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’> Introduction to Hadron Collider Physics
» LHC and ATLAS detector

1st{ > Test of Standard Model at LHC

e Parton distribution function

'+ QCD + jet physics

* Electroweak physics (Z/W —bosons)
ond {¢ Top physics

3ra 4 > Search for Higgs boson

4th [> Supersymmetry

| » Conclusions
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-,
NN Higgs signal in ATLAS

dFsc N Iare

LHC can probe entire set of “allowed”
) :
3 {L =30 f‘b')l . EH{THTI,P,:M Higgs mass values (100 GeV — 1 TeV)
-Lé no k-tactors s H = zz” 54l
g 2| ATRAS B WWE v'at least 2 channels for most of range
— C " gg — qq
E 4 ggH — qqTt
E;L;‘l _ Total significance

Full mass range can be covered
After few years at low

160 180 200
my, (GeVi?)
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[NFN.. MSSM Higgs

Minimal Supersymmetric Standard Model

extention: upper limit for the light Higgs mass

Two Higgs doublets: 5 Higgs particles il

H, h, A h

H+, H- _ e

Theory prediction m, <135 GeV *‘:' N

Fixed mass relations at tree level, M, = 17545 Gev

Important loop corrections wigf e =

(tree level relations are significantly R T
-

modified) mainly dependent from tOp/ StOp

*two parameters: m,, tan [3

*For large m, the h boson is SM
like
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(NN..MSSM parameters constrains

* M, sfermion mass at EW scale Phenomenology

« M,, SU(2), gaugino mass at EW scale .
- (2), gavgino ¢ decribed at Born
u, supersymmetric Higgs boson mass parameter.

 tan [3, the ratio of the two Higgs fields doublets level by tan B NLLUN

* A, auniversal trilinear higgs-squarks coupling at EW scale. It 1s
assumed to be the same for up-type squarks and for down types
quarks.

* m,, mass of CP-odd Higgs boson.

*  Myin0, 1t affects loop corrections for stop and bottom
4 t b/r W/Z
>couplings: gMSSM — g . gSM h cgsa/s_inﬁ -sinalcosf | sin(a-p)
. H| sina/sing | cosalcosf | cos(a-p)
no coupling of A to W/Z Al cotp tang |
lal'ge tallB : lal‘ge o: mixing angle between CP even Higgs bosons

(calculable from tanp and M,)
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Decays

d

Large variety of observation modes
>if SUSY particles heavy

SM-like: h — vy, bb
H — 4lept

MSSM-specific: A/H — uu, tt, tt
H — hh
A —>Zh
H*— 1v

>If SUSY particles accessible: (not discussed)
“H/A — %2, %% — X0 1o — 4¢ + missing Energy

*h produced in cascadeudecays (e.g. x%— h )




di Fisica Nucleare

N Past & future

Excluded:
m,, <92.9 GeV¥c m,<93.4 GeVY/c
tanf 0.9 - 1.5

% H.—~160_---|---|---|
E = 140 |
} 140 - a ] cl
10 g
=120 Theoretically
=t Inaccessible ]
£ 100 ]
80 [ ]
60 [ ]
1 Theoretically — _ 40 - ]
Inaccessible C
- _ 20 7]
0 20 40 60 nilum::{GE\?fc}fﬂ 007 20 40 60 80 100 120 i24
h m, (GeV/c)
LHWG-Note 2004
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L’_N/F:::hi:':;‘.:,"::z‘::::: Past & future

Excluded (max m,) Excluded (no mixing)
m,, <92.9 GeVZ/c m,<93.4 GeV¥c m,;<93.3 GeV/c m,<93.3 GeV*/c
tanf3 0.9 - 1.5 tanf3 0.4 — 5.6

0o 200 400
0 200 400 .
m, (GeV/c?) m,,, (GeV/c?)

LHWG-Note 2004
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M. Benchmark Scenarios

MHMAX scenario

tand
8 &

suggested by Carena et al.,
EPJ C26, 601(2003)

5]

Name MSUSY H M2 Xt gluino
GeV) | (Gev) | (GeV) | (Gev) | (Gev)

=

s = o OO

M, = 174.3 GeV

m, -max 1000 | 200 200 | 2000 800
no mixing | 2000 200 200 0 800

M, = 179.3 GeV

[

e 2 CP conserving scenarios considered

100 200 300 400 500 600 700 800 900 1

M, (GeV) (other two gluopphobic and small a not discusses)

* to examplify the discovery potential

* mainly influence on phenomenology of h

1) MHMAX scenario maximal M, <133 GeV

2) Nomixing scenario small M, <116 GeV
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Istituto Nazionale
di Fisica Nucleare

1) MHMAX scenario maximal M, < 133 GeV

2) Nomixing scenario small M, <116 GeV

3) Gluophobic scenario M, <119 GeV
. coupling of h to gluons suppressed
. designed to affect discovery via
gg—> h, h>yy and h->2Z >4l
4) Small a scenario M, < 123 GeV

. coupling of h to b (t) suppressed

(for large tanf3 and M, 150->500GeV)
. designed to affect discovery via

VBF, h->tt and tth, h->bb

Simonetta Gentile
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to Naziona I
di Fisica Nuclear

e
e

MSSM Higgs Accesible channels at LT

DiReNs

1f SUSY accessible Higgs — SUSY particles or SUSY cascade —

Higgs (not discussed)
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C menel1ght Higgs Boson (30 fb!)

h observable in entire parameter space and for all benchmark scenarios?

