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Heavy particles decaying to tt

" Extensions of the SM predict the existence of heavy particles
= Decays to tt is one of the promising channels
- Top is heaviest known particle! A window to new physics
" Decays to “golden” channels (leptons, photons) can be suppressed



100 TeV collider & BSM models with top decays

100 TeV collider can study physics beyond 10 TeV
Most interesting mass range is > 5 TeV
Such masses lead to highly boosted top decays pT(t) > 2-3 TeV

Questions:

How to measure tt resonances at the 10 TeV mass scale?:
- separate decay particles cannot be “resolved”
- how to use “traditional” calorimetry measurements?

What are sensitivity limits for a “generic” tt resonance using boosted
techniques?
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Separation of top decay products for X (10 TeV)— tt

Phys. Rev. D81 (2010) 114038 S.C. J.Proudfoot
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= For ~10 TeV object, typical opening angle between g, gand b fromt (t) is 5 degree
" “Highly boosted” regime: decay products are inside “standard” jets with R=0.5
" Event kinematics — “back-to-back” jets

- top decays form a narrow “core”
- large final-state gluon radiation introduces extra smearing (Snowmass13, arXiv:1307.6908)

Heavy particles decaying to tt at a 100 TeV collider. S.Chekanov (ANL) S

v


arxiv:1307.6908

Zprime (10 TeV)— tt. Fast detector simulation using Delphes
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Current landscape of experimental searches

= 8 TeV: ATLAS & CMS (CERN-PH-EP-2013-032, Phys.Rev.Lett. 111 (2013) 211804)
- ATLAS:
* A narrow leptophobic (narrow) Z'is excluded for M<1.7 TeV
* KK excitation is excluded up to M=2.1 TeV
* Upper limits: 0.03 pb up to 3 TeV
- CMS:
* Z'is excluded up to 2 TeV
* KK excitation up to 2.5 TeV
- — Methods: lepton+jets channel:
* resolved+ some boosted technique (HepTopTagger)

" 14 TeV for pp with 3 ab' (Snowmass13, K.Agashe et al, arXiv:1309.7847)
- Masses < 4-5 TeV can be excluded (depends on reconstruction scenario)

" Region with M(X)>5 TeV is new territory for such searches
" Lepton+jets reconstruction will be very difficult due to large overlap of decay
products (especially for e+/e-)
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Current landscape of experimental searches

CMS, 19.7 fb, /s = 8 TeV
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Isolated lepton (muon or electron) is required
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Current landscape of experimental searches
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"= Exclusion limits for Z' up to 5 TeV using:
- HL-LHC (3 ab-1)
- a mix of “resolved” and “boosted” techniques (typically requires isolated p/e)
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Goals and analysis plan for 100 TeV collider studies

Exploring the unexplored. Use ~10-20 TeV mass range

Using MC simulations, set model-independent sensitivity limits for
observation of a “generic” tt resonance assuming 10 ab' (10,000 fb)

Use Z' and g,, simulations as examples of expected “signal”
- Z'is narrow (/M ~ 3%) while g, is broad (I''M ~ 16%)
Use basic substructure techniques to deal with background
- irreducible tt background and QCD dijet background
Use a b-tagging with reasonable assumption on efficiency and fake rates
No detector simulation
- Our limits are for the best-possible scenarios for X — tt reconstruction
- Be careful in extracting limits on the production of Z'/g,

* Leptonic decays may have better chances for detection!
* See, for example D.Hayden, R.Brock, C.Willis (2013) arXiv:1308.5874
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MC simulation

Signal (LO QCD). PYTHIAS8
- ff — Z0" with M=8,10,12,14,16,18,20 TeV. Code 3001. Pure Z' contribution. I"M=3%
* cross section scaled by the k-factor 1.3 (careful here — using 8 TeV CM energy!)
- gq — g,, with M=8,10,12,14,16,18,20 TeV. Code 5006. Pure g,, contribution. /M=16%

* cross sectionis at LO

Background processes:
PYTHIA8 for QCD backgrounds
* NLOjet++ (NLO) to extract the k-factor (MSTW2008nlo68cl for PDF)
HERWIG++ x k-factor as alternative (contain W/Z brem. events)
SM tt process was generated with Madgraph (MSTW2008nlo68cl for PDF)
* NLO QCD+ HERWIG6
PYTHIAS8 for all SM boson processes (like Z/W+jets)
* Not too realistic, but the usage of “realistic” ALPGEN should not change conclusions
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Software Monte Carlo toolkit for this study

