‘ Physics Program

of the experiments at

Large H adron Collider

Lecture 12
" Supersymmetry:

— Analyses status of
2008 and earlier
results

— 14 TeV energy
assumed
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Just few words about model

One of the the theoretically favored candidate for physics beyond SM;
— Protects Higgs mass from quadratically diverging radiative corrections

Proposed solution postulates the invariace of the theory under a
symmetry which transforms fermions into bosons and vice-versa

The SUSY generator commute with SU(2)xU(1)xSU(3) symmetries of
the SM

In unbroken SUSY, partners have same quantum numbers and masses.
But SUSY must be broken, non-observation of such to date! Common
approach for breaking part in Lagragian is the one which would not
reintroduce quadratic divergences

To warrant conservation of leptonic and barionic quantum numbers, a
new multiplicative guantum number R-parity introduced( +1 for SM
particles, -1 for SUSY); most models assume R-parity conservation .

— SUSY particles produced in pairs, the lightest one (LSP) stable
— Cosmological arguments suggest LSP must be weakly interacting
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Su persymmetry

Create an extension of the SM, where for each boson we have afermion

and vice versa (superpartners differ only in their spin)

Standard particles

Mixing gives
+ 0
> X X
(charginos and
neutralinos)

s_lg_ptohs squarks

' Quarks @ teons @ Force particles Swarks () Sloptons () SUSY farce gIUinD

particles

To learn more see eq. attached
S.P. Martin, “A Supersymmetry Primer”, preprint 9709356 (updated 2008)
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Models of SUSY breaking

Spontaneous breaking not possible in MSSM, need to postulate hidden sector

‘-’_]%jupellj;ymmf—:rtl_'y Flavor-blind MSSM
reaking origin [/ \/\/\/\V/ Y (Visible sector)
(Hidden sector) teractions

Phenomenological predictions determined by messenger field:
Three examples, sparticle masses and couplings function of few parameters:

e Gravity: mSUGRA. Parameters: mq, 19, Ao, tan 3, sgnpu

Variations:
— Decouple Higgs bosons from sfermions (NUHM). Add 2 parameters: m(A), jt
— Give up gaugino mass unification. 7110 = 121,12, M3

e Gauge interactions: GMSB. Parameters: A = F,,,/M,,, M,,, N5 (number of

messenger fields) tan 3, sgn(u), Cyrav

e Anomalies: AMSB. Parameters: myg, mse. tan 3, sign(u)
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‘Models of SUSY breaking

SUSY breaking communicated to visible sector at some high scale

mo, My, Ag, tan 3, sgn e (mSUGRA)

1

Evolve down to EW scale through Renormalization Group Equations (RGE)
Jfl. Jf-_-;. _U;{. fulj:f};:|. m[,_}EL}. :L. :Lg. .—1_.—. m{:l}. ’ram-f.,u

L+

From 'soft’ terms derive mass eigenstates and sparticle couplings.

m(xY), m[if}. m(Gr). m(qr), m(by), m(by), m(ty), m(ts

Task of the experimental SUSY searches is to go up the chain,
l.e. measure enough masses and branching ratio to infer
information on the SUSY breaking mechanism.
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SUSY comes in many flavors

= Breaking mechanism determines phenomenology
and search strategy at colliders

— MSUGRA/CMSSM | jet
- Neutralino is the LSP /< % - - -
- Many different final states F [ jet

« Common scalar and gaugino masses

— GMSB:
« Gravitino is the LSP
« Photon or tau final states expected

— Other:
- AMSB,Split-SUSY, ...
= R-parity
— Conserved: Sparticles produced in pairs
» natural dark matter candidate

— Not conserved: Sparticles can be produced singly
» constrained by proton decay if violation in quark sector

{?----
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\mSUGRA model

SM Particles SUSY Particles
quarks: ¢ ¢ squarks: ¢
leptons: / [ sleptons: /
gluons: g 8 gluino. g
charged weak boson; 7™ Wt Wino: T ~ 4
. ik ™ Y,» chargino

_ 5 H charged higgsino: H '

Higgs: H w40 O * g ~0 ~
e neutial higgsino: h 4 |

neutral weak boson: Z° /4 Zino: 7 - ;'T: .4 heutralino
photon: » photino: m’ J

MSSM Lagrangian depends on 105 parameters F>
mSUGRA requires only 5 parameters

Par Description
mg Common scalar mass
my,,;» | Common gaugino mass
Ay Common trilinear term
tanp Ratio of Higgs vev
sign(p) i from Higgs sector

Elzbieta Richter-Was
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\mSUGRA model

tanp=10, n>0 tanp=10, p>0

I_ T T T T I T T T I T T T I T T T I_ T T | T T I T T I T T | T T T ]
1000 |— 1000 [— —
C C x5(700) .
800 [— — 800 — /\ \ [l? —
= L ] = [ (5 ]
E i ] E i ?..1'[ }

=600 |- ‘?(?599) — =600 — _ | _ —
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B . - =1 = = .
[{—G(7000) ] a00 [ S = ]
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# - i I . | %4(300 i
£ ?"/;Gb . - ™ .
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my (GeV) my (GeV)

RGE for m 5 give for soft gaugino terms Mz @ My @ My 2 myp ~2=T7:2:1:2.5
m(g) ~= M;. In mSUGRA m(\{) ~ M, m(\y) ~ m(N7) ~ M,

Sfermion mass determined by RGE running of 1y and coupling to gauginos:

N o [T 2 . (0N o~ o 2 V1S 2 (a5 ~ (2 -
m(lr) ~ 1.|,-"”"t_}l - 'U.-ITHHL___.-Q. miltr) ~ 1.|,-"f“|;”| —- {_I_l,_}ml____.-j, ??1((1) ~ \,-"”’?-:‘j + 6??1%‘52

A and tan 3: significant contribution only to 3" generation RGE and mixing
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Benchmark in SUSY parameter space

SUSY benchmark points chosen in the (my, m,;;) plane for different tanf
values:
v' Systematically exploring phenomenological signatures
v' Scanning the parameter phase space constrained by latest
experimental data and Cold Dark Matter abundance.