MHMAX scenario No mixing scenario I
[<a®
£ VBF: h —» WW T V al f
En VBF: h — 11 » VBF: h — 11 ue O
’ nEnT " S M, and M, close
ATLAS (prel.) a
§ ' at high tan
: : g
: :
4 4
3 3
2 2
excluded by LEP:(prel.)
1 1()0 200 300 4(?(] 500 6(1) 70() S()(] 900 1000 1 1(‘)0 200 300 400 500 600 700 800 900 1000
M, (GeV) M, (GeV)

» most important channels: VBF

----------------

M, (GeV)
g
T
&
|

» differences mainly due to M,

-------
-

‘ almost entire (tanb, M,,)- e T
9 [ 27

plane covered

MHMAX scenario  Nomixing scenario
Gluophobic scenario

L | 1 1 L | L 1 L | L | 1 1 —
100 150 200 250 300 350 400 450 500

Simonetta Gentile M, (GeV)
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. MSSM Higgs bosons
s h,H, A, H* N

o,~11 GeV

N4 7 ATAS
w47 Bo discovery cyryesio -
\ él D Maximal mixing h
40 N Ié: Q& \ m, ~ m,~m,, at large m,
% !/, 3 '."'
35 %
™ I o \ .
\ ;I o A H, H* cross-section ~ tg?3
30 \ ’ o« o e
‘ ';; Best sensitivity from A/H — tt,H* — 1V
25 o ;ﬂ/ \‘9;_; gb —>tH*, H* = Tv
20 é H/A = pps A/H — pu, tgp=38
15 i/é % | [
A S o ¥ ATLAS  l0fb"
10 L}? I
a & g
C < G
3 t —> bHY C LIy g ,_'§M like h e Lli
TG 2N [EF 7000 | f .
50 100 150 200 250 300 350 400 450 500 § |
ma (GeV)

A/H— pu : /E

-- covers good part of region not excl. LEP

-- experimentally easier than A/H — 11

-- crucial detector : Muon Spectrometer
(high-p muons from narrow resonance)

250 3 350

Ty GeV)



- Plane fully
covered (no holes)
at low L (30 b))

e Two or more
Higgs can be
observed over
most of the
parameter space —
disentangle SM /
MSSM

50 = September 2001
&7/ 3 I~
2 R . . E ATLAS+CMS
O 40 (Y4 N v &
b IZH 1l H > Ty = SLdt=30 fb/exp
30 - .‘] " ", = » Mcmmal mixing
Z Z H ot B N o gkt
. SO e
L} o = : L
2 r g NEith, h—>bb ~ oS AN
v 2 et
4 % 2]
-/.: ~H \ L S5
f‘f; e ab—> tHH—)-ﬂ/
10 HF¥a B S
9 _‘,.ffl %‘ ¥ o
8 + q' s
2 [ 72 NN
s L a2 =
| f—
5 =) —> 77 % h —>yy and
o L A 4 leptons \Wh /tth, h —>yy
¥ /,_-1 __/_a- . e
7 N o N ' 7 D) m\_
v A= r’// '/ . \\\\ ’
2 li’/ / -/,'%:'E\ .Ir . ’ \\\\-\XK\\\\\\\\\ §
BA 7N
A EA \ A—>Zh—>libb \
o =5 H LA |
| % — | SO \
1 1 II/ 1 /réi 1 :'__l I 1 :, 1 ] %I 1 1 1 I 1 1 -l- --1‘ | 1 1 I&\- I
50 100 150 200 250 300 350
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(_ Tau’s as final state signature in MSSM scenario

* bbH, bbA with H/A —11t (lep-had and had-had)
 tt—H"DWb with H— tv (lep, had)
 sb—H™t with H— tv (had)

Extential a good t identification
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-~ Neutral Heavy Higgs Bosons

IN|
L_/ :::';;:;”:z:::::z L
> _example: bbH/A, H/A 2 tt -&LA;— discovery reach for H/A: :
" G,q ~ (tanp)?; important at large o MANAX scenanto
tanf3 =" ATLAS]
(prel.)

15

= new analysis: tt=> had. had
BR(H/A->1t) ~ 10 % , rest is bb

bbh: A/H — pp1 300 fb™
bbh: A/H — 17 30 fb™
VBF: H — 11, WW 30 fb! |

—

[ I S - N T-1=)
I

H/A — 1, vy

H— WW = Ivlv, hh — yybb1
A—Zh—1lbb ]

300 b

m =0 Gey

E tanf=10

(5]

excluded by
LEP (pl el.)

