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HEP in 2009

CEM elements:

Observable Ceniralx1 o
3 Generations of Ferrmions
v 0.97430 [+0.00019 -0.00019]
- - - v I 0.22521 [+0.00082 -0.00082]
175000 v 0.00350 [+0.00015 -0.00014]
—1/3 o |V, 0.04117 [+0.00038 -0.00115]
175 00 ‘Y 5 IV I (meas. not in the fit) 0.97444 [+0.00028 -0.00028]
- IV | (meas. not in the fit) 10.2257 [+0.0011 -0.0011]
- - - 0 'V | (meas. not in the fit) 10.00350 [+0.00015 -0.00016]
i Z 21187 IV_,| (meas. not in the fit) |0.04399 [+0.00069 -0.00397]
HEv_ 0.22508 [+0.00082 -0.00082]
,J, 105,66 17712 wanal [Ves 0.97347 [+0.00019 -0.00019]
V| 0.00859 [+0.00027 -0.00029]
Masses are in MeV V.| 0.04041 [+0.0003% -0.00115]
V., 0.999146 [+0.000047 -0.000016]
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In Words

Matter 1s built of spin 1/2 particles that interact by
exchanging 3 different kinds of spin 1 particles
corresponding to 3 different (gauge) interactions

There appear to be 3 generations of matter particles

I

I'he 4 different matter particles in each generation carry
different combinations of quantized charges characterizing
their couplings to the interaction bosons

The matter fermions and the weak bosons have “mass”
Gravitation 1s presumably mediated by spin 2 gravitons
Gravitation 1s extremely weak for typical particle masses

There appear to be 3 macroscopic dimensions
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About the Standard Model

® [t’s a theory of interactions:
® Properties of fermions are inputs

® Properties of interaction bosons in terms of couplings,
propagations, masses are linked:

® Measuring a few allows us to predict the rest, then measure and
compare with expectation

® [t’s remarkably successful:

® Predictions verified to be correct at sometimes incredible
levels of precision

® After ~30 years, still no serious cracks

Gustaaf Brooijmans SUSSP ‘09



Precision Results

g
?‘im? T Measurement Fit  |JO™2—Q")/c™e
9‘:'_, 210;— } } . 1 A 3
) wb ] [e'el + ____________ m, [GeV] 91.1875%0.0021 91.1875
mi_ % I,[GeV]  2.4952+0.0023  2.4957
3 oo [nb] 41540+ 0.037  41.477
™ muon g-2:0.7 ppm! A orersoms 2074
- EXperiment Theory A 0.01714 £ 0.00095 0.01645
15 R e A(P) 0.1465+0.0032  0.1481
[ [‘ercluded area has CL > 095 | % ] R, 0.21629 + 0.00066 0.21586
i 0, % | R, 0.1721 £0.0030  0.1722
1.0 % Amy&Amg ] AP 0.0992+0.0016  0.1038
[ sin 20, : AL 0.0707 £0.0035  0.0742
05 [ N A, 0.923 + 0.020 0.935
i Amg - A, 0.670 £ 0.027 0.668
i g A(SLD) 0.1513+£0.0021  0.1481
IS 001 BT y sin0°P(Q,) 0.2324+0.0012  0.2314
. S m,, [GeV]  80.398 + 0.025 80.374
o5k > T, [GeV] 2.140 + 0.060 2.091
i y m, [GeV] 1709+ 1.8 171.3
-1.0:— B €k —
o, vy LEP SLD & Tevatron
ANATETENEN NUTATINEN ATRTTINEN RPARTRTE AT B A ’
0 os 0.0 0.5 1.0 1.5 2.0
p
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Many Fundamental Questions

What exactly is spin? Or color? Or electric charge?
Why are they quantified?

Are there only 3 generations? If so, why?

Why are there e.g. no neutral, colored fermions?
What 1s mass? Why are particles so light?

Is there a link between particle and nucleon masses?

How does all of this reconcile with gravitation?
How many space-time dimensions are there really?
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The Plot
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Vector Boson Scattering

® There 1s in fact one known problem with the
standard model:

® If we collide W’s and Z’s (not so easy...), the scattering
cross-section grows with the center of mass energy, and
gets out of control at about 1.7 TeV

® This is similar to “low” energy neutrino scattering:

® If g2 << (Mw)?, looks like a “contact \/

interaction”, and cross-section grows
with center of mass energy

® But when g?= (Mw)?, W-boson — \
propagation becomes visible, and “cures” this problem

P WHg)
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The Higgs Boson

® One way to solve this, is to introduce a massive,
spinless particle (of mass < ~1 TeV)

® Couplings to W and Z are fixed, quantum numbers are
known...

® ....to be those of the vacuum

® [ts mass 1s unknown, and its couplings to the fermions are
unknown.... well, maybe

® Fermions can acquire mass by coupling to this Higgs boson, so
their couplings could be proportional to their masses. This is
called the “standard model Higgs”™ f

~ H -

——
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Precision Measurements

® In fact, we can say something
about the standard model AAAN +H
Higgs mass /

® [f the fermions get their masses 5 _tanzos_ = 169 Gov

from the Higgs, we know all ' Ao, =
. . 51 %% —ooz7sss0. i
couplings and can infer the I W - ooerassoccors
Higgs mass from precision 47 B .
measurements ‘“5 3 i
® Result 1s very sensitive to 2 1
measured top quark, W boson 1 |
masses 0 | Excluded W Preliminary |
30 100 300

® Really wants a “light” Higgs boson m,, [GeV]
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Higgs Drawbacks

® In principle, with the addition of a Higgs boson
around 150 GeV particle physics could be
“complete”

® [ike Mendeleev’s table for chemistry

® But by 1tself, the Higgs 1s very unsatisftactory:

® Why are the couplings to the fermions what they are?

® Dumb luck (aka landscape)?
® What is the link to gravity?

® Why does the Higgs break the symmetry?
® Why are there 3....7
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The Plot Thickens
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Higgs Mass

® Higgs, in fact, also
,:a:-'“’ﬂ”‘--?? 1 acquires mass from
2«1? < > ¢ E coupling to W's,
Pt fermions, and itself’!

TN ® These “mass terms’ are
g S - 2 quadratically divergent

® Drive mass to limit of
- validity of the theory

W w4y, |6m° ® So we expect the Higgs
mass to be close to the
scale where new physics
comes 1in....
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Unravelling the Mystery
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Hunting for Answers

® (Get more information
® Measure particles and their interactions 1n detail
® Precision measurements

® (Observe new particles or interactions

® Secarch in new areas in “phase space”
® Find the underlying pattern(s)
® Hypothesize, build models

® (Consistent? Consistent with data?

® Suggestions on where to look

JuswiIadx3

A1ody |
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Where to Start?

® BSM physics must couple to SM (weakly), but 1s 1t

® “SM-like™?

® Does it have new massive particles decaying to electrons,
muons, quarks,...”?

® (Quasi “SM-like”?

® Same but includes some new long-lived particles in the decay
chain...

® No new “particles” in reach

® Hidden or too heavy or.... don’t exist

® Are there new interactions?
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SO 0000
® Go look where the SM breaks down (high energy)...
® ... or for subtle anomalies

® Assume new physics manifestations lead to
anomalous production of SM particles

® Resonant or not (and maybe in loops only)
® Short-lived or less so
® Rely on guidance from models to some extent

® What are implications of known constraints? What
signatures are “allowed”?

® Some scenarios do require new approach
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The Tools
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Colliders

® Currently, most studies done at colliders:

® (ollide beams of electrons and positrons, electrons and
protons, protons and (anti)protons

® High energy implies probing of short distances, and production
of other, massive particles

(Aicago

2 TeV center of mass 7 - 14(?) TeV center of mass
energy

o
prl Vil

= --'-__ s
i T e E' T -
R

i oot , P s ~ ‘ -
p SLCe << Main Injector
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Hadron Colliders

® Incoming longitudinal momentum not known:

® “Hard interaction” 1s between one of the quarks and/or gluons
from each proton, other quarks/gluons are “spectators”

® [ongitudinal boost “flattens” event to a pancake

® We usually work in the plane transverse to the beam

1

%P I~ -] X P
|

Xip . =7 hp
¥y |

-4 Xcl“'

Y
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Detectors

® Make best possible measurement of all particles
coming out of collisions

A detector cross-section, showing particle paths

,, :i [ofOfclo -— 'f = ;'h. DBﬁiﬁl&gpe
2 e, l Ei i L [l Tracking

Charber Phatan

B Magnet Coil [Heutran ! ‘BL

Il E-M
Calorimeter

[ Hadron TEEErOtan
Calorimeter

[ Magnetized

Iron hlian

ElectEon
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Detecting Particles

3 Generations of Fexrmions Ferce Camicrs

5 ¥|=
]
€ 07 o7 07 2Ly [
d
'J' 105.66 17772 g$

vV : Detect with high efficiency

wia e D

L I--N_ L - N

vV : Detect by missing
transverse energy

vV': Detect through decays: t—=Wb,W/Z — leptons
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The Work
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Categories

® [s there a SM(-like) Higgs?

® (Can we “explain” particle masses?

® Does particle physics need to provide a CDM

candid

ate??

® Need

| to have a massive, ~stable, neutral, colorless

particle

® s LH-ness of weak interaction low-scale only?

® Or 1s superweak gravity and hierarchy an illusion?

® (Can we link geometry with particle masses and mixings?

® What about just looking for anything anomalous?

Gustaaf Brooijmans
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The Higgs Hunt

(or: Do We Understand the SM?)
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Producing Higgses

® Tevatron experiments currently have ~6 tb-! of data
on tape

® (Data taking efficiency 1s ~90%)

SM Higgs production

3:"""'IIII | | """I""r"':
> : :
[« 1 6000 events
1[:"'— E (X many
: 1 efficiency
b—H — .
10 L T o factors)
1 [-I
N Bt i oo P DT e =t
100 120 140 160 180 200
m,, [GeV]
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114 GeV/c? 2My
(LEP2 limit)/l !
: N WEWS )
s-*; ;fﬂ,...--u'-""""“"'”'"

Branching Ratio (Higgs)

300 400 500 1000
Higgs Mass (GeV)
< >

Low Mass High Mass
H — bb H - WW
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Search Channels

® Hadron colliders

proton - (anti)proton cross sections

® bb production ~9 orders of
magnitude larger than H

® go — H — bb swamped

= At low mass look for pp —
WH or ZH — W/Z bb

® With leptonic W, Z decay, so #
of events /~50!

