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𝑬 = 𝒎𝒄𝟐 During the Big Bang Energy 
was transformed in matter

Accelerators: provide 
energy to the particles
Detectors: observe the 
matter

Increasing the energy will 

reduce the wavelength: 𝜆 =
ℎ𝑐

𝐸

Visible light
𝜆 = 400~700 𝑛𝑚

X-ray
𝜆 = 0.01~10 𝑛𝑚

Particle 
accelerator
𝜆 < 0.01 𝑛𝑚

Matter vs. energy
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Accelerator and their use
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https://www.youtube.com/watch?v=cE68GCN_bC0&t=556s

1928: Encouraged by Rutherford Cockcroft and Walton start the design & 

construction of a high voltage generator to accelerate a proton beam.

1932: First particle beam (protons) produced for nuclear reactions, manually

splitting of Li-nuclei with a proton beam of 400 keV: 3
7𝐿𝑖 + 𝑝 → 22

4𝐻𝑒 + 17.2 𝑀𝑒𝑉

The high-voltage tower used in 

the original 35MeV proton 

accelerator at IHEP

Electrostatic machines: the Cockcroft-Walton generator

https://www.youtube.com/watch?v=cE68GCN_bC0&t=556s
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1931: Around the same period, Robert J. Van de Graaff used a charge 

conveyor belt to transport electric charges and generate high voltage, 

avoiding the sparking problems of high-voltage generator, and achieved 

a maximum voltage of 1.5 MV.

Now: In modern Tandem accelerators, the maximum terminal voltage 

can reach approximately 25 MV, enabling ion beams with energies of 

several tens of MeV.

The ALTO Tandem Accelerator at IJCLab
https://supratech.ijclab.in2p3.fr/en/facility/alto-heb-en/tandem-2/

Problems: 
1. Particle energy limited by 
high voltage discharges
2. DC Voltage can only be 
used once (or twice?)

Electrostatic machines: (Tandem-) van de Graaff accelerator

https://supratech.ijclab.in2p3.fr/en/facility/alto-heb-en/tandem-2/
https://supratech.ijclab.in2p3.fr/en/facility/alto-heb-en/tandem-2/
https://supratech.ijclab.in2p3.fr/en/facility/alto-heb-en/tandem-2/
https://supratech.ijclab.in2p3.fr/en/facility/alto-heb-en/tandem-2/
https://supratech.ijclab.in2p3.fr/en/facility/alto-heb-en/tandem-2/
https://supratech.ijclab.in2p3.fr/en/facility/alto-heb-en/tandem-2/
https://supratech.ijclab.in2p3.fr/en/facility/alto-heb-en/tandem-2/
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1928, Wideroe et al. : How can the acceleration voltage 

be applied several times to the particle beam?

Schematiclayout of drift tube LINAC (DTL)

1931-1946: Main development took place, which was 

also helped by the progress made on high power high 

frequency power supplies for radar technology.

1947: Under the leadership of Luis Alvarez, the first DTL 

was built at U.C. Berkeley, accelerating protons to 32 MeV.

The first electron linear LINAC was built at Stanford. 

Ginton, Hansen, and Kennedy designed the pillbox cavities.
Now: still the first stage in many accelerator 

complexes:

1. Medical and industrial applications

2. Nuclear energy applications

3. Injector for synchrotron light source and 

circular collider

4. Free electron laser

5. Linear collider (SLC / CLIC / ILCé)

6. LINAC for Spallation Neutron Source

é

The first RF-accelerator: “LINAC”
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Å 1932: 1.2 MeV ~ 1940: 20 MeV (E. O. Lawarence, M. S. Livingston)

Å Constant magnetic field and RF frequency

ÅAlternating voltage between the two Dôs (square wave)

Å Increasing particle orbit radius for increasing momentum

Å Development leads to the synchro-cyclotron to cope with the 

relativistic effects (FFAG).

üThe cyclotron:

üThe synchrotron:
Å 1943: M. Oliphant described his synchrotron invention in a memo to 

the UK Atomic Energy directorate

Å 1959: CERN-PS and BNL-AGS

Å Fixed radius for particle orbit

Å Varying magnetic field and radio frequency

Å Phase stability

Å Important focusing of particle beams

Å Providing beam for fixed target physics

Å Paved the way to colliders

Cyclotron and synchrotron



üFixed target experiments
ÅHigh event rate

Åeasy track identification

Åasymmetric detector

Ålimited energy reach 𝐸 ∝ 𝐸𝑏𝑒𝑎𝑚
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üCollider experiments
Ålow event rate

Åchallenging track identification

Åsymmetric detector

Åhigh energy reach 𝐸 = 𝐸𝑏𝑒𝑎𝑚1 + 𝐸𝑏𝑒𝑎𝑚2

HAPP detector, CERN

Z0 boson discovery at the 

UA2 experiment (CERN)

The Z0 boson decays

into a e+e− pair, shown 

as white dashed lines.