1
10 20 20 400 50 600 00 80 %00 1000
M, (GeV)

New: take running b-

quark mass for o 44 » bb H/A -bb 1t covers
large tanf3 region

G AN

» only very few events remain after cuts

(acceptance ~10-) > other scenarios similar
» LVLI trigger performance crucial >
» detailed study: >90% LVLI efficiency for

M, >450GeV via “jet+E; .~ and “t+

Er s triggers with a rate of ~1.4 kHz tile

(within rate limit) ysics 2005

intermediate tanf3
region not covered
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Example: bb h, —bb pp
i;gtﬁﬂ 6.226 hy = p” pand bb ¢ ~0.2-0.01 pb

Ay — " p and bb

Z/y*— pu* p- and bb c~22.8 pb
c*br(Z — p* p and bb) (Pythia 6.226)

AcerMC (v.2.3) interfaced with Pythia 6.2 (hep/ph0405247).
77 —pu"u and bb :

c*br( Z — u* w)o*br( Z— bb)

Same order of magnitude of signal. c ~0.15 pb
Reduced by kinematical cuts.

tt — W"W-bb — bb puv pv

o(tt) *br(t— bW)*br(W — pv)*br(t — bW)* br(W — puv)

Missing energy in the event
c ~5.84 pb

M,, 95 -130, GeV tan B~ 20 -50

Simonetta Gentile
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M Signal & background
1 6 5
b b “
4

J 1 1
1 b

2 < b > b
5 6

* hy,bb— p p*bb
e Zbb — uutbb
* tt missing energy

Simonetta Gentile
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2 b-jets and

} Final state
2 u(or3-4)
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N Background Subtraction Method

Precise Knowledge of
1 5 .
- background crucial
g 4 « Experimental method
Z/y ﬁ T~roposed based on
g b 3 /— utuandZ— e’ e
b * Relying on experimental data
6 Br( hy— €' €) neglegible
1 6 m 2
b ” m .
9 4 .
Z/y ~ € - Different Inner
g b 3 Bremhstrahlung

______letta Gentile
Gomel School of Physics 2005



Selection

»Basic cuts:

= A pair of opposite muons with p,> 10 GeV |n| <2.5
= A pair of jets with E, > 10 GeV and [n| <2.5

» Selection

= At least 1 b-jets (p > 15 GeV & b-tag weight>1)
=25 GeV <P * <100 GeV

, for tt background
=25 GeV <P " <60 GeV ATLAS-PHYS-2003-015
lMinv( M"’u') +/- AM (F A0° Fh()’ AReSeXp)

PP <60 GeV
=P b2 <55 GeV for tt background

P, missing < 80 GeV’ N.B. all value of cuts for tt are
Indicative not at all tuned!

Simonetta Gentile
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M- Light Higgs Boson (300 fb )

MHMAX scenario

tan3

B &8 8

h — vy

h — ZZ — 4 leptons
bbh: h — pp

[
E-1=1

ATLAS (prel.)

Y Wk U o Na®

[uy

« also h—>vyy, h>ZZ->4 leptons, tth->bb contribute
» large area covered by several channels
—> stable discovery and parameter determination

possible
» small area uncovered (M, =90 to 100 GeV)




Ll_ﬁF:g:;:;":i‘::::s Charged nggS at LEP

@95% C.L.

MH™ > 78.6 GeV

I
H
I
=
(&7
08
a6 -
LEF 188-209 GeV
a4
a2 -
l:l T |I| |I| I 11 ||mllllllll
&0 &L o 7L &0 BL o aL

charged Higgs mass (GeVich)

Simonetta Gentile
Gomel School of Physics 2005




)
INFN

[ o et Charged HiggS

Production mechanisms:

*below top-quark mass: gg,qq — tt—WDbH™b
*above top-quark mass: gb—tH"—t tv BR (H* — 1V)

-~ - "‘w""'W"'"W"'W].
5 ::. ne
+k-' ...:;.' - .
. L, N
170 T 10—1_ * . n ¥ . “9..q g .
- — E b % . g
o . + '
53-.160 -, 5 | X v e e P
o E [a's ' 1 W -
M 150 | @ O
Els0 b 10 * iy
= F * Yooy v
130 [ G Y.y
C & i,
120 | " o,
C =3 o g * e
110 | 10 F e
- tong=20 X.
100 ¥ tanf=10 "
_ *— tanf=>5 bt
20 £ LEP2 excluded  tong=2
ED 0: 1 11 I1 bl 1 |2|D| 11 |3|0| 1 |4|0| 1 |5|D| | 10 160 150 : 200 I 2%0 360 ’ 3%0 : 400 I

tang My" (GeV)
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a(jmhggged Higgs below top-quark mass

g
Production mechanism:

below top-quark mass:
go,qq — tt — WbH'b large N

(tt pairs g

exp
Ve
BR(t—H*D)

~ous signal:

R R large BR (H— tv) — 100%
Ul e bgd. : BR(W — tv) — 10%
S BR(t — had v) — 65%
-o :2 e T ... N

tang

Simonetta Gentile
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. 2" 1

My %/ Charged Higgs at large masses
rﬁ“\ﬁ\\\ T A G6=5-01 pE DEES. dllos d free 7 =
N —>tH'b b—>tH" W—l_JetS tt Wbt

gb—tH", t—jjb, H+ —TV

* t — Jjb reconstructed
- Signal ' L. - Backgrounds

S N N W A U & N S e

2 b-jet veto E e trigger on tau+E,miss
— [Ldt = 30 b ﬁ Imjmi ]1?)?) gzz — e tau-id crucial
A > 1.0 rad profit from 100% tau
- b m, =250GeV polarisation to enhance
R =40 : rejection against W — v
3 m, =500 GeV transverse mass can be
- tanp=50 E reconstructed
E * good sensitivity to mass
""""" bl and tan[3 measurement:

100 200 300 400 500 600 1.
mT(GeV) at 300fb .