Coannihilarion: Light T in
equilibrium with %Y. so

annihilate via ;T:[I]';C‘l — YT.

Bulk: bino %Y: light fg
enhances annihilation.

Funnel: H,A poles enhance

annihilation for tan 3 = 1.

Focus point: Small u?, so
Higgsino i? annihilate.
Heavy s-fermions. so small
FCNC.

—_——
-—
o
—
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Benchmark in SUSY parameter space

= SU1: m(g)=830 GeV,m(q)=750 GeV

— Coannihilation region

= SU2: m(g)=860 GeV,m(§)=3500 GeV
— Focus point

= SU3: m(g)=720 GeV,m(q)=620 GeV
— Bulk point g

o

T,

= SU4:m(g)=420 GeV,m(5)=420 GeV
— Just beyond Tevatron reach

7 m(g)=900 GeV,m(q)=870 GeV

— Funnel regions T T "n,.;n";.,"" e -
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‘Models studies extensively by
ATLAS: mMSUGRA case

SUI

SU2

SU3

SU4

SU6

SUS.1

SU9

mo = 70 GeV, myjy = 350 GeV, Ap =0, tan = 10, u > 0. Coannihilation region where
;’3? annihilate with near-degenerate /.

mo = 3550 GeV, my;, =300 GeV, Ag =0, tanf = 10, u > 0. Focus point region near
the boundary where u* < 0. This is the only region in mSUGRA where the 72]0 has a high
higgsino component, thereby enhancing the annihilation cross-section for processes such
as 7 x) — WW.

mgy = 100 GeV, myp = 300 GeV, Ap = —300 GeV, tanf§ = 6, u > 0. Bulk region: LSP
annihilation happens through the exchange of light sleptons.

mo = 200 GeV, my, = 160 GeV, Ag = —400 GeV, tanff = 10, y > 0. Low mass point
close to Tevatron bound.

mo = 320 GeV, my , = 375 GeV, Ay =0, tanf3 =50, u > 0. The funnel region where
Zmﬂ) ~ my. Since tan 3> 1, the width of the pseudoscalar Higgs boson A is large and ©
decays dominate.

mo = 210 GeV, my;, = 360 GeV, Ag =0, tanfs =40, p > 0. Variant of coannihilation
region with tanf3 >> 1, so that only ms, — Mg is small.

mgy = 300 GeV, myjy = 425 GeV,Ap = 20, tan 8 =20, p > 0. Point in the bulk region with
enhanced Higgs production
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Physics opportunities at LHC

Cross Sections of Physics Processes (pb) jet Cross Section
lﬂj ET T T 1717 177 LI I T LINLEL N I I LI
Tevatron LHC Ratio 10t _ S
\Vs=14TeV 163 [ —— CTEQ4M
I8 ---- CTEQ4HJ
W+ (80 GeV) 2600 20000 ~10 A — vIRST
tt (2x172 GeV) 7 900 | ~100|] = 12
gg->H (120 GeV) 1 40 40|l £ ok 11
X2 (2x150 GeV) 0.1 1 BT I ST BN
"—% 107 | 8
34 (2x400 GeV) 0.05 60| ~1000[| 2 b | 105~
Tl | . LHC
35 (2x400 GeV) 0.005 100 | ~20000 O e N it
| FNAL
Z (1 TeV) 0.1 30| ~300 S
108 L. R T E S T
0 1 2 3 4 5
E. (TeV)
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SUSY sighatures at a hadronic colliders

P

» Assuming R-parity conservation

»  Strongly interacting sparticles
(squarks, gluinos) should dominate
production unless very heavy.

» Cascade decays to the stable, weakly

interacting lightest neutralino follows.

»  Event topology:

 high p jets (from squark/gluino
decay)

— Large E ™ signature (from LSP)
— High p; leptons, b-jets, t-jets
(depending on model parameters).

Several other possibilities exist,
but our effort has to be as more
"model independent” as possible.

P A typical decay chain:

Ej’ 70, M%

|||||||||||||||||||||||||||||||||||
1035— =

Gyl Pbl: pp — 83, 43, 1T, XX V9, 258, 54 |

2

—
(s

Cross section (pb)

—
o=
i
N
T T T TTTIT

-2 - | 1I|| [GcV]:

100 150 200 250 300 350 400 450 500
Particle mass (GeV)
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\SUSY discovery: basic strategy

* Details of cascade decays are a function T ke
rd i +
of model parameters S, A
: ~ x
* The search should rely on robust signatures - =

* covers large classes of models
* clearly distinctive from SM background

l'i
Ty RPN Y,
L1
%
LY
f=]
i
13
L3
*
LY
L]
%
LY
-

typically, “ S
o]
multi leptons
E, + High P jets + b-jets Missing E: LSP escaping detection
TJets High pr jets: squark/gluinos production

_ leptons: decays of gauginos, stops
In some other models, photons, or special

signatures based on long-lived sparticles co-exist = (tau-jets or H-jets: from third generation
sparticle production)

Elzbieta Richter-Was Lectures on LHC physics
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\ Sparticle cross-section:

LHC vs Tevatron

100,000 events per fb-!

)

1@ 1
SF . * LN
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Squarks and gluinos at LHC

= Cross section nearly model-independent
— for m(g)=400 GeV: GLHC(QQ)/ GTevatron(gg.)zzoaOOO
— for m(q)=400 GeV: GLHC(qq)/ "JTe\..Hatr-:)n(qC|)‘-""""I ,000

* Since there are a lot more gluons at the LHC (lower x)

X
q q
q
& > q
q 4N
e .
= At higher masses more phase space => decay In

cascades

— Results in additional leptons or jets
— Very model-dependent -~

:}{02 - l_ i %V
R
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Inclusive signatures for zero

leptons

SUSY selection:

e 4 jets (Pr < 100,50, 50,50) GeV)
o Fr > 100 GeV and E1 > 0.2M4
o Ao(j, Er) > 0.2

e Transverse sphericity> 0.2

Plot Mot = =L, |prijes,)| + EF*™
Typical cut: Mg > 800 GeV

<l

T [IIIFHI

-
L= ]
T

T IIIIII[

events / 200 GeV / 1fb™

-
o

T T T TTTm]
}I

| IIIEI.II

QCD
* Di-boson

—Q— ATLAS Preliminary

ﬁim

11 IIIII.II

0 500 1000

1500 2000 2500 3000 3500 4000
Effective Mass [GeV]
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'QCD multi-jet

