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Jets in eTe” colliders

Hadronic final states are important

for the precision e'e” programme
— Higgs production, arXiv:1509.02853
— Top quark production, arXiv:1604.0122
— Gauge boson pair production
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Jet reconstruction is important

Performance goal: distinguish hadronic W and Z decays
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Detectors

LC detector concepts

optimized for particle flow

- highly granlular calorimeter*

- 4-5 Tesla solenoid

- state-of-the art low-mass tracking system
- precision vertexing

}:?

For detalils:
CLIC CDR, arXiv:1202.5940
ILC TDR, arXiv:1306.6329

Detailed Geant4 model and adequate reconstruction software allow for realistic estimates of
performance. This includes beam energy spectra and “pile-up” from background processes.

DRUID, RunNum = 330437, EventNum = 1005

40 GeV " in test beam

Not (entirely) science fiction:
The CALICE R&D collaboration has
constructed and tested ultra-granular SIW EM
calorimeters and a 1 m® prototype ScW
hadronic calorimeter

ECAL section (1x1 ¢m? calls)

tail catcher

]
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Particle Flow

Particle flow offers “ultimate” detector performance

In theory able to achieve AE/E = 19%/ VE  (theoretical limit for perfect track-cluster association)
In practice limited to by confusion term for high energy jets: AE/E ~ 3%
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Di-jet events, energy resolution for “jets” inferred from total visible energy

Jet reconstruction must match excellent single-particle reponse
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Jet reconstruction

In complex final states jet clustering may limit the performance

Detector level (Particle Flow objects) o
ﬁ Detector limitations...
Particle level (stable MC particles)
Llimitations
of jet algorithms...

Parton level (W, Z, Higgs or top mass)
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Exclusive clustering

Exclusive clustering assumes that N hardest splits correspond to N final state partons

At high-energy colliders phase space for hard emissions opens up

An example: top quark pair production

K, distance between top quark decay products governed by t and W mass

- \d,, roughly constant

Distance of QCD final state radiation dqg increases with available phase space

- \d,, proportional to a.s

N=6 exclusive clustering at Vs ~ 2 m

N=2 exclusive clustering at Vs ~ 1 Te
- Vd,, is approx. Vs/2

Radiation from top quarks threatens
N=6 exclusive clustering at high
energy, but N=2 clustering takes
over right in time
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Inclusive vs. exclusive

_ g 19 = . ete->ZHH,Z 5 qq,Hobb 3
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Lepton collider backgrounds

Lepton colliders offer a relatively clean environment (compared to the LHC),
but not quite to the level of LEP or SLC. We cannot ignore background:

* Incoherent pair production
very soft: relevant for vertex detector and forward systems ~ Important at high energy

* vy — hadrons production - and luminosity/BX
particles reach central detectors and affect jet reconstruction

* Synchrotron radiation (?)

Example: a CLIC bunch train worth of yy = hadrons superposed on a physicél event. If all CLIC3TeV detector systems integrate
over 10 ns (=20BX), background deposits 1.2 TeV of energy in the calorimeter systems.
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Impact of background

e‘e - W'W - Iv qq events at CLIC with W energies of 100, 250, 500 and 1000 GeV
Overlay 60 (120) BX worth of yy — hadrons, select in-time reconstructed particles, remove lepton
Reconstruct long. inv. Kk jets exclusively (N=2, R=0.7)
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Energy resolution at high energy is not too badly affected,
mass resolution suffers everywhere

[CLIC CDR, Marshall, Minnich & Thomson, arXiv:1209.4039], non-negligible even for ILC physics [many studies, arXiv:1307.8102]
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vy = hadrons
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Use CLIC case as a stress test for jet reconstruction;
If it works there, it's good for ILC too.
FCCee has much smaller yy -» hadrons background still.
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Summary, so far

Jet reconstruction at future lepton collider projects is more
challenging than for previous generation of e+e- colliders:

— Better detectors force jet reconstruction algorithms to step up

— More complex multi-jet final states with hierarchy of scales
— Non-negligible background

Revisit jet reconstruction

Not discussed further: XCone Jets, arXiv:1508.01516
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Jet reconstruction algorithms

Lepton colliders: Hadron colliders:

_— ~_
— ~_

Distance based on E, angle
Hadron colliders:
longitudinally invariant
2 2
\\ d;=min(E;",E;")(1—cos6,)

algorithms based on p_, AR

Good old Durham (n=1, e*e k) and d mm(pTz ’pTl )AR /R

~__ . / | — \\
— Cambrlge/Aachen (n= 0)‘/ -~ | d iB— pTl- |

N=1 longitudinally invariant kt
Generalized lepton collider aglorithms: N=0, Cambridge/Aachen
N=-1, anti-kt

d;; = min(E}, E5)(1 - cos6;;)/(1 - cos R)
dig = E;

/ “\

~ Introduce beam jets - jet size R

The Valencia algorithm \
d,=min(E?, E**)(1—cos0,)/ R’ Valencia jets, PLB750 (2015) 95-99

| d ;'B: piy : : }
\ Maintain distance base on energy and angle
— Choose beam distance for robust performance
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Jet algorithm space

VLC algorithm of arXiv:1607.05039
id.; — 2 min (Eijf“%}{l — cosb;;)/R?,

g — E2B sin27 0.5,

Two parameters (real numbers)
govern the clustering order (b) and
robustness against background (g)

Recover generalized e+e- kt for
g=0

Mimic longitudinally invariant
algorithms with g=1

constant size ** shrinking footprint
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¢ extension blows up in this
projection (cf. Antartica on a map)

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

polar angle 6/x (rad.)

Jet sizes

<L 0=Tn/8

I B=mn/2

. + .
generalized e e

long. invariant

VLC e ‘e (p=y=1)
-rox B

. s d-coxd v . AR . 4y
d_.,. =2 J'm'n.rE: E. ) TR ‘*’_.,. - m:’nfp:: ,Ju]:f,l' R_' d_.,. =2 rm'nfE:,E:J -
d,= E* d, = Ju':_* d,= Ju]'__
I R N T T R N B T R N N N A B I R T R R N B
-0.6 -0.4 -0.2 0 0.2 0.4 0.6

azimuth ¢/x (rad.)

Circular jets in (y,0) space
asymmetric ellipses in (6,0)

The footprint or area of jets depends on the jet algorithm
Three algorithms that yield a similar, circular area in the central
detector produce very different jets in the forward region
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Jet shapes and barycenters

azimuth ¢/x (rad.)

Long. Invariant k::

- pear shape In theta-phi plane
- extends further forward
- SCO0pS

polar angle 6/x (rad.)

0.5

0.4

0.3

0.2

0.1

- ellipse In theta-phi plane
- barycenter close to edge

- 05 N T T T T 1 T T T T | ]
O - = -
© E :
B e et 1 VLC (with B=y=1):
= . -, = ] —1=4)-
% iR :_ . m rl_,l. 4 . _:
o B b =
T 02 F - D =
I » G e, " .
2  o01fF e -
0 : | 1 1 ] :
-1 0.5 0 0.5

- IIIIIIIIIIIIIIIIIIIIIIII

azimuth ¢/x (rad.)

ED IIIIIIIIIIIIIIIIIIIIIIII

9

'!E” Parton shower and fragmentation, CERN, 11-16

Marcel Vos (marcel.vos@ific.uv.es)

15



Impact on response

Toy study: ete- - tt @ 3 TeV

MadGraphb.2.2 + Pythia8.180 + FastJet 3.0.6

Stable particles — no detector, no beam pipe, no ISR
Exclusive reconstruction into two jets

Reference (max.) energy/mass from Durham

x 1 L L < 1 | T T |
® I i x B
IJJE 009 0. 00000000800t = i
x _%_ 0.9 eoee®e®qoeoteoqe 4]
— 009 Py _ -
= :': i V - H_._'.“-H—.—_._H_._:':-._ :
-
0.7 . .
' . e L
0.9 Particle-level e'e” — t t < 0.6 Particle-level e'e” > tt o*
! Vs = 3 TeV + 200 GeV yy — hadrons /s = 3 TeV + 200 GeV 7y — hadrons i
B 0.5 e long.inv.k,R=1.5 N
+ @ VLGR=15,p=y=1 ® VLC,R=1.5, p=y=1 e
0.85||||||||||||||||||| O4|||||||||||||||||||
0 02 04 06 08 1 0 02 04 06 08 1
cos 6 cos 0
VLC mass response is much more stable
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Background resilience

Now add background (random 200 GeV, forward-peaked) and register difference in
jet energy and mass versus polar angle