" Monte Carlo samples from the HepSim repository: | hep-ph > arXiv:1403.1886
- http://atlaswww.hep.anl.gov/hepsim/
- Select|p —» <« p [then|100 TeVv

=t HepSim
p =+ p Repository with predictions for HEP experiments
7 Tev Selected: pp collisions, 100000 GeV energy, all type
8 Tev This is a new HepSim database. For more datasets use the Old HepSim repository
13 Tew
P Show |25 | entries Previous 1 2 Mext Search: |
33 Tew
—— E (GeV) Name Generator Process Topic Info url
100 Tev
1 pp 100000.0 higgs_pythia8_100tev PYTHIAS gg2Httbar and qgbar2Httbar Higgs Info URL link
e+ e
2 pp 100000.0 higgs_ttbar_mg5s MADGRAPH +HERWIGE Higgs-+ttbar (NLO+PS) Higgs Info URL link
500 Gev
3 pp 100000.0 kkgluon_ttbar_itew_pythiag PYTHIAS KKgluon (1 TeV) to ttbar Exotic Info URL link
e v+ p
4 pp 100000.0 kkgluon_ttbar_4tev_pythiag PYTHIAS KKgluon (4 TeV) to ttbar Exotic Info URL link
920 Gev
7 pp 100000.0 qcd_herwigpp_pt2700 HERWIG++ All dijet QCD events sM Info URL link
8 pp 100000.0 kkgluon_ttbar_8tev_pythiag PYTHIAS KKgluon(8 TeV) to ttbar Exotic Info URL link
9 pp 100000.0 kkgluon_ttbar_16tev_pythias PYTHIAS KKgluon (16 TeV) to ttbar Exotic Info URL link
10 pp 100000.0 kkgluon_ttbar_20tev_pythias PYTHIAS KKgluon (20 TeV) to ttbar Exotic Info URL link
11 pp 100000.0 qcd_pythia8_pt300 PYTHIAS All dijet QCD events sM Info URL link
12 pp 100000.0 qed_pythia8_ ptooo PYTHIAS All dijet QCD events sM Info URL link
13 pp 100000.0 qcd_pythia8_pt2700 PYTHIAS All dijet QCD events sM Info URL link
14 pp 100000.0 qcd_pythia8_pts000 PYTHIAS All dijet QCD events sM Info URL link
1s pp 100000.0 ttbar_mg5s MADGRAPH +HERWIG6E p p > t t~ [QCD] (ttbar at NLO) Top Info URL link
16 pp 100000.0 ttbar_pt2500_mg5_lo MADGRAPH +HERWIG6E p p = tt~ (ttbar at LO) Top Info URL link
20 pp 100000.0 ttbar_pythia8_pto00 PYTHIAS g g -> t tbar, g gbar -> t tbar Top Info URL link
21 pp 100000.0 ttbar_pythia8_pt300 PYTHIAS g g -> t tbar, q gbar -> t tbar Top Info URL link
22 pp 100000.0 ttbar_pythia8_pt2700 PYTHIAS g g -> ttbar, q gbar -> t tbar Top Info URL link
23 pp 100000.0 ttbar_pythia8_pt8000 PYTHIAS g g -> ttbar, q gbar -> t tbar Top Info URL link
24 pp 100000.0 ttbar_mcfm_100tev MCFM ttbar production at NLO Top Info URL link

Data samples & analysis program are public
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MC samples for this study

" http://atlaswww.hep.anl.gov/hepsim/

MC event samples for
Z'[g,, studies:

* qcd_herwigpp_pt2700
* qcd_pythia8 pt2700
* ttbar_pythia8 pt2700
* pythia10tev_wjet2700
e ttbar_pt2500 _mg5

e ttbar_pt2500 _mg5 lo
* zprime*_pythia8

* kkgluon_ttbar* pythia8

Includes the description of how to:

- download samples

- build an analysis program

- run fast detector simulation (Delphes)

World's largest public MC sample
hosted by HepSim used in this study
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This image shows what happens in a

Scientists from the U.S. Department of Energy’s Argonne National detector after coliding two proton:

Laboratory and the University of Chicago have created one of the world's
largest samples of Monte Carlo simulated proton-proton collisions. The TeV. This single collision event was
imulation of roughly

data sample contains 400 million events, each of which contains 5500
particles on average, totaling more than 2 trillion generated particles.

each wi

th an energy of roughly 50

SacieMedia Each particle is characterized by four-momentum, position and several

Photos quantum numbers

Videos The created events correspond to a complete sample of Standard Model ~ hadronic jets with energies above 3
Fact Sheets, Brochures and events with transverse momentum of jets above 2.7 TeV. Such an event TeV.Image by Sergei Chekanov; click
Reports sample is expected to be produced by a future hadron collider that to view larger.