® At high mass, gg—H — WW

accessible 1f at least one W decays
leptonically

B2
0 cm™ s

events/sec for L

Gustaaf Brooijmans SUSSP ‘09
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entries

Dilepton + MET

“Golden” channel:

@ Main background Z — £.2 also a great reference signal

® “Easy” to suppress using MET, angle between leptons,

5E"I"'I"'I"'I"'I'"I"’l"'i"'l"g @ EFGT [ R [ L A E L& G o0l [ R0 Gl Lo d [ &6 i |
10 —— L F s
= DO Preliminary 5|7 5 405L DO Preliminary
.F Runll, 4.2 fb™ 7| — © Runll, 4.2fb™ E
10 E H—>WW—>ee E Z-ee 104‘5 ' H—)WW—>ee E‘
- | - =
10 % % diboson 103__ —_.§
2_ '- | ] -
10 EF Wjets/y 102 =
1 0 Eg [ multijet 1 O _§
1§_ ] 1 i =
- ttbar = -
10“E 10'15 ‘u
— (H+X)x10 M, =165GeV
e by by e by s by s by b b bR, e |
0 20 40 60 80 100 120 140 160 180 200 0 20 40 60 80 100 120 140 160 180 200

M . [GeV] ET[GeV]

nv
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Angles

e InZ — £/ (and dijets faking leptons), leptons Spins
A

preferentially emitted back-to-back
® In Higgs decays, W+W- spins back-to back, so charged 4
leptons in similar direction! (One LH, other RH) \ A

® [nZ, smallest transverse mass tends to be small

= LI T 1 T 1 T T 1T T 1T T 1 T 1T T 1 T 1T T 1 | 5 ! | I T T
- | | | | | I o | 10
10°E — |
% L f—=ee 10t
10 = [ | binoson
- — 10*
10° = ] W_enu
- QcD 10°
102 —
— | |ftoar 10
10— Hogo ZHx 10
E
1= Hygo WHx 10 1
10° i_ Hygp VBF= 10 10!
§ — gy — WW 10
1 1 1 1 I 1 1 1 1 I 1 1 1 I 1 1 1 I I I
0 05 1 1.5 2 2.5 3
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Preselection

Final state

=

e

LLt

lepton 1D, leptons with opposite charge
and pf = 10 GeV and pT = 15 GeV

. P } . .
Cut 0 "E*Iijt' tion invariant mass Mg > 15 GeV
i e e < 2 for pint > 15 GeV, AR(p, jet) > 0.1
and pf > 15 GeV for the leading
Cut 1  Missing Transverse Energy I, (GeV) > 20 > 20
Cut 2 F-= > 6 > 6
Cut 3 M7 (£ H, ) (GeV) = 20 = 30
Cut 4 Py (GeV) for njee =0 = 20
B+ (GeV) for nje. = 1 = 20
Cut 5 Agl(d, [ < 2.0 < 2.0 < 2.5
\ . —Sialleuts
£ ol | I B2 except AQ = (I
s ee, all cuts  F|[Jz-- P 1 e
C except MET 7 |:|Dib050n ﬁ | H,gp WH 10
10 - Dw_enu 10E o | Hygp — W 10
; T ; DQCD : E wmmi VBF %10
1_ T 4 _; Dnba’ 1= _ = %Z+jet&
; Hygp ZHx 10 = = ] Diboson
] Higo W 10 - - = [ w ety
10" |-+ Huao VBFx 10 107 - ~wresey 2 [Joco
9 _E e Hygg — WW 10 E % Dnbarincl
0 20 40 60 80 100 120 740 160 180 200 0 05 1 15 2 25 3
E_ll'[liSS[Gev] A¢(ed-l)
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Multivariate Tools

® After preselection, S/B not good (~1/30, 1/50,
1/1000 1n ep, ee and pu final states)

® Use multivariate tools to exploit correlations
between observables for S <= B discrimination

e In the dilepton + MET (H = WW — /v./v), use
neural nets

® MC samples divided in 2 for training/testing

hidden |zyers
input layer _ _ ¥ _ ke
AT~ A+ . output layer :"'“‘ — FPNNcus [ background
perceptron SR
ey [ 2 . x; — e
SN I o w0 A
s ¥ VY * \.Substltute discrete
A . o : e selection with a
" e " M CE ] - H
- ::> A : :’> continuous one
L A . over multiple vars
M"r\:: \d:l; —';r -
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Variables

Only accept variables that are well-modeled!

NN Analysis Variables

pr of leading lepton pr(fy)

pr of trailing lepton pr(f2)
Minimum of both lepton qualities min(qge1, ge2)
Vector sum of the transverse momenta of the leptons: pr(f1) + pr(f2)
Scalar sum of the transverse momenta of the jets: Hr =), |pr(jet;)|
Invariant mass of both leptons Miny (£1,¢2)
Minimal transverse mass of one lepton and K. M

Missing transverse energy By

Scalar transverse energy Eiealar
Azimuthal angle between selected leptons Ap(ly,l3)
Solid angle between selected leptons (ep only) AO(l,0;)

AR between selected leptons (eu only) AR(fq,02)
Azimuthal angle between leading lepton and F Ap(Hp 1)
Azimuthal angle between trailing lepton and /. Ao(Hp , l2)
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entries

events

102

10

)
1.4 CD- —
NN S 80— . '
———— = - .nggSSlgnal(MH=l65GeV)
L (3]%] PreIimina_n;y i S ‘E‘ 60— -
E R S O - — *1 s.d. on Background
= HoWW-eu 3 I:lmets [:E 40_
o B {m- : 1 +
: ™= 20F ‘—|_L
L R et
E a E Ijmulwet 0
10";— E D“ba' —205_.J==I::|— +
- [ — tHex) x 10 <165 — i (o
0% 03 007 04 o 08 1 12 74 4ot
NN =
LR IO LI N NE LT NI U L R o [ b b _ -1
ok 00 Profiminary 3|~ 6077 D@ Preliminary, L=3.0-4.2 fb
E Elﬂ{'lévsv-o—ft:iu EDZH“ z _JIIIIIJIJlIIIIIJ[IIIIIIIJIIIIIIJ[IJIIJ[IJ[IIIII
0 E 0 0.1 02 03 04 05 06 07 08 09 1
F 3 [T NN Ouput
E; |:|u
E; D .....
1 1.2 1:.4 '
NN SUSSP ‘09 34

L e B L B

D@ Preliminary
Runll,4.2fb™
H— WW — ee

nnnnnnn

T S | IR | N | W R L, |
0 02 04 06 08 1 1.2

NN Outputs

—+- Data - Background




Systematics Profiling

® Systematic uncertainties are propagated through the

ful

1 analysis chain to the NN output distribution

E.g. we repeat the analysis with jet energy scale shifted up
& down by 10

Some systematic uncertainties affect shape (jet
reconstruction efficiency, energy scale and resolution,
boson p! distributions), others only normalization (lepton
reconstruction efficiencies and momentum calibration,
modeling of multijet background, theoretical cross-sections
and luminosity)

Systematic uncertainties are treated as nuisance parameters
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Systematics Profiling

® Nuisance parameters tend to be correlated, but not
100%, among backgrounds

® (an aftect rates, shapes, or both (in any distribution), and
often asymmetric and non-gaussian

* Data
B signal
[] Background 1
[ ] Background 2

Slgnal Shape Systematic

Toy Example

Bkgd 2 Shape Syswematic

(=]
=]

— Positive — Positive

=
.
I

— Negative —Negative

Fractl onal DEfe e ne
=]
[
I

=

| ——

02

-0d

o N T P T P P T T T PR

-0.8 [[K [{¥] [ 0.4 0.5 [T oy 08 [iT] 1
Final v arlabde Fimal Varlable

I Y PR P PR P PR T P R P
08 a1 o2 03 04 05 08 Gr 08 08
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® (Can generate pseudo-experiments (events in bins
according to poisson), then for each experiment vary
nuisance parameters

® Variations in background (& S+B) prediction

® (Compare results to data using log-likelihood ratio

® So we can maximize likelihood ratio as a function of
nuisance parameters — constraint them

® [.c. use full shape of distribution(s) to see which
background uncertainties are over/underestimated

® Of course limited to size of statistical fluctuations

® (Can remove bins with large S/B if needed

® Mostly important if uncertainties lead to similar shape distortions

Gustaaf Brooijmans SUSSP ‘09

37



® Test example:

® Data constructed to disagree with background-only

hypothesis (wrong estimates for background uncertainties)

® But to agree with background-only better than signal+

background
® Improvement quite spectacular (but by construction)
[ S+BFit Errors_| [ Systematic Uncertainties Per Bin (%) |
O LB e S ] R =
- | — Collie B-Only = F
14f—- . S R E— ] % B
: i — Collie S+B | | | g uf —— Na Fit
1 :_—I — MINUIT I [ —— 12 Bkgd-Only Fit
M: , S I _ S S— S 111-;— —— SignalsBkgd Fit
E | | | | 8f
n_ﬂ —_—— L - e N — E— -
- | B ———
wrfp—~A— | S Y E— L_ | A=
n i -
wef— 34— [ PR — E— 2 i
- | | | | | ﬂ.mu!!m!l...!!...!l....
uml E] Ema T Tiglaace | Sgam ] )
Biry | mvchasst
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Dilepton + MET Result

® Present result as a 95% C.L. limit in units of the SM
Higgs production x-section

Dlleptﬂll+MET L —ObscrvedLllniL
\ DO Pre] liminary. .L—% 04 2 | eeees ExpecledLimit

Expec;led +1 —G
Expec:ted i2-c5§

Limit / SM

10

iS‘landaré:l Madclé =1.0

B g e R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R SRR R R EEmmE e

III
120 30 140 150 160 170 180 190 200
MH(GeV/c)
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Wil and the Higgs

® The final state consisting of W + 2 jets 1s critical

® Atlow mass (WH, H—bb), they’re b-jets with mp, = mp

® At high mass (H=WW), mjj; = mw, mww = mny

® But dijet mass resolution 1s so-so:

0
r= L L=2.71fb" W + 2jets / 1b-tag

@ 600 -

S - D@ Preliminary ata

L i [ W +jets
500 B muttijet
- I3
[ wob
.other

CwH x 10

400

And lots more ¢ o
background! '

200

100

cb 50 100 150 200 250 300 350 400
DiJet Mass (GeV)
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Sample Composition

® After preselection, low S/B allows to verify shapes of
dominant backgrounds

® For WH, first before b-tagging, then with 1 tag

® Determining the sample’s composition

® [.c. which processes contribute, and how

Increasing difficulty

o
v

Diboson from MC simulation (usually small, + “trust” MC)

Top from simulation (relatively small @ Tevatron)

Z+jets from data & MC (“easy’” to get a clean sample, correct MC)

QCD multijet from data (no choice)

W + jets from MC, but ....

