Fast simulation (theorists version)”

Assume perfect detector: Apply jet finding algorithm
Smear, electron, muon, jet momenta and missing ET. using some resolution
function
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Advantage. Very fast (comparable to generation time), can by done by theorist
Disadvantage: Only as good as resolution function: problems in “tails”

e “Fast simulation (experimenters version)"

Response of individual particles is parametrized.
Might use “full” for some particles (e.g. Photons) and parametrized for others

(pions)
May use full reconstruction.

In practice all are used: Theorists version is often good enough for evaluating a model
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Characteristic SUSY Decays

lllustrate techniques by choosing examples from case studies.

Both g and g produced; one decays to the other

—~——

Weak gauginos ( ;Cv,?, X,L-i ) then produced in their decay. e.g. qr. — X5qL
Two generic features
X5 — X1h or
X9 — X €T~ possibly via intermediate slepton x5 — €€~ — x3£7£~
Former tends to dominate if kinematically allowed.

Use these characteristic decays as a starting point for mass measurements

Many SUSY particles can then be identified by adding more jets/leptons
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Decays to Higgs bosons

If x3 — x%h exists then this final state followed by h — bb results in discovery of
Higgs at LHC.

In these cases ~ 20% of SUSY events contain h — bb

Event selection

Er > 300 GeV

> 2 jets with pr > 100 GeV and > 1 with£
|n|< 2 )

No isolated leptons (suppresses tt)

Only 2 b-jets with prp > 55 GeV and | n |< 2
AR,y < 1.0 (suppresses tt)

Clear peak in bb mass

Very small standard model background (pale)

Dominant background is other SUSY decays o 200 300 400
(dark) m(bb) GeV

300 |

N
S
=

Events/8GeV/30

'y
o
(=]
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Generally applicable

[Ldt=30 b’

This method works over a large region of
parameter space in the SUGRA Model
Hatched region has S/v/B > 5

Contours show number of reconstructed Higgs

Channel is closed at low m; /5 200 - SWB>5
] — BR(};—xh)=0.5

T T T T T ‘ T T T T ‘ T T T T
0 500 1000 1500 2000

m, (GeV)
Over rest of parameter space, leptons are the key...
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Starting with Leptons

Isolated leptons indicate presence of t, W, Z, weak gauginos or sleptons
Key decays are xo — £7€~ and xo — X144~
Mass of opposite sign same flavor leptons is constrained by decay

400||||||||

P1
P2
P3

X2/ nidf

2057 / 197 |
2209. |

108.7

1201 N

[%]
[=]
o

—
o
o

Events/0.5 GeV/100 fb'
5
o
T T | T T T T | T T T T | T T T T

T
E =
——
= =
=,
=

M, (GeV)

Decay via real slepton: xo — £~
Plot shows ete™ 4+ ptpu~ — eTpuT

150

T T T | T T T | T T T | T T T T
600 — — SUSYe'e +u'u |
i & SM background i
T L i
=
g 400 — —
= L i
D
O
e - i
@
2 - i
4
3 200 —
|
0 T | =8
0 50 100 150 200

M(I*1) (GeV)
Decay via virtual slepton: Xo — X147~
and Z from other SUSY particles

~

A
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Building on Leptons
Decay q7, — q)zg — qZE — qfﬁi?

|ldentify and measure decay chain

e 2 isolated opposite sign leptons; p; > 10 GeV

® > 4 jets; one has p; > 100 GeV/, rest p > 50 GeV
o F'r > max(100,0.2Mc+y)

Mass of gl system has max at

(M2, — M2y) (M2, — M2,)

qr, X X
MBx — | 2 L 11/2 — 552.4 GeV
. M?
>0
X2
and min at 271 GeV
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2500 T T T T T T T 1 T 1
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% 1500 |~ — 8 200 B
= L ] s L
= B | o
2 1000 — -
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0 200 400 600 800 1000 o L ol il
M,q (GeV) 0 200 400 600 800 1000