Summer Science Writing

Internship

surpasses the Large Hadron Collider (LHC). This event sample provides
the background for potential new experiments to discover new physics at

Pythia8 dijets. Int. luminosity ~10 ab-*

0.4 billion pp events at 100 TeV
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Kinematic distributions
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Jets reconstructed using antiKT5 (R=0.5) from FastJet
pT(jet)>2.7 TeV and |eta|<2.5
The k-factor for dijets is ~10%, but large for tt (~3!)
The distributions look as expected, with a harder pT spectrum for Z'(10 TeV)
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Do we understand tt at large pT?

B. Auerbach, S.C., N. Kidonakis
SNOW13-00027 Snowmass2013 ( arXiv:1301.5810)

pp->tt at LHC

N. Kidonakis,
Phys. Rev. D 82, 114030
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" Warning: background estimates are based on NLO..
" but aNNLO corrections can large at large pT(top)
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N
Particle distribution inside jets

PYTHIA Z'(10 TeV) to it

- 0.03 ,

5 - Pp Is=100 TeV [ ] PYTHIA QCD
= - p [ wWz+jets
—~ - Ldt= 10ab

£0.025— [ MG5 NLO 1
S [

>

i

" dR -distance in ¢ and n between
any final state particle and jet
center for leading jets

= ttjets are broader than jets from light-flavor dijets (“QCD”)
Also broader than tt from Z' (harder momentum spectrum)
Jet size (R=0.5) is adequate for all processes
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Events / GeV

Dijet invariant mass for 10 ab™

Z' — tt

T
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" Look at 2 leading jets above pT>2.7 TeV.
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- all decay channels. Semileptonic decays are included

- add missing ET for lowest-ET jet

" Z'model leads to narrow signal (I'’'M ~ 3%)
= . Iswider (I''M ~ 16%) and has larger cross section

Not That Obvious: )
How to reduce QCD (reducible) and tt (irreducible) background for back-to-back jet events?

Heavy particles decaying to tt at a 100 TeV collider. S.Chekanov (ANL)
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Sensitivity limits (no cuts)

5
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Example: Scale Z' cross section scaled
until we see it with 95% confidence

pp Ys=100 TeV

[ ] PYTHIA LO QCcD

-1
J-Ldtz 10 ab |:|W!Z+jets
[ ImesnNLO#®

3 z’(10 Tev) - if

signal x 4

x4

00
M, [GeV]

CL_method with treatment of statistical uncertainties to extract “sensitivity” at 95% CL

(“2 o” discovery)

— 95% CL sensitivity is far away from the predicted cross sections for Z'!
— Some sensitivity to g, near M=10 TeV, S/B~0.001 — to small for realistic observation!

Note:
— g, Cross sections are at LO

— assume 1.3 correction for Z'

— But NLO corrections can be large! —

Heavy particles decaying to tt at a 100 TeV collider. S.Chekanov (ANL)
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Jun Gao, Chong Sheng Li, Bo
Hua Li, Hua Xing Zhu, and C.-P.
Yuan, Phys. Rev. D 82, 014020
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Discriminating variables

Use jet substructure signatures (SSC-SR-1217 TDR 1992 p 3-26) e S _;
Tremendous recent progress in advancing such approach “SOIENOIDAL DETECTOR

Most basic variables used in this study: LS
- Jet mass

- Jet shapes (eccentricity) S.C., J.Proudfoot, Phys. Rev. D81 (2010) 114038

B \/d splitting scale J. M. Butterworth, B. E. Cox, and J. R. Forshaw,
12 Phys. Rev. D65 (2002) 96014

- Ref effective jet radius (weighted with energy radial distance to jet center)

- b-tagging assuming ~70 efficiency
W'—stb— jjbb candidate

- high-pT muons | 2 b-tag channel
Use cut-based rejection method

hadronic top candidate
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Jet mass & effective jet radius

Example of possible cuts:

" Look at jet mass of a leading in pT jet. M(jet)>140 GeV rejects:

- boosted W/Z(+jets)

- low mass QCD events below the Sudakov mass peak

= Effective jet radius is larger for top-initiated jets

E ~  pp Is=100 TeV [ ] PYTHIALOQCD x1.23
w 10°F det— 10 ab” [ mes NLO
£ - =10 [[] PYTHIA LO W/Z+jets
o 10°: —— PYTHIALO (Z > tf)x 1.3

