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lepton vs. hadrons

At lepton colliders:

● Every GeV delivered to the projectile is used: 
a 2 TeV hadron collider is not enough to find a 126 GeV particle
a 250 GeV lepton collider is!

● The initial state is precisely controlled:
total energy sums up to 2 E

b
 

beam polarization (at linear colliders)
● Production rates are democratic: 

Rate for Higgs, top and major backgrounds are ~ equal 
● Non-collision events are approximately empty: 

~no pile-up, relaxed read-out times, ~no radiation damage
● Production rates are precisely calculable:

5% uncertainty on LHC tt cross-section is a milestone, 
sub-% level is feasible at LC already now

Colliding (composite) hadrons is different from colliding (elementary) leptons 

Complementary strengths and weaknesses
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Precision Higgs & top physics

Identify the system recoiling against the Z boson from the known center-of-mass 
energy and the Z boson momentum. Count the relative frequency of Higgs decays 
(including invisible decays). Measure total width precisely.

Total width
Sub-% measurements on W and Z
Excellent access to b and c couplings
Invisible decays!

Expected precisions on the Higgs couplings and total width from a constrained 7-parameter fit assuming no non-SM production or decay modes. The fit assumes generation universality. The ranges shown for LHC and HL-LHC represent the conservative 
and optimistic scenarios for systematic and theory uncertainties. ILC numbers assume (e−, e+) polarizations of (−0.8, 0.3) at 250 and 500 GeV and (−0.8, 0.2) at 1000 GeV. CLIC numbers assume polarizations of (−0.8, 0) for energies above 1 TeV. TLEP 
numbers assume unpolarized beams.Snowmass Higgs working group (same people, same assumptions everywhere)...

Measure top quark mass to better than 
100 MeV (incl. interpretation) 
Measure top quark couplings to photon 
and Z order of magnitude more precisely 

[Snowmass] Working group report: Higgs boson, ArXiv:1310.8361

Working group report: Top Quark, arXiv:1311.2028

Not to mention the 
sensitivity to new 
physics and the 
precision QCD that it 
will bring



Lepton colliders: circular colliders

Storage rings are an energy-efficient means of accelerating and are great for luminosity

excellent potential for Higgs-factory at ~250 GeV

Limiting factor in a ring design for an e+e- collider is energy loss by synchrotron radiation:
Power loss P   E4/R (E=beam energy, R=radius). Once the tunnel is built, the center-of-mass energy cannot exceed a maximum (cf. LEP)

Muon life time allows for only O(10) turns in ring: no mature design for cooling yet

TLEP with continuous top-up scheme 

expected to reach top quark pair 

production threshold in 100 km tunnel 
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 Comparison of the instantaneous 

luminosity for proposed lepton colliders
(source TLEP arXiv:1308.6176)

The first proposed step is a design study report in 2015, to be followed by a conceptual design report and a 
detailed cost estimate in 20182019. […] 
Technically, and if given the necessary financial and political support, TLEP could be ready for physics in 2030.

First Look at the Physics Case of TLEP, JHEP1401 (2014)

Proposal Energy reach Footprint Support

LEP3 90...240 GeV  27 km (LEP/LHC) ?

Triple-LEP 90...240...350 GeV  80-100 km (FCC) CERN FCC-ee, China

-collider 125...multi-TeV FNAL site ?
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s = 250...500...1000 GeV
 L dt = 250 fb-1 – 1 ab-1

350...1400...3000 GeV
 L dt = 500 fb-1 – 2 ab-1

Technical 
Design 
Report!!!

Conceptual 
Design 
Report!!

Linear e+e- colliders

Super-conducting RF cavities
Global R&D effort + 10% prototype: XFEL@DESY

LINEAR COLLIDER COLLABORATION

LC technology for a low-energy machine deployed in industry → shovel ready
(s ~ 250-500 GeV, upgrade to 1 TeV) 

CLIC drive-beam scheme demonstrated. 
With gradients up to 100 MV/m we can open up the multi-TeV regime.