: Require large A(i) Background-like: Signal-like:
Ad(jet, E;™s5)~0 Ad(jet, E;Mss)>>0

— Between missing E; and y
jets and between jets

— Suppresses QCD dijet

background due to jet i
mismeasurements
3 B R : B = Many studies on how to
Y i i | g E determine this
g 1’; ' g 1 background with data

W -gMET| (rad) fo*='-¢M*7] (rad)

Hermetic and well understood calorimeter critical for tl
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0 lepton analysis: detalls

events / 200 GeV / 115!

events / 200 GeV / 16

) 500 1000 1600 2000 2500 3000 3500 4009

Effectve Mass [GeV]

a 3 T | T T T T T T f

= L H 053 P

~ >
- SMBG =

3 10 3 L2 E (B

o E AW

8 f Y2 §

TS ® cco = i~

5 3 ATLAS ] g

’ d 3 E

E I-Jr 3
L - e e A i A =t e i e 1
'l 500 1&)0 ISIO'O 2000 2SIO'0 3000 35100 4000 0 500 1000 1500 2000 2500 3000 3500 4000

Effective Mass [GeV] Effactive Mass [GeV]

= 4 energetic jets and E{™ss>100 GeV
= E;Mss>0.2 Mgy Where M= E+ +E/Miss
= Sphericity>0.2, phi-correlation cuts, lepton veto
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Search analyses:
0,1,2 Ieptons+Jets

g E’ - AR ATLAS
2 F 0- lepton s 1= sz o T 1- leptom Sus ‘”“5;
> oL SM BG 4132 F # anBa -
[ E it 3 - tt b
g w 1S 10 34 E
= B Z 4 & B M 3
2 107 gcb%son E g - * gi{-:tgrson _:
5 F ATLAS . % 'E ot :
z C ]
10§— _§ 107 “‘P‘_T_ -

50010097506 20002500 3000 3500 400 10°%0* 550 ' 1000 1500 2000 500" 3000 3500 4000
Effective Mass [GeV] Effective Mass [GeV]

2-lepton

= Signal can appear in many Sample Nevent/fb-’

search analyses simultaneously |[su1 m@)~860 Gev 72 6

— Depends on model details SU2 m(g£)=830 GeV 18.8

— Important to do all of them SU3 m(¥)=720 GeV 159.8

= Top is most severe background | SU4 m(§=420 GeV) 809.5

Top 81.5

Other backgrounds 3.2
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Inclusive reach in mSUGRA
parameter space (14 TeV)

~ ajetsOlepton

T -
4 jets O lepton |

reach for g, g (14TeV)
0.1 fb'1 750GeV
1.0 fb11350GeV
10. fb'1 1800GeV

< e I = ._"I"'II
8 i JMF ATLAS secdjets 1lepton | @ e %W . o o 3 jets 0 lepton
et 7 5o discovery weis 4 jots 2 leptons 05 | o : s i) ST ,
r MSUGRAtanp =10 _ . { jst 3 leptons g a0 2y == 2 jets O lepton
€ soo0| . : : ;
0 4jets analysis wt different | ~_different jet requirements
lepton mode L -~ weer
600" oo £ <
: - RN
[ anmensinny, | | ProTew 'y
a0l e | 400 1 -
200_:.7'“2_ ':\ oo L N— 200} e 'q;"'h..,h_: e —— T
i R e g rmnes” NOEWSS | - o= HO EWsS
“ £ oS B T Ll L ' 55 e e e e e s e
e TR T R T T % 500 1000 1500 2000 2500 3000
m, [GeV] m, [GeV]
® ATLAS Reach for 14TeV, 1fb!
* included expected uncertainties on SM background at 1fb-1 of data
® 50% on QCD backgrounds
® 20% on tt, W, Z+jets
®

multiple signatures over most of the spaces

Elzbieta Richter-Was

Lectures on LHC physics

21



Inclusive reach in mSUGRA
parameter space (14 TeV)

tan B =10 tan = 50
; _;_';,-‘ AEE IA!']-L"Als.' =T l\'"-_'_ Iﬂ}altalol|ap-l:onl Ttz ; SR o0 v v M [TLE e e et ISR |¢1 g‘slﬂ |I T TI I
] 7 wemmaw =1 eptan. -1
8 tean %* wenass 4 jots 1 lepton B 8 S {:TLAS _ | | P i
= Frias Tev) 3 : o~ : .5 o discovary , 4 jels 1 lepton il
7 T;F; = ;gd&:;:!:;:p oy _--.l:l:\‘flmanISZ; leptons OS - N1DUD : MSUGRA tan i = 50 41 . 1 F .
= a2 A = 1 jet 2 leptons 7l = i — 4 jels 1T i
E 800f o - &= & W %
Aot o preliminary 800 1fpt  preliminary
:?;: I {20 Tev) 5 : EDD. ]
e, A SHOSTR ! -
400 T Ty T W : |
& s N i 400}
_;Irl.:‘l'-:‘l r."‘ ..r 0 NI'n'-_-‘.‘"F."'__ \ h ) :
200 _1-.'T v'l'-, l._ -" ) "-'a-:.:_"...._uu-l‘;;m':w s )
B -"""‘s : ke .'- i :__E__‘ 0.5 TeV)
5TeV Ii '{“}‘I#,‘. .-u-l" o 200
U :' == l o I : e ‘1\ b L1 | v by oy .| i o o S e | i l|l i "|
0 500 1000 1500 2000 2500 3000 500 1000 1800 2000 2800 3000
m, (GeV) m, (GeV)

» for 1 fb1 : cover a large part of mSUGRA phase space favored by
electroweak, heavy-flavour physics and low energy precision data!
- tau channel can help for large tanf3
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SUSY mass scale vs M_..