10°

10°

10°

102 S

108 \

1_ g‘g}\\m‘h‘h SR
00

200 300 400 500
M(jet) [GeV]

Events / Total
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0.02
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J.Thaler and K. Van Tilburg,
JHEP 1103 (2011) 015

Substructure variables

= T,-subjettiness - measure of the degree to which a jet can be considered as
being composed of N-subjets
= 1,=-TJ/t,andT, =TT,
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Discriminating variables (lead. jet)

g 0.4 PP 's=100Tev (] pyTHIA QCD -g E  pp (s=100 TeV [ PYTHIA QcD

= T [ wiz+jets ~ 0.09F _1 [ Wiz +jets
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w w
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= jet eccentricity (ECC)- degree of elongation of jet shape | S.C., J.Proudfoot,
_ ECC>0.9 rejects background Phys.Rev.D81:114038 (2010)
= Vd,, =min (pT,, pT,) x dR,, - jet splitting scale

_ ATLAS Collaboration,
- \/d12> 50 GeV reduces QCD,W/Z, some tt JHEP, 1205, 128 (2012)

Correlation between variables:
~10% for1,,, 1,,, mass

~30% correlation between d,, mass, ECC
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Discriminating variables (lead. jet) PYTHIA8 — HERWIG++
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o0 e 08 & (contains W/Z brem. events!)
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b-tagging and muon pT

" Match antiKT5 jet with a quark using dR(eta-phi)<0.1

=  Assume efficiencies and fake rates:

= Db-tagging assumes p.°/p, > 0.2

1

- 70% efficiency for b-tagging
10 % fake rate for c-quarks
1% fake rate for light quarks

0.9
0.8

Events / Total

0.7
0.6

0.5

0.4

0.3

0.2

0.1

Ollllllllﬁillll

— PYTHIA QCD

""" MG5 NLO ti

ILdt: 10 ab™

pp 1s=100 TeV

0

0.5

1 1.5 2

25 3 35 4
Nr of b-tag jets

Events / total

0.1

0.09
0.08

0.07

0.06
0.05

0.04

IIII|||II|IIh-I‘l-‘

_[Ldt: 10 ab™

pp {s=100 TeV

PYTHIAS LO+PS
— acb

— i

“ Z7(10 TeV) to

oO

0.2
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Muon p_

" Can we use muons to reject background?
= We can, but too low statistics for 10 ab' assuming p; >1-2 TeV

pp \s=100 TeV [ ] PYTHIALO QCD x 1.23
[_] PYTHIA LO W/Z+jets

1
JLdt‘ 108b° ) mesnLo
-------- PYTHIA LO (Z/(10 TeV)- tf) x 1.3

Events / GeV
o)

10* =

103 5

102 E =

10 E _

15 =

1 0-1 B L 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 I L 1 1 1 I L _I
0 500 1000 1500 2000 2500

P, (1) [GeV]

What is rejection vs efficiency anyway for all selection variables?
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Rejection vs efficiency

Jet-mass rejection is not attractive option compared to N-subjetiness

- For the same 50% efficiency 1,, has a factor of x3 better rejection than jet mass

N-subjetiness performs better than a cut on muon

10°

Varying cut on pl.

Varying cut on \Id12

Varying cut on Tas

Varying cut on t,, after cut on \Jdm

Rejection

Varying cut on JetMass
Varying cut on Effective Radius

10°

10

—

0 0.2 0.4 0.6 0.8 1
Top Efficiency

Heavy particles decaying to tt at a 100 TeV collider. S.Chekanov (ANL)
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S/B ratio after b-tag and jet-shape (JS) requirements

Cuts applied for 1% jet:

|INo cuts| JS |b-tag|b-tag+JS|b-tag+JS+ |
| 0.0007 |0.0025[0.013| 0.025 | 0.12 |

Cuts applied for 1% and 2™ jet:

|No cuts| JS2 |b-tag|b-tag+JS1|b-tag+JS2|b-tag+JIS1+p|
| 0.0007 |0.007| 0.16 | 0.19 | 0.21 | 0.36 |

We can achieve S/B ~ 20-30% using double-b tag + jet shape cuts

Heavy particles decaying to tt at a 100 TeV collider. S.Chekanov (ANL) 27
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Masses of jets after selection cuts

100

1 AnQcp pp Vs=100 TeV

= C
e P Elmemon [ Late 100" = Consider 2-jet events with pT>2.8 TeV
S so[ PYTHIA WiZojots X 10 , _
SR 3 " “Tag” any jet with the cuts:

" 0.1ab™ - b-tagging

aof- - 1,,<0.7 and 0.3<71 ,<0.8

- ~d > 50 GeV

3 ~ = Observe a bump in jet mass due to top

M(jet) [GeV] without using cuts on the opposite jet

% E % :\;T::I\- ;o::T Q-CD x 1.23 }pL |:t==1 o::nnT:t:\:1
g ESrmmzaeTenso 100 fb"" should be enough to observe

8000 10 ab" super-boosted single top quarks in fully

inclusive channel t+X'!
(can be tt, single top and exotic decays!)