The e+e- precision physics programme

The physics programme of e+e- colliders 
91 GeV GigaZ (optional) high-lumi run at the Z-pole

 ultra-precise measurements of electroweak observables

250/350 GeV Higgs factory (ILC/CLIC/TLEP)
 BR(h → VV,qq,ll,invisible) : V=W/Z(direct), g, γ (loop)

 Absolute measurement of HZZ coupling (recoil mass)

345-355 GeV top threshold scan (ILC/CLIC/TLEP)
 Precise top quark mass (width, s and top Yukawa coupling)

500 GeV (nominal ILC)
 HWW coupling →  total width 

 ttH → direct top Yukawa

 Measurement of t-Z and t- vertices

 Moderately boosted W and Z

1 TeV (ILC energy upgrade)
 Higgs self-coupling

 Boosted top quarks

1.5 - 3 TeV (CLIC or C)
Running of , new physics

Important role for boosted objects and jet substructure

mailto:XFEL@DESY
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What, when, where?

Design documents, e+e- community:
- Tesla TDR (2001) part III on physics
- 2004 Report on the complementarity of LC and LHC
- CLIC physics report
- ILC Reference Design Report (2007): physics and detectors
- Letter Of Intent of the ILC experiments (2009) SiD and ILD
- Conceptual Design Report (2012) of the CLIC detectors
- Technical Design Report for the ILC

Strategy documents, HEP community at large

Japan
“We will call for inter-governmental negotiations with European 
and American governments in the first half of 2013”, Minister 
Shimomura (MEXT)
Kitakami site in Tohoku, North Japan selected in August 2013

AsiaHEP/ACFA (September 2013) 
"AsiaHEP/ACFA believes that the ILC is the most promising 
electron positron collider to achieve next generation physics 
objectives […] AsiaHEP/ACFA [...] looks forward to a proposal 
from the Japanese Government to initiate the ILC project [...]"

European Strategy (approved by CERN council) 
“There is a strong scientific case for an electron-positron collider, 
complementary to the LHC [… ] whose energy can be upgraded. 
”Europe looks forward to a proposal from Japan to discuss a 
possible participation.”

LB
N

E LHC

LC

Lyn Evans (LCC) and prime-minister Abe

HEP has done 
its homework. 
It's up to the 
politicians now...
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Jets in e+e- colliders

Jet physics AND jet reconstruction 
performance are important at e+e- colliders

After a top (W, Z, Higgs) factory like the LHC, e+e- collider 
samples are relatively small:

→ 300.000 tt pairs at 500 GeV)  
→ Use hadronic Z decays in Higgsstrahlung analysis

Distinguish hadronic W and Z decays 
(the main calorimeter specification on energy resolution at low 
energy, a requirement on the jet mass resolution at high energy)

Jet multiplicity increases with center-of-mass energy
di-boson → 4 jets, Zh → 4 jets, tt → 6 jets, tth → 8 jets 
(jet reconstruction can spoil the energy measurement even if all 
particles are precisely measured)

http://arxiv.org/pdf/hep-ph/0106315.pdf
http://arxiv.org/pdf/hep-ph/0410364.pdf
http://arxiv.org/pdf/hep-ph/0412251.pdf
http://arxiv.org/pdf/0709.1893.pdf
http://arxiv.org/pdf/0712.2356.pdf
https://silicondetector.org/download/attachments/46170132/SiliconDetectorLetterOfIntent.pdf?version=1&modificationDate=1238604944000
http://ilcild.org/documents/ild-letter-of-intent/LOI%20Feb2010.pdf/at_download/file
https://edms.cern.ch/file/1180032/4/cliccdr_PhysicsDetectors_onlineversion.pdf
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LC Detector concepts