Fixed target vs. colliders
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,, ... in the end and after all it should be a kind of circular machineñ

Problem: Our particles are VERY small !!!

The only chance we have:

Compress the transverse beam size at the IP

Repetition of the collision (revolution)

Higher luminosity

𝟏𝒃 = 𝟏𝟎−𝟐𝟒𝒄𝒎𝟐

𝟏𝒑𝒃 = 𝟏𝟎−𝟏𝟐 ∗ 𝟏𝟎−𝟐𝟒𝒄𝒎𝟐

=
𝟏

𝒎𝒊𝒐
∗

𝟏

𝒎𝒊𝒐
∗

𝟏

𝒎𝒊𝒐
∗

𝟏

𝒎𝒊𝒐

∗
𝟏

𝒎𝒊𝒐
∗

𝟏

𝟏𝟎𝟎𝟎𝟎
𝒎𝒎𝟐

Higher integrated luminosity

LHC : 𝝈 = 𝟎. 𝟏 𝒎𝒎 → 𝟏𝟔𝝁𝒎

Overall cross section of the Higgs:

Why circular colliders ?
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LINAC 4: start the protons out here

0.5c by here 0.95c by here

0.999999c by here

https://www.lhc-facts.ch/index.php?page=linac

Proton Booster → 2 GeV

Proton Synchrotron (PS) → 26 GeV

Super Proton Synchrotron (SPS) → 450 GeV

Injection / extraction Interaction Point (IP): the two storage 

rings crossing at the IP from the inner 

towards the outer aperture.

https://indico.cern.ch/event/1356988/contributions/5713298/attachments/293

6865/5158676/CAS_inj_extr_2024.pdf

https://indico.cern.ch/event/1462067/contributions/6155447/

8 August 2025

→ 7 TeV

LINAC 4

Layout of a circular collider (LHC complex)

https://www.lhc-facts.ch/index.php?page=linac
https://www.lhc-facts.ch/index.php?page=linac
https://www.lhc-facts.ch/index.php?page=linac
https://indico.cern.ch/event/1356988/contributions/5713298/attachments/2936865/5158676/CAS_inj_extr_2024.pdf
https://indico.cern.ch/event/1356988/contributions/5713298/attachments/2936865/5158676/CAS_inj_extr_2024.pdf
https://indico.cern.ch/event/1462067/contributions/6155447/
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Why magnets for transverse deflecting force?

Lorentz force: 𝑭 = 𝒒 ∗ 𝑬 + 𝒗 × 𝑩

Typicalvelocity in high energy machines: 𝒗 ≈ 𝒄 ≈ 𝟑 ∗ 𝟏𝟎𝟖 Τ𝒎
𝒔

𝑩 = 𝟏 𝑻

𝑭 = 𝒒 ∗ 𝟑 ∗ 𝟏𝟎𝟖
𝒎

𝒔
∗ 𝟏

𝑽𝒔

𝒎𝟐

𝑭 = 𝒒 ∗ 𝟑𝟎𝟎
𝑴𝑽

𝒎

𝑬 = 𝟑𝟎𝟎
𝑴𝑽

𝒎

→ Only magnetic fields are used for deflection of ultra-relativistic beams!

Technicallimit for 

electrical fields:

𝑬 ≤ 𝟏
𝑴𝑽

𝒎

8 August 2025

Why magnets?
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Need constantvertical magnetic field!

→ Dipolemagnets: 𝑩𝒚 = 𝑩 = 𝒄𝒐𝒏𝒔𝒕.

The ideal circular orbit

Condition for circular orbit:

Lorentz force: 𝑭𝑳 = 𝒒𝒗𝑩

centrifugal force: 𝑭𝒄𝒆𝒏𝒕𝒓 =
𝜸𝒎𝟎𝒗𝟐

𝝆

𝜸𝒎𝟎𝒗𝟐

𝝆
= 𝒒𝒗𝑩

𝒑

𝒒
= 𝑩𝝆

Particle momentum

Particle charge ,,Beam rigidityñ

Example LHC: 

Kin. Energy : 𝑬 ≈ 𝒑𝒄 = 𝟕 𝑻𝒆𝑽

Momentum: 𝒑 Τ𝑮𝒆𝑽 𝒄 = 𝟎. 𝟑 ∙ 𝑩𝝆

Magnetic field: 𝑩 = 𝟖. 𝟑 𝑻

Bending radius: 𝝆 = 𝟐. 𝟖 𝒌𝒎

𝟐𝝅𝝆 = 𝟏𝟕. 𝟔 𝒌𝒎 ≈ 𝟔𝟔% ∗ 𝟐𝟕𝒌𝒎

LHC circumferenceDipole length

Beam deflection : dipole magnets
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Need magnetic field which is linearly increasing with distance from center!

