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Proton-proton collisions

Experimental challenges

* LHC suited to explore physics at the TeV scalevarn "¢

Experimental challenges:

High cross section and luminosity
= high trigger efficiency
= need radiation hard detectors

Short time between collisions (~25 ns)
= fast readout

= high granularity to reduce occupancy

= synchronization

Physics challenges:

~ Hadronic jets,[heavy quark production dominate% =
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Probe short-distance parton structure of hadrons
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New physics underlies beneath, to be found
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*| Focus on p-p collisions @ 10 TeV

- O, ~ 414 pb (~90% gg fusion)

Sm

- L=1pb"'@ 14 TeV ~ =25 pb™" @ 10 TeV
(for SM t t production)

* Detailed description of detectors by:

~ F. Gianotti, L. Masetti, G. Tartarelli (ATLAS)

— J. Virdee, C. Civinini, T.Orimoto (CMS)
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b-tagging efficiency
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* At the LHC top will

— need to be rediscovered

— be a background for many physics analysis

— be used as a calibration tool v
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What new can we learn from t tevents?
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New Physics in t t events

...a hon extensive list

*  New mechanisms might generate ¢ t pairs

~— High-mass resonances

~ 4" generation: b’b’— t t W*W-

[‘ * Top’s role in Electro-Weak Sym. Breaking mechanism
?
' — Condensate of top quarks ~ Higgs mechanism
74 N
/W\ L/ * Rare top decays
R ]
2 H IsV, =17

\ — Flavor Changing Neutral Currents (yq, gZ, qg final states)

* Top quark polarization

~ do anomalous couplings occur in Wtb vertex?

Pedro Silva EPS HEP 2009 (16 Jul 5


http://arxiv.org/pdf/hep-ph/0607115
http://arxiv.org/abs/hep-ph/9702381
http://arxiv.org/abs/hep-ph/0605190
http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6TVN-3YMWP3J-CH&_user=7195195&_rdoc=1&_fmt=&_orig=search&_sort=d&_docanchor=&view=c&_acct=C000071388&_version=1&_urlVersion=0&_userid=7195195&md5=6ca9ec9adfaaa5a4762bc2aed50d98c2
http://arxiv.org/pdf/hep-ph/0612015
http://arxiv.org/abs/0802.2075
http://cms-physics.web.cern.ch/cms-physics/public/EXO-08-009-pas.pdf

New Physics in t t events

...roadmap for two specific searches

*  New mechanisms might generate ¢ t pairs

~— High-mass resonances

= boosted t { system

~ Collimated decay products can be clustered as single jet

= (boosted) top-jet tagging

~ simple b jet counting can probe B(t—Wb)
~ b jets often contain secondary vertices and soft leptons

= b-jet tagging

Pedro Silva EPS HEP 2009 (16 Jul 6



On the road to discovery

— Large statistics: ~414 x 29/81 x /2 =74 pb @ 10 TeV

-1 ' p,>35GeV/c Inl<2.1

~ no other isolated leptons py> 10 GeV/c

at least 4 jets E > 35GeV/c |nl<2.4

Iterative Cone (AR=0.5)

- tt - like topology

SMtt
= isolated muons

 AR(u,jet) > 0.4

Single p trigger is robust over a large M, - range (no isolation)

Resonances in t t spectrum

The p+jets channel can be used to probe “safely” heavy resonances in t t events
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1) use a x? sorting method
min x2(MP"=, M, M, , H_,...) = 4 best jets

.&, L = My constraint with Fr
@ b \'A'l"'/ V]
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2) reconstruct M, - after kinematics fit
constraints: M, M -, M,
= find best out of 12 combinations

Procedure improves
reconstruction of Mﬁ

Evants/bin

> (TeVid)

Reco + Kin Fit <m,

CMS: PAS-TOP-09-009
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* Find strategies to control QCD from data (e.g. M. ")

~ In parallel: tune QCD simulations to first data...