)
0 250 500

mSUGHRA

0 250 500 750 1000 1250 l‘i[}ﬂ 1750 2000 22:\[! “WD
M_, {GeVie*

L " -
u fl. .® .
> £ )
MSSM
750 10001250 1500 17:"-0 2000 2250 2500
M_, iGevie
T T Iy T T T
L) ..-ﬁ'.
= pewh
ot
e
-~ GMSB

o SUSY mass scale, Mgygy := L1500
average of squark and gluino <& flwu @
masses & =

_ ";_" SO0~
ell — Epjct 4+ 2 lep.i E_Illmb % i
i—1 i—1 =

o M+ peak strongly correlated to %1500 [
the SUSY mass scale 2 000 | ®)

o Measurement of Mg ., feasible T
with 10 fb! |

15% precision for mSUGRA o |
40% precision for MSSM
also possible for GMSB with rapid 509
decays to gravitino LSP % L (o)
significantly increased statistics jmnn B
needed = -
or variables using photon or lepton p; S00 |

o Total SUSY cross section, og sy, 0
can be estimated in a similar way
with 10 fb™! with a precision of
15% (50%) in mMSUGRA (MSSM)
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‘What kind of SUSY is it?

= We will need to do SUSY A ~0, I X
spectroscopy! q/ \' l
— Rate of 0 vs 1 vs 2 vs n leptons lm
- Sensitive to neutralino masses -
— Rate of tau-leptons: s
. Y- .dee S 2of
Sensitive to tanp m,ys = mMso0 — Mo £ |
. . Ef /{2 /{1 =
— Kinematic edges =
= obtain mass values :
—_ Tr||ept0ns 'mn_ 'zlcu 41)'5111' e]n I[I!CI- 1%0 1.;0'1é:'} u]méﬁ_m
. ] ) SU4- 0.5 fb! M(IT) (GeV/cT)
* Examine chargino/ neutralino TA2OE 2/ na 105/ 16
couplings 2100 MMz 6771: 6207
i i i > a0 M2-M1 5268 + 2,439
— Detailed examination of S 3
] ) i i ATLAS 3
inclusive spectra £ a0 preliminary 3
20 —
20 =
'405_ I I |+ + I I | I I _1:'
0 20 40 60 80 100 120 140 160 180 200 16
m(lly [GeV]
Elzbieta Richter-Was Lectures on LHC physics 24



General strategy

Select signatures identifying well defined decay
chains

Extract constraints on masses, couplings, spin
from decay/kinematic rates

Try to match emerging pattern to template
models, SUSY or anything else

Having adjusted template models to
measurements try to find additional signatures to
discriminate different options

Most of the work done on sparticle mass
measurement.
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\ Dilepton channel

— Reduces the signal because of (model dependent) leptonic BRs;
— Heavily suppresses the background: top is the dominant one;
— Statistical significance i1s smaller but S/B ratio larger.

— The Same Sign channel has the best S/B ratio — but limited by signal rate
Baseline selection :

« Jetmultiplicity = 4, p 5t > 100GeV, poters > 50GeV
«  E ™ >max(100GeV, 0.2xM_y) ;. Transverse sphericity > 0.2 .

"_-E 1 D‘i E T I T I T I 1 I 1 I L] I I I 1 I 1 1 I I I T 1 T'_e L T T TT I T 17T | L L | TT I.I |' .I T | L L 1 T T ]
- HATLAS Preliminary —_ & 3 [ ATLAS Preliminary T:% ]
— w5101 ] 2= +jats —
> 10* . sl v &t E
& 1 fb-1 ;0 v Siten
. - -== SU4 ] C 1 fb-1 B susysu2 4
QI . i Vsisvse ]
P Opposite Sign 2. Susvue
g -, 10 Same Sign 5
R Aty -
(1T} ; - ]

£

— O
55
[
l-l-l—
5
.-
"o
iF
Pyttt
o=
flfiiflt gl
—
T fl[lllFl I 1l||f|]|

10" ..“} s = _J#T

= L |. 1 L A L J Ll L L |. 1 i 1 J I L L L I ' L
0 200 400 b0U 50U Nl 200 100 200 300 400 500 600 700
Missing Transverse Energy (GeV) £.(GeV)
.

_—-y
o
o
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\ Dilepton edge mass measurement

* In case of a discovery of SUSY, particle properties
can be measured to verify that they are indeed 4
SUSY partners v, - Y0

1
* Edge(s) of di-lepton invariant mass correlated with O

slepton and neutralino masses -
¥, —=1l—y° I'I

* Impossible to reconstruct peaks because ){,01 (LSP)

escapes detection, more complicated 5= 37=0
' ; . _ ~0 M<(Ig) M<(x?)

relations between masses of particles MJ2* = M(x9) [1 - o - =

involved. M2(X3) M2(Ig)

v Uncorrelated (SUSY+SM) background (two leptons from
independent chains) removed by flavour subtraction:
e‘e” + (3 ptu - B (e*u-ep’) , B=gle,

v Leptons can also be combined with jets of the full decay chain
to look for other kinematical edges (M, or V)
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\ Lepton + jets combinations

- 2 ) = s ~0 1 . o~ ~ o
qgr. — XZQ(—} f’.i(/Fq) — X1 E—i_{ q Xz — Xl €+€

2 2
siis g M -o ed e
Hi‘{; _’W;{j 1— (m_{) VXI = ( 4 ) - m‘éég = M~0 — *"”

'_T:} 5':}_ [ | LI LI LI I | i LI B T T I [ | I T T T T ] T?E'IBU:L I I j__
i B —— 8Ua O88F 7 = ]
< - BKG OSSF ] 21503_
> afl= | s 51 OSDF = 0= | | -
3 - BKG OSDF - 5o
= | 120
E 300 = ) =
8 | S e
o 20 SU3 amas o
1o -3 1 wp
B [ e e 5 200 -
I II' —_Ln:r_J'u.“_ Sl B
%