𝑩𝒚 = −𝒈 ∙ 𝒙 𝑩𝒙 = −𝒈 ∙ 𝒚

𝒈 = −
𝝏𝑩𝒚

𝝏𝒙
= −

𝝏𝑩𝒙

𝝏𝒚
=

𝟐𝚽

𝒂𝟐
=

𝟐𝝁𝟎𝒏𝑰

𝒂𝟐

Lorentz force: 𝑭𝒙 = −𝒒𝒗𝒈𝒙 𝑭𝒚 = 𝒒𝒗𝒈𝒚

Horizontal and vertical focusing or defocusing cannot be achieved simultaneously!!!

Two options: 

𝒈 > 𝟎

𝒈 < 𝟎

Focusing quadrupole (QF)
Horizontal focusing

Vertical defocusing

Defocusing quadrupole (QD)
Horizontal defocusing

Vertical focusing

Light optics

Beam optics

Beam focusing : quadrupole magnets
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Equation for the horizontal motion: 

𝒙′′ + 𝒙
𝟏

𝝆𝟐 + 𝒌 = 𝟎
𝒙: particle amplitude

𝒙′: angle of particle trajectory (wrt with ideal orbit)

dipole focusing quadrupole focusing: 𝑘 =
𝑔

𝐵𝜌

Equation for the vertical motion: 

𝒚′′ − 𝒌𝒚 = 𝟎

𝟏

𝝆𝟐 = 𝟎

𝒌 −𝒌

No dipolesé in generalé

Quadrupole field changes sign

Equation of transverse motion
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Defineé hor. plane: 𝑲 = Τ𝟏 𝝆𝟐 + 𝒌
é vert. plane: 𝑲 = −𝒌 𝒖′′ + 𝑲𝒖 = 𝟎

General solution for constant K and initial values 𝒖𝟎 𝒔 = 𝟎 and 𝒖𝟎
′ 𝒔 = 𝟎 :

𝑲 < 𝟎 → 𝑲 = 𝒊 𝑲𝑲 > 𝟎

We can use functions 𝑪 𝒔 and 𝑺 𝒔 and generally wirte

Transfer matrix 𝑀(𝑠)

Harmonic oscillation

Solution of the motion equation
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For a sequence(K1, K2, K3, ..., Kn) of elements:

𝒖𝒏

𝒖𝒏
′ = 𝑴𝒏 ∙ 𝑴𝒏−𝟏 ∙ 𝑴𝒏−𝟐 ∙∙∙ 𝑴𝟐 ∙ 𝑴𝟏 ∙

𝒖𝟎

𝒖𝟎
′

The transfer Matrix 𝑴𝒊 characterizes the 

individual elements with its specific 𝑲𝒊 !!!

Example:

QF:

QD:

Drift:

l: length of the elements 

More detials:
https://indico.cern.ch/event/1356988/contributions/57

13241/attachments/2932017/5151311/Lecture-2.pdf

Transfer Matrix

https://indico.cern.ch/event/1356988/contributions/5713241/attachments/2932017/5151311/Lecture-2.pdf
https://indico.cern.ch/event/1356988/contributions/5713241/attachments/2932017/5151311/Lecture-2.pdf
https://indico.cern.ch/event/1356988/contributions/5713241/attachments/2932017/5151311/Lecture-2.pdf
https://indico.cern.ch/event/1356988/contributions/5713241/attachments/2932017/5151311/Lecture-2.pdf
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What will happen, if the particle performs a second  turn? éor a third one or é 1010 turns?

𝒖′′(𝒔) + 𝒌(𝒔)𝒖(𝒔) = 𝟎

𝒖 𝒔 = 𝜺 ∙ 𝜷 𝒔 ∙ cos 𝜓 𝑠 + 𝜑

𝒖′ 𝒔 = −
𝜺

𝜷 𝒔
∙ (𝛼 s ∙ cos 𝜓 𝑠 + 𝜑 + sin 𝜓 𝑠 + 𝜑 )

Separation of the impact of magnet optics and the beamôs internal properties

Beam emittance 𝜀 [m·rad]: intrinsic beam parameter

Twiss parameters 𝛽(𝑠), 𝛼(𝑠): depend on the position in the ring (optics design)

Beam envelope

ෝ𝒖 𝒔 = 𝜺 ∙ 𝜷 𝒔

Beam emittance and Twiss parameters
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Phase Space Ellipse