6000

4000

See the 14 TeV case:
B. Auerbach, S. C., N. Kidonakis
arxiv.org:1301.5810 ANL-HEP-13-05. Snowmass

2000

EA
e

M(jet) [GeV]

White histogram: all processes (dijet, top, W/Z)
Heavy particles decaying to tt at a 100 TeV collider. S.Chekanov (ANL) 28
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Events / GeV

Dijet mass after selection (Z' — tt)

(jet 1)>140 GeV, b-tag, 1,,<0.7, 0.3<1, <0.8, | d,,>50 GeV

double b-tag case

10° II:'I(jet 1)>140 GeV, double b-tag, t_,<0.7, 0.3<121<D.8,|\' d,>50 GeV

OB;‘||||||||||||F2||||||||||||||||||||||E:B > ||||||||||||||||:12|||||||||||||||||E=B
= pp Vs=100 TeV [ ] PYTHIALOQCDx1.23 3 8 = pp Is=100 TeV [ ] PYTHIA LOQCD x 1.23 E
10° L B [ mesNLO _;I @ 10° i B [ ] masNLO 1 ]
- _[ Ldt=10ab ] PYTHIA LO WiZ+jets E ‘S' E _['-C"= 10ab [ ] PYTHIA LO W/Z+jets 3
. PYTHIA LO (Z'— 1) x 1.3 . & - PYTHIA LO (Z'— ) x 1.3 .
i3 E L= E
E 1o3é— _;'
E 10°E _
= 10
1 - 1
10" 5000 10000 12000 14000 16000 18000 20000 22000 24000 107 2000 10000 12000 14000 16000 18000 20000 22000 22000
M, [GeV] M, [GeV]
" Consider 2-jet events with pT>2.8 TeV single-jet tag
" Apply selection (for any jet): _
Sig(Z')/Bkg ~0.03
- M>140 GeV before cuts
- b'ta |n = ]
gging Sig(Z')/Bkg ~ 0.0007 double-jet tag
- 71,,<0.7and 0.3<7,,<0.8
_ \/d12 > 50 Gev Slg(Z )/Bkg ~0.2
Heavy particles decaying to tt at a 100 TeV collider. S.Chekanov (ANL) 29



Events / GeV

v

Dijet mass after selection (g, — tt)

10° M(jet 1)>140 GeV, b-tag, t,,<0.7, 0.3<7, <0.8, \ d =50 GeV

E I | LI | L | LI ?zl LI | LI | I 1'? I | LI | LI | I
= pp \s=100 TeV [ ] PYTHIALOQCD x 1.23

10° i p [ ] mesNLO #

0 E JL dt= 10ab _

= [ ] PYTHIA LO W/Z+jets
- PYTHIALO (g — f)

10* = KK

10°

10°

10

L1l IL|,| IIIIIL|,|,| IIIIII|,|_| IIIIIIL|,| IIIIIIL|,| LIl

8000 10000 12000 14000 16000 18000 20000 22000 24000

M, [GeV]
" Consider 2-jet events with pT>2.8 TeV
" Apply selection (for any jet):

- M>140 GeV

- b-tagging

- 71,,<0.7 and 0.3<7,,<0.8

- d,,>50 GeV

Heavy particles decaying to tt at a 100 TeV collider. S.Chekanov (ANL)

Events / GeV

10°

double b-tag case

M(jet 1)>140 GeV, double b-tag, 1,,<0.7, 0.3<1,,<0.8, | d ,>50 GeV
EllllllIII|IIllllﬁzllllllllllllllllll

g pp \s=100 TeV [ ] PYTHIALOQCD x 1.23
[ ] mesNLOTH

[] PYTHIA LO W/Z+jets
PYTHIALO (g, — 1)

_[Ldt: 10ab”

8000

10000 12000 14000 16000 18000 20000 22000
M [GeV]

24000
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Sensitivity limits using single-jet tagging