Get M." shape in a QCD dominated region

A vT/:V“A ¢

b }D/ V
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Signal

in low H_ events

* Re-scale fit results to signal region

- QCD: 23% (stat) ® 25% (syst) — W+jets: 20% (s

— systematics dominated by JES + top background

Pedro Silva

EPS HEP 2009 (16 Jul

y
- QCD
c'b 0.1 0.2 0.3 04 05 06 07 OB 09 1
iIlRmin {_Ll,jEﬂ
tat) @ 20% (syst)
9



ATI,AS: CERN-=-QOPEN-=2008-02
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* Find minimum o, for 3¢ deviation * Integrate binned likelihood in signal up to 95%

— discovery potential = upper limit for o,

* Systematics < 14% * Systematics accounted for by pseudo-experiments
(rec. efficiency, resolution, bckg contribution) (JES, bckg contribution, ISR/FSR)
) 102 TE%EE:E::E& AR P50 AR AR L =100pb"’
— - —=—- Luminosity = 30 b’ 3 . .
5 b |- Luinosty - 100 p-p @ 14 TeV ] (p-p @ 10 TeV) Expected Limit [pb]
E 1{]|§— e = e E Z' mass [TeV] | no systematics | with systematics o';f'p Color [pbl]
F - - T ] 0.75 11.48 *737 16.06 1330 13.17
- ¥ - -
L s o N (1.00 6.94 j%-éﬁ 8.89 j;;%% 328 )
=L -3- S 5 5.
E g T A 1.25 6.76 500 8.18 741 1.53
: 5 - 1.50 6.04 1328 7.09 152 0.56
A= — 3.78 70
107 2.00 7.40 378 8.26 1370 0.13
B ATLAS: CERN-OPEN-2008-020 i CMS: PAS-TOP-09-009
107556600 007000 1700 7200 1300 1400 7500

Ma== [Galfl



On the way to high masses

CMS: PAS-TOP-09-009
T | T T T T | T T T T | T T I- T | T -I T T
CMS Simulation

L = 100pb™

— Z'(750 GeV)

- 2'(1000 GeV)
Z'(1500 GeV)

----—-- 2'(2000 Ge\V)

Bl Z+jets

- W + jets

- semi muonic tt

non semi muonic tt
Qcb

< |n data we might get one out of these scenarios
(the Z cross-sections have been rescaled to t t)
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o
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N
o
(]

500 1000 1800-—3000 2500 ... but method breaks down at high-masses

m. (GeV/c?) . . :
non-gaussian tails = alternative needed
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Corrections for mass reconstruction

* Out-of-cone (0.7<R<1.2) * Event topology (distance in phase-space)
~ Look-elsewhere in the events (AR=0.4) - minimize AR(t,,, n)+AR(t,,,v,)+AR(t,,,b)
= exclude detector effects ~f 1A R( Liep s thad)

CMS preliminary

.§ f, = 5TeVic?
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Reach for High-Mass Z°

* Alikelihood ratio* method can be used * Background contamination can be
extracted from M _sidebands (sce slide 9)

(signal) ~ 9 %

N
events

_ — Low H.*" region (<200 GeV/c?)
— N(QCD +SM t t) ~ 20 events

- 0.1<AR(u,jet)<0.4 A p,(u,jet)<35GeV/c?

CMS preliminary 200 pb*
_ _1 . | e | -
* For L=1fb" of data (@ 14 TeV collisions) Q ol e exp 95%C.L upperiimits withour systematics
L ] : F ——=——  exp. 95% C.L. upper limits systematics included
~ Upper limit of ~ 5.5 pb is expected = ox BREZ'— 1) for topcolor Z'
95% C.L. limits on ¢ x BR(tf) (fb) |y > 0.6 | yr > 0.9 |y > 1.2 j\ 0E ke
m = 3 TeV 160 180 450 1k R
ATLAS: ATL-PHYS-PUB-2009-081 s N N
o i N
10" F
* The likelihood ratio (y) uses m __ __ (next slide) and the 1072 B
. o opmeneEr . E CMS: PAS-EX0-09-008
the first scales for the k_ -algorithm splitting as variables. I R B | |

IEE\‘.HJI I:!ﬂﬂﬂl I
Z’ mass [GeV/c?]
Pedro Silva EPS HEP 2009 (16 Jul 13
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Boosted tops produce broader jets (AR>0.5)

- M_,—>M_ (in contrast with M = pJ*in QCD). »

~ decomposable in 3

contains all top decay products (b + \W-decay);

(or 4) sub-jets: A,B,C (D);

HCAL Deposits S

ECAL Deposits=

min {M

A,B’