11 L 1 i | 1 5 al T == == .
q:l 20 40 60 BIJ '|DD 1213' 1 4l;'| 160 180 200 20 40 60 80 100 120 140 160 180 200
milly [GeY] mill) [GeV/]
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\ Dilepton edge mass measurement

D 5[} LI BLELELEN BLEL AL AL B BLELELE B T T 7T T T T T T T T T T T T T T Iﬂjndf 40.11/45
n R | | I | | | | [ 1 7a - | [ I [ E I Prob 0.670
:: - —— 5U308SF i : 50 ! Endpoint 090.66+ 1.399
- F —— BKG 0SSF 1T t 1fb-1 : Norm.  -0.3882 + 0.02563
~ 4[}_— --= §U3 OSDF ] % 40:_ : Smearing 2273+ 1.339
8 - ~ -~ BKG 0SDF 1o i - :
< gﬂ__ _ ; 0 E I
. » = 20— —
=} {15 C :
S 20 o Bl ;
L - . C -
: 1fb-1 ] 1 :

10f 1 o :

: | i—il L1 | I L1 1 l -i = ' Wr ; ‘-10:_ I I BN AT ST S S ST S I_-
R VI TV BT VR [V LR 0 20 40 60 80 100 120 140 160 180 200

SU3, 1 fb- T
Edge: (99.7+1.4) GeV

Truth: 100.2 GeV

Elzbieta Richter-Was

m(ll) [GeV]

m(ll) [GeV]
Fitting function:

Flavour Subtraction
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Triangle smeared with a
Gaussian with 6 = 2 GeV
(to take into account

experimental resolution)
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\ Dilepton edge mass measurement

For SU4, the slepton is heavier than ,‘J{;? > The decay is: 2 = 0 I

27 naf 105716
’IQ‘ISO__I' L 1T LI B B B B | T ‘:‘:-9120_—1I I| IlI'[ITEl] T TT ] I TT ] 7T | Pr{;b 0‘839
0 < anF —— 504 08SF 32 100 i Norm 70.07 + 8.971
< 160 —— BKGOSSF 4= F MisM2  67.71+8.267
R p T) | = R R 5U4 OSDF 4> anbe - M2-M1 52.68 + 2.439
EMGE 05 fb-1 ooy 13 80F 0.5 fb-1 .
<120 4T eof =
$10% ATLAS Preliminary 3= “F ATLAS Preliminary -
@ 80F 3 205 =
C ] 3 ]
605 E 'D_ ) ! -
“F ERE= .} } 3
20 - - ]
B L R 1 -40 - .
1 | L1 1 I L1l I L1 1 I L1 1 I L1 1 I 1 1— - L I L1 1 1 11 l] 11 1 l L1 1 I L1 1 I 11 1 I 11 1 1 1 1 I 111 r E
%20 a0 B0 80 100 120 140 160 180 2 0 20 40 60 80 100 120 140 160 180 200 :
m(ll) [GeV] m(ll) [GeV]
Fitting function:
SU4, 0.5 fb1 Theoretical three body decay
Edge: (52.7+2.4) GeV function in the limit of large _
Truth: 53.6 GeV Flavour Subtraction slepton mass, smeared by the .
experimental resolution with
c=2GeV. 10
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\ Lepton + jets combinations

Formulas in Allanach et al., hep-ph/0007009

Assuming that the squarks decays originate the two hardest jets of the event, one can
use the QII combinations. Each combination has a minimum or a maximum which

provides one constraint on the masses of ¥ 1 70 5 [ q .

]]ql Keep the minimum
EDGE 2 a2 2 A2 yli2
1y, j Agmax _ (Mo~ M) Mo —Mio)
lg . Mo
2 X2
7] Keep the maximum
2 g ()™ = + iy =), =iy
q

> —(m2, —m%g) i +m ) (m? +m } — 16m? nm‘l mi
]]qz T \/ { i In In

+2m; (mf, - m))/ (4m3&mi,g)
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\ Lepton + jets combinations
Ilq thresholds

Iz-"nd{ 9.727 /6 S O I B I 2 / ndt

) 6.359/6

» 25:' ATLAS Preliminary Endeoint  2654:17.4 | 2 Endp. 160.9+ 355

- 25¢ ; Slope_ 02114+ 0.0766 | Slope  0.3279 + 0.2473

> F

¢ *F 13 SU4 0.5 fb-1

S 15F 1 g *

£ 10;‘ ++ E g * ATLAS Preliminaj
Pk HH
UE & H *#uirﬁi_’_ng = + +++ + + + 4. 4
LI s
R TR = R e TR R R R

m(llg) [GeV] mllg) [GeV]

Fit formula: 2 straight lines (for signal and background) smeared by a Gaussian
distribution to take into account the experimental resolution.

Edge: 265+17+15+7 GeV Edge: 161£36+20+4 GeV
Truth: 249 GeV Truth: 168 GeV
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Lepton + jets combinations
llg edges

7 I ndf 23/10 2] J

'-TE 50; LI | e I LI | LI LI Endpoint 51 5.7 i w.1 ’_-o [ T 1 | T 1171 | I I 1 i [ I T T 1 ’éridr;(‘if 343?'.15.9?2.3
- F SU3 lope 01563 :0.0424 | T gl i Slope  -0.6258 +0.1294
=~ 40F bk po 26371996 | o L i bk p0 2244 +11.04
% - pokp1_004149: el oL bek_p1-0.0447 + 0.0252
o 30F ' 4 8 eof ’ -
N - - f= -
g 1 g | SU4 1
@ 20__ — = B | ]
£t . g 40 |l i ]
5 1oF 1fb-13 £ | + 0.5 fb-1 ]
- ! 4 w B | 7
- i = ! - — ! . . —

of RS [ I1_|I‘I o ¥ 2 sed 20 ATLAS Preliminary
b L E 0;44':'- |

10 ATLAS Preliminary - -

oo ol s by by g by g by g by | . L1 11 IIIIIIIIllliIIIIIIIIIIIIllIIIlIIII_

0 100 200 300 400 500 600 700 800 0 100 200 300 400 500 600 700 800
m(llg) [GeV] m(llg) [GeV]

Fit formula: 2 straight lines (for signal and background) smeared by a Gaussian
distribution to take into account the experimental resolution.