_ . My, (GeV)
smallest mass of possible £€jet

combinations largest mass of possible £4jet

combinations

Kinematic structure clearly seen
Can also exploit £5et mass

~
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Can now solve for the masses. Note that no model is needed

Very naive analysis has 4 constraints from lq, llq,pper, U Qiower, Il masses

4 Unknowns, Mgy,> Megy Mz, M

% x)

Errors are 3%, 9%, 6% and 12% respectively
400

5 o 3 Y
8 a0 | S 0025 |-
£ i _ ;,’. E
3001 a8 002 |-
20 | 5 Mass of unobserve
200 | ? ! 0.015 |- determined
T ¥ C Errors are stron
150 I \85 0.01 E d . g
00 | I an a precise I
0 | 0.005 | determination  of
A C reduces the errors on
0 50 100 150 200 250 300 350 400 0 | | —
50 100 150 200 250
m, (GeV)
lati m,(GeV)
correlations m ., vs. Mo
‘R X1 LSP mass
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Right squarks

s-tranverse mass. Definition

e Select Events:

Jet 1
pp — X + Grdr — X + qqxix\ QB)/X?
— 2 Jets with Pr >200GeV —t,
— A(j1-2)>1 q
. . ~O
- Missing Er >400GeV X3 Tet 2

e Partition ET :_ET,l +TZT2 in all possible ways and compute:

Mz :E mié’l {max{m%(PT,ﬂ, Y1, Mfc?)’ m(Pr jo, Hr 2, ng)}}
T, 1,712

e )7 depends on the choice of M (xY)
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s-tranverse mass for the SU5 point

Fit the end-point with a straight line and extrapolate to the z-axis
Use “true” value of M(x?)

(Ola Kristoff Oye)

70 90

60

: =
TN = ﬁﬂ
::: m | ﬁ [Ldt=1221" :z: i %H N\ [rdt=18116"

200

woE %ﬁ 0 1
db. T S T SO T oF. . I B T
0 200 400 600 800 1000 1200 1400 1600 1800 2000 0 200 400 600 800 1000 1200 1400 1600 1800 2000
Mass (GeV) Mass (GeV)
From the fit: M (Gr) = 1056 £ 181GeV From the fit: M (gg) = 1113+ 164GeV
Generator: M(gr) = 1190GeV Generator: M(gr) = 1210GeV
Again Limited by LSP mass uncertainty
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Final states with taus

Large tan 3 implies that m(7) < m(f)

Taus may be the only produced leptons in gaugino decay.

Leptonic tau decays are of limited use — where did lepton come from?
Use Hadronic tau decays, using jet shape and multiplicity for ID and jet rejection.
Full simulation study used to estimate efficiency and rejection

Rely on Jet and E;(msiss) cuts to get rid of SM background
Measure “visible” tau energy

Event selection

> 4 jets, one has p; > 100 GeV, rest p; > 50 GeV

No isolated leptons with p; > 10 GeV

Er > max(100,0.2M_+)
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Look at mass of observed tau pairs

L L L | T T | L

o
§1000
>
3
N Real signal visible above
£ fakes (dashed) and SM (solid)
® 500
L

O A1 I,—.l_l-_l_l-l IJmJ_n-l ] | | [ | L1 1

0 25 50 75 100

M_. (GeV)
Can use peak position to infer end point in decay x5 — 77X} (61 GeV)
Estimate 5% error

Large tan 3 = light sbottom — Look for these
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bb — bbT

Previous sample with 2 b—jets having p; > 25 GeV

~

g—>

+,F ~(1)

Lots of missing E: tau decays and N(l)’s
Select 40 < m,-- < 60 GeV

Combine with b jets
Look at 77bb and

should approximate gluino and sbottom use partial

T710b:

>0
1

reconstruction technique assuming mass of

Peaks are low; should be expected due to missing energy

Plot of m(x9bb) vs m(x9bb) —

m(X3b)