AC’

s} ~ M, (bsub-jetleads inp,)

£ ,00F ATLAS Preliminagy dindt 201521
:;.J" = — Constant 3831
— H Mean 191.5
s350-L (2TeV)—) ft Sigma 19.17
'Esun:—
5 =
250
200—
160
100
“E ‘A)/U\HJJ M
n:..L AT TR [T B | B [
0 50 100 150 200 450 300 350 400
Jet Mass (GeV)
] E P
3 E ATLAS Preliminary
S QCD multijet
o =
E f—
5 F
10*
10°
10° s
1U§—
:. i vl . | I N B S SR N MR SR
0 50 100 150 200 250 300 350 400

Efficiency: ~46% + fake rate: ~2% derivable from data
...more details check S. Rappoccio (CMS)
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Construct di-jet mass from pre-tagged sample (p. > 250GeV/c ; [n|<2.5)

| Dijet Mass, M = 2000 Gellic2, w = 20 GV |

MNumber Of Events / 100 GeV/ic®

Numiber of eyents (a.u.) ! 50 Ge

* Signal estimated after double tag:
_ M+20 N (m)
S(my)=LXo (M)xB(tt— jets dm —2=1
( 0) O_( ) ( _‘)_I )%J‘MZU Nwtal<m)
* Background can be estimated from data:
~ mistag parameterization predicts
background (= double mistags)
Relative Uncertainty
Quantity Uncertainty on 5 and B
atmg =2 TeV/c?
Signal Uncertainties
Top Tagging Efficiency 6.5% 13%
JES Uncertainty on Acceptance 5% Yo
Total Signal Uncertainty (14% )
Background Uncertainties —
Statistical uncertainty 10% 10%
JES Uncertainty on QCD Background 35% 33%
tt Continuum Contribution 100% 5%
Luminosity 10% 2
Total Background Uncertainty ( 36%
Pedro Silva EPS HEP 2009 (16 Jul
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On the road to discovery

Top decays

* t tdecays produce 2 b jets in the final state

2 bjets = t texperimental signature?

= Unique handle against background

Is th=1?

= 0(0.1) deviations may evidence new physics
* | Dilepton t ¢t channel may provide clean answer with early data (L=250 pb )

- Orthogonal to beyond SM searches in other t tchannels

— e-u final state provides a clean signature, almost background free (S/B ~ 10)

Pedro Silva EPS HEP 2009 (16 Jul 16



* Analyze b-tag multiplicity of dilepton events:

— Use simple algorithms based on impact parameters
— Count the number of b-tags per event
— Compare with expections based on

° g (sq) - b-tag (mistag) rates

* R=B(t—>Wb)/B(t—»>Waq)

* jet misassignment fraction;

* b-tagging efficiency is computed (assume R=1, SM inspired)
—  2%(stat) @ 4%(syst) uncertainty
— higher statistics yield € =€ (p,), see slide 3 (ATLAS results)

~  Why not use b-tagging as handle against QCD
background with first data?

Pedro Silva EPS HEP 2009 (16 Jul
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> 5000 RARERRRRRN . E
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* Correct lepton-jet assignments have M <156 GeV/c?» 5 s ATLAS 12
S r Q
B 3000 1 %
: ;
.y s s 19
* Tail in mass spectrum controls ISR/FSR from data 0 } s ] O
s FMU\ m;—my, i
- Combinatorial assignments modeled by: " e =
L N T T
* Swap: pair leptons and jets from different events; SIGNAL Miepton ) GeV] -~ 23
L] Random rotation Of the Ieptons; 400: N Pt ! [ | [ | LB | LB | LB | LB | L I: 2
ssob.. /. f# \  CMSsimulation 37
~— Normalization: scale shape at high masses. » - L=250 pb* 1z
300 :_ .................................................................. randomrotatiﬂnxk_: E
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[} Method determines the fraction of jets from t t 5‘250 :_ JEUUOUR 0 ESUUURURUN: NN WU ORI OO SO Swap ...... ........................... _:é
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2 200N\ s R : Ho
~ correctly reconstructed and selected,; : | T
150~ & [ ...... . N +allassignments .......... _:
- dominated by WMethed [N/ N, “ - JL T e S R N B
. as tt events [rom MaAaDGEAPH ST 0 EEEESN 6 SUE SUN .| U SN S S ........... _:
statistical average 0.21 £ 0.01 082 £ 0.04) - “‘data” .
uncertainty » MC truth | 0.20 £0.01 0,80 +0.01) ove) ML U N . " S B S N ]
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= H | | | 111l | L1l | | L1l | | L1l | | L1l I | L1 1| : | i
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Measurement of R=B(t—Wb)/B(t—>Wq)

