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Heavy resonances at 100TeV

Clement Helsens, CERN-EP

FCC week 2019, Brussels
Based on arXiv:1902.11217 (accepted by EPJC) and in FCC CDRs
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Motivation

27/06/19

* Goal of the study
* Discovery reach for heavy objects

* Find ways to discriminate QCD, top and boson jets
* Being validated with calorimeter and tracker performances in full simulation

* No pileup assumed

* For such heavy object the effect is hopefully not large
* Effect on jet reconstruction and performance being studied in full simulation
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* In this talk
* Not discussing yet the physic models
* Neither designing fully state of the art analyses
* But rather study the performance of the FCC-hh detector




Outline
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* Leptonic resonances

° ee, Uy, Tt

e Hadronic resonances
* Ttbar, WW, jj
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e Summary
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L->pp/ete
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* 7' model
* From Pythia8, no k-factor
* Simple benchmarks used to check detector performance

* Helped to tune the muon resolution initially of 10%@10TeV given the reach of such
heavy objects

* Analysis selection
* p;(lepton,) and p(lepton,) > 1TeV

Ir‘lleptonll and |n|epton2| <4
* M,>2.5TeV (to bridge with HL-LHC reach of 6 TeV, start signal at 5 TeV)
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* Uncertainties
* 50% uncertainty on the Drell-Yan normalization
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As expected better mass resolution for electrons



FCC-hh Simulation (Delphes)
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Considering 2.2fb! per day for baseline
N RN IR FEEE T P PR s S s S 50 discovery for:
5 10 15 20 25 30 35 40 45 50 .
Mass [TeV] * 20TeV after ~50 days (first year?)
* 33TeV after 10 years @ baseline
e 42TeV after full operation 25 years

e ZETT (=)

Reach up to 40TeV this very simple case!




FCC-hh Simulation (Delphes)
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Discovery pu degraded

Best sensitivity achieved with an assumed op/
p = 5% at p; = 20 TeV corresponding to our
target for the FCC-hh detector

Worse results for projected CMS resolution
of o,/p = 40%.

Accurate reconstruction and momentum
measurements of p; =20 TeV

-> require large lever arm, excellent spatial
resolution and precise alighnment of the
tracking plus muon systems.

Int. Luminosity [fo]
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* Analysis selection (hadronic taus only as FCC-hh Simulation (Delphes)
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: 10° E g
Z' mass [TeV] | Ag(1,m) |  AR(r,m) | Egis = c
4—8 >24 | >25and <3.5| > 400 GeV 10* E 5
- Q
10 >24 > 2.7Tand <4 | > 300 GeV 68 . n;
12 — 14 >26 | >27and<4 |>300GeV 3 :
16 — 18 =27 >27and <4 | > 300 GeV g ] T
> 18 >28 > 3 and < 4 > 300 GeV 3
E

* Uncertainties

* 50% uncertainty on the Drell-Yann
normalization mi=s [TeV]

* 50% uncertainty on the Di-jet normalization



50 discovery for:

lelt/SIgnlflcance e 12TeV after 10 years @ baseline

e 19TeV after full operation 25 years
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Challenges: better tau tagging at high p
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e Z' model 3
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* Signal with Pythia8 2 ok ] >
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* Important benchmark model for - 1K g)
detector performance on sub-structure ooel . $
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0.02_— ] 8
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AR=2m/ o % 0.1 02 03 04 05 06 07 08 09 S
T2,1 =

Low top pt High top pt
w boost Top_quark

LHC: p; ~ 1TeV >AR=0.5
FCC: p; ~ 10 TeV > AR = 0.05
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Boosted topology
H - M 8 e =
* Developed MVA discriminant to g ETTTTTT RN

:g - Jetp ~10 TeV ]

disentangle overwhelming QCD jets 5 | .
c

3107 = 3 =
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W tagger top tagger i i o

-2 —
variable weight | variable weight 10 5 E §
T3 (track jet, R=0.2) 0.12 | 7 (track jet, R=0.2) 0.21 C ] 5
msp (track jet, R=0.2) | 0.11 | mgp (track jet, R=0.2) | 0.17 I ] §
731 (track jet, R=0.2) 0.10 | 731 (track jet, R=0.2) 0.11 ol B >
« E = >
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Ep(n=4,a=0.05) 0.09 | 73 (track jet, R=0.2) 0.09 C ] T
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->ttbar

