Iﬁ ATLAS

Searches with Multi-Lepton S
Signatures at the LHC Aﬂ

Bing Zhou
The University of Michigan

Jan. 8, 2007
At Aspen-07 Conference



The Large Hadron Collider at CERN
Energy =14 TeV, Lumi =103 cm=“? s-1

First Beams:
Fall 2007
Physics Runs:
from Spring 2008
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ATLAS

ATLAS and CMS Detectors

> 10 years of hard work in design and constructions

Mison Detectors Electromagnetic Calorimelerns

Solenold Farward Calosirmeters

CMS
Length : ~45 m Length : ~22 m
Diameter : ~24 m Diameter : ~14 m
Weight : ~ 7,000 tons Weight : ~ 12,500 tons
Electronic channels : ~ 108 Solenoid: 4 T
Solenoid: 2 T Fe yoke
Air-core foroids Compact and modular

Excellent Standalone Muon Detector Excellent EM Calorimeter
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Hadron Suparconducting

Calorimeter Solencid

‘ IVI S Irom return yoke intersparsed
Iransverse slice with Muon chambers

thrcugh CMS

 Lepton identifications: high efficiency, low fake rate
» Excellent energy and momentum resolution

 Trigger at low Pt

e Clean Signature for new physics discoveries!
» Detector can be well understood from Z-> ¢t¢ events

e e e e ——
D Barvay, CERN, febroy 2003



Detector Technologies

ATLAS
(A Toroidal LHC Apparatus)

CMS

(The Compact Muon Solenoid)

Si pixels + strips

Si pixels + strips

TRACKER | TRT — particle identification |No particle identification
o/pr ~ 5x107* pr © 0.01 o/py ~ 1.5x10-4 p; @ 0.005
Pb-liquid argon PbWO, crystals

EMCALO | 0/E ~ 10%/4 E uniform g/E ~ 2-5%/{ E
longitudinal segmentation no longitudinal segmentation

HAD CALO I;S-jc)in'r. * Cu-liquid argon (> | grqss_scint. (= 5.8+catcher)
O./E ~ 50%/4/_E © 0.03 O'/E ~ IOOA/"/_E ® 0.05
MDT, CSC, RPC, TGC DT, €CSC, RPC

MUON o/pr ~7 % at 1 TeV o/py ~ 5% at 1 TeV

standalone

combining with tracker




Simulation of a H —» pp ee event in ATLAS
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ATLAS Test Beam Results : Muon detector resolution

Barrel Sagitta c vs Beam Energy “Endcap Sagita vs Beam Energy |
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momentum (GeV) Beam Energy (GeV)
 Barrel: good agreement between data  * EC sagitta calculated according to the
and G4 Simulations (solid curves) nominal material distribution
(important for simulation validation) » Agreement of the measurements
» Threshold effect on the intrinsic with G4 is good, correction for the
resolution aluminum support bar applied
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ATLAS: ECAL Energy Resolution

Resolution with new reconstruction at n=0.68

0.05 | Local energy resolution well understood
l-.U__ma TE Sampl. Linear Term 7  since Module O beam tests and well
0451 71 reproduced by simulation :
© or [/ \@GeV)] o] i Y
i 10.0+0.1  0.21:0.03 1 -Sampling term given by lead/argon
0.035-, - Data ) 1 sampling fraction and frequency : quality
0.03-" °© Data noise subtracted - control measurements during construction
"\, ° Noise i
0.025; 1 - Noise term under control
002 %, -
- o 3 -Local constant term (within a cell) given
0.015 ] . . .
- 1 by impact point correction
0.01- =
0.005- = Uniformity is at 1% level quasi online
- | 1 but achieving ATLAS goal (0.7 %) needs
0 100 200 a lot of work, and most of the time was
E,...[GeV used to correct for setup problem...