* Total uncertainty ~ 9% (stat+syst)

—
.
—

IIII|IIII|IIII|IIII|IIIIIIII|IIII/J_
H - E
R

CMS simulation |

- dominated by uncertainty in g_ E
(if L=10pb™" is used for 6, = 6,~14%)

Rmeasured
—

- £=250 pb1 |

0.9Ferror bars = statunc; — ,‘ H _________________ e
- box—systunc. ! T :

: - : :
: : v : :
: I H :
H H : I H :
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H H : - H :
H H : - H H :

T E o T S .............. ; .................. 4

- the variation of ISR/FSR is controlled (c.<1%)

* Systematic uncertainty can be reduced 07F ______________________ _____________________ } ____________ ______________________ ______________________ ___________________
with 10x more data Ae, /e, = 10% — 5% ’
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o
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Conclusions

*  With the upcoming LHC collider t t will be re-discovered in distinct ways:

~— bridge with Tevatron discovery;
— provide callibration for the ATLAS and CMS detectors (energy scales, b-tagging, etc.);

~ appear as background / open window for new physics searches

* Focused on the searches for heavy resonances in t t production:

~ Intermediate and High-Mass resonance searches (can aim for 6xBR~8pb discovery with ~100 pb);
~ Data-driven background estimation is crucial before detectors are understood+MC is tuned;

— Jet tagging algorithms are powerful tools against background rejection

* Top jet tagging identifies the unique signature of collimated top jet decays (stay tuned for next talk)
* b-jet tagging identifies the unique signature of the b-jets from top decays

* Efficiencies can be derived from data and be used with early data
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Backup slides

* Look for the original analysis in:

ATLAS Physics Results CMS Physics Results
CERN-OPEN-2008-020 CMS-PAS-TOP-09-009
ATL-PHYS-PUB-2009-081 CMS-PAS-EX0-09-002
ATL-PHYS-CONF-2008-008 CMS-PAS-EX0-09-008

CMS-PAS-JME-09-001
CMS-PAS-BTV-07-001
CMS-PAS-BTV-07-002

CMS-PAS-BTV-07-003
CMS-PAS-TOP-09-001

CMS-PAS-TOP-09-007
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https://twiki.cern.ch/twiki/bin/view/Atlas/AtlasResults
https://twiki.cern.ch/twiki/bin/view/CMS/PhysicsResults

Top Quark Production

* Top quark can be produced in pairs

aQ 9 Q 9 Q g Q
quark annihilation » >Nm< gluon fusion » [ z::D<
a 9 a ¢ g ¢ a

Collider  Collisions When o (pb) Production Ch.
Tevatron p—p Run I 5.0 ~ 90% qq
Run II 7.5 ~ 85% q7
LHC p—p Lf first data 414 ~ 90% gg
ull operation Y1l ~ 0570 gg

W* _ P

-
LT

* Decays promptly, coupling preferentially to the b-quark »  ——.

(vp)(vb)

dilepton (tv_b)(q,b)
5481 T+jets
881

* Decay channel of the W-boson identifies e

the t t system decay channel » 3/81

— each channel offers specific
(qq'b)(qgb)

experimental challenges full hadronic p)(qTb)
36/81 lepton+jets
29/81
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Event yields for Z° search

* Selection efficiencies for t t and Z’ events for L = 100pb!