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

ILD/SiD: LC detector concepts optimized for particle flow
- highly granlular calorimeter* 
- 4-5 Tesla solenoid
- state-of-the art low-mass tracking system
- precision vertexing

ILC concepts adapted to CLIC 
(deeper calorimeter, faster read-out, 
some adaptations to cope with background levels)

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

Not (entirely) science fiction:
The CALICE R&D collaboration has 
constructed and tested ultra-granular SiW EM 
calorimeters and a 1 m3 prototype ScW 
hadronic calorimeter

40 GeV + in test beam

tail catcher
ECAL section (1x1 cm2 cells)

HCAL section (3x3 cm2 cells)
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Particle Flow

Particle Flow: Follow individual particles from the cradle to the grave
 - choose best available energy measurement for each particle
 - reject background particles (using time information) 

Requires a large, highly granular detector, a strong B-field, and excellent pattern recognition

Pandora Particle Flow: algorithm designed specifically for PF jet energy measurements with highly granular 
                                                     calorimeters (arXiv:1308.4537)

 Take advantage of the tracker's (1/pT) ~ 10-5 GeV-1  whenever possible, 

Resort to the E/E ~ 50%/E of the hadronic calorimeter only for neutral hadrons

72% of energy 62% 10%
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Particle Flow performance
In theory able to achieve E/E = 19%/(theoretical limit for perfect track-cluster association)

In practice limited toby confusion term for high energy jets: E/E ~ 3% 

Di-jet events, energy resolution for “jets” inferred from total visible energy
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More granular is better

Many “detector optimization” studies in ILC TDR 
and CLIC CDR show benefits of longitudinal and 
lateral segmentation to below Moliere radius and 
interaction length... and where to stop

ILC-AHCAL lateral segmentation... 
baseline design chooses 3x3 cm2

interaction length of iron = 17 cm...

ILC-ECAL longitudinal segmentation... 
More layers, better energy resolution
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Future colliders, Particle Flow & granular detectors

To achieve a small PF confusion term the typical inter-particle distance must be larger 
than tracker segmentation, Moliere radius and interaction length of the experiment...

Structure Distance from IP  size

Pixel (150 x 150 m2) 4.4 cm 0.003

Strip (10 cm x 80 m) 50 cm 0.006

ECAL crystal (2x2 cm2) 1.4 m 0.015

ILD Si pad (1 x 1 cm2) 1.8 m 0.005

HCAL tile 1.5 m 0.1

ILD Scintillator (3 x 3 cm2) 2 m 0.01

Lateral segmentation.
Cell sizes for typical LHC sub-detectors
Comparison with ultra-granular 
calorimeter envisaged for Linear Collider.

Limit to lateral granularity: interaction length in Tungsten ~ 10 cm → larger detectors (or abandon Particle Flow purism)
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LC backgrounds

 → hadrons 
● Strongly peaked in the forward direction
● Machine-dependent: 3.2 events/BX at CLIC, <1 event/BX at the ILC
● For a given machine, background level scales with instantaneous luminosity 

→ Much larger at 3 TeV than at 500 GeV (even with the same technology)  
● Its impact depends on the bunch structure and detector read-out speed

→ ILC, 1300 bunches spaced by 500 ns (typically single-BX read-out possible)
→ CLIC, 312 bunches spaced by 0.5 ns 

Use CLIC case as a stress test for jet reconstruction; if it works there, it's good for ILC too.

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

Lepton colliders offer a relatively clean environment (compared to the LHC),
but not quite to the level that we can ignore backgrounds completely:
● Incoherent pair production 
●  → hadrons production 
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Jet reconstruction             
Jet reconstruction: 
- typically exclusive with N = number of final-state partons 
  or the number of boosted objects (at high energy)
- good-old Durham and C/A for e+e- are being 
  replaced by longitudinally invariant k

t
 

[CLIC CDR, Marshall & Thomson, arXiv:1308.4537]

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

t
, 1.0 for Valencia)

Find best pairs and report di-jet mass for background-free and nominal background

CLIC 500 GeV
No background

CLIC 500 GeV
Nominal → hadrons

and PFO selection

Here, Durham is clearly broken...