𝝈𝒖
𝟐 = 𝒖𝟐 = 𝜺𝜷 𝝈𝒖′

𝟐 = 𝒖′𝟐 = 𝜺𝜸

We define beam size (envelope) as rms spread (1ů):

𝒖𝒖′ = −𝜺𝜶

with 𝜷 = 𝜓‘ 𝜶 = −
𝜷’

𝟐
𝜸 = −

𝟏 + 𝜶𝟐

𝟐

Twiss parameters

Liouville: in reasonable storage rings area in phase space 

is constant: 𝑨 = 𝝅𝜺 = 𝒄𝒐𝒏𝒔𝒕

𝜸𝟎𝒖𝟎
𝟐 + 𝟐𝜶𝟎𝒖𝟎𝒖𝟎

′ + 𝜷𝟎𝒖𝟎
′𝟐 = 𝜺 = 𝜸𝒖𝟐 + 𝟐𝜶𝒖𝒖′ + 𝜷𝒖′𝟐

Transfer Matrix for Twiss parameters

More detials:
https://indico.cern.ch/event/1356988/contributions/5713241

/attachments/2932017/5152831/Lecture-3.pdf

Beam emittance and Twiss parameters

https://indico.cern.ch/event/1356988/contributions/5713241/attachments/2932017/5152831/Lecture-3.pdf
https://indico.cern.ch/event/1356988/contributions/5713241/attachments/2932017/5152831/Lecture-3.pdf
https://indico.cern.ch/event/1356988/contributions/5713241/attachments/2932017/5152831/Lecture-3.pdf
https://indico.cern.ch/event/1356988/contributions/5713241/attachments/2932017/5152831/Lecture-3.pdf
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Relative momentum deviation 𝜹 = ΤΔ𝒑 𝒑𝟎:

Extended motion equation

Additional component

Dispersion function

𝑫 = 𝒓𝟏𝟑 = 𝝆 𝟏 − cos 𝝋

𝑫′ = 𝒓𝟐𝟑 = sin 𝝋
Separate the dispersion function:

Transformation of the 

dispersion functionMore detials:
https://indico.cern.ch/event/1356988/contributions/57

13241/attachments/2932017/5158822/Lecture-6.pdf

What will happen when a off-momentum particle passes a dipole magnets?

Dynamics with off-momentum particles

üDispersion

https://indico.cern.ch/event/1356988/contributions/5713241/attachments/2932017/5158822/Lecture-6.pdf
https://indico.cern.ch/event/1356988/contributions/5713241/attachments/2932017/5158822/Lecture-6.pdf
https://indico.cern.ch/event/1356988/contributions/5713241/attachments/2932017/5158822/Lecture-6.pdf
https://indico.cern.ch/event/1356988/contributions/5713241/attachments/2932017/5158822/Lecture-6.pdf
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Dipole magnet s:  ã create dispersion   ã modify dispersion

Quadrupole magnet s: × create dispersion ã modify dispersion

Example of beam optics:

Beam size with dispersion

𝝈𝒙 = 𝜺𝒙𝜷𝒙 + 𝑫𝒙𝝈𝜹
𝟐

Inherent beam parameter: 

emittance and energy spread

Dynamics with off-momentum particles

üDispersion
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What will happen when a off-momentum particle passes a quadrupole magnets?

Normalized quadrupole strength: 𝑘 =
𝑔

𝐵𝜌
=

𝑔

Τ𝑝 𝑞

More detials:
https://indico.cern.ch/event/1356988/contributions/57

13241/attachments/2932017/5152836/Lecture-5.pdf

Tune shift

Chromaticity

Betatorn tune 𝑄𝑢: numbers of oscillations per turn

𝑄𝑢 =
1

2𝜋
ර

1

𝛽𝑢
𝑑𝑠

𝑚𝑄𝑥 + 𝑛𝑄𝑦 ≠ 𝑁

𝑛𝑄𝑢 ≠ 𝑁

Correction: sextupole

𝑑𝜓(𝑠)

𝑑𝑠
=

1

𝛽(𝑠)

Dynamics with off-momentum particles

üChromaticity

https://indico.cern.ch/event/1356988/contributions/5713241/attachments/2932017/5152836/Lecture-5.pdf
https://indico.cern.ch/event/1356988/contributions/5713241/attachments/2932017/5152836/Lecture-5.pdf
https://indico.cern.ch/event/1356988/contributions/5713241/attachments/2932017/5152836/Lecture-5.pdf
https://indico.cern.ch/event/1356988/contributions/5713241/attachments/2932017/5152836/Lecture-5.pdf
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Where is the acceleration? Install an RF accelerating structure in the ring.