Z' model
* Signal with Pythia8

* Important benchmark model for detector
performance
on sub-structure

Analysis pre-selection
¢ pTUU2)>3TeV;|nUy2H <3
* Jetl,2 Soft Dropped mass>100GeV
¢ Jetl,2 1, 13,0
* N e T Njern| <24
* 2 b-tagjets, 2 top jets from MVA discriminant

* Do not explicitly select leptons,
but “correct” di-top mass for MET

Uncertainties

¢ 20% uncertainty on the ttbar normalization
50% on di-jet 40% on Vj and 20% on VV

events /1 TeV

FCC-hh Simulation (Delphes)
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50 discovery for TC2:

Z’_>ttbar * 17TeV after 10 years @ baseline

* 23TeV after full operation (25y)

Challenges: better top tagging from sub-
structure, and improve m,, mass resolution

o(pp — Z)*BR [pb]
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50 discovery for SSM:
* 11TeV after 10 years @ baseline
* 16TeV after full operation (25y)

SSM is obviously a benchmark for
leptonic decays

FCC-hh Simulation (Delphes)
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Discovery tt degraded
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FCC-hh Simulation (Delphes)
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High efficiencies (g, > 60%) for corresponding low
mis-identification probability (g, 4 ;< 1%) from light
jets have to be achieved up to p; =5 TeV.

TC2
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o
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For example, searches for heavy resonances
decaying to hadronic tt pairs heavily rely on
efficient b-tagging performance at such energies.

Int. Luminosity [fb]
{1 I 1 | III

. 30ab"

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

104
The discovery reach for a specific Z' model

assuming several scenarios for b-jet identification
at very large p;are considered

-> Nominal efficiency (1-p;/15)*85%

-> scenarios 1,2, 3 correspond to reduction of the
slope by a factor 25%, 33% and 50%.

Heavy Resonances @100TeV
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on the b-tagging performances. 10 15 20 25 30 35
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Di-boson resonance (only hadronic)

27/06/19

* Randall-Sundrum Graviton « W/Z bosons

TR e * LHC: p; ~ 1TeV AR=0.25

* Important benchmark model for detector

* FCC:p;~10TeV - AR =0.025
performance on sub-structure Pr eV

n-1R < AR(k,jet) < 2R, Flowns= Z L T||
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Di-boson resonance (only hadronic)
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FCC-hh Simulation (Delphes)
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i —mg =20TeV E

\(E =100 TeV 1 ans(v=z/w)
L=30ab" Bl Vj (V=Z/W)
Gpg = W'W t
Il QCD

* Randall-Sundrum Graviton

* Signal with pythia8
* Important benchmark model for detector 10°

performance on sub-structure

events /1 TeV

10*

e Analysis pre-selection (Fully hadronic)
* Jetl/2 p;>3TeV, jetl/2 |n]| <3
* J1,21,,13,>0 10

1N jet1 = N jera| <2.4
* 2 W jets from MVA discriminant
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* Norm uncertainties

* ttbar 20% QCD 50%, VV 20%, VJ 40% 5 10 15 20 25 30 35 40 45
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(e)}
RSG' >WW 50 discovery for RSG: 2
e 10TeV after 1 years (~100fb1) N
Challenges: better W tagging from sub- » 15TeV after 10 years @ baseline
structure, and improve m,,,, mass resolution * 22TeV after full operation 25 years
>
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FCC-hh Simulation (Delphes)

Vs =100 TeV
L=30ab’
Q= jj

Q*/Z'->])

Q* model

e Strongly coupled
* Wide, large cross section

events /1 TeV
27/06/19

Z' model |
* Same benchmark as Z’ -> leptons me. [TeV)
* Narrow, small cross section FCC-hh Simulation (Delphes)

N RRERERS
—m,. =20 TeV

Vs =100 TeV z

L=30ab”’ I aco
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events /0.2 TeV

Analysis selection
* p+(j1) and p(j2)>3TeV
© Y*=|yjetl-yjet2]|/2< 1.5

Uncertainties
* 50% uncertainty on the Di-jet normalization
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m,. [TeV] (pf04)




FCC-| hh Slmulatlon (Delphes)

g T i
50 discovery for Q* Q* | § .. j a
. E E 3 W
(wide and strongly coupled): 5 S
S 10“; ~

* 15TeV after 1 day (1fb?) g
« 36TeV after 10 years @ baseline E
e 40TeV after full operation 25 years 102

10
5 o discovery

Y5 20 25 30 35 40 45 50
Mass [TeV]