%‘,
()
(Y ‘\)
1 040

/
\_«‘-‘,

4
PATAY
.‘,,‘/.”.“w.\.\. S

:.,,i:;,:; I%e)

,,,7,,,,,,7,,
o o o o o
%505

QjO} /ulg/sjusnd
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Projections

300

200

Events/10 GeV/ 10 fb™

100

o

50 100 150 200
M(x,bb)-Myx,b) (GeV)

gluino-sbottom
should be 160 GeV

Events/35 GeV/10 fb ™

400 [ 1T T T T T T T T T ]
300 o _
200 _ _
100 _ _

O B 1 1 1 | ﬂ—l_l'_l— | 1 1 i

0 200 400 600
M(x, bb) (GeV)

gluino
540 GeV

~

/\l A
N

EEEEEEEEEEE
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Lepton Universality

e/ /7 universality must be tested Large B = msz < mg
Expect larger rate of 777~ and hence pute™

Plot of Invariant mass
distributions
pte~ (dashed) and ptp~

(solid) from SUSY cascades wvs.
tan 3

ptp~ structure less distinct at
large tan (3

TS /5 GeV

10 |

o a0

my=100 GeV, m, ;=180 Ge¥
w0, A=0

a) tong=2

La=5+10"pb™

L

100 250 300

M) (Gev)

my=100 Ge¥, m, ;=180 GeV
g0, A=0

€ tong=15
Le=5+10" pp™

) 50 100 150 200 250 30
M(I'T) (GaV)

o 30 100

EUENﬁi!SGa?
=
L]

N =100 GeV, m, ;=190 GeV
6 ;.-.::-DJ.-IJ
4
E by tonf=10
Em?

Ly=5+10" pb™
0|

150 200 250 300
M{I"") {GeV)

me=100 GeV, m, =130 GeV
120, Ae=0

d) tong=25

Ly=5#10" pb™'

PSS A S S AU S SN S S S S —"— Sreru—" e — | e |
0 20 100 150 200 250 300
M) (Go¥) .
Denegri, Majerotto, Rurua

~

A
freeeeer ||||
;mx
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Explicit flavor violation is also possible

Neutrino oscillations imply lepton number is violated
Atmospheric muon neutrino deficit implies v,,,,, <= v+ with maximal mixing
In a SUSY model, expect significant flavor violation in slepton sector

Simplest model of lepton number violation involves addition of right handed neutrino
N with SUSY conserving Majorana mass m /N IN and coupling to lepton left doublet
and Higgs of the form LN H

Including only 1 <= 7 mixing gives

- M; + Dy, 0 0 0 0 0
0 M; + Dy, M, 0 0 0
2 2 A
Az 0 M2 M2 + Dy 2 0 0 m,A,
ee 0 0 0 M} + Dr 0 0
0 0 0 0 M3 + Dr 0
0 0 m.A- 0 0 Mf_R + Dpg
Atmospheric neutrinos suggest maximal mixing i.e. d = O(1)
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Two types of flavor violation production ( x5 — 7) and decay (7 — x\pu).

107 ¢
- - >0 S0
Branchmgvoratlo ior Xz = XaHT ) |
and for x, — Xxjup through an, F
intermediate T o | 7 ,
. r s/
Must use hadronic tau decays to z e
L , , ]
distinguish 10* | / :
i /// :
. 11T
10 ‘ ‘
0 0.1 0.2 0.3 0.4 0.5

Signal for lepton number violation comes by comparing 7, and ety final states

~
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3001
250;
2oof
: eifh signal ( red ), ££7° signal (blue),
pErT from LFV decays Wlth BR = 10%
(magenta), and Standard Model 0T T

Events/10 GeV/10 fb™'

150(-
100f-

50F

T'\"i-.l-.ill||||||||||||||.-|l—il"|"lLlL|||KIIIIl.-I.-II
0 20 40 60 80 100 120 140 160 180 200

M,, (GeV)