My 500 GeV ~ 750GeV 1000 GeV 1250 GeV 1500 GeV 2000 GeV
e(SM tt) (%) 153402 173405 169405 162406 1554+10 127+27
e(Z") (%) 13.6+04 213406 239+06 246+06 254406 240406

CMS:

* Event yields after full event
selection for SM processes

(L=100pb™)

* Reconstruction
efficiencies
compared:

Pedro Silva

PAS-TOP-09-009

Efficiency [%]

2.5

1.5

0.5

requirement tt bggbur Othertt W+jets Z+jets QCD
Events in 100/ pb 35K 4, 1M 370K =>12M
Muon trigger 6926 767K 102K 9.7M
Muon selection 1538 ABTK 61K 46K
Veto second lepton 1242 386K 33K 46K
djets with Er =35 GeV 160 352 62 188
Fit convergence 91042 147+1 317+14 58+6 183420
CMS: PAS-TOP-09-009
ATLAS: CERN-OPEN-2008-020 ATLAS: CERN-OPEN-2008-020
RN RN R RN RN LR UL RRRRE RRRR= = AR A RN LR LR RARAN RERRN RRRE LLERF
L ATLAS . = SE " ATLAS =
~ | = B oasE N =
- i £ af 3
= = 3E . E
- ] 255 E
- B E 2 E
- Standard Model t t E 158 2’ ~ 3
: L E .
00 800 000 1100 1200 1300 1200 1500 06800 800 7000 1100 72001300 1200 1500
Mass [GeV] Mass [GeV]
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Binned likelihood for o,

L= P<Mi|N£’ES’ﬁtt’BQCD’ ﬁWJrjets) G(\Bttlll AB”)G(BQCDH’ABQCD) G <BW+jets|1 a

)
i=1 B W+ jets
1= ~_

S
S

Ve N N [/ N/ N
number of signal o (measured) Gaussian uncertainties in the accepted

(Z) events o (expected) distribution predicted s sample by sample
N 2ERNG N\ RN J

* The likelihood is profiled in 3¢ (signal only) by minimizing w.r.t to the backgrounds
30

reconstructed t t
invariant mass in event i

CMS Simulation

—#—— 95% C.L. Expectad Limit

* The upper limit on 6. obtained integrating L(B,) to 95%

——=—— 95% C.L. Expected Limit with systematics

+1 o Expected Limit

G, X Br (pb)
o

* Upper limit distribution obtained by pseudo-experiments

— Dice the background contributions from the MC expectations 15

- use B, median as estimator for U.L. (34% interval=1c error band) 10

- Systematics induce variations of 3_and are taken into 5 —
account by pseudo-experiments A TR S S

800 1000 1200 1400 1600 1800 200%
»  accepted background cross sections, ISR/FSR, QCD multijet background, JES, JER m, (GeVic?)
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Compact Muon Solenoid
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yr(i) =

The pdf’s for signal and backgrounds are built out of 4 variables

Likelihood for high mass Z’ searches

In(Lg(i)/Lp(i))
15

\\

Efficiency
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HCAL Dep 05|t5-......___ * Broader jet contains all top decay products

. - ' i o jet
ECAL Deposits=" M, — M, (in constrast with M o p.*in QCD).

< decomposable in 3 (or 4) sub-jets: A,B,C (D);

Subjets

- min{M, M, M, .} ~ M, (bsub-jetleadsinp,)

ABY"ACY

[ Minimum 2-Subjet Mass (C-A) |

1z CMS Praliminary _ @
£k _i;""A'!:! CMS: PAS-JME-09-011 S22 @
* In CMS boosted top jets are tagged with: e MRS i L
D'DEH !'I -"'—; ----- Ganwric OGO, p, = 800800 Cale _;1"5
~ Cambridge-Aachen algorithm with R=0.8; Q_DE;;I.-'H,-‘ :EIZ:
= B =1
- sub-clusters must have > 5% p.*; o™y E
0.0z 1 Foa
- consistent with top: 100 < M., < 250 GeV/c? ofi s e | EN
le 0 20 40 |60 BO 100 120 140 180 180 200
) ) . ] . Jet Min Mass (GeVic?)
- di-subjet consistent with W must be found: min M, ; > 50 GeV/c? _ .y imize 5/B2

...more details in Salvatore Rappoccio’s talk
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Recombination type algorithm (arXiv:hep-ph/9707323)

Pairs of Lorentz vectors are used as input
AR, j)
RZ
- Standard (anti) k-algorithm uses N = 2 (-1); d <d?
ij i"

Distances™ computed as: d,=min [k7(i), k7(j)]

— Cambridge-Aachen uses N=0. ves | no

Distance is gauged with respect to “beam distance”. d.=k’(i) % #

If d, < d, cluster the pairs and proceed iteration
If d; > d, stop process = jet has been reconstructed X