Gustaaf Brooijmans
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Generators Used
® We use four kinds of Monte Carlo generators

® “Calculators” (often NNLO) do not actually generate events,
they just calculate some (limited) distributions, like W pT

® Traditional 2 — 2 generators: LO, e.g. qq —= WZ

® Include parton shower, 1.e. QCD radiation, and hadronization to jets
® “Matrix Element” 2 — n (n<9): LO, e.g. qq — eVjjj]

® Necessary to generate events with multiple hard jets

® Require matching to parton shower to avoid double counting

® NLOWPS 2 — 2 generators: include NLO corrections

® l.c.in asense they are 2 — 2 & 3 with virtual corrections

Gustaaf Brooijmans SUSSP ‘09
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Correction Factors
® Of course, the ME’s are LO, so “K-factors” needed

® Different ones for heavy flavor etc..... convention to
avoid confusion....

e K-factor is purely theoretical, and denotes a (N)NLO/LO ratio of cross, m%

* K’-factor is also theoretical, and denotes a (N)NLO/LL r atliﬁ\% sections.

According to Steve, ALPGEN cross 5g<mns

* S-factor is empirical, and comes on ?‘Ix to bring MC in agreement
with data. MIC should Slra alized to luminosity, and all
correction (a k.a SCﬂ s should be applied (trigger, ID...);

* HF-factor is, i m them etical, but in practice only theory inspired.

how much heavy flavor production should be increased,

d&mp of K or K’, and possibly S;

\(\- S_HF-factor is empirical, and comes on top of K or K’, S, and HF, to bring MC
in agreement with data, after b-tagging.
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® (Can get a clean sample, check if our simulation reproduces

the data

> 1EDGRunll, L=1.0 b’ BB Data g 14 D@ Run II, L=1.0 o' BB Data
© —— NLO pQCD + corr. a —— NLO pQCD + corr.
-‘é : . p'Fl=!J'F=MZG—)pZT % 2 |.J.R=p.F=MZ®p$
. h hgr- i 86.6M PDF I oL CTEQ6.6M PDF
= )’eS, wit s10'E & N ===+ ALPGEN
o C Z®p$ 8'_ HR=HF=Mz®p$
EE' CTEQ6.1M PDF L e CTEQ6.1M PDF
eXPeCted i 6—_ ....’Qb
. . 10—2 = (a) :_ (a)
deV|atlonS C Zi*(— up) + et + X 4: Z/y*(— pp) +jet + X
- 85<M,<115GeV, |y|<1.7 o ol 65 <M, < 115 GeV, |y|<1.7 tee,
[ Reone=05, P >20GeV, |y*|<2.8 - Reone=05, P >20GeV, |y*| <28
 Fe. | I 11 1 I 11 1 I 111 | 11 1 | 11 1 I 11 1 I 11 1 J 11 1 I I Il 1 1 1 I 1 1 Il 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I Il 1
2.5f I
N ee d 2"+ Data/ ALPGEN — = SHERPA/ALPGEN = 3 - ~4 Data / ALPGEN — = SHERPA/ALPGEN
o - — NLO pQCD / ALPGEN ~ =sssse: PYTHIA / ALPGEN o - —NLO pQCD / ALPGEN  ssee PYTHIA / ALPGEN
rewei h i n of X2 Scale and PDF unc. 2.5[ X2 Scale and PDF unc.
g g i _,--'"’T
i 3 g
Of M C Lo ROEIRIIIIIEIHIAE
_ B A IR I RN
o~
I — (b)
0 _l 11 I 1 1 1 l Lt 1 I 1 1 1 l 11 1 l 1 1 1 I 111 I L1 1 J 1 1 1 I 11 1 C 1 1 I I I 1 1 l 1 I
X 20 40 60 80 100 120 140 160 180 200 0 0.5 1 1.5 2 25
p7 (GeV) Y
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So...

£ oo L = 1.7 b W+ 2jets
e After all K/K’/S/HF-factors and 2 oo Preliminary « Data
DW + jets

boson p! reweighing:

Baco
[ |SM bkgd

2000—

1000

® Similar angular ditferences between &
generators: reweigh alpgen to sherpa

1 of Leading Jet

04 I I I I I I I 04 I I I I I I I
g E Alpgen, NadEvent,
g S o02pp 1 Helac with MLM,
= = oip 1 Sherpa and Ariadne
with CKKW
matching
_ 1 arXiv:0706.2569 112
SUSSP ‘09 45
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EVCIilo

2 or 3 jets, p! > 20 GeV, leading jet p! > 25 GeV

WH Before Multivariate

Exactly one electron or muon, p' > 15 GeV
MET > 20 GeV (25 1if “forward” electron)

H' > 60/90 GeV for 2/3 jet events

600

500

400

300

200

100

% 20 40 60 80 100120140160180200

~ L=2.7fb" W + 2jets / 1b-tag

~ D@ Preliminary ® Data

N [ W +jets
B muttijet
(I

- CJwob

.other
[CJwH x 10

P; of Leading Jet (GeV)

Events

Analyze single
and double
tagged samples
separately
(I tight or 2
loose b-tags)

- L=2.7fb"
- D@ Preliminary

% 50 100 150 200 250 300 350 400

W + 2jets / 2b-tag

® Data

[ W +jets
B muttijet
[
Cwobb
.other

[CJwH x 10

DiJet Mass (GeV)
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Matrix Element Technique

® Currently yields the most precise measurement of
the top quark mass, also

® Major contribution to the observation of single top

® Used in Higgs searches

® Basically unbinned maximum likelihood fits

® LEvent-by-event measured uncertainties

® More weight for more signal-like event . L
Transfer functions:

® Determine event’s “signal probability’”: generated — measured

momenta
b-tag prob matrix element /
— 2
J o M)A Mgg— Ty
E w; / E dql@ﬂf@l)i(%}( | {2 . ) dPeW (x,y; JES)
perm 41.92.1 flavors 1192

Gustaaf Brooijmans SUSSP ‘09
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® (Caveats:

® |.O matrix elements:

® Require exact number of jets

® Evaluation of NLO systematic

not so easy

® Recent development:

replace madevent with
MCFM (NLO)

® Use matrix element output 1—

as an extra input for NN

® Boosts sensitivity by 1.05

v 10°F .
€ [ L=27fb" W + 2jets / 2b-tag
g : Dg Pre"minary ® Data
2 [ ]W +jets
103 ) . multijet
- -tf
CJwob
| [ other
10%E o
10
3 o Fw;:l;i][:;-‘j_,.d
S T

-0.2

for WH (equiv. to 10% more

data)

0 02 04 06 08 1 1.

ME discriminant

2
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Neural Net Outputs (2 Tags)

¢ 3500~ _ «» 100
c - L=2.7fb" W + 2jets T - L=271fb" W + 2jets / 2b-tag
S 200of. D@ Preliminary ® Data ® [ D@ Preliminary ——
L [ W +jets w [ ]W +jets
80
B muttijet B muttijet
2500 [ I3 B
DWbB DWbB
2000/ Eother 60— Wother
[CJwH x 10
1500
1000f
500 :
0

02 0 02 04 06 08 1 1.2
2 b-tag NN output

02 04 06 08 1 1.2
2 b-tag NN output

® As before, use the distribution to constrain systematics

-0.2 0

® Sct limit using the full shape of the distribution

® l.c.nocut: NN >x
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All Channels, CDF + DO

Tevatron Run Il Preliminary, L=0.9-4.2 fb™

% LEP Exclusion e Tevatron
= Wl 00000 Exclusu:m
E OO wanns  Expected AWV .

=10 | AN weem  Observed i OO\ G (— =
- I +1o Expected 5

A BAAASASAR K |- #0a-Expected - 0000AAA o
O e st sbunsn, b Suioiute O SRR 46'4"4'4","." SN DO, B
BE ..................................

lg]

(o))

& -sﬂu

March 9, 2{10?

100 110 120 130 140 150 160 170 180 190 200
m,,(GeV/c?)

® Average luminosity used ~2.5 {b-!

® ~35 bl for H=WW, 2.7 tb'! for WH

Gustaaf Brooijmans SUSSP ‘09



S0, Do We Understand the SM?

® Not a good question to ask!

® Rather:

® “How well do we understand the SM/data?”
® (Given that:

® Which measurements can we make?

® What do we need to do to improve our understanding?
® Balance the work!

® Early, low background searches

® Detailed understanding/verification of SM predictions

Gustaaf Brooijmans SUSSP ‘09
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SUSY & Cold Dark Matter?

(or: A Universal Solution?)