ATLAS

CMS: ECAL Energy Resolution

| L T 1T T T 177 | T 1T | T 1T |

141 — 33 —
- $=3.63+/-0.1%

- N=124 MeV i
1.2 C=0.26 +/- 0.01%
o e 3x3 Hodo Cuts i

- $=2.83+/-0.3%

1E ¢ N=124 MeV —
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- The last(8-th) Barrel Toroud coul installed in Aug. 2005
- Barrel calorimeter (LAr EM + HAD Fe/Scint. Tilecal) in final position at Z=0 (Nov. 2005)
- Barrel toroid: cool down completed, first tests towards full field started in Sep. 2006




ATLAS Endcap Muon Big-Wheel installation
Barrel muon system complete Started in June 2006

el (C ’ MDT Big-Wheel (C)
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- /) o> Muon chambers
g W A .. * \ob T B b e 3
s . i ; M i_;" - ;
Detector installation to pit started in Dec. 2006




May 1999 | May 1999 9
1 s I 1
DETECTOR AND PHYSICS PEREORMANCE ' DETECTOR AND PHYSICS Pwokmr:
Tecnnicar Desion Rsmm*f 9 Trcunicat Desigy Report

Signal significance

.
Jun. 2006 ==

Detector Pe1f01111ance

and Software
Physics Technical Design Report, Volume I

Phy51cs Performances
Physics Technical Design Report Vol II

CSC (Computing System
Commissioning) notes are to
be produced in spring 2007,
covering software and physics
analysis validation for the
early physics run with 0.1 fb-!
and 1 fbl,

Instead of 3-rd vol. of TDR,
short notes on startup will
be submitted to LHCC in
summer 2007, along with the

very early physics reach with
0.1 fbland1fb.




Search for New Physics Studies

SM Higgs H°

Look for final states with ¢, and y :
H-2>yy, H>bb (with tt or W with lepton decays), H>77 ( via VBF),

H>ZZ*ZZ>e*ee*e, e*evv, e+efi, H>WW* &*y & or ev jj
(via BVF)

Extended Models
HO.ho AC H*H- & H++, H--

SM-like: h — vy, bb; H — 47

MSSM-specific: A/H — pu, tt; H—> hh, A - Zh; HF—> tv
AH — %%, %%, — 4¢ + missing Energy

Supersummetry

Like-sign leptons, multi-leptons and Jets with Missing E;

Heavy Q Q

Q>Wqg-> e+ jets

New bosons Z', W’

Z’2e0¢, W>ev

Technicolor

pr > WZ > év e, p; > Wn - évbb

L/Q structure

Pp—> LQ LQ = ¢ ¢q: High-mass di-leptons, Missing E+

Extra-dimension

High-mass di-leptons, narrow lepton resonances, Jets+Missing E+

Composite Models

pp2>L*L > ZZ+2leptons > 6 leptons, pp-> ee*> eey

Strongly-couples
Vector-bosons

High mass spectra: W, Z, > W, Z > évee, 2,7, > Z,Z, -> ee e¢
WW, >Z2Z ->eeee




New Physics with Multi-lepton Final States

Single lepton | SM: W= ev
W-=20v H->bb +W/tt(with W > € v)
. H>WW*-> ¢v jj (via BVF)
W+jets 2 €v +X o1 Wr > € vbb
tt/bb = ¢+ X Q> Wq-> ¢+ jets
Di_lepton SM H>WW*-> é*v év
A/H — pp, Tt
Z/Y*9 o0 Like-sign dileptons from SUSY particle decays
Z+jets> €70-+x High mass narrow resonances: Z'-> ¢°¢, G*> ¢°¢ -
n pp2> LQLQ 2> @
ttiww >€*¢ +x 0p-> eet> eey
Triple-lepton | SM pr> WZ > evee
WZ = ev ee W Z > W Z > éevee
pp> W* 2 4,02 Wy 0+ Z*y,0 > € €€ + Missing E+
Four-leptons | SM H-> ZZ*/ZZ - é*e-e+e
77 3 0+0-0+ 0 A/H — %, %% — 4¢ + missing Energy