Edge: 517+30+10+£13 GeV Edge: 343+12+3+9 GeV
Truth: 501 GeV Truth: 340 GeV
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\Measuring model parameters

e.g. nSUGRA/CMSSM model and perform global fit of model parameters

to observables

ex: mSUGRA
mg, M2, Ao,
tanp, sgn(u)

v

mxl}:m“t:m 0

2 R X1

Point Mg My,

Ag  tan(B) sign(u)

Bulk 100 Gev 300 GeV -300 6 +1

Frrors
Variahle Value (GeV) | Stat. (Ge¥) | Scale (GeV) | Total
g mpe 7707 0.8 0.08 0.08
mis 4285 14 4.3 45
mg 300.3 039 3.0 31
mas 378.0 10 38 39
migin 201.9 16 20 26
e 1831 36 1.8 41
mig) — m(i® 106.1 16 @1 1.6
’ mPe (0] 280.9 23 0.3 23
: — - Rz 806 50 0.8 51
sign(u)=+1 expected unc. 1 fb E(g)-u.sus:;m(ﬂ) 500.0 23 60 | 64
migr) —m(E% 4242 100 4.2 109
Mo 98.5 GeV + 9.3 GeV ) i e Y
m,, 317.7 GeV + 6.9 GeV m(3) - mien) w6 | 25 | o |2
tan(p) 7.4 4.6 /J
Ag 445.0 GeV + 408 GeV
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\ Results for

SU3 (1fb?t) and SU4(0.5fb1!)

Observable SU3 mMpeas SU3 mne SU4 miypeas SU4 nmve
[GeV] [GeV] [GeV] |Ge V]
mgo 88 +60F2 118 62+ 126704 60
Mo 189 +60F2 219 [15+126F04 114
mg 614+91+£11 634 406 £ 180+9 416
m; 122 +61F2 155
Observable SU3 Amyeas SU3 Amye SU4 Amyeas SU4 Anyge
[GeV] |GeV] |GeV ] |Ge V]
Mo — Mo 100.6 =1.9F0.0 100.7 52.7+£2.4F0.0 53.6
mg — Mo 526 =34+ 13 516.0 344453 +9 356
my — mgo 342387 0.1 37.6

Elzbieta Richter-Was
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Fit results for SU3 (1fb1)

%2 I ndf 24.13/20 2 ndf 429135
Prob 0.2366 Prob 0.1687
E-IZO‘T\ rrTTTTTTT T ;:::anl 97.11320:).:.; a :_' L B BN B ;:::lam 3:1.?::;33; . -
Ot ATLAS Soma_snessote| O SO7 ATLAS Sgma__ 5212021 Parameter  SU3 value fitted value  exp. unc.
;100 - — r
z f ] 2 4of ]
7 80 ] B :
S 6o ] s % ; sign(it) = +1
] L g L ]
E a0l 1 E 20 E tan 3 6 7.4 4.6
= r = L ]
207 ] o E My 100 GeV  98.5GeV  £9.3 GeV
0 | o

L - d.-wwl-ﬂ-+-\; .:.‘ y M e L 5]
B0 B0 100 120 140 160 A oo e 1”1;2 300 GeV  317.7GeV  £6.9 GeV

M, [GeV] M., [GeV]
_ - Ay =300 GeV 445 GeV 408 GeV
¥2 I ndf 191.6 /25 ¥ I ndf 2315729
Prob 1.238e-27 Prob 1.894e-33 .
Constant  63.36+6.11 Constant ~ 33.9+2.7 Slﬂ’ﬂ(‘ll ) — = l
B [T Mean 4952000 250077 T T TTT T T T T  Mean 379.9+ 208 =
E 120:_ ATL?S Sigma 1.46:510.115 ; 200; ATLAS + Sigma zaiji 145 tan ﬁ 1 3.9 :|:2.8
g - | My 104GeV =18 GeV
— 80r - = 150 !
5 FR My, 309.6 GV £5.9 GeV
S F =] L i !
= ER L A 489GeV  +189 GeV
r =z
a 3 500 + E
20r ] [
RPN et ltan 0 Eita |* aole w ]
0 0O 5 10 15 20 25 30 35 0 -1000 4] 1000 2000 3000
tan B Ay [Gev]
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Light Higgs In decays of
neutralino (10fb1)

G — X5qg— XV hq.

[{a}
=]

L I L B
ATLAS

i F i
E 80%- ; ::EE_ & Signal E
= N I = e I — —
8 = g . Comb BG
= 605— e Susy BG =
s 505_ I standard Model BG = 10 B standard Model BG
3 E — Gauss+Pol2 3 B — Triang @ Gauss -
o 40F o F
0 o E
202_ a- ]I -
10f 2= L i E
OO 50 100 150 200 250 300 350 400 OU 200 400 600 800 1000 1200
M, (GeV) My (GeV)

Light Higgs in decay of neutralino, enhanced in
some corners of parameter space SU9
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Spin measurement in squark decay

Consider ‘golden’ squark decay chain in SPA point

Three visible particles in final state: 1 jet, two leptons

Spin analyser i1s the angle between Spin0 Measure
l Angle
the quark and the lepton from \} x . Spin-Ys
qL =
degsy @090 el /
No dynamic information from ]
§ |
angle between two leptons, as (R !
, ~0
) . Spin-14; . p d
Spin-0 1 .
IS SpIn zero mostly wino pI '\Spm-“/é,
mostly bino

Reminder: can cast invariant mass of two adjacent particles, e.g. /4 in chain as

dimensionless variable measuring #:

i ?n..?q 1 | . 50
m”-=——>21—=—(1—cosf) =sin”—
(mg**)? 2 2



Spin measurement in squark decay

We have seen that for intermediate particle with spin zero:

dP 1 dP 0
= — = —— = 2
dcost 2 dmn

Spin 1/2: two cases:

4 T 1T 171 T T 171 T T T 7T T 1T 171 T
e Lepton same helicity as quark: E E
. 3~ _ ]
[Tq, I=q for q1, (] EE; - i
d 1{1 0) d 3 z L b
= —(1—cosf) = — = 4i® 5 2f ]
dcost 2 - dm . 2 F 1
o = -
e Lepton opposite helicity to quark: 1 —_
I=q, 1% for Gz, : |
0 P T R A R B B i
AP 1 AP a ﬁ 0 025 05 075 i
= —(14cosf) = — = 4?'“.[1—?“_.2} VM gy =SiN{EY2)
decosf 2 dm ‘

Difference in shape of 14+, and 1 indication for \s spin 1/2
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‘Gauge mediated supersymmetry
breaking (GMSB)

SUSY broken in hidden sector at a scale F},, << mSUGRA breaking scale

Breaking communicated to visible sector by messenger fields with mass scale

M,, < My coupled to MSSM particles through SU(3) x SU(2) x U(1) interactions
EW symmetry breaking radiatively generated through large top Yukawa coupling

The gravitino GG gets mass through gravitational coupling at My
— Mgz;<1GeV — G is the LSP

Model parameters:
A= Fo/Mm, M,., N5 (number of messenger fields)
tan 3, sgn(p), Cyraw (T(NLSP — G) < C2,,,)

- |

e m(x) ~ AN;
e m(f) ~ AVN;

NLSP can be either the \{ or [y (7 or all I; co-nlsp)
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Gauge mediated supersymmetry
breaking (GMSB)

The phenomenology is determined by the nature of the NLSP

e NLSP is \Y, decaying x| — vG

—CT < < detector size: two v and F

—CcTY = detector size: similar to mSUGRA
e NLSP is Iz (7, or all Iz co-nlsp), decaying I — IG

— 7}, <<detector size: two leptons and Fy

— ey, = detector size: heavy long-lived particles

Measurement of NLSP mass and lifetime only way to measure the actual scale of

supersymmetry breaking / F

(not necessarily equal to +/ I, breaking seen by messenger sector)

=]
e N
cTnLsp ~ 16w X
My rsp

From comparison of F,,, and F’ scales information on messenger mechanism

Lifetime studies need detailed simulation of detectors

Elzbieta Richter-Was Lectures on LHC physics
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‘Gauge mediated supersymmetry
breaking (GMSB)

ATLAS studies focused on four points:

Point A M,, N5 tanfB sgnp Cyraw > 1|NLSP c7(NLSP)
(TeV) (TeV)

Gla 90 500 1 50 + 1.0 ¥ 12mm
Glb 90 500 1 50 + 10° Xi  ~1km
G2a 30 250 3 50 + 1.0 ln  52um
G2b 30 250 3 50 + 5x10%| lp  ~1km

a(SUSY)=7.6 pb for G1 and 22 pb for G2
For both G1 and G2: m(g) ~ 750 GeV, m(x!) ~ 115 GeV
G1: m(q) ~ 950 GeV, m(£y) = 164 GeV; G2: m(§) ~ 650 GeV, m(ly) = 103 GeV
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‘Gauge mediated supersymmetry
breaking (GMSB)

Point A M,, N5 tan 8 sgnpu
(TeV) (TeV)

Gla 90+1.7 5004170 14+0.014 5.0+1.3 YES

Glb 90+11.5 <7x 108 AN;=90+0.88 50%21 NO

G2a 30+0.54 250-+60 340.05 5.0+1.0 YES

G2b 30-+0.25 25032 340.02 5.0+0.3 YES

Sparticle masses basically determined by A

Spectra sensitive only logarithmically to M,,

Error on tan /3 determined by theoretical error assigned to higgs mass

Relation among sparticle masses in GMSB very different from mSUGRA case: For

Point G1b no good solution for mSUGRA fit!
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AMSB phenomenology

e Three parameters: mq, mss tan 3 sign(u)
e ¢! is Wino ; = m(x7) = m(x})) (in mSUGRA: m(x7) = 2m(x)))
= only open decays: X7 — X7, Xi — Xje~v
® Mg > 1 TeV
e Left and right sleptons almost degenerate
Study example point
mp=200 GeV, myp, =30 TeV, tan3 =3, u > 0
Mass spectrum:
mg ~ 815 GeV my o+ = 101 GeV
m; = 754 GeV myy = 322 GeV
m;. = 153 GeV m;, = 155 GeV
Qualitatively similar to SUGRA Point 5

Select events with requirements on M, ;s and Fr and study OS-SF lepton-lepton edge
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\ Discovery reach for other models

discovery reach for other models (1 fb-1):

L T ) L P P R
m=eenmld jis 2 lapton (OS) —

— i‘l jet 3 lapton

{ preliminary
\

Bl

II|IIII|IIIIIIIII|
S0 60 70 g0

A (TeV)

i e v - L B L L Ly L B N N B

ATLAS i —--4jets'ﬂ lapton

“¢ hgdiscovery . = 4 ]ets1 lepton

prellmlnary

10

|||||||||||||||||||||P’ \7

R
0 500 1000 1500 2000 2500 SDDO 3500 4000
m, (GeV)

GMSB :

* production: 2 leptons or T on generator level

= 1 jet 3 lepton analysis shows highest

discovery reach : less Standard Model
background

AMSB:

« similar phenomenology as NUHM,
but different masses and decay modes
» reach for O lepton channel similar to
the reach for mMSUGRA

« difference for 1 lepton channel:
chargino decays in invisible leptons
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\R-parity violation

R-parity defined as: R = (—1)3(B-1)+25

R-parity conservation imposed to guarantee B and L conservation

Phenomenologically viable theories adding an R-violating term to the Lagrangian:

Wi = Niji Li Ly E + X LiQ; Dy + XU DDy,
9 (A) + 27 (N) + 9 (N') new parameters in the theory
A" couplings B-violating, A’, A L-violating
Proton decay puts strong constraint on the product of L-violating and B-violating
couplings for first generation
If either L-violation or B-violation alone, no bound from proton decay
Experimental constraints on the A parameters from bounds on LFV decays and SM

precision measurements the range 10% — 1

Weakest bounds on \”
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Phenomenology of LSP decays