SSSSSSSS



Postponing the Hierarchy Problem

® [f there 1s a Higgs, new particles at ~my are a good
way to stabilize its mass

® E.g. SUSY: Fermionic and bosonic loop corrections
to the Higgs mass cancel each other: Higgs mass 1s
naturally at the “electroweak scale” provided SUSY
partners exist at that mass

—— / N i “
r/ \1 H H o ‘' H

J” _ — — e — - e —

— ] — x
\H___i.__g/ . e f B J"’

® Little Higgs models have analogous cancelation
mechanisms
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Minimal Supersymmetric SM

® Minimal set of new particles

® 105 new free parameters (masses, mixings,...)

® Scarches make simplifying assumptions, €.g.:

® R-parity 1s conserved (or explicitly violated)

® Search for pair-production of one type of superpartner,
which decays to SM particle(s) + LSP

® More complex decay chains in LHC studies

® Needs a more complex model, interesting kinematic relations

= jets and/or leptons + MET.

Gustaaf Brooijmans SUSSP ‘09
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Smuons

® Pair-production of smuons though s-channel vy*/Z
exchange at LEP

® Assume smuon is NLSP, fig — ux}

® Pair of acolinear muons and missing momentum

Small mass
difference

= soft muons

= 1001
2 [ Vs=183-208 GeV
—= 80} :.]
“ [ [— Expected " ” N
0 —» )
k- {
40+ N
20 |
[ (4=-200 GeV, anfi=13) I =
| Excluded at 95% CL I
A e s st et I
05060 70 80 90 _ 100,
MI]- {GE?."::‘)

—~Kinematic Limit

firR — HX5
opens up
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Top Squarks

® Potentially lighter than top

® Snecutrino LSP

F

s

(%)),

L
-
-

3 —
. :., -
..Ir_ '||r
“," " "
o X b

i /b
® Three-body decay “b-.£-snu” (if chargino heavy) ‘:"uéiﬁ

® Small visible pT’s if small Am = m;,

let+ 1

(a)

Events / 8 GeV

g,L=11fb"

Inst. Bkg.
- Diboson
Wz >t
N
* Data
— Signal A

NS

-JIIII IIIIIII
0 20 40 60

80 100 120 140 160
E; (GeV)

Use MET +
lepton-MET
angles to reduce
backgrounds;
add ee channel

— Tng

(%)

Sneutrino mass (GeV)
R
[=]

DG, L=1fb"’
--- Expected

N — Observed

\ W\ y
N
xi\\i\\ LEPTI

\

N \\‘
x\\ excluded
N

LEIP I exlcludeg

il | LA/ id LA VL I Vv : )
60 80 100 120 140 160 180 200
Stop mass (GeV)
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SUSY Breaking

® SUSY i1s broken

® Sparticle masses # particle masses

® Breaking models lead to predictions for mass

hierarchies

Evolution of sparticle masses

. . g00 T
® SpCClﬁC phenomenologles . Barger et al., hep-ph/0003154
- |
Explain Electroweak . m| ™ D
. 5 | om ST _
Symmetry Breaking! 3 * T
: s00 | i S TS~
(Because top is me I
- T .
heaVYQooo) 1 _----L----___'D:.]_l_--:;_________;“_._ _____ _-_-::::‘ ﬁ“--i_ mcl
U ‘mSUGRA
10’ 10’ 10° 1o'® 1o’
Q (GeV)
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Jets + ME'T

® Hadron colliders — produce mostly squarks and
gluinos (if 1n reach)

® Decays to quarks, gluons and LSPs (and maybe a few
leptons)

® Jets + MET experimentally difficult

® Due to the complexity of the detector, 1t 1s remarkably
easy to take bad data

® Need to make sure all of detector 1s on, 1dentify badly
behaving channels, etc etc

® Data quality!!

® We can’t measure jets very precisely

Gustaaf Brooijmans SUSSP ‘09
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Data Quality

® Online:

® Event displays, occupancy, reconstruct small fraction of
events, etc.

® Anything that happens at < 1% rate 1s almost
impossible to detect online

® As long as you don’t know what to look for

® Keep track of TGV schedules, TV programs, multitude of cron
jobs, people welding in 500 m radius, ...

® Continuous feedback from analysis 1s a necessity

® Really subtle stuff can take years to find

Gustaaf Brooijmans SUSSP ‘09
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® Analyses using MET are particularly sensitive

® Requires the full calorimeter to behave, and calorimeter is
generally the most sensitive subdetector (analog, ~16 bits)

® FEasy: basic DQ (missing board, etc.)

® Hard: low frequency

' Missing ET in MHT30 skim |

® Can’tspota 10> Hz (once a
day) effect online or in first
|:| Bad runs were removed
paSS DQ '|ﬂ4 [ ] Moisy events were removed

|:| Bad cells/tovwers were removed

2 10°
E MET includes cells with Es0 (ho CH)
0 ]  No correction

® But can be biggest part of
dataset after cuts!

z

® FEverytime dataset x5, find new 10
source of rare noise...

0 50 100 150 200 250 300 350 400
Missing ET, GeV
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An Event

Run 180952 Event 51963432 Tue Mar 16 18:07:09 2004
Run 180952 Event 51963432 Tue Mar 16]18:07:08 2004

ETs = 88GeV e

Bins: 342
Mean: 1.01

Rms: 3.95

Min: 0.00949

Max: 48.9
mE_t: 247
phi_t: 134 deg
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Another: “The Spanish Fan”’
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Squark-Gluino Search

® As always, maximize sensitivity by treating different
signals separately

® J7 —qX)qX): "2 jet”
® 48— qR0qq X “3 jet”
® 3% —qqX)qq X “gluino”
® Different trigger, Hr and MET cuts

® “Acoplanar” dijets vs jets+MET

® Same center-of-mass energy: tradeoffs between total jet
energy and MET

Gustaaf Brooijmans SUSSP ‘09

63



® Dominant backgrounds are
® Z (—vv)+jets, W (— Lv) + jets, tt ....

® .. provided you’ve cleaned up the bad data!

® (And reduced QCD through A¢ cuts between jets and

2T)

> o1 = -1 - -1
(1] (@) D&, L=2.1 fb @ - (b} D&, L=2.1 fb O - DA, L=2.1 fb
L “FIE_ + Data L 10° E * Data L mﬂs * Data
o - O SM Background o C O SM Background o C O 5SM Background
ﬂ 1 Fitted QCD ﬂ 102 E [ Fitted QCD ﬂ 107 E [Fitted QCD
w 10F . i 15USY o E i 1S5USY - 3 L_iSUSY
£ f - £ F g0
@ - 2 10 2 10 .
LU ; i . LU F L F
E T1MTT - - I
5 1 L 1k 1k H’
- L ] F F -
i I " "
1u-1EII IIIIIIIIIIIIIIIII IIIIIIIII II‘IT!I—‘I!IHI 1DI1EII IIII L1l IIIIII IIIII III‘IT'IIII—HI In.1EII Lt iiail 1l IIIIIIIIIII IIIIIIIIIII—HI
0 50 100 150 200 250 300 350 400 450 500 0 501 50 200 250 300 350 400 450 500 0 50 100 150 200 250 300 350 400 450 500
E; (GeV) E; (GeV) E; (GeV)
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E_LM LTI =2, ;q;;u;,s't;n'm'];a','p}_u EE{: ' =y, jul;='u:.5' tan(pi=3, pen £1§ o ".i-.,';'s&c‘r,'g;;u;;'ﬁ.{-:ﬁ]':i'u;b
S 0-2 i —"—C:'hll:lrfar'-.radlimil -Enzi —'—Ghll:::arlmdlimil 5 1 :":';.l —'—Gr::ar-.'ad limit
E E . —-— Expected limit E . ; —-— Expected limit E N —— Expactad limit
ﬂ ﬂ.1§— "““"”-‘1:..: ﬂ e . ﬂﬂ.ﬁ ..5'3
3 ﬁ Boifk Tt : hN
© Ela i - @ (b} o (c)
- DO, L=2.1 fly” [ DO, L=2.1 fb" e D@, L=2.1 fb” e
420 340 960 380 400 420 440 320 540 H60 480_ 400 420 44D 540260 280 500 320 340 360
Squark Mass (GeV) Squark-Gluino Mass (GeV) Gluino Mass (GeV)
~~ 600 S B
% B LEP2 ¥
L = ~ 250
%5005 . Lep2 T >k DO, L=2.1 fb™
A 400" G 200 tanp=3, A0=0, u<0
(3] | y N .
E :. E no mSUGRA\: g 150 ............................
~ 3000 = solution \\Y e b NDZil -
- B
s | MMM wo0F |
52000 D@, L=2.1 fb' [
(/7] ¥ tanp=3, A0=0, u<0 S 50
1y |y O N B | O O | O O Oy O O | By Oy Sy Oy
N % 100 200 300 400 500 600
% 100 200 300 400 500 600 m, (GeV)
Gluino Mass (GeV)
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Trileptons

10 Barger et al., hep-ph/0003154
II|IIII|IIII|IIII|IIII|IIII|IIII|IIII|III

O, [Pb] PP — 88, 4d. §,T,, 7373, 9V, 738

S =2 TeV

® Typically expect colored
superpartners to be heavier

® May not be accessible o

= [.ook for gaugino pair

. 10
production

T IIIIIII| T IIIIIII| T IIIIIII| =

- n [GeVT]
. SmallX—SeCtion 1{}3||||||||||||||||||_||||||||||||||||||||||||_
100 150 200 250 300 330 400 430 500

® ... but potentially spectacular
trilepton signature! ¢

® Small mass splittings make
leptons “soft” though I
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= LTETE[T O
& L D@, 23fb'
w | uul selection

CsSuUsYy 1
£.ISUSY 2

e
* Data |
WZy*Y -
[CMultijet —
Bt i
B W+jet/y
EAWW,ZZ
BwzZ

® “Golden” signature (at the

Tevatron):

® Minimal SM backgrounds
(WZ,7Z7), so low that 3rd
lepton can be “identified” as
1solated track