Below transition (slip factor 𝜂 =
Τ∆𝑇 𝑇

Τ∆𝑝 𝑝
< 0): 

𝛾 =
𝐸

𝐸0

Momentum compaction factor

Above transition (slip factor 𝜂 =
Τ∆𝑇 𝑇

Τ∆𝑝 𝑝
> 0): 

Acceleration

∙ ∙∙ ∙∙ ∙
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ℒ =
𝑛𝑏𝑓𝑟𝑁1𝑁2

4𝜋𝜎𝑥
∗𝜎𝑦

∗

Number of bunches: 𝑛𝑏 =
𝐼

𝑒𝑓𝑟𝑁𝑏

Revolution frequency: 𝑓𝑟 =
𝐶

𝑐

Beam current: 𝐼 =
𝑃𝑆𝑅

𝑈0

Power loss per turn:

compensate by RF cavities

Energy loss per turn

Bunch population: limited 

by beam-beam tune shift

𝜉𝑥,𝑦 =
𝑁𝑏𝑟𝑒𝛽𝑥,𝑦

∗

2𝜋𝛾𝜎𝑥,𝑦
∗ 𝜎𝑥

∗ + 𝜎𝑦
∗

Beam size at the IP 

(without dispersion): 𝜎𝑥,𝑦
∗ = 𝛽𝑥,𝑦

∗ 𝜀𝑥,𝑦

Luminosity ↑
Physics performance ↑

Is there any other way to improve the physics 

performance except for increasing the luminosity?

Luminosity



Reducing the spread of the centre-of mass (CM) energies („w) of colliding beams
is a way to increase the collision energy resolution, that is of particular interest when
operating the collider on a narrow particle resonance or at the threshold of its pair
production.
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{
relative beam 

energy spread

bending radius

Relative energy spread is  

mainly due to Synchrotron 

Radiation (SR) emitted 

when an ultra-relativistic 

particle passes through a 

bending magnet (r)

beam energy

spread of the CM energies

Monochromatization

consists in reducing the 

spread of the CM energies, 

without necessarily reducing

the inherent energy spread of 

the two individual beams

⇊

CM energy resolution in colliders

𝜎𝑊 = 2𝐸0𝜎𝛿

𝜎𝛿
2 =

55ℏ𝑐𝐸0
2

32 3 𝑚𝑐2 3

𝐼2

𝐼3

1

𝐽𝜀

𝜎𝑊 ∝
1

𝜌𝐽𝜀

𝜎𝑊

𝜌 >>>

0.5 ≤ 𝐽𝜀 = 3 − 𝐽𝑥 ≤ 2.5
longitudinal partition number
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Monochromatization principle

Monochromatization

Enhancement of energy resolution, and sometimes 

increase of the relative frequency of the events at the 

center of of the distribution but luminosity loss !!!!

E0 +ɲE

E0 

E0 -ɲE E0+ɲE

E0

E0-ɲEE0 +ɲE

E0

E0 -ɲE

E0+ɲE

E0

E0-ɲE

𝑫𝒙,𝒚
∗ = 𝟎 𝑫𝒙+

∗ = −𝑫𝒙−
∗ = 𝑫𝒙

∗

𝑫𝒚+
∗ = −𝑫𝒚−

∗ = 𝑫𝒚
∗

Monochromatization  factor

CM energy 

Luminosity

betatronic beam sizes at the IP

Opposite correlations 

between  transverse spatial 

position and energy deviation 

correlation between  

transverse spatial 

position and energy 

deviation 

Spread of the CM energies

Standard

dispersive beam size at the IP

Collision 

scheme

𝑊 = 2(𝐸0 + ∆𝐸) 𝑊 = 2𝐸0 + 𝑂(∆𝐸)2

𝜆 = 1 + 𝜎𝛿
2

𝐷𝑥
∗2

𝜎𝑥𝛽
∗ +

𝐷𝑦
∗2

𝜎𝑦𝛽
∗𝜆 = 1

𝜎𝑥,𝑦
∗ = 𝛽𝑥,𝑦

∗ 𝜀𝑥,𝑦 + 𝐷𝑥,𝑦
∗ 𝜎𝛿

2

ℒ =
ℒ0

𝜆

𝜎𝑊 =
2𝐸0𝜎𝛿

𝜆
𝜎𝑊 = 2𝐸0𝜎𝛿

ℒ0 =
𝑛𝑏𝑓𝑟𝑁+𝑁−

4𝜋𝜎𝑥𝛽
∗ 𝜎𝑦𝛽

∗

e+ eī

IP

e+ eī

IP
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Monochromatization in low-energy colliders

Monochromatization Design Studies for      

low -energy 𝒆+𝒆− colliders:
Á VEPP4: one ring, electrostatic quads (𝜏 - charm)

Á SPEAR: one ring, electrostatic quads, 𝜆 ~ 8

Á LEP: one ring, electrostatic quads (limited strength)

and alternative RF magnetic quads, 𝜆 ~3 (optics

limitations)

Á B-factory: Superconducting RF resonators

Á 𝜏 - charm factory: two rings, vertical dipoles, 𝜆 ~ 7.5

we could gain in 

energy resolution

keeping the 

luminosity constant 

and the beam-

beam in the 

standard limits !!!!!!