Lepton number violating decay Xg — ,urhi(l) give harder pu7 mass distribution than

that from x5 — 77X] — BLThRX}
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Subtraction removes background

160r
Ff 1401
s | (ErF — 0E7F (red ) and pErT from
g . LFV decays with BR = 10% (magenta)
‘g . Signal is established from FE =

N(pE7]) — N(ef7))

10 fb~! and 50 implies BR=2.3% or § ~
0.1 well within value needed for neutrino
data

60[

40F

20f

OT‘\'E-\‘-‘ TR RN AN ANANANTN RN AN AV = == SR I
0 20 40 60 80 100 120 140 160 180 200
M, (GeV)

Sensitive provided that )Zg production is large enough (large fraction of
parameter space More sensitive than p — e~y
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R-parity broken

Implies either Lepton number or Baryon number is violated and LSP decays
Either X! — qqq, or X! — qqf or X — £T4 v
First two have no Fr, last 2 have more leptons and are straightforward

First case is hardest, Global S/B is worse due to less Fox Example, SUGRA with
X7 — qqq Leptons are essential to get rid of QCD background

> 8 jets with p; > 50 GeV

2 OSSF isolated leptons.

St > 0.2, selects “ball like" events
Yjets+leptonstr > 1 TeV
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2 400
o
@
g
Dilepton mass still shows clear structure ©
with small background from 2
-~ —_ o
Xz = 47X g 200
0 ! ,
0 50 100 150
M, (GeV)

As nothing is lost, should be possible to reconstruct x|

Difficult because jet multiplicity is very high and X} mass is usually small, so jets are
soft

~

A
freeeee ||||
;RKELEK
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[E
S
O

> 8 jets with p; > 17.5 GeV, < 8 jets

Events/10 GeV/30 fb!

with p; > 25 GeV 75
2 jets with p; > 100(200) GeV and |

n <2 50
1 or 2 leptons with p; > 20 GeV

Sphericity cut .
combine 6 slowest jets into 2 sets of 3;

require M (379)1 — M (377)2 < 20 GeV .

100 200 300 400 500

m,. (GeV)

Nominal mass 122 GeV
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Can cut around peak and combine with either leptons or quarks

B 30 —
= 59 [ m@d)=212GeV
- —
g —
> 10 —
L —
(Doﬂxxx\xx . L1
= 0 100 200 300 400
2
)
L -
reconstruct gr — gXx;(— qqq)) and s b
0 >0 == 0y —
5 ’Ji
O:llll‘llll\\\\‘\ |
0 100 200 300 400
m.., (GeV)

Plot shows x5
Note that tight cuts imply low event rate
(analysis not optimized)

~
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New signals in GMSB

~

Lightest superpartner is unstable and decays to Gravitino (G)

Either neutral

X! — vG : et ~ C?*(100 GeV/M,0)°(A/180TeV)*(Mps/180TeV)?mm
= extra photons or similar signals to SUGRA depending on lifetime

Or charged

Almost always slepton: e — eG

No Missing Er if ¢t large, events have a pair of massive stable charged particles
(“G2b")

Large lepton multiplicity if ¢ small (“G2a").

Discovery and measurement in these cases is trivial

In case “G2b”, every decay product can be measured

In case “Gla” G momenta can be inferred and events fully reconstructed.
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GMSB case 1a: Event selection (not optimized)
Decay X3 — £1£=X0 — £t£=~G is key
Lifetime of X is short

Find jets

Mg = Fr + pra + pr2 + prs+ pra-
Require
M.z > 400 GeV;
ET > 0.1 M 5.
Looking for

X0 — £E0F — X0UEeT — GeteT,

Electrons and photons : pr > 20 GeV
Muons : pr > 5 GeV.
Require at least 2 photons and two leptons.
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Dilepton mass distribution, flavor subtracted ete™ + putpu— — eTuT