107% 150
m,. (GeV) - ———

. i 3 300l DF; 2:3 fb’ Search for ’iﬁg ]
SO T e |« Data © 300 mSUGRA B DQ observed limit
o D@, 2.3 fb Vi « Ltanf=3,A =0,p>0 mmm DO expected limit
< 2k Sl selection =i et E & — CDF observed -
o CIsusy 1 Wt B ’ limit 2.0f0") ]
€ g isusy? = W-+jety 2500 ]
> 10¢ EAWW,ZZ . N _
w3 mMwz ] B i

200 LEP ]
[ Slepton i
10" _ Limit i
150 LEP Chargino Limit il
NN -, , | o, o, o, |, o, oo, 1oy
107 0 50 100 150 200 250
p! (GeV) m, (GeV)
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SUSY “Future”

® (Can calculate relic LSP

density

® [SP cannot be too heavy,
or need an efficient way

to annihilate

mSugra with tanfy = 30, A, =0, 1> 0

oo

e Qircolo
LEP excluded |

400

{200

\g\I,H('

1000

m, , (GeV)

S

LLC 1000

0
X

Coannihilation:
LSP and NLSP are
almost degenerate o

ol

LC 500 |

200 [y e

Bulk region:
superpartners
are light

o F000 2000 R EG So06 OO 70010 SO
m, (Gel)
Focus p.omt.s. N & iy
neutralino is /
mostly higgsino; il
light charginos, / \

small mass gaps
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Sparticle Masses (1)

® If R-parity is conserved, always >1 escaping LSP

® No “resonant” signature, no direct access to masses

. P2
® Simplest case: P
L
P
P

® Introduce Mr»:

2 _ : 2 2
m? > M2, = min |:ma:{ Y- LM P+ }
P = e = {mz(pri-, 1), mp(Pri+, Pa) |

Lester & Summers,Phys.Lett.B463:99-103,1999

® (They chose slepton pair production)
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® For M1 to be effective, need to have events close to
the max value (like Mt for W)

® Somewhat process-dependent (spins etc.)

generated my = 157.1 GeV
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. =0 pt =
® Eg. qu—Xoq(— " 0Fq)—X

Sparticle Masses (2)

® What about longer decay chains?

® Dilepton edge:

edge
® Heavy slepton: m,,~ =mzo0—m

® [Light slepton:

Entrias4 GaV/1 i’
..E....%....S.. =4

edge
']Hff == }”I’_E“\

X

(T g

ot

20 40 G0 &) 100 120

—
= | -
e |
Hﬂ_‘;‘
o) =]
-
o,
)
E . |
=~ |y
~—
|

ATLAS

t

NP PP PP IPEPEP IR PR IR -
20 40 60 380 100 120 140 160 180 =200
mifll [GaV]

ATLAS “CSC book’”: CERN-OPEN-2008-020
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Prab 0678 ':‘;;.12{':
Endpsint DDES = 1,500 iy -
Momn  GDUBSED & 0025653 ‘-_:_H}D:
Emearing D073 1.530 % ank
< F

% i

= 40F

= F

20F

[

-20

. -40

140 1680 180 200 ]

milli [GaV]
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Good or Bad?

® SUSY theories (and others with full or partial set of
SM-partners) have a number of attractive features

® “Explanation” for low Higgs mass (and sometimes EWSB)

® Gauge Couphng unlﬁcatlon (Often) 'MSSM: Allanac tal.

hep-ph/04070

® Dark matter candidate (if introduce a new
parity, natural in UED, ~ad-hoc in SUSY)

24 -

® No new interactions (often) S T
Q [GeV] 06

® But answering those questions comes at a large coslsgf\
\
O
® Many new particles, with masses and mixing anglgﬁfo

® Need to explain why mass scale 1s so low (%@@1) spin’?
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A Simple Observation
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Higgs and Fermion Masses

® Inside a generation, the more a fermion interacts, the
heavier it 1s

® (Of course, we don’t know that the tT-v; lepton generation
doesn’t really match up with the d-u quark generation,
only hint 1s b-t unification I believe)

= Pattern suggests fermion masses might be related to
a more complex mechanism

® Indirect relation to interactions? (“Gauge mediation?”)

® Higgs may then only be relevant for VV scattering,
relaxing mass constraints, existing limits (no bb!)
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Spin & Mass

® Problem with mass 1s that 1t allows a particle to
change helicity

® And, of course, since parity 1s maximally violated in weak
interactions, this “breaks the symmetry”

® Deeper understanding of spin as useful to making
progress as a Higgs observation

= Scenario of restoration of parity might lead to
understanding of fermion masses

® No necessarily strict left-right...
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Parity

(or: Step-By-Step)

Gustaaf Brooijmans
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Parity Restoration: Signals

® Primary signals are (right-handed) W’ (+ Z°)

® Dilepton resonances offer clean signals, well-understood
backgrounds

® At LHC, some concern about extrapolation of calibration from Z
to very high energies

® Electron/muon resolution improves/degrades with p’
® (f decays visible (maybe)
® Vg is presumably heavy, W’ may only decay to quarks

® [f vr lighter than W’/Z’, vg decays become important

® Note: many kinds of Z - recent review by Langacker
arXiv:0801.1345
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7.’ Production and Decay

® Production from u, d quarks
1s dominant at Tevatron/LHC

® (Couplings vary by model

® E.g.for LR symmetric models,
% = gr/gL drives production
cross-section (convolute with
PDFs) and branching ratios

® Deccays somewhat similar to
Z. (but almost no BR to light
neutrinos, decays to top open
up), plot assumes vr heavier

2 15Tev T. Rizzo, hep-ph/0610104
101 jﬁgM
chi
--eta
LR
E oy
102 E .a:;;‘i:;v'i"' r:-”nj I_{i'_ .-"'.‘[ 1_1_” '{::’ .

10

0.2

0.18
0.16
0.14
0.12

0.1
0.08
0.06
0.04
0.02

1000 7200 7400 7600 7800 2000 2200

MHHM

Mil

ATL-PHYS-PUB-2005-010

065 07 075 08 085 09 095 1
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Z’

— €€

® Most promising channel:

® At Z’ masses, energy
resolution dominated by
constant term

® 10 GeV for1.5TeV electron

® (Could measure width!

® Extend Tevatron reach
(~1 TeV) as soon as
understand data

® Backgrounds very low!

® “Self-calibrating”

ATL-PHYS-PUB-2005-010

'SSM Z',~100 fb!

16%;

1 ——  With interf.

— WWithout|interf.

10

B 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 Ii 1
600 800 1000 1200 1400 1600 1800 2000
Aﬁl(GeV)

SSM Z’, ~1 fb-
I

10° =

/7 Te'

10°

10

600 800 1000 1200 1400 1600 1800 2000

Ahl(GeV)
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‘“Look Elsewhere” Effect

CDF Run II Preliminary
® If search is done by counting o T o
. . . . 5-;3 0t %u [ |Crell-Yan
experiment in a shifting mass 8" i maco
. C e E'“ an na '+'-_Ether SM
window, need to factor in “look B =

elsewhere” effect (# of windows)

® Always an excess if look at
sufficient distributions...

100 200 300 400 500 600 700 @00 600 “fooo
Miee) (GeVic)

® Global fit to the (DY) spectrum 5 iicorrumireggmany o o

=
1s another approach 5w
@ Let ﬁt ﬁnd the 1mMass E o Expected Range for Min. Obs. Prob.
g
® Shape analysis more sensitive e o
10&?J‘Ldt=1.3 fb”

® Need to run pseudo-experiments!  ofgm kg

Ll il Lt
150 200 250 300 350 400 450 500 550
Di-Electron Mass (GeV/c")
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Spin Determination

® [.ook at angle between
lepton and beam direction

® Spin 1 particles tend to emit
leptons closer to beam

® Plot 1s potentially
optimistic: sensitivity 1s in
the forward region where
lepton 1dentification not
nearly as efficient or pure

® But for heavy resonances
decay products are central...

Events/0.2

-y
N
—T

-y
»
—

10 -

B. Allanach et al, JHEP 0009:019,2000

-t
=Y
L ——

=1.5TeV, 100 fb"!

g8

RS Gravitons

1 i

05 0.5
cos(0%)
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2’/W’> — jj

® In the dijet channel, the backgrounds are obviously
much larger

® But not necessarily unmanageable: D@ published a Run 1
search for resonances in the dijet channel

(PRD Rapid Comm. {69}, 111101 (2004))

o b) GE/E=SO/NE®2% b) oE/E=S0/VE®2% oE Bee
[ e PV .
L s ; Dijets
] -, s .l Y .
- - o
i e 5
: g s °
* o ‘0.-
3 e
[ .‘.._ " o ¢
3 e [ .
: el [ ° Dileptons
 ATL-PHYS-92-010 =~ ¢ L ATL-PHYS-92-010 - ATL-PHYS-92-010
S TN T T ks [N SN DU Ll ' L 1 ] L L L ol L L PP TR B
+e0D 1800 2000 2200 24 1200 1800 2000 2400 2800 e 0 1 2 3 M(ZS (T V) ;_ 6
.. ' e
m;;(GeV) m;j(GeV)
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Z’ — VRVR
® If vr 1s lighter than m(Z’)/2,

decay channel opens up

® VR subsequently decays
IWR™ (assuming WRr is

to

heavier than vr), leading to
signature with two leptons

and 4 jets

® Or other combinations if

m(Vr’) < m(Vr), for example

more leptons

® Since VRr1s majorana, can get

same-sign leptons!

=100

Br(Z — ..) [%]
L N 9 o O
o o o o O

N
[a)

[}
)

(%)
=)
T

[y
]
T

'ATL-PHYS-2000-034

—

7' — quarks

e Z 2NN,

.............................

m(N )/m(Z )

If VR is light, lepton
and jets collimated

— |leptons embedded

in merged jets
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Z’ — VRVR (2)

® Backgrounds include tt, ZZ, ... + jets, but also Wr!

