OILEIL

HLICE ,'SYNCHROTRON

oy i) AL
S ’f’m‘f' ?/’m PR o,

A ‘ % "ng"/‘“

CN Juniors’ Lecture Series 5 \

Introduction to circular collider and its monochromatization concept
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Matter vs. energy

E p— mcz During the Big Bang Energy Increasing the energy will
was transformed in matter reduce the wavelength: 1 = %
History of the Universe
Visible light X-ray Particle
A =400~700 nm A =0.01~10 nm accelerator
A<0.01l nm

Structure with
the Atom

Accelerators: provide
energy to the particles
Detectors: observe the
matter
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Accelerator and their use

Today: ~ 30’000 accelerators operational world-wide”

b 4

Les than a fraction of a percent is used

The large majority is used in industry
for research and discovery science

and medicine

> Industrial applications: ~ 20°000" 44 Cyclotrons
——>| Medical applications: ~ 10'000° | [——3 FFAG

“Source: World Scientific Reviews of —4 Synchrotron light sources (e')
Accelerator Science and Technology

A.W. Chao —>‘ Lin. & Circ. accelerators/Colliders
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Electrostatic machines: the Cockcroft-Walton generator

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: jLi + p —» 25He + 17.2 MeV

Hydrogen
discharge
tube

[~

Metal tube
=
200 kY -~ —
“+~—Evacuated glass

| tube

'/' Proton beam

Earth JV == 1
Microscope
Lithium H\ )>
target Scintillation

Mica  Screen The highvoltage tower used in
il the original 39VieV proton
accelerator at IHEP

https://www.youtube.com/watch?v=cE68GCN bC0&t=556s
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https://www.youtube.com/watch?v=cE68GCN_bC0&t=556s

Electrostatic machines: (Tandem-) van de Graaff accelerator

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. Charge

Evacuated

\7 acceleration
channel

"

Spraycomb
_L Earth OV

. \ (sltgilimotor
Problems: Analysing magnet K'&

1. Particle energy limited by HE
high voltage discharges
.\ T 2. DC Voltage can only be

The ALTO Tandem Accelerator BICLab used once (or twice?)
https://supratech.ijclab.in2p3.fr/en/facility/alb@ben/tander/
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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/

The first RF-accelerator: “LINAC”

1928, Wideroe et al. : How can the acceleration voltage ] (o) [ [ [ [ ] [, ]
be applied several times to the particle beam?

1931-1946: Main development took place, which was T}_e%}e}@@e )0 )
®

also helped by the progress made on high power high = |
frequency power supplies for radar technology. Metalic drift tubes S

1947 Under the leadership of Luis Alvarez, the first DTL Schematidayout of drift tube LINAC (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

6. LINAC for Spallation Neutron Source

é
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Cyclotron and synchrotron

U The cyclotron:

A 1932: 1.2 MeV ~ 1940: 20 MeV (E. O. Lawarence, M. S. Livingston)

A Constant magnetic field and RF frequency

AAlternating voltage between the

A Increasing particle orbit radius for increasing momentum

A Development leads to the synchro-cyclotron to cope with the
relativistic effects (FFAG).

U The synchrotron:

A 1943: M. Oliphant described his synchrotron invention in a memo to
the UK Atomic Energy directorate
1959: CERN-PS and BNL-AGS
Fixed radius for particle orbit ;
Varying magnetic field and radio frequency

Entering the beam from
pre-accelerator e.g. Linac2 Accelerating cavity

The track where charged
particles passing through

Important focusing of particle beams
Providing beam for fixed target physics
Paved the way to colliders
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Phase stability (" : / ——

Square wave
elfctrig{jeld)
accelerates
charge at
each gap

crossing.

Magnetic field bends
path of charged particle.




Fixed target vs. colliders

U Fixed target experiments S i
A High event rate T g e e
A easy track identification
A asymmetric detector

A limited energy reach E < \/Epeam

U Collider experiments
A low event rate
A challenging track identification
A symmetric detector
A high energy reach E = Ep,gm1 + Epegmy

fixed target event p + W -> XXxxx LU

HAPP detector, CERN

>

N

Z, boson discovery at the
UA2 experiment (CERN)
The Z,boson decays
intoaete- pai r,
as white dashed lines.
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Why circular colliders ?

Problem: Our particles are VERY small !!!