2,2, > Z,Z, > eeee, W\W,_ > Z,Z, > eeee

Six-leptons

pp2>L*L=> ZZ+2leptons > 6 leptons

16



ATLAS : Muon Detection Efficience

Study based ATLAS CSC data sample: Z - uu

Matching Truth Muon P_ with [n|<2.6 Matching Truth Muon n with P_ > 5GeV
12 12
1 3 § - " g e w 2
- 1T o sl s, aEtree,
B - e ¥ ¥ . e
0.8~ 08— o
[ . 3 :
06/ 0.6— §
- i - ¥ ¢
04— 04—
= —+— Muonboy Efficiency - —+— Muonboy Efficiency
B —#— MulD -A Efficiency - —— MulD S-A Efficiency
B —¢— Staco Efficiency B —e— Staco Efficiency
0.2 __$ —+=— MulD Combined Efficiency 0.2 _—# —=— MulD Combined Effciency .
0 :\-.-I L ‘ Ll 1 1 ‘ Ll 1 1 | L1 | ‘ Ll 1 1 | Ll 1 1 | L1 | ‘ Ll 1 1 | Ll | | | 0 B [le] | | | | | | | | | | ‘ L | | | ‘ L | a2l
0 10 20 30 40 5 60 70 8 90 10 -3 -2 - 0 1 2 3
Muon Pt Muon n
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«  Fake p rate as a function of Muon P-
Full simulation: tt 2 u + x (1M events), Z-> uu (1M events)

Fakes per Z—>uu Event as P, Cut
£ 107 EC
7 B
E 10-2 g_ ................................................................
10-3 g_ ........................................................................
10 ;_ Muonboy
— Muonboy with Matching
N Moore
10° - MulD Stand-Alone
— MulD Combined
10.5 L1 | | | | 1 1 L1 1 | | 1 | L1 1
10* 10° P, e’
For p. > 500 Gev,  ~tandalone Muon System: fake rate ~10
L MulD Combined: fake rate ~ 10®
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Benchmark Studies on Muon Final States

O N A O O
T

21 Mass resolution
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ATLAS: Muon Spectrometer Performance ITLAS
High Pt Muon Charge Identification is Essential for new physics

Unique feature of the ATLAS

. . ' *
X-dim : dilepton from G* exchange ¢ ndalone Muon System

.'IIIH 1500 2000 2504 2000 350 4000

< e | ]:\ 5
- ] i1 SM &.45 — i< ¥
028 L) . “.f Barrel | —+
DT =L bl ] af
I +1 T4 bl ] 3
o2 T T L =t ——
: 1 LU TR ol ——
i T4+ T+l n=4 1E
015 Tl TTT L 05 ——¢—+
1 n=3 A T I S
01 n=2 Tr+LL] M, (TeV)
1] ] — s
= @45 ni= ¥
_ -
65 M 4.7 TeV ..t Endcap ‘
i 3 ‘
_I L1 1 1 I L1 1 1 I L1 1 1 I L1 1 1 | L1 1 1 I L1 1 1 I | I | 25
2
5

M
«Charge asymmetry measurement  :
would help to pin-down the ‘origin’ T e
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ATLAS: Bench mark: Z' - uu

3 TeV Z' mass spectrum Z' Charge Asymmetry
_ ¥ /ndf 3479 / 25 0.2 | 5 -1
ol Z %“" W Constant 39.99 0.15 4 10 pb (Mz'=3TGV)
= Mean 2986. B
i Sigma 227.7 0.1
E “| ™ 0,05 |- + JL
E _ T ol J( SM coupling
g I &
= - -0.05
N I ¢
T . 0.1
# I E6-/ li
: 015 | =1 coupiing
10 0.2 i
-0.25
O.I......Ill"lml-mﬂrﬂlbu _03_|\||||||\‘\\\\|||||||\||||||
1500 2000 2500 3000 3500 4000 4500 5000 05 1 15 9 25 3 3.5
M, (GeV) | rapidity cut
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CMS: Electron Detection Performance Studies