Simonetta Gentile Am/m~ 1-2 %
Gomel School of Physics 2005 AtanB/tanB - 5_7 %



INFN Charged H™ -> tv

Istituto Nazionale
di Fisica Nucleare

at large masses 5o discovery contours
MHMAX scenario
(el P
E 40 1 .""
. 30m -
2 300 fb™ L
gb — tH', H" — 1v

—

a W1 o1 WOO

tt—» bH bW, H — v, W Iv
N tt - bH bW, H" — 1v, W qq

30 fb!
3

2 excluded by LEP (prel.)

m{ Sh St HAS
1 ol | RN R RN ATRTRTRTRN RTRTATRTRY RYRPRTRTR LTR TR

100 200 300 400 500 600 700 800 900 1000
M, (GeV)
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Overall Discovery Potential: 300 fb-!

/1

MHMAX scenario

Whole plane covered

3 =
dJuey

for at least one Higgs

S

(intermediate tan [3)
where only h 1s

* Large wedge area
observed

B T

o o T,
T S S

b ] ﬁ."“"‘.”*"";’ .v..ﬂﬁﬁ.‘f'

Yl .
e R

mgs—.ﬁﬁs.ﬂ. ag

 No direct evidence

i AL ,
AARALL

for higgs beyond SM

AL
KRR A A

~1

400 500 600 700 800 200 1000

200 300

M, (GeV)
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L ==x=SM or Extended Higgs Sectors?

MHMAX scenario
L > 1 Higgs bosoa First look using rate
? measurements from VBF
x ATLAS channels (30fb-1)

10 only h boson BR(h>17)

g g R — 1T

ﬁ A>2 BR(h=>WW)
s A>1

Deviation from SM expectation

\elik A= RMSSM - RSM |/ Oexp

100 200 300 400 500 600 700 80 900 1000 potential for discrimination seems
M, (GeV) . .
‘ promising!

»only statistical errors considered

»assumes Higgs mass exactly known



)
NESM or extended Higgs Sector ?

% estimate of sensitivity from rate measurements in VBF channels (30 fb-1)
% compare expected measurement of R in MSSM with prediction from SM

BR(h> WW)

R= "BR(h> w) A=]|Ryssm=Rsml/Gexp

MHMAX scenario
> 1 Higgs boson

“a

a
tan3
s &

M, = 130 GeV

ATLAS
(prel.)

only h boson

—_—
s

SM prediction

tn

=

[ S TS

BR(h—>WW)/BR(h—11)
T

+
tn

=

35 F

[

excluded by
> 1 Higgs boson LEP (prel.)

100 150 200 250 300 350 400 450 500 550 600 100 200 300 400 500 600 700 800 900 1000

M, (GeV) M, (GeV)

potential for discrimination
= only statistical errors = seems promising

= assume M, exactly known » needs further study incl. sys. errors
Simonetta Gentile
Gomel School of Physics 2005



B O o o~ DO

ATLAS + CMS

JSLdt=300 fb—i
Maximol mixing

ILdt=3000 fb"

h — SM like

LEP 2000

i
k'
()
\\1
y N

500 600

700 800 900 1000

M (GeV)

Simonetta Gentile
Gomel School of Physics 2005

- Discovery potentia
well understood

with assumption of
heavy SUSY
particles.

*Several overlapping

channels, studies
extended to

mA=1 TeV range.

[]



[ e Conclusions

o SM /MSSM Higgs could be discovered with ~ 10 — 30 fb"!
- Discovery of SM possible with 10 fb-!
- MSSM parameter space covered with 30 fb-!

a Precise measurements of Higgs parameters with 300 fb-! :
masses to 0.1 — 1%, width to ~ 5-30%,
couplings to 10-30%

Simonetta Gentile
Gomel School of Physics 2005



a’: g:;::::zi‘.’:::: Outline

» Introduction to Hadron Collider Physics
» LHC and ATLAS detector

» Test of Standard Model at LHC

e Parton distribution function

* QCD + jet physics

* Electroweak physics (Z/W —bosons)

* Top physics

» Search for Higgs boson

» Supersymmetry

» Conclusions

Simonetta Gentile
Gomel School of Physics 2005
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aF N Introduction to Supersymmetry

di Fisica Nuclear

Relates fermions and bosons:
for each particle p with spin s, there exists a SUSY partner

with spin s-1/2.
b Ex. : q(s=12) — (s=0) squarks

Z (s=1) — (s=1/2)  zino
Motivations:

unification of fermions and bosons is attractive
solves problems of SM, e.g. divergence of Higgs mass :

f

f

Fermion and boson loops cancel, provided mg gy < TeV.

Simonetta Gentile
Gomel School of Physics 2005



INFN Introduction to Supersymmetry

Particle content of the Standard Model

nicely explained in GUT \jdhgg SM
SU(5) -> SU3) x SU2) x U(1) o P

\
Measured coupling constants ° o M-0.117:0.005
. Lo Sin_@ﬁ:0'2317i0'0004
unify at GUT scale . ] ) )
m SUSY but not in SM. S 1L
e MSSM

World Average

QED .
Weak P

20

SUSY

u(GeV)

»SUSY provides a good candidate for dark matter in the Universe:
the Lightest SUSY Particle (LSP)

Simonetta Gentile
Gomel School of Physics 2005



a N  Introduction to Supersymmetry

Does not contradict predictions of SM at low energy

— not ruled out by present experiments.
Predicts a light Higgs

However: no experimental evidence for SUSY as yet

Either SUSY does not exist
OR
mg gy large (>> 100 GeV) — not accessible to present machines

LHC should say “final word” about SUSY 1if mg gy < a few TeV

» Minimal Supersymmetric Standard Model (MSSM) is the
supersymmetric  extension of Standard Model with minimal particle
content and R-parity conservation.