80
rATL-PHYS-2000-034

Z 60

Discovery Potential

|
¢

=
n

ATLAS, L, = 300 fb™'
m(N,) =m(N,) =m(N,)

| NOT ALLOWED

m,, (€j,j,) and my, (e5jj,) in Ge

- m(Z') < 2m(N,)

m(N) in TeV/c

ReconstFuction
of VR (ejj) and |
Z’ (ee€jjjj) masses

[

2 isolated electrons + 4 jets /

2 jets with EM activity /

7A\-I\-I\_-\P‘|_\|Y\S\-\2‘0\O\O\-0\3‘4\- L L L ‘ L L L L ‘ L L L L ‘ L L L L ‘ L L L L ‘ L L L
1 1.5 2 2.5 3 3.5 4 4.5 5 5.5
m(Z'") in TeV/c®

0
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W’ Production

® W’ production rate not very

dependent on couplings

® But interference with W

important (and not in most

experimental studies)!

® Key in identifying W’
coupling helicity in fact

® (This plot is for e+MET

transverse mass, which may

not be a signature)

EVENTS/BIN /300 b~

EVENTS/BIN/300 fb~*

T Rizzo, hep- ph/0704 0235

10!

100 L—

— V+A
— V-A

6000 -

500 1000 1500 2000 2500
M, (GeV)
T T T

5000
4000 |
3000
2000

1000 [

500 I I I I 1000 1500 I
M; (GeV)
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W — UV(R)

® SSMW’
® “‘Standard” Mr plot

9

® Discovery reach ~4.5 TeV

with 10 fb-!

® Similar reach with
electrons

® Note very different
resolution effects in
electrons vs muons

® Decay does not necessarily 10

exist!

/100 GeV

AN
M

10"

0
|

-2 -
QW E.. Expected for

10° ¢

CMS TDR

" Signal+ i

Background

only

Background ]
* 1o band g

expected limit

- with 95% CL..

471 TeV
!

il JRRE T
5 6 7

71000 2000 3000 4000 5000 6000

M, [GeV]
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W’ — WZ

® Require at least one of the W, ; ATL-PHYS 2001-005

. 30 g 3006
Z to decay leptonically to 2
on 10 M,,=0.5 TeV
suppress backgrounds e
L 107
® Then use mass constraints to > b
improve S/B further E : o
10 L o
® (Cleanest channel is obviously
when both decay leptonically ) |
10 [ |
(but BR Only 1.4%) 0 1000 2000 3000

Transverse Mass (GeV)

® LR model study by ATLAS -Trileptons at low mass

® (Also a technicolor signature, -Lepton(s) + jets for
probably at lower mass) high mass reach
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W — WZ (2)

® If allow one boson to

ATL-PHYS-2001-005

5 “sof 3 T
O 400} (9) 18 1200 i
~ - ~ :
decay hadronically, N ooo]
0 300 |- 0 B
€ - € 800
higher BR (4.6/15%) ¢ =
but higher 1%
; - L 200 |-
backgrounds Y ST R L
40 60 80 100 120 40 60 80 100 120
. . My"(GeV) M,*(GeV)
® Hadronically decaying  _ ., N
: ® 2250 | © | &0 (d)
boson has large boost, 3« o
. 1750 |-
so jets are merged — 2 1500 P
. S 1250 | S
rely on jet mass 3 1000 ;
750 |
. 500 !
® W/Z + jets background o P |
not Well known 200 400 hd600 250 500 750 1000 1250
Py (GeV) My*(GeV)
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W’ — tb
® ATLAS fast simulation
study

Tﬂ ATL-PHYS-PUB-2006-003
: o 800 Wy —1b
® USG Of Very hlgh pT b— E 200 [] signal
: > [ total back
tagglng g 600 -re-clucihlegha[:hg
2
® B meson decays outside fir: 0 30 fb-!
pixel layer! °
300
® High p! top (more later) 200
100
® Overall, could already

E{m 600 800 1000 1200 1400 1600 1800

make a (BR) statement my, (GeV)

very early on Note: This is for WH

® Important clue! from Little Higgs
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Exotic Quarks

ATL-PHYS-PUB-2007-012

® In most cases, existence of
a /.’ requires existence of
new fermions to cancel
anomalies

Events/100 fb''/20 GeV

® Exotic leptons or quarks

® (Quarks could be pair-

3222_ j - 800 GeV
produced, then decay § @ 214 4j channel
e D—7d, D—Wu )
® Then require one or both

W/Z to decay leptonically 3

0 500 1000 1500 2000

Mass (Z(ll) jet), GeV

- 1 &, 21+ 2j+ MET channel

= SM background
-=== Signal 800 GeV

(Z —w)

PR i
00

M, . GeV

Zjet

0

P,jet>100 GeV
P ler>30 GeV

500 1000 1500 2000
Mass (Z(jj) jet), GeV
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Gravity and Hierarchy

(or: Out of This World?)
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Extra Dimensions

® A promising approach to quantum gravity consists in
adding extra space dimensions: string theory

® Additional space dimensions are hidden, presumably
because they are compactified

® Radius of compactification usually assumed to be at
the scale of gravity,1.e. 1018 GeV

® In 90 Antoniadis realized they may be much larger...

Phys.Lett.B246:377-384,1990
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66ADD99

® “Large extra dimension”
scenario (developed by Arkani-
Hamed, Dimopoulos and

Dvali):

® Standard model fields are
confined to a 3+1 dimensional
subspace (“brane”)

® Gravity propagates in all
dimensions

® Gravity appears weak on the
brane because only felt when
graviton “goes through”

Gustaaf Brooijmans SUSSP ‘09
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ADD Signatures

® Edges of extra dimensions identified

= Boundary conditions
= Momentum along extra dimension is quantified
® [.ooks like mass to us
® Very small separations — looks like continuum

® (alled Kaluza-Klein tower

® Coupling to single graviton very weak, but there are
lots of them!

® [arge phase space — observable cross-section

® Impacts all processes (graviton couples to energy-momentum)
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® Consider processes that involve the bulk (1.e. gravitons)

® Translational invariance is broken
= Momentum is not conserved ...
® ... because graviton disappears in bulk right away
® Look for p p — jet/photon + nothing (i.e. Er), or

deviations 1n high mass/angular behavior in
standard model processes

® Graviton has spin 2, couples to
energy-momentum!

® [.imit size of ED at ~1 TeV

Gustaaf Brooijmans SUSSP ‘09
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,Iet/Photon + Graviton

Jet/Photon + MET

CDF Run Il Prellmlnary 201"

102 ﬂ@ Zy, Z—vv -
W elut—y ] ° ° °
- sty Combined Limit
5 i
= L v, lost e/u/t _
2 o — ADD n=4 m=0.8 TeV (Based on event
o =
> = [ °
“o / . counting only)
- | | |
1= _ ]
' [N TS TN T (T T e L ] o n
40 60 80 100 120 140 160 180 >180 ALY it ; CDF Run Il Preliminary  _
Photon E; (GeV) % I CDF Jetly + |
/IV I LI T III LI | LI 1 I LI |I II| II1I II t 1-4 _CDFT+ET (2be) —_-
10°E CDF Run Il Preliminary, 2.0 o ] — I CDF Jet + 1 (1.1 fb ) ]
Zy, Z->vv ] E -- LEP Combined .
W elwt—y ] " 12 e, -
[T vy, losty . _ |
c % I Non-Collision i [ i
@ ; 2 I WI/Zy, lost elw/t 7 = 1 —
) 7 — ADD n=4 m=0.8 TeV <
S 10 % = A
AT 7 ( 1 = 08
//
0.6
4 2 3 4 5 6
1 Number of Extra Dimensions

60 80 100 120 140 160 180 >180
Missing E; (GeV)
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Dielectrons and Diphotons

> .
o - . ~Data
o 10° (a) CC-CC —Total background
= . --LED: M, =1 TeV
£ 100 -.-LED: M, = 2 TeV o
9 D9, 1.05 fb' o 1I\/1
i o1 MDrei-Yan ~10% of sensitivity
Multijet : : .
0F M I i from angular distribution
1 s = =aa e e i ittt =~
10" 3
ok : - ' |Do PRL 86, 1156 (2001)
, 5: --expected limit
200 400 600 800 1000 “r = sbsarvad limit
di-EM Mass (GeV) U
é 9000 :T_- r ® Data 2 —
£ gooo1—"[" SSSE Multijet g DO, 1.05 fb’
g - — Total Background :
W 7000E --LED: M, = 1 TeV ol
6000/ ...LED: M, = 2 TeV L
5000 %
4000 1~
30005 v | | | |
= 2 4 5 6 7
2000 Number of Extra Dimensions (nd)
10005
% 02 04 06 08 1
|cos(6 )|
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Warped Extra Dimensions

® “Simple” Randall-Sundrum model:

® SM confined to a brane, and gravity propagating in an
extra dimension

® As opposed to the original ADD scenario, the metric in
the extra dimension is “warped” by a factor exp(-2kr.})

® (Requires 2 branes)

-
*
-“‘
.

A
w2 o
©)
?\a(\ Drawing by G.
Landsberg
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Graviton Excitations

® In RS, get a few massive graviton excitations

® Widths depend on warp factor k

® Mass separation = zeros of Bessel function

= Smoking gun!

(BRs also different
than Z’:

1072 —

1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 1 1 1 1
Davoudiasl et al., PRDG63 075004,2001

e.g. vy allowed) % -t \jll | _
> :
”"E ..
i =
L A\
o 1078 \_ A —
z S ~ )
b \\ J_\\-
Fﬂ -8 — I| '
1078 — ~ ,\ | |
|
{h] \\\M___;'I III
lu—ln 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 \Ikx\"\-\] 1
1000 2000 3000 4000 5000 6000
M, (GeV)
Gustaaf Brooijmans SUSSP ‘09 99



Dielectrons/Diphotons

Data
[ mMisidentified Events

[ excluded at 95% CL

-------- expected limit

DO PRL 95, 091801 (2005)

— 103 Total BaCKQround — — excluded by precision ewk
Total Background + Signal

S 10° 1

> -

o

o 1

el

£10°

=

107 =
s by

100 200 300 400 500 600 700 800 900 1000

r-r‘.'".'..|....|....|‘...|.. |
Meem(GEV)

0.01 = -
200 300 400 500 600 700 800 900
Graviton mass M, (GeV)

® Single search: no attempt to distinguish electrons
from photons...
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Hierarchies

® Physics on a curved gravitational background:

L

.