5

E % pp s=100 TeV Z St 9, —tt
a ;_ j L dt= 10 ab" - PYTHIALO X 1.3 -4 PYTHIA LO
>é s =sss95%CL 95% CL
10° ;—
10° =
1oL
1
- i 1 I 1 1 | I 1 1 | | 1 1 | I 1 1 1 I 1 1 1 | | 1 1 I |
107 8 10 12 14 16 18 20
Mass [TeV]
"= 95% CL sensitivity reach for 10 ab:
- M~10 TeV for Z'
- M~17 TeV for g,
= oxBr=5(10)fbforZ' (g,,)
= S/B ~ 3-5% (small!)
Heavy particles decaying to tt at a 100 TeV collider. S.Chekanov (ANL) 31
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Sensitivity limits using double-jet tagging

E % pp /s=100 TeV 2 SH 9., —tt
0 B . - . &
a L j Ldt= 10 ab" PYTHIA LO x 1.3 PYTHIA LO
:; S -===95%CL e 95% CL
10° =
102 =
10 =
15
- i 1 I 1 1 l I 1 1 1 | 1 l 1 I l 1 1 I 1 1 1 | 1 1 1 I 1
10” 8 10 12 14 16 18 20
Mass [TeV]
" 95% CL sensitivity reach for 10 ab*:
- M~13 TeV for Z'
- M~20 TeV for g,
= oxBr=2(4)fbforZ (g,,)
= S/B~20%
Heavy particles decaying to tt at a 100 TeV collider. S.Chekanov (ANL) 32
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Extrapolating the results to a higher luminosity

Using L=10 ab*:

mass oxBr (fb)

(TeV) 7" (th.) 7" (exp.) gxk (th.)  gkk (exp.)
8 18.46 7.00 262.3 20.2

10 7.03 3.97

12 3.02 2.54 45.4 7.7

14 1.44 1.75

16 0.73 1.27 12.2 4.7

18 0.39 1.10

20 0.21 0.98 4.2 4.1

" Use this data to extrapolate to a higher luminosities:

= Single jet tag:

- Sensitivity reach will increase to 12 TeV (30 ab™) or 16 TeV (150 ab™)

" Double jet tag:

- Sensitivity reach will increase to 16 TeV (30 ab™) or 19 TeV (150 ab™)

Heavy particles decaying to tt at a 100 TeV collider. S.Chekanov (ANL) 33
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Events / GeV

Sensitivity to tt using lower int. luminosity: 0.1 ab"

(jet 1)>140 GeV, double b-tag, t,,<0.7, 0.3<t1, <0.8, \5'd12>50 GeV

UL LU I L L B
[ ] PYTHIALOQCD x 1.23
[ ] mesnNLO
[ ] PYTHIA LO W/Z+jets

PYTHIA LO (g, — 1)

0
ke

v
TR

IIIII|,|_|,| IIIIIL|_|,| IIIIIL|,|,| IIIII|_|,|,| IIIII|,|_|,| L L1 o

M,

10000 12000 14000 16000 18000 20000 22000 24000

M, [GeV]

- Sensitivity reach will decrease
below 10 TeV using 0.1 ab™’

M(jet 1)>140 GeV, double b-tag, 1,,<0.7, 0.3<1,,<0.8, \'d _>50 GeV M
104$]||)||||||||||||g|:12|||||%1||\|1":||||||| >1O4I|III|III|III|
pp \s=100 TeV [ ] PYTHIALO QCD x 1.23 3 pp \s=100 TeV
10° p ] mesnLO b 10° _[ .
g ILdt: 100 fb I:' PYTHIA LO W/Z+jets E "ac'; E Ldt= 100 fb
= PYTHIA LO (Z— t) x 1.3 B & -
10° = 10% -
10_5 E 10?
E| 1
3 10™ i
: Fm‘--
] Ul
; " || |I iilili
10" “Bo00 10000 12000 14000 16000 18000 20000 22000 24000 10 éolool oLl ||
Mij [GeV]
9
510||||||||||\||||||||||||||||
- 8 . _
g 10 Ys=100 TeV 100 fb”' Z/g, —tt
X q0TE  eeeeee-- o(Z)LOX 1.3
© 6 4440444 95% CL upper limit (Z°) +tag
10 LD o(g,,) LO
10° —==— 95% CL upper limit (g, )+tag
10*
3
10 ';%hh."._!'o’._ y— %
102 " T
SRE i L 7z
10" "o e
1T e
10"
102 & fully boosted tt
10'3 1 1 1 I 1 1 1 I 1 1 Il I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1
8 10 12 14 1 18 20 22
Mass [TeV]

Heavy particles decaying to tt at a 100 TeV collider. S.Chekanov (ANL)
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Sensitivity to tt using lower int. luminosity: 1 ab