If A\ values at the lower end of 1072 — 107 ° range — displaced decay vertexes in the

detector, measurement of A possible (still to be done)

Assume only one of the three terms in the superpotential non-zero. Decay patterns:

i

e X| — qqq for A, # 0 (B violating) six jets, no Fr
e X! — I"I7v for Ajj; # 0 (L violating) four leptons, Er

e \! — qql, qgv for X};, # 0 (L violating) two leptons or F7, four jets

Analysis strategy:

e Assume mSUGRA with only one R-violating coupling +# 0, for each of the three terms in the

superpotential
e Verify that inclusive SUSY signal can be separated from background
e Try to perform direct reconstruction of Y| from its decay products

e Starting from Y! reconstruct sparticles higher up in cascade decay
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‘Phenomenology of LSP decays

'\?j k # 0

Most difficult case, more difficult than R p conserving case

Concentrate on \j,, # 0 yielding the decay x! — cds

Essentially no constraints on coupling, use A5, = 0.005

Consider modified version of ATLAS Point 5 with tan 3 = 10

Compare Rp conserving (yellow) and Rp violating 1 and jet multiplicities

Events/10 GeVi30 fv”!

old

3,

10

0186
0.14
012
0.10

Probability

0.08
0.08

0.04

0.02

u] 200 400 BO0 800 1000 2 4 6 @8 10 12 14 16 18 20
E'-i-"“{Ge\n"] N_}u

o
o

F'r signature lost; huge additional jet multiplicity (+6).

Use leptons from cascade decay for separating SUSY from Standard Model

Elzbieta Richter-Was
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‘Phenomenology of LSP decays

Aijk 70

Assume 122 # 0, X9 — Ve(m#i{ei}#jt
In final state: two lepton pairs and two neutrinos

Study opposite-sign same-flavour pairs for mSUGRA Point 1: mgo = 168 GeV

800 Always two v in final state:

- => no peak reconstruction

Measure my from edge in myy
400 "
Systematic errors:

Events/bin/30 b

200 Lepton energy scale: 0.1%

Modeling of combinatorial background

0 100 200 300
M- (GeV)

Reconstruction of heavier sparticles taking lepton pairs near the edge as the y!

If one of the i,j,k indices is a 3 — Y} reconstruction difficult because 7 in final state

Elzbieta Richter-Was Lectures on LHC physics
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\ Long live the sparticle

o Long-lived particles = they live long enough to pass through detector

or decay in it

o Predicted in many SUSY scenarios (GMSB, RPV, ...) and not onlyl!...

o Regardless of the model, categorised by event signature
m Charge: electric? magnetic? colour?

s Decay length?
Two general cases.
A. Sleptons, R-hadrons
(heavy slow particles)
~ large ionisation energy loss
~» nuclear int. (R-hadron case)
~ delay (TOF) reconstructed
in muon chambers
B. Long-lived neutralino
(non-pointing photon)
~» decay vertex is somewhere
in the inner tracker volume

cr ~ det. size et >> det. size
7 — &y kink track ;gi‘;’g; :S'OW
X —= X
R-hadrons - (A)
or 900~ | mSugra like
T — Gy % é
By | N

Elzbieta Richter-Was

Lectures on LHC physics

50



GMSB: sleptons and neutralinos

o Slepton NLSP couples weakly to gravitino e ﬂ
-> long lifetime | arLas -
. 10°F E
o Detected as heavy, slow-moving muons ;
. . . lept i
o Preselection of slepton-like events at trigger level . . ]
o B measurement: fast calculation with good
resolution in the muon system 10E .
3k GMSBS signal L
EBDG:— ..... muon bkg é“ll I[I'Jr:; I(I-.}EZI} I|I:|p; E:'t;l IU‘Q;I -|HI'Ej_'|
m"’”"; — sum =
MD":' o
sooF: <
oo slepton &
= ™
300 i i
i [Ty
200 '..‘1\. 3
100 in om (=]
40 a0 ﬂ:;l.. == Il;ﬂ.l‘ ------ T.‘Zl‘:l“““’l.l'llé ------ 1- atl“".“i-ﬂ.ls ------ ibﬂ (o))
maas (GeV) | o
o Neutralino NLSP %, — Gy 2 R e X
o Selection: . P ; - =
one or two non-pointing photons %, NLSP non—pomtlng Y'S o
two OS leptons (slepton deca N R T — -
. °p (slep Y) 100 150 200 é
high E;miss (gravitinos) A [TeV]
Elzbieta Richter-Was 51

Lectures on LHC physics



What LHC can(not) tell us about SUSY?

o SUSY discovery potential
= SUSY @ 1 TeV with 0.1 fb-! — could be first discovery
= SUSY @ 2 TeV with 1-10 fb-1 — within 1 year of data taking
= SUSY @ 5 TeV — may need SLHC
o Measurement of effective mass = mass scale, total SUSY cross section

o Endpoint measurements
= sparticle masses at 10% level
= model parameters at 1 - 10% level (assuming specific model!)
o How can we distinguish various SUSY models?
m E miss gspectrum -=> R-parity
m hard photons, NLSPs, long-lived gluinos = GMSB, split SUSY
= T leptons = large tanp3
o Higgs sector
= discovery of SM Higgs: observable for the whole allowed mass range

= additional Higgs bosons from the MSSM can be discovered on a large fraction
of the parameter space

= measurement of Higgs bosons properties is possible with 300 fb-1
masses, total width, ratios of couplings, spin / CP properties

o And what it cannot tell us ...
= observe and measure the full gaugino spectrum (in particular charginos)
m constrain model parameters to < 1%
m define directly the nature of neutralino & chargino (higgsino / bino / wino -like?)
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Next topics

12.01 - SUSY:

— Status of searches at Tevatron
— Data-driven background estimates (LHC)
— First analyses with data (LHC)

19.01 - Wrapping up on Data2010:

0 SM physics: selected public results
0 Searches: new exclusion limits

Elzbieta Richter-Was Lectures on LHC physics
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