INFN  Particle spectrum in Supersymmetry

SM Supersymmetry
weak mass
eigenstates name eigenstates
q | qu gr s—Quark Qi 2
/ l1,, I s—Lepton lq, ¥y
v % s—Neutrino ©
g g gluino g
W= Wi wino
H | By higgsino K12 Chargino
H, | H; higgsino
Wo WU wino
B | B bino
H! | H} higgsino X3 2.3.4 Neutralino
H: | B higgsino

Each SM particle gets
SUSY partner
spin differ by 1/2

2 Higgs doublets for
up- and down- quarks

Equal number of bosons and fermions solve hierarchy problem
-> corrections to Higgs mass ~ SUSY mass scale

Simonetta Gentile
Gomel School of Physics 2005



INFN (S)particle reminder

Istituto Nazionale
di Fisica Nucleare

USM+ MSSM Higgs7

U SUSY

|

. quarks (L&R)
Spin-1/2 leptons (L&R)

neutrinos (L&?)

squarks (L&R)

sleptons (L&R) Spin-0

sneutrinos (L&?)

f
k
0

spin-1 Q& ) LW

gluon

h0

HO
Spin-() < A0
H:l:

. N

Bino )
Wino"
Wino*
gluino

> Spin-1/2 <

J

(2 doublets)

Extended higgs sector

ptta Gentile

omrerocmovl] of PhySiCS 2005

/‘

After
L Mixing

4 X neutralino

gluino

2 x chargino



SUSY breaking

SUSY partlcles not yet observed — SUSY broken
SUSY may be broken ,,by hand” or in the hidden sector
EW requires spontaneus breaking (Higgs mechanism)

Gravitation Gauge
M~Mp ~ 10'® GeV hidden 10° <M< 10'° GeV
VF ~ 10 GeV SUSY sector 10% < v/F < 10 GeV
\/_ A A/ G;‘/z
_ visible
partlcle spectrum
€L, T, . , W,Z
Mg ~ 2,5 TeV &, fi, T )ZI—L,XO Mg < 1 GeV _>TLSP
short or long lived NLSP

Simonetta Gentile
Gomel School of Physics 2005



s MSSM parameters

M,sy-stermion mass at EW scale

M,, SU(2), gaugino mass at EW scale

I u, supersymmetric Higgs boson mass parameter.

tan (3, the ratio of the two Higgs fields doublets

A,, a universal trilinear higgs-squarks coupling at
EW scale. It 1s assumed to be the same for up-type
squarks and for down types quarks.

m,, mass of CP-odd Higgs boson.

Mgluinm
bottom

it affects loop corrections for stop and

Simonetta Gentile
Gomel School of Physics 2005
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N
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minimal SUGRA

aII 3 coupling constants meet at ~ 10'¢ GeV
— can be embedded in Grand Unified Theories (GUT)

common masses for sfermions and gauginos at GUT scale

My
mi/2

Ao

common mass for sfermions at GUT scale
common masses for gauginos at GUT scale
common trilinear Higgs-sfermion-sfermion

coupling at GUT scale

L

tan 8 = ——%

mixing of Higgs doublets

—+ 5 free parameters: mg, mq 2, Ao, sign(x), tan
determine all masses, cross-sections, branching ratios

m2(lg) ~m2+0.15 mil’ﬂ
m?(g) ~ 6.25 m2,

m2(§;_,) ~ mé + 0.52 m%;z

m(X3) & m(X7

) ~ 0.9 my/2

m%(§) = m2 +6 mfﬂ

for mg > 0.45 my 5 sleptons heavier than x9, X7

3rd generation sparticles lighter due to mixing and

large Yukawa couplings

Simonetta Gentile
Gomel School of Physics 20(

myo (GeV)

ratio of Higgs vacuum expectation values

| L
Baer, Chen, Munroe, Paige, Tata
[ [ y
r

500 T T T
©
3 I
=)
400 (1000) - g‘g,
1z
300
200
100
8
0 200 400 600 8.00 1000
i modGeM): o
________ ( Benchmark Point C
s My /2 40 ang = 10, L —':.-"-'Ew
52 t2 ML
) ” b-I: ~ ™
Higgs 5o o+ UrCR
- —
i WG t
sy
Xy
> 55
Xy 71
_ -l i
xz
MO ’E1
hO x-|



i Fisica Nucleare

Present limits

YAk
Mass sleptons (+ A7)
and charginos | ¥ =, ¥,

+

Mass squarks E
and gluinos g

. 0
Mass neutralino { Zl a4

Simonetta Gentile
Gomel School of Physics 2005

> 90-100 GeV
LEP II

250 GeV Tevatron
Run 1

~45 GeV LEP I



Ll_ﬁF:g:;::;”:;i‘::::z Present llmltS

With LEP Combined results
~ 35 - : : —
3 *—Hig_gi-‘-[ mg <1TeVic™ .
d 7 Uy, = 175 Gevie? LEP II on mass of lightest
d T supersymmetric particle
“ lf"[ Charginos (large mg) p y p
: Higgs F
Sleptons . . .
4 Lightest supersymmetric particle
NN | =neutralino
in the corridor
_Emludgd ar 95% C.L. LSP = XO 1
A

L 2 h] L

Simonetta Gentile
Gomel School of Physics 2005



INFN

L

Istituto Nazionale
di Fisica Nucle:

R-parity
new discrete multiplicative symmetry in SUSY models

R, = (—1)%5+8B+L

S: spin, B: baryon number, L: lepton number

R, 1 for SM particles
R, —1 for SUSY particles

|

superpotential contains R-parity conserving and violating
terms

B |5
SUSY particles produced in pairs pairs or singly
the LSP is % any sparticle
the LSP is stable | decays
. _ miss
experimental signature Er Er

Exclusion limits under assumption of I2,-conservation are
not valid under I2,-violation.