Ly — T T T T T T T T T T T T T T T T T T - 1 T T T T T T T T T T T T T T T T T T LI T T T T T T
ﬁzzuun_— ! ! I I Z = T RS
C P * - =
20000 § H—=Z7"=4e 3 = 03
- - 1 1 ) - - — —
Jisooo- 4 IJP‘H m,, = 150 GeVic® 3 > 08F
S16000F ! ‘J‘ H_r"“'l 3 E 0.7F
- - ! i i i - o
= 14000 - | ] I_I I:!' Li1 —--- lowest p_electron |3 = osH
?12%0 ;_J ] '.E IJ!- | —— highest p_electron |- = H.EE
L =S10000 P E < ::45
- [N - — AT
8000 F- ror L 3 = B
= 1 = ﬂ.3 -
6000 ! f A 3 - : .
4000 | j i = 0-2E1 ' 5
- r = = H—=Z7"—=4e m, =150 GeVic
2000 | = 0.1E7 _ :
:}:-IJ-lu""lrIJ Ml n ﬂ:||||||||||||||||||'|||||||||||||'|||||||
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[ 1 T [ 1 T
P; [GeV/c] Ll [GeVic]
;._‘ '1:| T T T 1T T T T T T T T T T 1T T T T T T 1T T T T |: ? iﬂﬂ [T
- - = —
= ooF et ot = ~  180F
— = L 3 -5 n
= 08F Lonq L QL = r 160
E E I‘l"'I'E"" { F |rll E E ~
= ﬂ.T:— ! i o = 140
= - =1 -
S 06F = 120 —,
_ = 1 1 - — .
= osEf = 100 .2
E = L 3 ~
2 p4fE 13 803
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0.2 ; = 40F
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= i b o i 3 e 3 - 1
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CMS: Benchmark Studies: H = 4e

Before the cuts
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Higgs Discovery Channels at LHC

114 GeV/c My
(LEP2 hmlt)/l l
Z ; ———
o 107 e | 77
= ] o ,
A s
gﬂ e 28 B
= 107k /
Q - i
g : 5’; & H
E i ] f\mr Z/ Lk
m [ f AN
3 Z A\

Dominant BR for m,<2m:

for m(H) = 120 GeV

— no hope to trigger
or extract fully
hadronic final states

— look for final
states with 7, v

({=ep)

= 50 100/

Low mass region: m(H) < 2 m, :
H — yy : small BR, but best resolution

H-o> ZZ* > 4/
H > WW* > /viv or 4vjj

H — 1t : via VBF

: via VBF

200 300 1000 = €,
nggs
m(H) > 2 m, .

Ho>ZZ - 4/
*
*

qqH > WW— /vjj *
* for m,> 300 GeV
forward jet tag
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T ID: Fraction of Energy in AR<0.1

% ‘m{ﬂ 4 (transverse energy)
7 = :
':fV

/ :;'.11:"‘.""' AR<0.1

SE(AR<0.1)|/
YE (AR<0.4)f

~90% of energy are deposited

B In ﬁkol -> narrow jet
sf_ ATLAS, preliminary /] 20 < Pt < 30
- 40 < Pt < 50
13 70 < Pt < 130
3 Tau-jets
R - LA b QCD-jets
et
.,: s i H | These distributions depend

0 01 02 03 04 05 06 07 08 009 1 on |umin05it}f due to the p”e_

up.
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t-ID efficiencies

* Construct variable that combines all cut variables
* Compare signal and bckgnd

* Can vary cut to get need rejection

}‘ﬂls L LI o b J 8 1§ || |'|||| b |||||||||||||||||| _
545 :
. LLH2004 | = |Taulets XN i :
E = 0.47 . i A e
5 | = e | 4 3L
= 107 G'SE’E * 3 prong ¢ ; + _E
; 0.3 i * ‘l" =
- L L i
ry 0.25F . ' . -
107 il E}EE— " i _ I _E
oA5F * ¥ ‘—
s s T 0 s 20 28 0.1 =
LLH2004 - E
005- CMS -
Eeralaxsfesatessbosefsse oty taaetesss

ATLAS % 20 40 60 80 100120 140160180200
P?°" (GeV/c)
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VBF H=> 1t Reconstruction

ATLAS \[ET e Assume fandv’s from r — (v are collinear.

A Lepton e Label visible energy fractions ., and x,.

e Assume p7 vector comes from the v’s, and
solve the equations for =, and .

Neutrino > 8 (LA N L B B

f 7 ~ ] my=120 GeV

A —*FF P =

a2 6
<14 F z = Zjj

B o o ’ B E
1 E +- 1 1 t, WWEW -
08 F . :
06 F  |.acQBRae: - 3 . E
04 F B N =
oz [.3H B ’ . ]
0 - .:::--ﬂnl--- - 1 —:
0.2 ;— Pl 0 _=I:
04 F e 80 100 120 140 160 180
05 0 05 1 1.5 m_ (GeV)
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CMS Studies: H =2 11