𝜏 - charm factory with monochromatization scheme

with {
with low- horizontal emittance

beam emittances

Vertical dispersion 
different from zero

beam- beam parameter

At low -energy 𝒆+𝒆− colliders , with flat beam schemes (𝜎𝑦
∗ <<< 𝜎𝑥

∗) and where the energy

spread is meanly due to SR (ñbeamstrahlungò(BS)is not important), we could optimize this

scheme by playing with the beam-beam parameters and the emittances to avoid

luminosity losses :

A. Faus-Golfe, J. Le Duff, Versatile DBA and TBA lattices for a tau charm 

factory with and without beam monochromatization. Nucl. Instrum. Methods 

A 372, 6–18 (1996)

𝜎𝑦
∗ <<< 𝜎𝑥

∗

𝛽𝑦
∗ <<< 𝛽𝑥

∗

𝜀𝑦 <<< 𝜀𝑥

𝐷𝑥+
∗ = 𝐷𝑥−

∗ = 0
𝐷𝑦+

∗ = −𝐷𝑦−
∗ = 𝐷𝑦

∗

𝜎𝑦
∗ ≅ 𝜎𝛿𝐷𝑦

∗

𝜉𝑦 << 𝜉𝑥 ≅ 𝜉max

𝜉𝑥,𝑦 =
𝑁𝑏𝑟𝑒𝛽𝑥,𝑦

∗

2𝜋𝛾𝜎𝑥,𝑦
∗ 𝜎𝑥

∗ + 𝜎𝑦
∗

ℒ ≅
𝐼𝛾

2𝑒𝑟𝑒

𝜉𝑥

𝛽𝑥
∗

2𝜋𝛾

𝑁𝑏𝑟𝑒
𝜀𝑥𝜉𝑥

𝛽𝑦
∗

𝛽𝑥
∗ ≤ 1
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Monochromatization with a crossing angle
The new generation of circular 𝑒+𝑒− colliders use the ñcrab-waistòcollision scheme. Recent studies have
revisited and extended the concept of monochromatization in the context of 𝑒+𝑒− colliders in crossing-angle
collision configuration.

2E0

2E0 īæE

2E0 ī2æE

2E0 + æE

2E0 + 2æE

e+ eīIP

𝜆 = 1 + 𝜎𝛿
2

𝐷𝑥
∗2

𝜀𝑥𝛽𝑥
∗ 1 + 𝜑2

+
𝐷𝑦

∗2

𝜀𝑦𝛽𝑦
∗

𝜎𝑊  = 2𝐸0

𝜎𝛿 cos Τ𝜃𝑐 2

𝜆

2

+ 𝜎𝑥′
∗ sin Τ𝜃𝑐 2

2

MonochromatizationStandard

Collision 

scheme

𝑫𝒙,𝒚
∗ = 𝟎

𝑫𝒙+
∗ = −𝑫𝒙−

∗ = 𝑫𝒙
∗

𝑫𝒚+
∗ = −𝑫𝒚−

∗ = 𝑫𝒚
∗

Monochromatization  factor

Luminosity

Spread of the CM energies

𝜆 = 1

𝜎𝑊  = 2𝐸0 𝜎𝛿 cos Τ𝜃𝑐 2 2 + 𝜎𝑥′
∗ sin Τ𝜃𝑐 2

2

ℒ0  =
𝑛𝑏𝑓𝑟𝑁+𝑁−

4𝜋𝜎𝑥
∗(1 + 𝜑2)𝜎𝑦

∗ ℒ =
ℒ0

𝜆

2E0 ± 2æE

2E0 +æE

2E0

2E0 + æE

2E0

e+ eīIP

Piwinski Angle

𝜑 =
𝜎𝑧

𝜎𝑥
∗ tan

𝜃𝑐

2

A. Bogomyagkov, E. Levichev, Collision monochromatization in e+e− colliders, Phys. Rev. Accel. Beams 20.5 (2017). [Erratum: Phys. Rev. Accel. Beams 21, 029902(2018)], p. 051001. 

doi:10.1103/PhysRevAccelBeams.20.051001. arXiv:1702.03634[physics.acc-ph].
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Direct s-channel Higgs production at FCC-ee
ü Physics motivation : measuring the electron Yukawa couplings .