FCC-hh Simulation (Delphes)
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50 discovery for 7’ /7 ;

narrow and weakly coupled): R /

( Y pled) . o // gr

¢ <15TeV after 10 years @ baseline P AP /

* 19TeV after full operation 25 years 3°/7/ wab
Smearing the mass (increasing the calorimeter 2°§/ A [ 24 ]

L— : — o /E = 9%
constant term) has a large impact on the 1o ' — s iR :
discovery potential SO N Pivtvivioe ATV RO O PO

15 155 16 16.5 17 175 18 185 19 195 20
Mass [TeV]




Q* —ji

Vs =100 Tev

s =27 Tev
Ly, —tt

Vs =100 Tev

Vs =27 Tev
Z'son — tt

s =100 Tev

Vs =27 Tev

Gy — W'W
Vs =100 Tev

Vs =27 Tev
Z'soy — 1T
Vs =100 Tev

Vs =27 Tev
L'y — TT
Vs =100 Tev

Vs =27 Tev

FCC-hh / HE-LHC Simulation (Delphes)

1 1 1 1

95% CL Limit
1ab?
25ab’
15ab”

w30 ab’
100 ab™

0 10
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30

40 50
Mass scale [TeV]

Q* — i
(s =100 TeV

Vs =27Tev
Ly, >t

(s =100 TeV

Vs =27 Tev
Zigy —tt

(s =100 Tev

Vs =27 TeV
G W'W
Vs =100 TeV

Vs =27Tev
Z'y — 1T
(s =100 Tev

Vs =27 Tev
Z'y — T'T
(s =100 TeV

Vs =27Tev

FCC-hh / HE-LHC Simulation (Delphes)

5 o Discovery
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Summary

* Di-lepton(ee/uu )
* Background free analysis

* Discovery reach ~42TeV with full
dataset for SSM model

e Z'->tt (hadronic taus)
* More complex final state

* Discovery reach ~19TeV with full
dataset

* Need better high p; tau tagging
techniques

° Ttbar

* Discovery reach up to 23TeV

* better top tagging from sub-structure,
and improve m,, mass resolution

* Di-boson
* Discovery reach up to 22TeV

* better W tagging from sub-structure,
and improve m,,,, mass resolution

* Di-jet
* Reach up to 40TeV

e Calorimeter containment for best
resolution

27/06/19
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Next steps

* Di-lepton(ee/pu ) ° Ttbar
* Sub-structure performance to be
checked with full sim

Quarks * Include other benchmarks
* add other Z’' signal XS to limit
- Di-elec results basically RSG->yy ~ ° Di-boson

* Sub-structure performance to be
checked with full sim

o Z’->tt (hadronic taus) * Could add leptonic channels
* Add other benchmarks and ZZ/WZ

27/06/19

* Interpretation with Lepto-
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* Not fully optimised for m<10TeV
* Further checks to be done in full  « pi-jet

sim * Possibly add other benchmarks
Contact interaction, etc...
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Technicalities

 Signals:
* Mainly produced with Pythia8

* MGS5 in some cases
(interpretations)

* No k-factor assumed
* Backgrounds :

* with MG5 LO

* k-factor of 2 assumed

e Software

* Using FCC software with detector
parameterization

* When setting limits, use full shape
and profile likelihood ratio

Sample Cut (TeV) Statistic (10°)
Di-electron p(e)>5 10

Di-muon p(p)>5 10

Di-tau p.(t)>2.5 10

Di-tau 2.5>p(t)>1 5

Di-jet p;(j)>2.5 50

Di-jet 2.5>p.(j)>1 30

Di-boson p(V)>2.5 15

V+jets m,>5 10

Top pair p(t)>2.5 10

06/07/18

Heavy Resonances @17006/\9

[29)




FCC-hh Analysis Framework

e GridPack producer
*  Makes MG5_aMC@NLO GridPacks

27/06/19

* LHE Producer
*  Produce LHE files on LSF/condor queues from GP or standalone MG5
* About a 2 billion events produced
*  http://fcc-physics-events.web.cern.ch/fcc-physics-events/LHEevents.php

* FCCSW
* Runs Pythia8 parton shower+hadronisation and Delphes with FCC detector

* Analysis preselection and high level variable definitions
*  Python framework produces flat ROOT trees
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* Analysis Final selection and plots
*  Python framework for optimising analysis cut flows and producing

* Limit setting
* Atlas inspired tool for limits and significance
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* More info in my talk at the FCC software session Thursday afternoon