CMS uses R=0.8 as distance parameter for the top jet algorithm

*Distance in detector phase-space is defined as: AR=VAn’+A ¢’

Pedro Silva EPS HEP 2009 (16 Jul 27


http://arxiv.org/abs/hep-ph/9707323

Compact Muon Solenoid

* Fake rate is measurable from data
measured in anti-tag + probe sample

* Efficiency is estimated from MC
Systematic uncertainty ~ 6.5% (dominated by detector-based uncertainties)

Boosted top jet tagger performance

i‘\\ — p,> 250 GeV/c, [n|<2.5, no top tag

. N .. (tagged)
N . _elanti—tag sample}

Jjets

| Top-Jet Tagging Efficiency |

)
£ 1 ATLAS Preliminary ot
c | ATLAS:ATL-PHYS-CONF-2008-008
E L
o Top mono-jet
s QcD H{
0.6—
04—
i .
0.2— I Ht
- 1__'_
— +++ 1
0 [T ITERT RN I N = ST B HETRHEH
0 200 400 600 00 2200

Jot pT (GeV)

Efficiency: ~40%

Efficiency

CMS Preliminary

Fake rate: ~2%
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* b-tagging efficiency can be measured directly from data ﬁ \

- relative p; of uin jets extracts N, in sample

t

- b-tagging the away jet extracts N, ., (tagged)

N . \tagged)

€=
. : \ ! N . Elanti~tag sample
* Uncertainties dominated by: % psClanti—tag sample|

%
AN /

- Beam spot, tracker alignment, p_" template + statistics of (p; n) bins

- With current alignment scenario expect Ag, / €, ~ 10%-15% at the startup of CMS

g i 955 —|Exbeagftel - E“ E| l.|n|:lls-15\|j13tls-r TrackCounting HighlEl’f | ,:r""_,fg
. E . ] — r ¥ C i
2 sl t=|Cqunfing 18 o]
= b —|Syptem8 E T - i
=0 Y 1 210 , - : Efficiency: ¢ ~ 70%
T 07 1 - 2 \ o ]
= liss I JRR | Fake rate: g~ 10% (3%)
E L - Y ] [ — -2 i
c 3 210 E . .
: IL ‘-ﬁh%_ ; I @ startup (ideal conditions)
ek E __ ,
0.55 o I ,.?_ H 1 = Mlsallgnment SCenano:
F -£ 3 3 —e— Nane
-.-.5: i B 10 ---m— 100 pb-1
045k CMS prelintinady 10 phi! 10 £
ST E i tat. grrors|onky 3 -+ 10 po-1 Plxel L1 Off
0 :|||||||||||||| ||||||||||||||||||: ————— — Startup
‘%0~ 40 60 80 100

1I23 140 160 180 200 220 240 -Icl-aij
Jet P; [GeV/c] b-jet efticiency
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Event yields for the dilepton (eu) channel

* Selection efficiencies for ¢ t dilepton channel for L = 250pb!

Selection Total tt dileptons
Triggered (426 + 1) - 108 6251 + 25
> 2 leptons (>20GeV/c) | (2047+0.5)-10° 2595416
leand 1 u 2531 +£ 32 1344 4+ 12
= 2jets (>30 GeV) 1041 +12 914 +10
Er = 30 GeV 884 + 10 789 +9
Opp. sign leptons 867 =10 787 £9

CMS: PAS-TOP-09-001

* Event yields for background SM processes (L=250pb™)

Selection Single top other tt Di-boson W/ Z+ijets VQQ QCD
Triggered 275634422 42303+77 3400413 (4338+2)-10° 38046 +£64 (4224+1)-10°
> 2 leptons (>20 GeV /c) 225410 6643 620+5 (193+£04).-10° 8170+26 401 + 183
leand 1 u 12248 34+2 207 +£2 749 +24 49 +2 26 +15

= 2jets (=30 GeV) 35+4 27+2 14+1 4516 20+04 -

Er > 30 GeV 20+1 23+2 11.6 0.5 305 0.7 +02 -

Opp. sign leptons 2041 1441 105405 26+5 0.7 +£02 -

CMS: PAS-TOP-09-001
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