Simonetta Gentile
Gomel School of Physics 2005




aFN s Hunting fOf SUSY

<< Jets

*Squarks and gluinos are strongly

Produced i
> Sparticles decay through . <al-€Ptons
cascade By . { E.miss

to the lightest SUSY particle (LSP)

1. Look for deviations from the Standard Model:
Signature Multijet + E; ™ signature.

2. Establish the SUSY mass scale use inclusive
variables, e.g. effective mass distribution.

3. Determine model parameters (difficult)
Strategy: select particular decay chains and use
kinematics to determine mass combinations.

Simonetta Gentile
Gomel School of Physics 2005
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INF# .
L Preduction of SUSY particles at LHC

*Squarks and gluinos produced via strong processes g v —
q

— large cross-section

45,55, 09 @ dominant SUSY processes at LHC a’
Y if kinematically accessible ! Ol Ol
g ~
q g
m ~1TeV  o~1pb— 10*events per year produced at low L

*Charginos, neutralinos, sleptons produced via
electroweak processes — much smaller rate

_|_

q >

q
q9—>——>— 0

G~ pb m, = 150 GeV

Simonetta Gentile
Gomel School of Physics 2005



Cascade decays
involving many leptons and /or jets
+ missing energy (from LSP)

Simonetta Gentile
Gomel School of Physics 2005



aN Decays of SUSY particles

Exact decay chains depend on model parameters
(particle masses, etc.)

However : whatever the model 1s, we know that

~yY NN~

J,g are heavy (m>250 GeV)

decays through cascades favoured

= many high-p; jets/leptons/W/Z in the final state + E ™

at LHC will be easy to extract SUSY signal
from SM background

Simonetta Gentile
Gomel School of Physics 2005
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IN" U
( In the coannihilation point:

050, Spanos
tanf=50, u>0

m, =70GeV,m,, ,350 GeV, Ay=0 GeV,
tan (B)= 10 sign(p) =+

Small difference between sleptons and neutralinos
soft leptons in the final state
g o] f\

£

[EE——————

#0 300 600 700 800 900 1000 100 1000 2000 3000

my» (GeV)

WMAP 0.1<Oh%0.3 This is for the CMSSM
C. Altarell With less constraints more space

Simonetta Gentile
Gomel School of Physics 2005



Detector performances

\

> Precise jets measurements, leptons, E ™iss
» Large kinematical coverage

Required performances:
* Lepton measurement: p;~ GeV, =5 TeV (b—/ X....)
* Mass Resolution (m ~ 100 GeV)

~ 1% (H —yy, 4 1)

~10% (W —jj, H —bb)

« Calorimetric coverage n| <5 (E™ss ., forward jet tag)
* Particle Identification

& ~50% R, ~100 (H —bb, SUSY)

g, ~50% R; ~100 (A/H —17)

g, ~80% R, ~10° (H —yy)

g >50% R, ~10°

Simonetta Gentile
Gomel School of Physics 2005




Gaugino mass term

Reach from E; ™ signature

% 1400

| | 1 | LI I LI | LI I LI | LI} | LI B}
L . Ejmiz: Signature
T | tan(B)=10,u=0,4,=0

1200

_________

1000

_________________________

.
b,

500

..............
b ———

600

mB T e T e
0,

200 P

0
0 200 400 600 800 1000 1200 1400 1600 1800 2000

M. (GeV)

Scalar mass term

SUSY Discovery

SUSY cascade decays
give rise to many inclusive
signatures:

leptons, b-jets, t’s ...
Final discovery limit ~ 2.5
TeV squark or gluino

Initially will be limited by
detector uncertainties, not
SUSY statistics!

Also need to understand
SM backgrounds

Simonetta Gentile

Tovey, Eur.Phys J. directC4 (2002)N4



N SUSY Discovery - mSUGRA

~ lIstituto Nazionale
di Fisica Nucleare

SUSY cascade decays give rise
e to many inclusive signatures:
* leptons, b-jets, t’s

* Final discovery limit ~ 2.5 TeV squark or
gluino

 Initially will be limited by detector
uncertainties, not SUSY stats!