ZZ → qq events at ILC with s = 250 GeV
ILC TDR, SiD concept, longitudinally invariant k

t

ILC 250 GeV
1BX  → hadrons

Jet energy reconstruction with nominal background as good 
as without background (ILC250), or much less degraded than 
e+e- algorithms (CLIC, high energy)
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Jet reconstruction

Why does a hadron collider algorithm work better at at lepton collider than 
the equivalent lepton collider algorithm? 

vs.
d ij=min( pTi

2 n , pTj
2 n

)Δ Rij
2
/ R2

d iB=pTi
2 n d ij=min(E i

2 n , E j
2n
)(1−cos θij )

Like the endemic pig-footed bandicoot  finding out it's less adapted to the Australian outback than the European rabbit. Even if it is probably was, that doesn't make it right!
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Jet reconstruction

Why does a hadron collider algorithm work better at at lepton collider than 
the equivalent lepton collider algorithm? 

Is it something to do with longitudinal invariance?

Cold. ISR leads to some boost, but in most 
interesting processes, it's very small.

vs.
d ij=min( pTi

2 n , pTj
2 n

)Δ Rij
2
/ R2

d iB=pTi
2 n d ij=min(E i

2 n , E j
2n)(1−cos θij )

(pseudo-)rapidity difference for two test 
particles with fixed energy and angular opening
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Jet reconstruction

Why does a hadron collider algorithm work better at at lepton collider than 
the equivalent lepton collider algorithm? 

Is it because the beam jets absorb the background?

Warmer. Yes and no. Beam jets are key to 
the answer, but just adding them is not 
enough. 
The generalized e+e- k

t
 algorithm with beam 

jets does not do much better than Durham

arXiv:1404.4294, CLIC CDR, arXiv:1202.5940

vs.
d ij=min( pTi

2 n , pTj
2 n

)Δ Rij
2
/ R2

d iB=pTi
2 n d ij=min(E i

2 n , E j
2n
)(1−cos θij )
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Jet reconstruction

Why does a hadron collider algorithm work better at at lepton collider than 
the equivalent lepton collider algorithm? 

vs.

Is it because of the peculiar evolution of d
ij
/d

iB
 with polar angle?

Hot. In longitudinally invariant k
t
 there is an extra “penalty” 

in d
ij
/d

iB
 for forward-peaked  → hadrons.

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

and fixed   polar angle separation (100 mrad) 

The Valencia algorithm is an attempt to get the 
best of both worlds (with a twist by Gavin): 

d ij=min(E j
2β ,E j

2β
)(1−cos θij)/ R2

d iB=pT
2β

Boronat, Garcia, MV, arXiv:1404.4294, fjcontrib/trunk

e+e- distance between particles
beam distance to mimic d

ij
/d

iB
 behaviour

 to tweak background rejection

d ij=min( pTi
2 n , pTj

2 n
)Δ Rij

2
/ R2

d iB=pTi
2 n d ij=min(E i

2 n , E j
2 n
)(1−cos θij )
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Impact of background

[CLIC CDR, Marshall, Münnich & Thomson, arXiv:1209.4039], non-negligible even for ILC physics [many studies, arXiv:1307.8102]

e+e- → W+W- → lv qq events at CLIC with W energies of 100, 250, 500 and 1000 GeV
Overlay 60 (120) BX worth of  → hadrons, select in-time reconstructed particles, remove lepton
Reconstruct long. inv. k

t
 jets exclusively (N=2, R=0.7)

Energy resolution at high energy is not too badly affected, 
mass resolution suffers everywhere
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Boosted objects
WW → qqqq at 3 TeV
CLIC physics, hep/ph0412251

And even more so during the CLIC high-energy stage (1.4, 3 TeV)