Ol
o
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g — (D —— o
/\._. 50 B — __ T 25 B — ]
e e — £ e
v 0 ;-0—:8:+, +. _I_._.—o—'—i—_._ —- § ++ e
i i 0 ;t:+_._—-—+_._—-——'—_._ .
Particle-levele’'e” > tt | Particle-level e 'e” — t t
-50 N Vs = 3 TeV + 200 GeV yy — hadrons N 25 Vs = 3 TeV + 200 GeV yy — hadrons —
e long.inv.k ,R=1.5 i e long.inv.k ,R=1.5
I e VLC, R=1.5, p=y=1 : e VLC, R=1.5, p=y=1
_ ST EF RS AT AT BT B ,
10 "02 02 06 08 1 -0

'H B T B B I N TN T N TR T T R T R
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cos 6 cos 6

Longitudinally invariant kt much more affected, even in not-so-forward region
Sco
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Benchmark: tt production

500 GeV: Jet energy reconstruction with nominal background much less degraded with
algorithms with shrinking footprint (long. Invariant algorithms, Valencia) than e*e” algorithms

8000 : 8000
- H CLIC 500 GeV - CLIC 500 GeV
E ul Durham
7000 ¢ o Egggamv K J No background 7000 __Long. inv. k Nominal yy » hadrons
= ' Tt 60002— ] t and PFO selection
6000 ... Valencia o Valencia
5000 i 5000 —
4000 4000 = 1
3000 - 3000~
2000 - 2000
1000 1000
0: | |'T‘“|"'| H':F!\Tkll I B |“|-“:|w T N—— 0: nvnmrm.'ﬂ"""'f'"5"|"'.;;ETW|:I"—| e b L el i
0 20 40 60 80 100 120 140 160 180 0 20 40 60 80 100 120 140 160 180
M, [GeV] M; [GeV]

ZZ - qqqq events at CLIC with Vs = 500 GeV. Remove forward, or off-shell Z
Reconstruct exactly 4 jets, with optimized R (=1.2 for longitudinally invariant k, 1.0 for Valencia)

Find best pairs and report di-jet mass for background-free and nominal background
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Benchmark: tt production
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Benchmark: tt production

3 TeV: VLC outperforms longitudinally invariant algorithms
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Benchmark: di-Higgs production

- BT
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Di-Higgs production at 3 TeV: VLC outperforms longitudinally invariant algorithms
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(non-) perturbative corrections

Uncertainties in jet response is important source of systematics

Jet area and footprint determine energy response:
— (non-) perturbative corrections decrease with increasing R
— background contribution scales with R?2

9
g L Tevatron
L quark jets
Dasgupta, Magnea, Salam, JHEP0802 (2008) 055 S Tt p, = 50 GeV 1
o
L 5}
M
g
+ 3
=
b
N—-"':E_ 2 | |
o vy = hadrons
< 2 2
TrF (apt>pe|1 m
0

04 05 06 07 08 09 1 1.1
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A E/E [%]

Perturbative corrections

e‘e’ - gq at Vs = 250 GeV e'e’ - ttatVs = 3 TeV
: I : 3'_2' : I :
1 0 B — e'e’ generalized I-lct —] H 1 0 B — e'e’ generalized kt =]
O long. inv. k ] LLI O long. inv. k ]
! —— VLC (B=y=1) { < . — VLC (B=y=1) -
10} - 10} -
—20 - 20F -
™ [ ] 1 [ ] 1 I 1 [ ] 1 1 1 [ ] 1 [ ] I [ ] 1 ™ ™ [ ] 1 [ ] 1 I 1 [ ] 1 1 1 [ ] 1 [ ] I [ ] 1 ™
0 0.5 1 1.5 0 0.5 1 1.5
R R
ffffffffffffffffffffffff o Algorithm with largest footprint has the smallest correction

Skewed distributions: mean = median
VLC and long. Invariant k virtually dentical
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A E/E [%]

Non-perturbative corrections

e‘e’ - gq at Vs = 250 GeV e'e’ - ttatVs = 3 TeV
2 _ | L B R _ B'—E' 0.2 _ | 1 ]
- e'e generalized k. - E - — e’e  generalized k. -
- e long. inv. k - L - long. inv. k. -
- —— VLC (B=y=1) 1 < - —— VLC (B=y=1) .
11 - 0.1 -
0F 1 - O e 1 -
_1 L L L L I L L L L L L L L I L L _0 1 1 1 1 1 | 1 1 1 [ [ [ 1 1 I 1 [
0 0.5 1 1.5 0 0.5 1 1.5
R R
mean
ffffffffffffffffffffffff | Algorithm with largest footprint has the smallest correction
median