§1OQII'|"'|"'"""""""
=" 8 ? T
g 10 Vs=100 TeV 1 ab™ /9, —
é 107 ceeeee- o(Z’)LOX 1.3
10° <44« 95% CL for Z’ (+tag)
sE 0 e (g, ) LO
10 =—= 95% CL for g _ (+tag)

1 0-2 | | 1 I 1 1 1 I | | | | | | 1 I 1 1 1 I 1 1 1 I 1 1 1
8 10 12 14 16 18 20 22
Mass [TeV]

- 1ab™ is barely enough to reach 12 TeV for g,

Heavy particles decaying to tt at a 100 TeV collider. S.Chekanov (ANL) 35
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Detector requirements

" High-efficient b-tagging with small fake rate for light-flavor jets

- 70% efficiency & 1% fake rate for jets with 2.7<pT<10 TeV
assumed in this study

" High-granular calorimeter

" Good jet energy resolution

Heavy particles decaying to tt at a 100 TeV collider. S.Chekanov (ANL) 36



Example: Z'(10 TeV) — tt — 2 antiKTO5 jets (pT> 3 TeV)

ATLAS-like x4 smaller CAL cells

~5deg: X 4 better p| = 1:25deg:
Phi ~ 5 deg, Eta ~ 0.1 Phi ~ 1.25 deg, Eta ~ 0.025

Note: this study uses a fast simulation.
We ignore effects from Moliére radius when considering transverse profile of showers!
37
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Calorimeter segmentation HCAL (Tile)

"= ATLAS:

- HCAL (TileCal) has 64 modules in ¢
and n=0.1 in the central region

- ECAL has x4 better segmentation

- HCAL ~2m away from IP ! T i

" x2 better segmentation for a detector
that has x2 larger distance from IP
requires same technology as for
ATLAS LArg and Tile calorimeter

" Increasing segmentation by x4 or x6
may require different technology! Feca If 12 and ~3m of iron

" Can be studies using HepSim MC event
samples + Delphes fast simulation

C.Barnet, C.Helsens
Thanks to A. M. Henriques Correia for discussion 38
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T,,- Finer HCAL & ECAL cells. Delphes fast simulation

" pTl(jet)>3 TeV
" Assume x2 and x4 finer granularity of both ECAL and HCAL
" X2 (x4) granularity leads to 36% (67%) improvement in resolution

HepSim MC input + Delphes 3.2

-'(_E 01 : T T | T ‘ T T T | T T ‘ T : % 02 :I TTT TTTT I TTTT I TTTT | TTTT I TTTT | TTTT I TTTT ‘ TTTT TTT I:
) C 7 L _
£ ol MGsNLOH eFlow 4 % ois[ HCAL(ECAL) 0.1(0.025) n x 5.6(1.4) deg ¢ |
= - HCAL(ECAL) 0.1(0.025) nx 5.6(1.4)deg ¢ 5 & S HCAL(ECAL) 0.05(0.012) n x 2.8(0.7) deg ¢
g E e HCAL(ECAL) 0.05(0.012) nx2807)deg ¢ | = . b HCAL(ECAL) 0.025(0.008)  x 1.4(0.35) deg ¢
W 008~ HCAL(ECAL) 0.025(0.006) 1 x 1.4(0.35) deg ¢ - PR : : nx 140 eg ¢
0071 ) = 0.14|— —]
-~ PYTHIAS dijet QCD B - .
0.06 - HCAL(ECAL) 0.1(0.025) 1 x 5.6(1.4) deg ¢ 0.12/— ]
s HCAL(ECAL) 0.05(0.012) 1 x 2.8(0.7) deg ¢ - - .
VY1) S — HCAL(ECAL) 0.025(0.006) 1 x 1.4(0.35) deg ] 0.1~ aFlow RMS= 0.39 —
0-04i : 0.08} RMS— 028 {
: : : . RMS=0.23 -
0.0 3 0.06— & =
0.02 i = 0.04— —
0.01 E —E 0.02 =
il E ;ml“‘\-nil-f'-T-"-i'-'i"-‘l_"-l:'T"'Fﬁ

00 —%.5 -0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4 0.5
(< - <) / e

39



Events/total

T,,. Finer HCAL & ECAL cells. Delphes fast simulation

" pTl(jet)>3 TeV
" Assume x2 and x4 finer granularity of both ECAL and HCAL
" X2 (x4) granularity leads to 20% (40%) improvement in resolution