UV brane — &

k is the spacetime curvature

\

y=20

“=="- IR brane

e

® Scales depend on position along extra dimensions

® UV brane scale is

Mp; =2 x 1018 GeV

® IR brane scale is Mpekk ~ 1 TeV if kL ~ 30

® [f were to localize Higgs on IR brane, naturally get

EW scale ~ 1TeV

(from geometry!)
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Flavor

® Interesting variation has fermions located along the extra
dimension

® Fermion masses generated by geometry

® Heavier fermions are closer to IR brane, and gauge boson
excitations as well

® Gauge boson excitations expected to have masses in the 3-4 TeV range
(bounds from precision measurements)

® Couple mainly to top/W/Z (!)

® Flavor changing determined by overlap of fermion “wave
function” in the ED

® Nice suppression of FCNC etc.
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Gauge Boson Excitations

® Excitations of the gauge
bosons are very promising

B. Lillie et al., JHEP 0709:074,2007

: N 2ToV ]
channels for discovery oo | s ey
oV
. . . 10°°
® Couplings to light fermions
10%F sy
are small 5 .
® Small production cross- 107 § T
sections 109
10-10 L
¢ Large coup hng to tOp ? WL’ 1000 2000 3000 4000 5c;oo 6000 7000 §8C‘)00
ZL My (GeV)

® [.ook fortt, WW,ZZ
resonances (that can be wide)
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New Experimental Phenomenology

® Possibility to produce heavy
resonances decaying to top
quarks, W and Z bosons

“calorimeter jet”

® Heavy objects with momentum >>
mass

® Decay products collimated

“particle jet”

® For leptonic W/Z decays, not a big
1ssue since we measure 1solated
tracks very well

“parton jet”

® But hadronic decays lead to jets, P
which are intrinsically wide
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To

® Simulated decays:

dR = V(A2 + Ad?)
Typical jet radius ~0.5

LLHC calorimeters have
granularity 0.1 x 0.1 or
better

® For top pr > ~300 GeV

dR (qq@’ from W) < 2 R
dR (bW) < 2 Rjet

® (No i1solated lepton!)

uark Decayvs

| dR b-W vs top pT

drbWvth

3.5

3

Entries 208914
Mean x 469.4
Meany 1.035
RMSx  303.9
RMSy 0.7763

25

2

1.5

1

0.5

IJ|lII|IlI|II__I"_I_II-.I-|JIllllllllllll
200 400 600 800 1000 1200 1400 1600

_IIIII|IIII|IIII|IIIIL||__I__.I. 5

|
1800 2000

=c:

GeV

drqgqvth

| dR qq (from W) vs top pT |
3.5

B {
_5." |-
_¥| >

Entries 104457
Mean x 470
Mean y 1471
RMS x 304.5
RMSy 0.8075

3."
2.5

2

1.5

1

0.5

_IIIII|IIII|III.| 2

IJ|lII|IJI|IIIlIIIlJIllIIIJIIIlIl
200 400 600 800 1000 1200 1400 1600

1 I L1
1800 2000
GeV
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ATLAS Study

® (Can we distinguish hadronic & semileptonic decays
of high pr top quarks from light/b jets?

® Develop tools and evaluate efficiency/rejection

® Use fully sitmulated samples of:

® 7/ — ttevents withm(Z’) =2 and 3 TeV
® Yields top quarks with 500 GeV < pr < 1500 GeV

® (Not many in “transition region”: 200-600 GeV)

® QCD multyet events with 280 GeV < pr < 2240 GeV

® Generated in 3 bins of pr
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Fully Hadronic Decays

® Decay hadrons reconstructed as a single jet

® But even if 1t looks like a single jet, it originates from a
massive particle decaying to three hard partons, not one

® [f I measured each of the partons in the jet L ergp DrovmobyF s
perfectly, I would be able to: o T %) eefel
R T
® Reconstruct the “originator’s” invariant mass.,‘q‘f:"'“:'f} % \\fii'.;i' |
e e
® Reconstruct the direct daughter partons e ! —
- i i . . = 2 b '_I'.' LI i * =
st - g, g
. But :-"__!td.._d. ,it .5,}.:‘1’4__._._ %0304, .".-.
® (Quarks hadronize — cross-talk i - o
e -
, C N b
® My detector can’t resolve all individual e T £ o
hadrons CTY X P
"% aL" i
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Jet Mass

® Jet mass: invariant mass of all jet constituents

® In principle, = top quark mass

Jet Mass vs pT
400

350

300

250

200

150—

I!.ll|IIII|IIII|IIII|IIII|IIII

1o BE A

R ATLAS Preliminary|

1 | L 1 1 | 1 1 1 | 1 1 1 | L 1 1 I L 1 1 | L 1 1 | 1 1 1 | L 1 1
0 400 600 800 1000 1200 1400 1600 1800 2000
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Subjets

® Jet mass 1S not sensitive to structure

® Can’t tell whether a jet 1s 1sotropic or not

® Expect “blobs” with higher concentration of energy
for jets from top/W/Z decays

Small Jets
inside

0.4 Topo

® Multiple ways of exploiting this....

® This study: kr splitting scales
J. M. Butterworth, B. E. Cox, and J. R. Forshaw, Phys. Rev. D65 (2002) 096014
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kt Splitting Scales

® kr jet algorithm i1s much better suited to
understand jet substructure than cone:

!
® (Cone maximizes energy in an 1 X ¢ cone a

® Kkt 1s a “nearest neighbor” clusterer

Cone
yy=min(ELE; )6, [p7 o,
Y scale =\/pT2(iet)'y2
® Can use the kr algorithm on jet
constituents and get the (y-)scale at which
one switches from 1 — 2 (— 3 etc.) jets %
T

® Scale 1s related to mass of the decaying particle
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® Applied to high pr WW scattering:

| Y Scale of Jets w/ Mass Cut at 60GeV \

\ Y Scale vs Jet Mass \

3
<0012 F
% E . QCD Jets (2251) 0.1 —— QCD Jets (401)
= — + W lets (1817) F ks 5.
:905 . : L QCD (J WZ Z->hadronic (726)
g 80 W JetS % b 0 08; - / ——— WW W->hadronic (1641)
>70[ el " W—jet
601 - Z— jet
= 0.06— s
50F - /
= I Il
©- QCD (J5) . e
r i :
30 TR B
200 i - | _
B s 0.02—
WE" 1, o I I ]|'
:rh:it ‘||||||||||||||||||||||||||X103 :
% 10 20 30 40 50 _6'0 70 80 90 100 W Lo b b DS P 1Y ix10°
Single Jet Mass (MeV) 00 10 20 30 40 50 60 70 80 90 100

Y Scale (MeV)

- k; jet algorithm, with R = 0.5
- Cuts applied : py(jet) > 300 GeV,

Techniques also believed to allow recovery
of H = bb at LHC!
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Variables

[ Jet Mass vs pT | Jet Mass 1 —> 2 Jet Scale

400 g = -
2 r ATLAS Preliminary
350 w300~
H:
300 50—
= — m(Z’)=2[TeV
250 -
Eﬂl:l:— ......... m(Z’) — 3 TeV
200 :
150
150 -
100
100 —
50 5:::5—
M ATLAS Preliminary| » i, .,
UIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII DD_"'I""I"lllll ""-1""-|-E:I'-h|=.

400 G600 800 1000 1200 1400 1600 1800 2000 =0 100 150 200 250

2 — 3 Jet Scale 3 — 4 Jet Scale

'1 . - - -
;iﬁfrﬂ = ATLAS Preliminary E - ATLAS Preliminary
5 = Eﬂﬁﬂ_—
g0 .E =
-E - 300
250 .E -
- 230
200 =
~ 20—
1= 150
100 100
S0 sop
1= T T TN T N T A T T Y -HEH'.ZEELI:_.I-..I.-_L_J_I_ - ' A I N TN N AN N N A B AN A A -
% 20 an an ao 100 120 140 Oy i 20 30 T 50 a0 T
YScale 2-3 (GEV) YScale 33 (GEV)

Slow pt Dependence!

h Y
=
|
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® (bservations:

® Variables show slow dependence on top (jet) pr

® Only weakly correlated

® For light jets, all the variables drop off exponentially

YScale 1-2 (GaV)

g

ATLAS Preliminary

= Combine into a likelihood

:Illll.lllllllIIII|IIII|III|_|IIII|IIII|IIII|IIII|IIII
[h M0 20 30 40 S50 &80 TO &30 490 100

YScale 2-3 {GaV)

m(Z’) =2 TeV
m(Z’) =3 TeV
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Hadronic Decavs: Result

— EEDI:I LT 1T 171 LI L LILEL L LI L LI | LI | LI LI LB LI L m EEIDI:I_I L LI LI LI LI LI LI LI 5m
= - | | | | | | | mn - | | | | | T T 1058
[ [ -
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1800 =] = 1800 ' ' EERT.
= - o = oL m T T 13 10%%
w 1600 — ey T 1600 . ey - 3 =
-2 - =3 1|:| — - . 4 7 [
1400 F- : = 1400F- 37 .3
1200E E 1200 _:?mai
1000 = 1000F- 31 =
B00F- =, 800F- T 33 10°
B00F = B600E- . =
400 400E- -.'-'f 10
200F I 200F d
D:I 11 1 I L1 11 I L1 11 I L1 1 1 I 11 1 I I I L1 1 lgna 1D1 r grolun IIIIIIIIIIIIIIIIII -I
2 45 1 05 O 1 EE 05 1 15 2
L '}I'L
g 1_I 1 T I 1 1 1 I 1 1 1 I 1 T I*;I I 1 1 T I T 1 1 I 1 1 u-
§ [ ATLAS Preliminary PR * :
s r ettty t +|'H ]
o 0.8 it .
- +ﬁ -
" hy )
0 Rl +-i- y, =06 : —
K 4 —s— 7' signal : ]
0.4 ++ —=-- QCD background| 4 b
N + : .
0.2 o bbbty b b 4TS
— +H ‘ld‘uii-a..h" Laad i * 1 -
T4 s ]
1 L .*I L L L I L 1 L I L L L I L L 1 I 1 L L I L L L I