[T T T T T T T T T T T T [ T T T T ] T T T _]
TR l [T ] signal (135GeV/c”)
> T [ ] EW/QCD 2t+jets -
Q) = ttbar W+jets —
a4 <= Fit to Signal -
= ) Fitto Z/y* (— 21) -
S Y | QT Fit to ttbar W+jets
o 3 ; Sum of fits ]
o : ]
= B : i
= 21 N —
1 N ]
0 IR o a5 T s e —
(1] 100 150 200 250
M., [GeV/c”]
Mpy [ GeV ] 115 125 135 145
Production o [fb] 4.65%x10% | 4.30x10° | 3.98x10°% | 3.70x 10
o x BR(H—17—15) [fb] 157.3 112.9 82.3 45.37
Ns at 30 fb—" 10.5 7.8 7.9 3.6
Np at 30 fb~! 3.7 2.2 1.8 1.4
Significance at 30 fb—1 (op =7.8%) 3.97 3.67 3.94 2.18
Significance at 60 fb—! (o = 5.9%) 5.67 5.26 5.64 3.19
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EUM =

= — 1l backgroung

e BR(H — WW)is nearly 98% for a Bosw [
Higgs boson with my ~ 160 GeV. s

2

e Backgrounds from WW, tt, W Z.

e Use the lepton spin correlations: o0
' + .
_‘_*.rr'fq----lilr ---l-w_:_srfﬁ
- W- 7 T 25T
e NO Mmasss peak, have to use mr: % 202‘ ‘ Ernwww ‘
&t

mp = \/Qp E7(1 —cos Ag)




H =2 vy

[0 ee Drell Yan

[ jets Py, = 50 GeV

1 y+jets (1 prompty + 1 fake
[ y+jets (2 prompt v)

[ vy box

ATLAS

bl 600 T 17T T 17T T 17T L LI T T L 1T 17T T 17T
% : I I | Hilggs M,,=4 40 GeV Hm 0) * ' P ' 1
(&) 1 Higgs M,=130 GeV (x10) e CMS, 30 fb i
o 500 C M S [ Higgs M,=120 GeV (x10) = _
‘E Higgs M,=115 GeV (x10) =~

I
g =
m q

o 3\

—
|IIII|IIII|II|I|IIII|IIII

R e - Hoyy
- : e HozZoal |
_| 11 1 I ] L1 1 I L1 1 1 I 1 L L 1 I 1 1 1 L | 1 1 11 | L L1 1 '2 1 1 11 11
% 100 110 120 130 140 150 160 170 180 10500 200 300 400 500 690
M_ (GeV) M, GeVic

ATLAS

: Enga Eqn” H, WH. ttH (H—y)
> 2 H (2 Jet) s A e A WH, ttH (H—sbb)
g g S § O HoZZ—4l
8300 H (O Jet) 2 ' i % HosWWosivly
g 5 - 4 WH (HoWW=slvly)
'ﬁzsu °© A all channels
@ § 10
4 8
I3} (5]
-3
10
ATLAS + CMS
JLdt=30015"
0 4
0 0 08 9 100 10 120 130 140 150 160 10
100 105 110 115 120 125 130 135 140 145 150 100 105 110 115 120 125 130 135 140 145 150 102 103
M, (GeV) M“ (GeV) m, (GeV)
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Discovery Sensitivity

8 1 & H—yy inclusive 8 -
g . ) = : - 7Y
c CMS, 30 fb 0 AHWHH-0E = (L dt=301Mm" = tH(H > bb)
© o HoZZWZ7— ' 2 *)
0 o = 4 HoOWWWWollvy, E‘ (no K-factors) iR Gl Tk
- — ‘l' A .)
£ a0t *  qggH, H — tT — lepton+T jet oo ATLAS H - ww® - .}Vlv
c - NLO i ¢ +  ggH.H—yy 5 102l qgH — qq WW® - Ivly
» o]
2 : = qaH, HoWWoslv j 3 4 qql — qgrtr
o e ¢ gaHLH-ZZ-lvy, B qgil — gqZZ — llvv
w© $ oy sl i tn ® qqH — qqWW — lvjj
Le) ! —— Total significance
= .
[ L ‘ 5c at10 b’ >
L g M e DEVIDIE o NS
L]
i
w
K b
100 200 300 500 700 G q . ,
z 3
m,(GeV/c’) 10 10

m,, (GeV/c?)