HepSim MC input + Delphes 3.2

_I Fr | rrTT l T | rrrT | L ‘ rrTT | rrTT ‘ T | T L ﬁ 0-2 _I TTT TTTT I TTTT I TTTT | TTTT I TTTT | TTTT I TTTT ‘ TTTT T 1T I_
0.14— . eFlow — © - .
- MG5NLOtt 1% sl HCAL(ECAL) 0.1(0.025) n x 5.6(1.4) deg ¢ |
B HCAL(ECAL) 0.10.025) nx5.6(1.4)deg ¢ | {2 A8 ]
F e HCAL(ECAL) 0.05(0.012) 1 x 2.8(0.7) deg ¢ — o - Tt HCAL(ECAL) 0.05(0.012) n x 2.8(0.7) deg ¢
012— HCAL(ECAL) 0.025(0.006) 1 x 1.4(0.35) deg 0| IO O 18— HCAL(ECAL) 0.025(0.006) n x 1.4(0.35) deg (|
04— PYTHIAS dijet QCD N 0.141— ]
C HCAL(ECAL) 0.1(0.025) 1 x 5.6(1.4) deg ¢ | 012 ]
I HCAL(ECAL) 0.05(0.012) 1 x 2.8(0.7) deg ¢ | - ]
R e — HCAL(ECAL) 0.025(0.006) 1 x 1.4(0.35) deg ¢ 01— eFlow RMS_ 039 -]
0.06— | 0.08{— : —
- 1 - RMS=0.27 1
i ] 0.06— -
0.04|— L - .
B ] 0.04— —]
0.02/~ ' ] 0.02|— ]
- EI : Ea- W"f“r"f"r"r'?-f'—'l:'?:i:ll-'.-IHI-'";":"| IS S N |T:\---|-:-|--|-.I-f'\--|"f1

L1 1 | | | . | L1 | | | | | ‘ L1 1 | Ll 11 ‘ 1 - | | _%_5 _04 _03 _02 _01 O 0_1 0_2 03 04 0_5
8203 o024 05 06 07 08 o009 1 Roco  True True

T, (T3 - T32'%) / T3l
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Events /Total [1/GeV]

Jet mass. Finer HCAL & ECAL cells

" Assume x2 and x4 finer granularity of both ECAL and HCAL
" X2 (x4) granularity leads to 44% (48%) improvement in resolution

HepSim MC input + Delphes 3.2

,I T L rrr rrr FrT I rrrT | rrTT | rrT |7 _'(_E 0-3 _I TTT TTTT I TTTT I TTTT l TTTT I TTTT l TTTT I TTTT | TTTT I TTT I_
0.014 — © B ]
B eFlow 15 L HCAL(ECAL) 0.1(0.025) n x 5.6(1.4) deg o _
. MG5NLO ] % o5l e HCAL(ECAL) 0.05(0.012) n x 2.8(0.7) deg ¢ _|
0.012— HCAL(ECAL) 0.1(0.025) n x 5.6(1.4)deg 0 —| |7} [ HCAL(ECAL) 0.025(0.006) 1 x 1.4(0.35) deg o]
T HCAL(ECAL) 0.05(0.012) 7 x 2.8(0.7) deg ¢ B ]
Yoy E—— HCAL(ECAL) 0.025(0.006) 1 x 1.4(0.35) deg ¢ ool B
i i pT(et)>3Tev - - pT(jet)>3 TeV i RMS=0.130 1
0.008— — B RMS= 0.090 i
B : i 0.15— B —
- 1 . eFlow RMS= 0.088 i
0.006|— — B i i
B ] 0.1 _]
0.004 |— — B i
0.002|— _ 0.05— ]
O_' L"°1.l| L1 | [ | [ | L1l 11 | [ | | Ll | L1 |_ : e FS A :

0 50 100 150 200 250 300 350 400 %5 64 -03 02 01 0 01 02 03 04 05
Jet Mass [GeV] (MReco _ MTrue) / MTrue
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Summary

Sensitivity limits on X — tt calculated in the mass range 8-20 TeV

- Fully boosted regime (top decays products are not resolved, dijet topology)
- Technique: b-tagging, substructure variables & jet shapes.
= Double-tag scenario: sensitivity reach for Z' (g, ) masses is 13 (20) TeV

= 95% CL for o x Br =2 (4) fb for Z' (g,,), with S/B ~ 20%

" Interplay between detector design and backg. rejection methods

" Requirements for a future experiment:
- efficient b-tagging (largest bkg. separation)
- high-granular calorimeter to use jet substructure techniques for R~0.5 jets
- > 10 ab’ of int. luminosity

" More details in arXiv:1412.5951

Heavy particles decaying to tt at a 100 TeV collider. S.Chekanov (ANL) 42
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