Resonant Higgs 

production cross 

section e+e- CM 

energy spreadS. Jadach, R.A. Kycia, Phys. Lett. B 755, 58 (2016. DOI: 10.1016/j.physletb.2016.01.065

ü Theoretical studies : measurement of resonant s-channel Higgs production
D. d'Enterria, A. Poldaru, G. Wojcik, MeasuringtheelectronYukawacouplingvia resonants-channelHiggsproductionat FCC-

ee, arXiv:2107.02686v1 [hep-ex] 6 Jul 2021

Å Impossible to measure at hadron colliders: tiny branching fraction of the H → 𝑒+𝑒−

decay: ℬ H → 𝑒+𝑒− = 5.22 × 10−9, swamped by the Drell -Yan dielectron continuum .

Å Integrated luminosity (𝓛𝒊𝒏𝒕) of ~10 ab-1 per year, achievable at the future high-energy

circular 𝑒+𝑒− collider FCC-ee, at a CM energy of ~125 GeV.

Å Potential to observe the resonant s-channel Higgs production : 𝑒+𝑒− → H.

ü Accelerator studies : renewed interest in monochromatization

Å Much facilitated if the CM energy spread can be reduced to a

level comparable with the natural width of the Higgs boson

𝚪𝐇 = 𝟒. 𝟏 𝐌𝐞𝐕.

Å In a conventional collision scheme, the natural CM energy

spread at 125 GeV is ~50 MeV (~70 MeV with BS).

Å Monochromatization implementation at FCC-ee first proposed in 

2016.

Å Two possible FCC-ee monochromatization schemes : Crab

Crossing (CC) scheme with crab cavities and Integrated

Resonances Scan (IRS) scheme without crab cavities.
M. A. Valdivia García,A. Faus-Golfe, F. Zimmermann,Towardsa MonochromatizationSchemefor Direct HiggsProductionat FCC-ee, in: Proc. 7th InternationalParticleAcceleratorConference,Busan,South

Korea,2016, p. WEPMW009. doi:10.18429/JACoW-IPAC2016-WEPMW009.

CC scheme with crab cavities

(head-on collision configuration)

IRS scheme without crab cavities 

(crossing-angle collision configuration)

Not part of the baseline collision 

scheme for FCC-ee!!

8 August 2025 CN Juniors' Lecture Series 5
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Monochromatization at FCC-ee

A. Faus-Golfe, M. Valdivia Garcia, F. Zimmermann, The challenge of monochromatization Direct s-channel Higgs 

production: e+e− → H, Eur. Phys. J. Plus (2022) 137:31, DOI: 10.1140/epjp/s13360-021-02151-y

ü Associated upper limits contours (95% CL) on the electron

Yukawa coupling (𝑦𝑒) has been calculated.

D. d'Enterria, A. Poldaru, G. Wojcik, Measuringthe electronYukawa coupling via resonants-channelHiggs

productionat FCC-ee, arXiv:2107.02686v1 [hep-ex] 6 Jul 2021

ü Preliminary FCC -ee self -consistent parametric studies at 125 

GeV has been realized to identify the best scenario with 𝐷𝑥
∗ ≠ 0.

Redcurvesshowtherangeof parameterspresentlyreachedin self-parametricFCC-ee

monochromatizationstudies. The red star indicates the best signal strength

monochromatizationpoint in the plane(the pink star over the 𝛿 𝑠 = ΓH = 4.1 MeV

dashedline, indicatestheidealbaselinepoint assumedin defaultanalysis). All results

aregivenperIP andperyear.

Å Beamstrahlung impact: considered advanced

scripts developed in Python to for optimizing all the

beam parameter in self -consistent coupled system .

Å Hourglass effect: not considered 𝑅hg ~0.3

optimization feasibility: 𝛽𝑦
∗ → 4 mm, 𝑅hg → 0.8

Å Preliminary Target IP beam parameters for

monochromatization optics design consider only the

horizontal plane.

𝜷𝒙,𝒚
∗ = 𝟗𝟎, 𝟏 𝐦𝐦, 𝑫𝒙

∗ = 𝟎. 𝟏𝟎𝟓 𝐦

Parameters Unit Value

CM energy 𝑊 [GeV] 125

Horizontal, vertical RMS emittance with (without) BS 𝜀𝑥,𝑦 [nm] 2.5 (0.51), 0.002

Relative RMS beam energy spread 𝜎𝛿 % 0.052

RMS bunch length 𝜎𝑧 [mm] 3.3

Horizontal dispersion at the IP 𝐷𝑥
∗ [m] 0.105

Betaron function at the IP 𝛽𝑥,𝑦
∗

[mm] 90, 1

RMS beam size at the IP 𝜎𝑥,𝑦
∗

[‘m] 55, 0.045

Full crossing angle 𝜃𝑐 [mrad] 30

Vertical beam-beam tune shift 𝜉𝑦 0.106

Beam current 𝐼 [mA] 395

Bunch population 𝑁𝑏 [1010] 6

Bunches per beam 𝑛𝑏 13420

Luminosity (without crab cavities) per IP ℒ [1034cm-2 s-1] 26 (23)