T
0 400 600 800 1000 1200 1400 1600 1800
Jet P, [GeV]
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Semileptonic Decays: Muons

® Require a good muon, pr > 20 GeV, Inl < 2.5, and a pr
> 200 GeV jet within AR=0.6 (call it “b-jet”)

® Reduce “fakes” from b/c-decays (or other decays in
flight):

® [solation not useful (signal muon close to b from top decay)

® Two new variables (better than increase in muon pr cut):

2
visible

® :,=1-mj/m fraction of visible top mass carried by muon™
® y,=p.»x AR(pb) relative pt of muon wrt jet

® (We do not use b-tagging: we assume the jet close to the lepton
comes from a b quark so call it that)

*J. Thaler and L.-T. Wang, JHEP 07 (2008) 092, arXiv:0806.0023 [hep-phl].
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v, [GeV]
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“Muonic top” efficiency after preselection (1.e. a
g00od muon was found close to a high-pr jet)

® We find a muon in 88% of events where the W from top
decay yielded a muon of 20 GeV pr or more

c L D R R B T L B LI B IR
= 1_— H* -"‘u"‘q; E‘ N . N
DI - T
Y ++++++++ t - T L *—H»
- ﬁ ATLAS Preliminary i T
B —=— Signal sel. Efficiency E
D'q' *+ —#— fraciion of fakes before cut B _+_+ ATLAS PrEIimi“arF
0.2 + —— fraction of fakes alter cut 1[:'2 g_ _+_ G':D Bac‘fg[ﬂund E
B +++++4* -4-4,*:*“ ¥ * ++: :+_
B 1 *+* 11 b "l % ﬂ * ;+ 1 * B L L 1 L I 1 L L 1 I L L I L L 1 L I 1 L L 1 I L 1 L L ]
GD ‘I CID EDD EDD 400 500 600 0 100 300 400 500 600
|:|T of p [GeV] pT of u [GeV]
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Semileptonic Decays: Electrons

® Trickier, since electron 1s embedded in the jet, but
candidates can be reconstructed with good efficiency
thanks to fine calorimeter granularity

® 57% of events with top — e have a well-reconstructed electron

® So, require a good electron (pr> 20 GeV, Inl < 2.5,
excluding cracks), and a pr > 300 GeV jet within
AR=0.6 (also require jet’s first kt splitting scale > 10
GeV, 1.e. electron component of jet)

® Subtract the electron 4-momentum from the jet to obtain the
“b-jet” and define xe and y. as in muon case

® Also define y. =pe1j x AR(e,5) (1.€. ye but without subtracting
electron 4-momentum from jet), require that y’c > 1
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® For electrons, combinatoric background not an 1ssue

® Harder to see electrons from b decays

® Efficiencies after preselection:

a-I_""I_'.'-"I""I""I""I""_ E- mILELELELEY BN DL L B L L ]
% i +++++v ¢+m¢+++++++++++++++ ", ++ ++ H'H' |.| s 0.5 ‘ ATLAS Preliminary —
= oal |+ '+ + + |'|- TLF = - S QCD Background .
| p‘ 0.4F ‘ =
“-5:} ~ 0.3F <~- T =
04 ] 0.2 1 | .
i Z' signal 7 - T T .
0-2r ATLAS Preliminary- 01 _+ 1 + E
i i - I ]
1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I IIIIIIII I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 I_I‘_

% 100 200 300 400 500 500 % 100 200 300 400 500 600
P, of & [GeV] P, of e [GeV]

® Of course, preselection has very large impact on multijet
background!
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7’ Mass Reconstruction

® W mass constraint to determine neutrino p, (take
smallest value, or real part of 1maginary solution)

e Require AR(v,£) < 1.0

® Apply “local” out-of-cone energy correction:
® Use cone 0.7 “topocluster” jets
® Add topoclusters in 0.7 <R < 1.2 to jet

® Reasonable? Look for energy deposits (in a cone of
radius 0.4) far away from top candidates

® 30% of the time, no topoclusters, rest of the time, energy much
lower than the local out-of-cone correction.
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Large peak at O is suppressed
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® Correction helps peak, but does not improve tails!
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7> Mass Resolution

® SSM 7/’ at this mass narrower than detector/method
resolution, but not negligibly so:

E 1 E.I:I _I LI T I T LI I LI T I T T T I T LI I LI T I T LI I LI T I T -F._rr E{]I}__I I T T I T T T T I T T T T I T T T T I T T T _I:
= — -] =

% - ATLAS Preliminary Constant: 16815 3 % - ATLAS Preliminary Constant: 270+ 6 4
B 160 Mean:  44+3 Bogp Mean: 933
+ 14pF-Z signal (m = 2 TaV) Sigma: 9814 3 = - Z signal (m = 2 TeV) sigma: 124 +4 1
12[!5 With out-of-cone corr. ] = 200F- E
- . Fwith out-of-cone corr. ]
100F- = 150F- =
B0 — m .
BOE- = 100F =
40 — — ]
- . S0 .

20 = -

|::] _I L L 1 L I L L L I L Ll I L1 1 I b Tl ke I L D_ L L Ll L L L 1 I L L L L I L L L 1
-800 -600 -400 -200 O 200 400 600 800 -1000 -500 0 500 1000

Generated mass - reconstructed mass [GeV)

Generated mass - reconstructed mass [GaV]

Also still have a substantial offset!
= work to do!
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Efficiency
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® For multijet background, rate determined by
factorizing leptonic and hadronic rejection

® (Limited MC statistics)
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Sensitivity

® Number of events in mass windows [1800,2100]

([2700,3100]) GeV for 2 (3) TeV Z’

Signal Efficiencies

yr, > 0.6 yr, = 0.9 yr, > 1.2
[+jets Z" — tf (2 TeV) | 0.094 £ 0.002 | 0.063 + 0.002 | 0.016 £+ 0.001
[+jets Z" — tf (3 TeV) | 0.136 £ 0.002 | 0.101 £ 0.002 | 0.034 £+ 0.001
Backgrounds, | fb!
m = 2 TeV yr = 0.6 yr = 0.9 ur = 1.2
QCD multijet (15 + 16 + J7) 10+ 05 0.7 £ 0.2 0.16 £ 0.04
SM tt 171 £ 08 £ 26 | 11.1 £ 0.7 £ 1.7 3.1 =04 £ 05
Total 19 £+ 2.5 11.5 = 1.9 3.3 £ 0.6
m = 3 TeV yr = 0.6 yr = 0.9 yr = 1.2
QCD multijet (J5 + 16 + J7) 0.5 + 0.2 0.2+ 0.1 0.07 + 0.03
SM ti 231+ 01X+ 03 1.4 £ 0.1 £ 0.2 | 0.52 £ 0.07 £ 0.08
Total 251+ 04 1.6 + 0.2 0.6 £ 0.1

(W+jets shown to be much smaller than top)
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Limits

® Set limits for 1 fb-! of data

® 15% uncertainty on signal acceptance

® 10% on luminosity

® 15% on tt background

® 95% CL upper limits on signal cross-section using

Bayesian technique

05% C.L. limits on ¢ x BR(tf) (fb) | yr > 0.6 | yp > 0.9 | yp > 1.2
m = 2 TeV 550 650 1400
m = 3 TeV 160 180 450
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Too Short

® Many topics not or barely addressed

® [ong-lived particles, can decay halfway or outside
detector, or get stuck and decay later...

® “Quirks”
® “Lepton jets”
® RPV SUSY

® Model-independent searches

® Many new models have signatures that exist in other
models!
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But...

® We do expect to see something new 1n the next few
years

® [s there a Higgs?

® Does i1t generate fermion masses? Does something “material”
stabilize its mass? Does that something tell us why the fermion
masses are so? Why there are three?

® No Higgs?

® More space? New interactions?

® We can hope for a very rich phenomenology which
will help understand more than the question of mass

® Towards Mendeleev’s table’s physics equivalent

Gustaaf Brooijmans SUSSP ‘09 128



Z° — uu: Early Potential

® CMS | TeV Z, study

® Narrower than SSM (7 vs

31 GeV), but dominated by
detector anyway

® (ross-section 2-3 times
smaller than SSM

Events/50 GeV/0.1 fb™

TN

® Note: statistics scaled down,
so fluctuations “not to scale”

® (At the Tevatron, not
competitive due to limited
muon pr resolution)

L L DL I
10 CMSTDR -

- “Early Alignment” -
8_— 100 Pb'l ]
6 .

200 600 800 1000 1200 1400 16
w'w mass (GeV)
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Z”° — uu Reach

® 50 discovery reach

® Systematics don’t change o '°F
these results much

® 2-3TeV with 1 fb-!
® 3-4TeV with 10 tb-!

—i
o
\)

—h
o
TTTT T TTTTII T

Int. luminosity (fb™)

® Again, assumes no

“exotic” decays L

® Discovery reach about
700 GeV below 95% CL. ™ E ittt
llmlt at hlgheSt MassScs 7’ mass (TeV)
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Model Determination

® Angular distribution gives
excellent handle on gv, ga

On-peak AZ>"™ and 0™, 1 TeV

IS NI LY I B (LA NN
for various fermions LRM L @
2 : ................ Ei-:-| S —]
® (Charm may be possible o ik l
© 1 R
- A - 3 _
. . o] ! Wyl
® This will come after an I |4
L ) ] R _
initial determination of g . = 1k
: : 5 : *
branchlng ratlos % I R R R AR I I —
© v+ 1
(obviously) S .
: : ALRM
® Complementary information o k]| —
in determining nature of 06 04 02 002 04 RS

CMS Note 2005/022
resonance
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