* Also need to understand SM backgrounds

Simonetta Gentile
Gomel School of Physics 2005



[ o e S quarks and Gluinos

= Strongly produced, cross sections comparable to QCD cross sections
at same Q2
= [f R-parity conserved, cascade decays produced distinctive events:

Multiple jets, leptons and E, ™iss Analysis example:

My = Bp + B+ B 4 P + P *Nje, >=4

*£.>100,50,50 50 GeV

10°F

2 B miss> 100 GeV
. SM bgd T -
: | Limits reachable at LHC for squarks an
o T{i?’ gluinos:
ol 1fb ! — M ~ 1500 GeV
B 10fb - — M ~ 1900 GeV
example: mSUGRA " 100fb -1 — M ~ 2500 GeV
my, =100GeV, my, =300 Ge)
tan p =10, Ay=0, u=>0 Simonetta Gentile

Gomel School of Physics 2005



[NPN_. Inclusive measurement

m

Define averaged produced S A AL
SUSY mass 0@ ;
e J 2 E
O 800 | ‘4-" -
v > o M;o; - : - :
_ \f‘_’{- \ {_}-\,r ' . mSUGRA .
Mgisy = Msusy — ——— 0 . :
| Msgusy :
1200 :_(b) " -
] miss 4 et g ° " .
M, = E ™ + 2.4 p % ; .o
< 800 8. "
: : - : LS I
Good correlation with Mg %Eg _ i e
i ® . ° o e
for SUGRA, not bad even 400 3 SR
With MSSM 0 _,|. 11 L (e OV T | | 4 | ||--|||--_
0 500 1000 1500 2000 2500
Meif (GeV)

M, distribution for SUSY signal shows a peak

Gomel School of Physics 2005



)
stepton, squark, neutralino masses

qp
Qa5 TR
M(x,)-M(x,) = 105 GeV
*Apply corrections for electr
and muon energy scale and o NC 1 aTlas
efficiency L 5 fp1 1

*Flavor Subtracted mass to
remove the contribution from
uncorrelated SUSY decays:
ee+uu-efu-eu’

w
o

h——
|IIII|IIII|I

N Eventls\S’Z GeV
o

Accurate measurement of edge
position difference for ee/pp
gives the sleptons mass TR T

difference Mass (GeV)
Gomel School of Physics 2005
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[ e An example

Coannihilation point

Signature: @ O
*Leptons (e',e",u",1)
*One soft lepton . L_[ ...... L,

762 264 255,154 137
Am=20GeV Am=10 GeV

Endpoints: 3 i .

M(£4), M(¢4q), Mhieh((q), R “

Mlow(/q) Xy = lp.rRl  6%3%
Method: subtraction of wrong sign pairs: iR = X°L100%

+ A= (11 q-
(6 L, 1 ) -
+ - -1t
( CL,Uu,-C,u )
Simonetta Gentile
Gomel School of Physics 2005



Ll_hﬁ: :!‘Z";:s::zi‘::::z M (f f )

' miss jet
No cuts in E;™ss, P Full sim. 20.6 fb-

. 200[
5 f MC Truth, I
. iy - MC Truth, |
Expected endpoints: g 150 MC Data
M(£0m=58.19GeV (L) = |
M(20)mx=100.9GeV (R) ee+uy-el
50f ik
e
U_....l....l..'l'..l..l.-.*-l..
(M2 — M2 )(M%- — M?%) 1/2 0 50 100 150 200
mair E LR LR ?
M = | ——— : ATLAS Preliminary M, (GeV)

lrr

Simonetta Gentile
Gomel School of Physics 2005



/_) °
e Neutralino

INF
L/

dF

> Fitted all end points : (preliminary only)
= assuming 1% on lepton jet endpoint

~10% error in lightest neutralino mass

Simonetta Ge:
Gomel School of Ph

arb., Units

ATLAS Preliminary

10°
E| LI B N [ N B NN B AR
- 04351 E=05
4
10 E S
3
10 _b |
'ICI"'_F |
10 [ | 1 I L 1 1 1 | [ | I 1 ] |
o 100 200 300 400

M(7%.) (GeV)
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a'ﬁml}a{e[esurement of slepton mass difference

If m,~900GeV m,~ 700 GeV X3 = RIF = XY
m,.~230 GeV  m,g~ 120 GeV S
(“point 57) 400 i - :Eﬂn;‘l’ickg i
il . susy backg |
Cuts: e 5
+ E (miss>300 GeV voS | ;
set e (Ut uo) pair with pr>10 GeV 3 01 :
*At least 2 jets p>150 GeV 2| ATLAS :
100 [ &
5800 events with 30 fb-! P i
(880 SUSY BG and 120 SM) 0 Bt s M e

Accurate measurement of edge
position difference for ee/pp
gives the sleptons mass differgnce. cenite

Gomel School of Physics 2005

1 (GeV
M,,=M (Xlﬁz —M(XO1)
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Istituto Nazionale
di Fisica Nucleare

m,,, mass determination

endpoint in m(£7£~) has good correlation with m; /s

but correlation depends on decay chain

M l._!.'Ma.ir ( Ge V)

200
180
160
140
120
100

B mO=IOOGeV

B —c

=2 O

& =

= —

& =

== [

. - —

= = =

= [—]

(- | —

: = =

= = —

. =

: e |

:llllllllll|J||||||||l|IIIII|||I|[||JI|||||1I[||JI|
50 100 150 200 250 300 350 400 450 500

m,, (GeV)

Simonetta Gentile
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Gaugino mass term