200 T T T T T T T T T T T T T T T T T
"o - i .
S 150 | N End is at
E . i
10 - ]
g0 - . M; \° Mo\~
s [ ] L X
I : Mgy |1— (=2 ) |1 - 1) =105.1
o) B _ 2 Z\CZNO ~
3 50 — — \ X2 \ Lr
g I ]

g _| Lol 1 |n|"-|_m|m| |"| T"| |M| I |_

0 50 100 150 200 250

M, (GeV)

~

/\l A
frreeeer
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150 I —— T T T T T T T T T T T
P ]
S ] Form £7£~~ mass and take smallest
100 — ] . . . . .
&L . combination. Linear vanishing at
Q’i [ —
w o[ 1 2 2
3‘ 50 — ] M~0 — M 0 p— 189.7 Gev ’
:,:% i _ X9 X1
s 1
0 | | | o
O I I | 50 L1 1 I1 OOI L1 I1 5OI L1 IZOOI L1 I250

M,, (GeV)

~

/\l A
frreeeer
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LT O N e e e e e e e Bt
[ I Form £~ mass also. Two structures at

10 |- 1 \/M? — M2, = 112.7 GeV
ER X1

and

&)
o
I

I

ee+puu-ep Events/2.5 GeV/10 fio!

: ] \/MZO _ M2 =152.6GeV

0 50 100 150 200 250
M, (GeV)

~
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These four measurements are sufficient to determine
the masses of the particles (X3, £r, and X}) in this
decay chain without assuming any model of SUSY breaking.

Now use this to reconstruct the decay chain and

measure the G momenta despite the fact that there are two in each event and both
are invisible!
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Full reconstruction of SUSY events

R e

P

unobserved

Know masses = can calculate p assuming p? = 0:

2p0k§0 — 2ﬁ° ’—4; = M;(l)
2polo — 25 -1 = MgR—M;?—zk-l
2poko — 254 = Mgy — M —2(k+1)-q

0C fit with 2 X 2 solutions.
Event has two of these decays so require 4 leptons and 2 gammas

EEEEEEEEEEE
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Calculate missing Er

Form a x? using measured missing ET to resolve ambiguities

|

AV,

-E:I: — D1z — pZ:L')2 4 (Ey — P1y — p2y>2

AR,

use AEm = AE:B = 0.6\/ ET -+ 0.03ET

15

—_
o

Events/0.02/10 fb™

Compare to generated G momenta

Plot shows all solutions with x? < 10

Ap — ﬁé,’ — Dreasmat
Alpl/|p] ~ 10%
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Squark and Gluino Masses

Use measured 5(’(2’ momenta and combine with jets

d — 99 — X3999

Require at least 4 jets with ppr > 75 GeV

150 T T I — I — T T T

—
o
o

Figure shows mass of x5+2 jets;
peak is below gluino mass (747 GeV);
no correction applied for small jet cone.

Events/40 GeV/10 fb™

[6)]
o

0 Lo cle v e Ly
0 500 1000 1500 2000

M,; (GeV)

Much easier than the SUGRA cases; masses measured directly
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Measuring the fundamental scale of SUSY breaking

Lifetime of ! — G is important as it measures the fundamental scale of SUSY
breaking

Measure lifetime of x (— G~) using Dalitz decay x? — eTe G
Works for short lived X}

Statistics limited (~few-K events)

Measure lifetime of x¥ (— G+y): photon pointing.

Angular resolution of photons from primary vertex (ATLAS)

A0 ~ 60mr /v E Detailed study of efficiency for non-pointing photons
Important for long lived X3

Decays are uniformly distributed in the detector

Cross check from time delay of decay
Failure to see photons = ¢ > 100 km or vV F > 10% TeV
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Mass measurement of quasi-stable sleptons — ATLAS

Sleptons are produced at the end of decay chains = large velocity
Most of these will pass the Muon Trigger
Measure the velocity using TOF in Muon system, then infer mass