VLC and long. invariant k no longer identical
Few per mil effect at 250 GeV, 10™* at 3 TeV
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Non-perturbative corrections — jet mass

e‘e’ - gq at Vs = 250 GeV e'e’ - ttatVs = 3 TeV

— I I L] L] Ll I Ll Ll Ll Ll I L 1 5 I I I 1 I I I I I I I I 1 1 I I
c e‘e’ generalized k = — e’e generalized k ]
E ------------- long. inv. k E - == long. inv. k. -
< I RS — VLC (B=y=1) 1 <« 10r — VLC (p=y=1) ]
50 - - :
! - 5 - _
0 - 77— 0 e - M —
1 1 1 1 I 1 1 1 1 1 1 1 1 I 1 1 _5 [ ] ] ] ] I ] ] ] ] I ] ] ] ] I ] |

0 0.5 1 1.5 0 0.5 1 1.5
R
mean
,,,,,,,,,,,,,,,,,,,,,,,, Cedian Corrections to jet mass much larger than to energy

VLC much closer to generalized e*e’
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Summary

Future lepton colliders:
- an opportunity to understand the process from parton to jet.

- a challenge to jet reconstruction (better detectors, complex final states,
enhanced phase space, background, tighter control over systematics)

Traditional lepton collider algorithms fail to cope with the background level
expected at future linear (circular?) colliders

Longitudinally invariant algorithms work well... and we understand why

Refurbished e*e” algorithms can be better still:
VLC is currently the most robust algorithm on the market

Non-perturbative corrections are less important than at LEP, but non-trivial
differences between algorithms merit further study
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Jet grooming

——————
- So
~

Jet grooming <@ O
One of the main recipees at the oKX | Y
LHC to deal with pile-up O O ./"
contamination of large-area jets N, ©®
Initial jet O pir;;fj;t < feut Trimmed jet
e*e grooming
Reconstruct exclusive Durham 10 | |
jets in e"e” - qq (N=2), = —— o' goneraized k Mass-drop filtered jets
break up into sub-jets with mass- = T, P J
drop filtering withR =R _ , o
e 0 .
Select 3 hardest sub-jets
For fair comparison, choose
R? = R?/3 so that area of 3 sub- 10— -
jets adds up to same area ' Best curve without grooming
20 05 4 15
R

Grooming reduces perturbative corrections for a given jet area
— better energy response
— less exposure to background

Large improvement! Deserves further study!
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Jet reconstruction

1 e e B L A B S S R B B
e'e" - ff(y)
Vs = 500 GeV

Do we need/want longitudinal invariance?

No. ISR and beamstrahlung lead to some boost,
but in most interesting processes, it's very small.

. e'e’ - W'W(y), e'e’ — ZH(y),

Vs = 500 GeV - /s = 250 GeV.
RN IS 5 5 T R B S B N P R
10 0.4 0.5 0.6 0.7 0.8 0.9 1

fraction of visible energy Vs'/s

0.5

(pseudo-)rapidity difference for two test
04— particles with fixed energy and angular opening Shou Id we use rapid |ty instead Of polal‘ ang Ie,)
0.3

No. It's potentially harmful. The rapidity difference is a
02 n, -, poor measure of angular separation in collisions that
are at rest in the laboratory.

cos @
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Jet reconstruction

Does a hadron collider algorithm work better at at lepton collider than the

equivalent lepton collider algorithm?

d,=min(py',py )AR/R’

diB:piin VS'

. 2n 2n
dii—mm(El. E )(1—cos 617.)

Beam jets + shrinking footprint with polar angle yields increased

robustness against forward-peaked yy — hadrons!

The Valencia algorithm is an attempt to get
the best of both worlds (with a twist):
d,=min(E*",E?")(1—cos6,)/ R’
e*e distance between particles
dm:p?
beam distance to mimic dij/diB behaviour

p to tweak background rejection

Boronat, Garcia, MV, arXiv:1404.4294, ficontrib/trunk
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],diB
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0.02

0

—long. inv. kt

0

|
0.2 04 0.6 0.8 1
cos 0

Two test particles with constant energy (E = 1 GeV)

and fixed polar angle separation (100 mrad)

Go
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