% & 5
X3 = Up — 40~ KO
Xo —> Ll — L0~ X




)
M. SUSY measurements - mass
 Mass measurements from exclusive )Aq
cascade decays q
e Mass differences well measured 'p—P N4—p- X’
— Typically limited by detector dr
performance %
o Of order 1% ! 1

e Error in overall mass scale

— Unknown missing energy
* Of order 10%

Estimate of s-quark mass using the transverse momentum mass

M,* = min [ max { m;*(p; ;, yET1: M(X1ﬂ) ), MA(Pr 2 FT » M) } |

Simonetta Gentile
Gomel School of Physics 2005



NN
[ s S qual‘k IMAass
Full sim.
. H‘lEDU_
Cuts: s | M@ )=T1:5GeV (735 GeV)
. Wynonl
2 jets with pp > 200 GeV ~ |5* Prelimingry
. e 600
AR(]1.),) >1 :
a001 \
EDD:_ Tite m""‘:
05~ 1{':1; 356400400 500 800706 50050071000
Mass (GeV)

M(y,") known M(squark) is obtained from endponit of
M2 mass

Simonetta Gentile
Gomel School of Physics 2005



(NFY.... SUSY SPIN @ LHC

Chiral coupling

SUSY particles have  spin-o Measure
spin differing by A l Angle (or inv mass)
from SM N Spin-3
“T S . o, qL «
Discovering SUSY”  --=-=
means measuring _
spins of new I
particles Spin.t ~0
pin-z, :
Possible at LHC? mostly wino PO XI'\SPin—%,
mostly bino

Investigation of
MmSUGRA “Point 57 Final state = jet + |*+ |-+ E;
( + decay of other sparticle)

Similar technique allows measeggﬁgﬁ’ﬁséffﬁyﬁfj{@gw muon/electron asymmetry



4000 |
3000 |
2000 |

1000 |

-> Measure spin-1/2 nature of neutralino-2

5000

v
v

- v
= | e,
a N
'I
|

v

|
v
||

<

1 | |

ATLAS

100 200 300 400 500

m, / GeV
Lepton+jet invariant mass

A"

Charge asymmetry,

(NP SUSY spin — observable distributions

6000 |

AT =
0.2 : |+ + |
015 parton-level +7~ +
0.1 #‘{Wﬂ
0.05 | + tw}
| H _O
0 f------- -¢-+ ------ spin-Y._
: + ¢ ++ 99
0.05 _' ++++ﬁ‘§*
0.1 f?“\ detector-level
o1s LATEAS
70 100 200 300 400 30
\ m, / Ge
0" =0 0" =1

-> Also can measure scalar nature of slepton
-> Success at several distinct points in parameter space

JFJUVIIIVE JNVIEILIUVUVUVUL UL & llJ [N ) %

F_AVAV LV,



/_) ® ° e
wNSUSY with R-parity breaking

- R-parity conserved

.1 eud In case of baryon number

_—y
a
ow

P violation -> increased number of jets

T MSSM

i
(e ]
no

i | _ R-broken

0.10 - /

Entries/10 GeV/30 b’

—_
(]

Probability

L b b b b i Py 0_02_—
200 300 400 500 el N T O N M == 2 M

: 0
miss
ET (GeV) \ 0 2 4 6 8 1: 12 14 186 18 20

jet

0 100

R-parity broken
»SUSY particles can decay in standard model particle

DILIVIICLLA Ul

Gomel School of Physics 2005
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M. SUSY produces Higgs

_\Aq (720 GeV)  § (1200 GeV) } Strongly interacting,
- g (600 GeV) \ SO hlgh rate
:NL 7. (1000 GeV)
/ \ ~ Other points &
— i ¥ (340 GeV) —— {J (800 GeV) combinations also
5 / investigated

_v ;(2 . (400 GeV)
_ ;52 —. (170 GeV) \@0 AOB

— — 7, (200 GeV
\_ X, (95 GeV) Z )

* Provided Heavy higgs are <150 GeV -> produced
* Missing energy + jet/lepton + higgs decay->bb
« Apply very simple (general) analysis



MY...Remarks on SUSY detection

»Uncertainties on jet and lepton energy scale
dominate over Statistical error

LHC experiments can exploit large statistics of resonances of known
mass (Z— £ £ ,W — jj ) to achieve In-situ calibration.

»>Lepton scale fromZ— 7/ (2 ev/s at 1033) by imposing Z mass
CONSITAING @goal: 0.1°

Dominant systematic:

«/— eec: knowledge of inner detector material (goal 1%)

Modelling inner detector bremsstrahlung (goal 10%)

-/— up :Dominate by Inner Detector scale. Requires precise mapping
of magnetic field and material.



MY...Remarks on SUSY detection

» Jet scale from:

= 7Z— (£ ) Hjet, by requiring P(jet) =P(Z)

"/— jj and in the decay tt -bWbW, by requiring m ;;
m

w

= \LHC goal: 0.1°

j}i o B Before calibration
~ Tl OO0 After calibration
: : i -
Dominant systematic: 1 o5l +++
Final-State-Radiation (FSR) 0 S S
—————— e e B Tieh
cone used to collect energy mmmmp- 1%{#%
0.95— ATLAS
0.9 1 | ] |
50 100 150

Simonetia Gunur
Gomel School of Physics 2005



[ Conclusions (of SUSY part)

« If SUSY exists at the TeV scale, ATLAS should
find it easily.

* Despite missing LLSP, precision measurements of
masses will be also possible.

Initial program:
« search for multijet + E;™ss excess over SM.
« if found can select SUSY sample with simple cuts
* look for events with multi-leptons, b-jets, tau-jets, photons
look for events with special features like long-lived sleptons
Use these results to guide further analyses.

Simonetta Gentile
Gomel School of Physics 2005
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