All objects (known so far) will be boosted in ILC upgrade (1 TeV) 

The role of boosted object tagging
In the continuum above s >> m

Z
 the e+e- → qq rate is of the same order as WW 

production, only one order of magnitude larger than tt production, and two orders 
above ZZ and Zh

Relative to the LHC the role of boosted object tagging shifts from the “battle against 
QCD multi-jet production” to the more subtle art of separating W, Z, Higgs and top

Tag ZZ against WW
HHZ against WWZ
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Boosted objects
All objects will be boosted in ILC upgrade (1 TeV) 

Boosted, forward e+e- → W+W-, ILC TDR, arXiv:1306.6329
Boosted top quarks, LC Forum 2010-2012 Report, DESY12-123H 

And even more so during the CLIC high-energy stage (1.4, 3 TeV)

e+e- → W+W- and vector boson scattering (CLIC physics, hep-ph/0412251)
e+e- → HA → bbbb, e+e- → H+H- → tbtb (CLIC CDR, arXiv:1202.5940)

Jet reconstruction in this environment can be (and has been to some extent) explored with existing 
infrastructure. Recently, the low-energy stage has (understandably) received more attention.
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Boosted top quarks              

PRELIMINARY
CLIC, s = 3 TeV

e+e- →tt→6 quarks

CLIC 3 TeV e+e- → tt
No background
CLIC-ILD detector simulation
PANDORA PFA
Valencia e+e- jet algorithm (N

j
 =2, R=1, =1)

Could have picked long. inv. k
t
 with R=0.8-1.2

Detector performance for boosted 
hadronic top jets (E~1200 GeV) 
- Energy resolution (RMS90) = 2.4%
- Jet mass resolution (RMS90) = 3.2% (WOW!)

PRELIMINARY
CLIC, s = 3 TeV

e+e- →tt→6 quarks

Note: distributions are very nearly Gaussian → RMS90 ~ 
Note: referred to particle jet; relative to the actual top parton the 

energy resolution is 5% and the width of the mass peak ~7% 
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Boosted top quarks              

PRELIMINARY
CLIC, s = 3 TeV

e+e- →tt→6 quarks

CLIC 3 TeV e+e- → tt
Adding  → hadrons background
CLIC-ILD detector simulation
PANDORA PFA
Valencia e+e- jet algorithm (N

j
 =2, R=1, =1.2)

Significantly better now than long. inv. k
t
 with R=0.8-1.2

Background has a profound impact:
Energy resolution degraded 2.4% → 2.9%
Measurement offset of 3%
Jet mass resolution badly degraded 
(from dream 3.2% to nightmare 16%)

Obvious things to try: 
- correction: area-based subtraction 
- mitigation: grooming

Preliminary (as in: last night, after the pub): 
3+3 exclusive R=0.3 jets restore mass 
resolution to ~5%... stay tuned. 

With → hadrons background
Do not compare resolution

 → hadronsNo background

Note: particle jets used to determine resolution 
do not contain particles from  → hadrons
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Summary

A lepton collider at the energy frontier might just be in HEP future 
ILC Technical Design Report: expect approval or definitive demise soon. 
Work ongoing towards TDR for CLIC (CDR), TLEP/FCCee, C.

Particle flow detector concepts exist that measure stable particles very precisely:
     E/E ~ 3% (weighted for relative abundance of particle species in jets)

Detailed MC: a great test bench to study the benefits and limitations of particle flow

Every particle is a boosted object in a high energy (1-3 TeV) linear e+e- collider
Distinguish di-boson from qq production AND separate W, Z and Higgs (pheno studies encouraged)

Highly granular particle flow calorimetry can potentially give excellent substructure response 

A challenge: make sure jet reconstruction profits fully from excellent inputs
(many-jet final states,  → hadrons)
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Contribute

A dedicated session on jet reconstruction, boosted objects, and 
substructure during LCWS14 in Belgrade
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