CMS PTDR ATLAS

NLO
cut based

NLO
optimized*

TDR (LO)

New, NLO
Cut based

New, NLO
likelihood

6.0

8.2

3.9

6.3

8.7
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MSSM Higgs Discovery Potential

At large tan f3:
decays into WW, ZZ and ~~ are suppressed. A/H > p* 1" (M, ~150GeV)
Ns = 14 TeV, 10° pb”
Plane fully covered with 30 fb-!
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No light Higgs boson? Study Longitudinal gauge boson scattering in high
energy regime (the L-component which provides mass to these bosons).
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ATLAS

No fundamental scalar Higgs (it is a new strong force bounded state)
Technicolor predicts existence of technihadron resonance: py 2> WZ > #+v
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e Higgs mass calculable
 Unification

Symmetry between
fermions (matter) and bosons (forces)
“Undiscovered new symmetry”

superparticle

AN

spin 0
M

spin 1/2
M, #

m,/,+ universal gaugino mass at GUT scale
mg:  universal scalar mass at GUT scale
tanp: vev ratio for 2 Higgs doublets
sign(u): sigh of Higgs mixing parameter
Ag:  trilinear coupling

Need study many benchmark points...

Provide candidate particles for Dark Matter (LSP)

Path to gravity: local supersymmetry - supergravity

MSUGRA, tanf =10, A;=0,p>D
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Mass Spectrum from SUSY Particle Decays

q near far
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number of lepton pairs

The distribution of the invariant
mass of the two leptons can be
shown to have a kinematic edge
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Discovery Potential of SUSY (mSUGRA)
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Looking forward the LHC Collision Beams!

Install
25ns o Phase Il
and MKB

Hardware Beam 43 bunch 75ns
commission missioning operation ops

— N\ O Deam g
u First collisions
n 43 bunches, no crossing angle, no squeeze, moderate intensities
S Push performance (156 bunches, partial squeeze in 1 and 5, push intenpity)
|

- Establish multi-bunch operation, moderate intensities 2008

u Relaxed machine parameters (squeeze and crossing angle)

S Push squeeze and crossing angle J

|

n Nominal crossing angle up to 1-2 fb! end 2008,
= Push squeeze 2008-2009 .

u Increase intensity to 50% nominal up to 10fb-* end 2009 ?
|

a Push towards nominal performance} > 2010 [¢10]0)) fb!



List of New Physics Reaches at LHC

SM Higgs 100 GeV ~ 1 TeV (30 fb)
MSSM Higgs covers full (m,, tanp)
SUSY (squark, gluino) |~3 TeV (300 fb1)

New gauge bosons (Z’) |~ 5TeV (100 fb1)

Quark substructure (Ag) |~ 25/40 TeV (30/300 fb-t)

g*, I* ~ 6.5/3 TeV (100 fb1)
Large ED (Mg for n=2,4) |~ 9/6 TeV (100 fb1)
Small ED (M) ~ 6 TeV (100 fb-1)
Black holes <6~10TeV

Any one of those would change the understanding of our universe |
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Additional slides
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CMS: Muon Trigger Studies
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Figure 2.16: Level-1 single-muon trigger efficiency in the barrel (a) and in the endcaps (b) as
a function of the generated muon pt, when a threshold of 20 GeV /¢ is chosen for the Level 1
single muon trigger output, in fast (dots) and full (curve) simulations.
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Figure 2.17: (a) Overall Level-1 and High-level trigger efficiency for single muons, as a
function of the generated 7, and (b) reconstructed dimuon mass spectra in events where a
Higgs particle decavs into ut 1, in fast (dots) and full (curve) simulations.
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Overall Efficiency of Electron ID

* Measure when possible using £ °
i.lEu.l —i-—..._'__'__‘_ +i,|,l'1-+i+: 1 "-:ﬂ _!l- "l.-l'l _'_-|-++
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& - ot
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. . 0.4 Tight ID Cuts
measure tracking efficiency i Loose ID Cuts
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2 1 o 1 3z
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* Use simulation to extrapolate
kinematics and correct for
environmental issues (egd 1.
isolation) =
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Identify Z in the Z-mass ‘windows’ (Standalone
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Atlas Studies: H=> 1t
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Higgs Production Mechanism @ LHC
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