Time resolution ~ 65 ns
= AM /M ~ 3% for M = 100 GeV

10 L LI I B [T
E = 1000 ——r—r—1TT """ T ——
E ] 000 [Trrrrrrrrprroe e =
- - [ Constant 686.9 ||
5 Mean 102.2
10 E E o Sigma 3.820 K|
E 3 800 [— —
“;9 C 1 e i L ]
210 + 2 i f 1 |
S = =600 P ]
o - 4 6 |
z 12 I fo i
c 3 o - -
o 10 " = & ‘ '1
R ] £ fo ]
r 1 2 B [ | 7
[ i 1] - j'l “ -
> L | -
10 oo e b b L 0 - R B R R A B N
0 0.2 0.4 0.6 0.8 1 80 90 100 110 120 130
B M (GeV)
velocity AM/M
~ . . -
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How well does this work in CMS?

Three cases studied Mg, = 104,303,636 GeV

Q‘ 2 ':-i n " % 70
18 [ g edlT 1 o
y r gy E::: '--- o S 60 - m(t,)=114GeV; L=1/fb; eff=5% —
1 -6 B -=-ﬁ -- .:-- .-L- ] g
i ST S 50 | o e 1
14 |- . b ", __! ‘!'-E;f" | = m(t,)=303GeV; L=10/fb; eff=15%
o . n i= - Q 40 | |
1.2 B E --: I.I " l-- i
;i-- L R W 30 | m(t,)=636GeV; L=100/fb; eff=26% |
1k . ..-III: _!:'._ "
I- [ 1] - 20
0.8 | N
10
06 I | | | | | | L
0
0O 200 400 600 800 1000 1200 1400 0 100 200 300 400 500 600 700 800 900 1000
momentum (GeV) reconstructed mass (GeV)
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AMSB

Look at paper of Wells and Paige

~
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Odd Ball: R-hadron (split susy)

Long lived or quasi stable gluino produces “cannon ball” that charge exchanges as it
PYTHIA R-hadron event from ATLSIM

passes through detector
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Spin measurements at LHC?

Conventional wisdom says that you need LC for this but...

X2 N1 (fan)

"N\
~0
1

X

Angle between g and e™ in X9 rest frame is sensitive to spin correlations.
But effect washes out if we do not know which lepton comes out first: Use kinematics
But effect washes out if average over g and G: LHC is a pp machine: more g than g
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Form an asymmetry from invariant

_ (T9—-("9q
Ll = (ITa)+(1~q)
Green:spin correlation off

Yellow: No detector (x0.6)
Needs at least 100fb—!

mass distribution of lepton and jet

q
<
0.15
0.1

0.05

Barr

0.2

*Y#yy

4

i ek Nl
T T e

ot L %L
|

f‘f T
L 3 |

100 200 300 400 500

m, / GeV
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Difficult cases |: Small mass gaps

Co-annihilation region: Near degeneracy between LSP and sleptons.Soft leptons and
more messy decays.

~ ~

dr. — qx3 then X3(260) — £r(153)L — ££x%(136) and X3 — £1(255)¢ —
£6x°(136)

> 200
> [
D [
N [
o 150
2 [
c L
11 -
_ _ = 1001 J[
Leptons can still be found despite small - [
L [ |
mass gaps = i
&ap + 50
> [
) - ;
- | + +
oK A TR ST
L ‘ ‘| T-|_'|‘|' -I-TTT + _I_
0 50 100 150 200
M, (GeV)
ATLAS
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Conclusions

e Serious thinking has started about what might be done at 10°° and what machine
and detector upgrades are needed.
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Discovery cannot be far off

“The train is already late” (Altarelli): Fine tuning is a problem already.

We expected gauginos in the LEP range
Tevatron “window” is small but low masses are more likely
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Discovery cannot be far off

“The train is already late” (Altarelli): Fine tuning is a problem already.

We expected gauginos in the LEP range
Tevatron “window” is small but low masses are more likely

An era is about to end

Low energy SUSY has provided employment for > 20 years
It will be discovered or die in the next 6 years.
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