RMS CM energy spread (without crab cavities) 𝜎𝑊 [MeV] 13 (25)

Significance contours in the 𝛿 𝑠 vs. ℒint

plane for 𝜎𝑒𝑒→𝐻 cross section at 𝑠 = 𝑚H.
Upper limits contours (95% CL) on the 𝑦𝑒.
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The FCC-ee GHC standard lattice & performances
4 operation modes:  Z, WW, ZH, ttbar

4 IPs

FCC-eeGHC V22 Performance Table

Large crossing angle (𝜃𝑐 = 30 mrad) at 

IP are required to separate the two beams 

to harmful effects of parasitic collisions

Long weakdipoles 

and antisymmetric 

IR to avoid SR 

(Global Hybrid Correction)
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Monochromatization implementation in FCC-ee GHC IR

IR GHC: Local 

Chromaticity 

Correction Section 

(LCCS) with Crab 

Sextupoles (CS) in the 

vertical plane to produce 

a crab waist collision

Despite  the simplicity of the monochromatization concept , the creation and the contro l of the necessary 

H/V dispersion function of opposite signs at the IP could be rather difficult to implement . 

ü𝑫𝒙
∗ ≠ 𝟎 generation at the IP

e+

Monochromatization factor

Because 𝜎𝑦𝛽
∗ <<< 𝜎𝑥𝛽

∗ , about 100 times smaller 𝑫𝒚
∗

(~mm ) is needed to get the same monochromatization

factor. Therefore, 𝑫𝒚
∗ ≠ 𝟎 could be generated by

implementing skew quadrupoles around IP. These

quadrupoles could be located where the sextupole

pairs are located in the LCCS.

In FCC-ee IR region, the large crossing angle of 30

mrad in the H-plane and the LCCS is made possible with

H-dipoles at the two sides of the IP creating some H-

dispersion 𝑫𝒙
∗ (𝐷𝑥 ≠ 0 in the LCCS and 𝐷𝑥 = 0 close to

the IP for high-luminosity). 𝑫𝒙
∗ ≠ 𝟎 could be generated

(~10 cm ) by mismatching 𝑫𝒙 in the LCCS.

ü𝑫𝒚
∗ ≠ 𝟎 generation at the IP

IP

𝜆 = 1 + 𝜎𝛿
2

𝐷𝑥
∗2

𝜎𝑥𝛽
∗ +

𝐷𝑦
∗2

𝜎𝑦𝛽
∗
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FCC-ee GHC monochromtization optics design

Z mode lattices with Long 90/90 arc cells

ttbar mode lattices with 90/90 arc cells

LCC H-dipole are cut into three pieces. 
Additional chicanes are implemented.

𝛽𝑥
∗ modification and skew quadrupole 

implementation.

Skew quadrupole implementation to 
designed horizontal dispersion 

generation monochromatization optics.

𝐷𝑥
∗ = 0.105 mMonochromatization  factor

Different FCC-ee GHC monochromati zation ñrealisticòoptics has been completed based on V22 baseline

lattices, along with its first tentative integration and performance evaluation within the global lattice.

𝜆 = 1 + 𝜎𝛿
2

𝐷𝑥
∗2

𝜎𝑥𝛽
∗ +

𝐷𝑦
∗2

𝜎𝑦𝛽
∗

𝐷𝑦
∗ = 1 mm 𝐷𝑥

∗ = 0.105 m, 𝐷𝑦
∗ = 1 mm

MonochroM ZH4IP

MonochroM TH4IP
Standard TES

Standard ZES MonochroM ZV1 MonochroM ZHV

MonochroM TV1 MonochroM THV
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Physics performance evaluation

MonochroM ZH4IP MonochroM ZV1 MonochroM ZHV

CC 

scheme

IRS 

scheme

ü Energy distribution calculated using Guinea-Pig
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ü Physics performance

Physics performance evaluated by establishing the 𝛿 𝑠-ℒint benchmarkscalculatedusingGuinea-Pig in theupperlimit contours

(95% CL) for 𝑦𝑒 couplings.

ÅPhysicsperformanceof themonochromatizationIR
opticsunderhead-on configuration.

ÅPhysicsperformanceof themonochromatizationIR
opticsundercrossing-angleconfiguration.

Pinkstar: baselinepointassumedin theoriginalphysicssimulationanalysis.

Redstar: FCC-eeself-consistentparameters.

Physics performance evaluation
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Thanks for your attention!
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