B-taggin s
g
. . Delphes 3.4.1 - FCChh N
 High p; b-tagging S 100 r
* Very displaced vertices g & - negsRT A
Q L
* After the 15t 2" or even 3™ 5 I _ MM. g
layer of the pixel detector 2 60 SR mm% ‘. 2
: : k> : g &
» Used for this top pair o 40 [ % g
resonance search = [ . ®  biet,00<Inis1> :
. e - N m b-jet,1.5<|nP<2.5 g
* Estimate 20 |- A bejet,25<Inl 40 =
B . . . - . >
° Need a ﬁrSt reallsnc estimate Of 0 R e 'Vb_]e't,40<|n:& :::'3
how b-tagging will perform 1 10 10 10° 10*
* Using results from full p. [GeV]

simulation study without tracks
(hit multiplicity jump)

* See Estel Perez talk at detector
session
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FCC-hh Simulation (Delphes)
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* Track jets seems to be more robust and better understood at high p;

* Use those at high p; corrected by p-flow jet p; when using substructure

06/07/18

N
®
(%]
Q
O
<
©
<
o
(%]
Q
o2
>
S
©
o}
T

—
W
w

—




/’ = 1t1+412 (4 vectors)

) ;
— m; = Sqrt(Z*pT(Z )*MET*(l - COS(Ad)(d)z' - ¢MET)))) o
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Tracking in dense env. :, m—==>" BB
. 208 1 3
5 1 =
| N
* Tracker granularity B gisc=ao
 Defined in (n x ) 0.4 ';,,,.,_..,-/ :oezomos
Ve « c,=001 |
* Worst case scenario ool 1 2
pitch size in the first pixel layer: QCD jets, pp=5TeV ] S
reso = (2-3)*10um/(0.025) ~ 0.001 0 b 12 s 11 T 0 ®
¢ |ﬂ€fﬁCiency log A R(jet,track) %
* when two or more tracks hit same pixel N %
* keep only highest p; track 8 - >
* Arbitrary and probably conservative, = =
considering that this is only first pixel 0.6 S
layer / oo
* Conservative value :  eizoon
* 0.001 used for FCC studies Bl QCD jets, p, =20 TeV | [ 35 ]
0 [T R R SR TN ST
-2 -1 0

log A R(jet,track)



FCC-hh Simulation (Delphes) FCC-hh Simulation (Delphes)

events
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* 40TeV after full operation 25 years 0 ° N s e ©0® ° Mass [TeV].



10TeV objects

[ ]
........................ L e e L R L e e
L qged. p, = 10 TeV, trk, Gy = 0.001 i I qed, p, = 10 TeV., pf, Gpye = 0.001 ]

0.06 - — acdweak, p, =10 TeV. trk, Opypp = 0.001_| 0.02 - ged_weak, p, = 10 TeV, pf. Gpye = 0.001
. ———— top, p, = 10 TeV, trk, Gpyy = 0.001 r top, p, = 10 TeV, pf, Gpyy: = 0.001
I w. p, = 10 TeV, trk, Gpypy = 0.001 : - W, pp = 10 TeV, pf, Gy = 0.001 :
. . < 0.015 |-
* Whatis: oos L ek 1 g PF ]
* Optimal jet collection | 0.01 {0\ ¢
* Minimal track angular resolution? " ] 0.005 tk E
Mﬁ‘ : -~ —
0 1 T B Y - 0 SEBEEEEEEEEEEEEERE /& o
. (0] 50 100 150 200 250 (0] 50 100 150 200 250
* Assessed using . mgp [GeV] mgp, [GeV]

* QCD, QCD+weak shower, W and Top jets
* Genlets, Calolets, Particle Flow Jets, Track Jets with 2-5-10-20 TeV

* Qutcome:
* Use track jets for sub-structure corrected to pf jets
* More information in this talk here

* Performance of reconstructing such boosted objects is being further investigated in full
simulation for the report

 Track jets seems to be more robust and better understood at high p;
* Use those at high p; corrected by p-flow jet p; when using substructure



W versus QCD jet tagger

Variables used
Flow 1,2,3,4,5/5
Soft dropped mass
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W versus QCD jet tagger

Variables used
Flow 1,2,3,4,5/5
Soft dropped mass
132, 121, t1/2/3

TMVA overtraining check for classifier: BDT_Whad_vs_QCD

Top vs QCD
W versus QCD
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