— -24 2
Overall cross section of the Higgs: 1b =10"""cm
T 1pb = 107'% + 10~ **cm?

E‘H}_ WJs= 7 TeV _‘% 1 1 1 1
E = = j— k k k
J*—f - . b nitio mio mio mio
o 1 2 dp 2
a2 5 t mm ®
S et “Inio 10000
= E
LHC : 0 =0.1mm — 16um o
107%E %

100 200 300 400 500 ____ 1000
M, [GeV]

The only chance we have: ,,
Compress the transverse beam size at theHgher luminosity
Repetition of the collision (revolution)Higher integratedluminosity

. .intheendand afterallitshouldbedaid of ci r c u ™a\v==AFZ/cHi n
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Layout of a circular collider (LHC complex)

Injection / extraction 0.999999c¢ by heranteraction Point (IP): the twostorage
https://indico.cern.ch/event/1356988/contributions/5713298/attachments/293 / rings CrOSSing at the |P from the inne

6865/5158676/CAS _inj_extr_2024.pdf

“\_Transfer

- Injection @ ALIC E

Injected beam

Septum magnet
£

——

E sk N LINAC 4 Proton Booster- 2 GeV
LINAC 4: start the protons out here / Proton Synchrotron (PSj> 26 GeV
https: /. hefacts.ch/index. php?page=linac \\ Super Proton Synchrotron (SPS) 450 GeV

OSC by here 095C by here https://indico.cern. ch/event/1462067/contr|butlons/6155447/

45 keV 3MeV  50MeV  102MeV 160 MeV
H-source 3 RFQ ¥ chopper ¥ DTL § CCDTL Y PIMS ©

< >
<

352.2 MHz
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https://indico.cern.ch/event/1356988/contributions/5713298/attachments/2936865/5158676/CAS_inj_extr_2024.pdf
https://indico.cern.ch/event/1462067/contributions/6155447/

Why magnets?

Why magnets for transverse deflecting force?

Lorentz force:  F =q % (i;+ v&i

Typical velocity in high energy machines: v ~ ¢ ~ 3 x 108 M/

%////% MV ++++++
T ™) *I‘H+H»
1+"=q*3*1083*1v—s2 —
s s ™
" F=q=* 3007 Technicallimit for
“w lectrical fields:
»€asy »impossible® "<

— Only magnetic fields are used for deflection of ultralativistic beams! "
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Beam deflection : dipole magnets

Need onstantvertical magnetic field

— Dipole magnets:B, = B = const. ~—
el

Condition for circular orbit:

Lorentz force: F; = quvB Particle momentum " _ _ _
2 The ideal circular orbit

p
: _ ymyv —=I|B
centrifugal force: Fientr = - p
ymolj\ \( PartICIe Charge L B eam r I g I dSc:LculIr c%raﬁaresystem
P = qRB -

_ Bending radius: p =2.8 km
Kin. Energy: E =~ pc=7TeV

Example LHC: Momentum: p[GeV/c] =0.3-Bp ‘ 2mp = 17.6 kmr 66% *|27km
Magnetic field: B =8.3T Dipole length LHC circumference
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Beam focusing : quadrupole magnets

Need magnetic field which is linearly increasing with distance from center!

By:_g.x Bx:_g.y I iron yoke
_ 9B, 0B, 20 2pynl oo i
9= "%x = dy a? a2 =+, )

nl

hyperbolic
poles

Lorentz force: F,=—qvgx F,=qvgy

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

Light optics
g>0
Two options ‘
Beam optics
g<o

8 August 2025 CN Juniors' Lecture Series 5 13




Equation of transverse motion

Equation for the horizontal motion

{ 1 kj x. particle amplitude

—[HKk]=0

x" + x|
p \ x'. angle of particle trajectory\rt with ideal orbit)

- g

dipole focusing  quadrupole focusing: k = 5p

Equation for the vertical motion

//
b+

P /< /L;',E/
5

?=0 No di pol esé in //
Or I l-ﬁ—N\ (O] -+ curent out

ko —k Quadrupole field changes sign . Force Dt
.y

y'—ky=0 W
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Solution of the motion equation

Defineé hK=+1/p*pHka ; . o
&6 vert K=pkane “ u’+Ku=0 Harmonic oscillation

General solution for constant K and initial valuagy (s = 0) andugy(s = 0):

K>0 K <0-VK=i/|K|
u(s) _uD_CDS(\/E,S)_i_:’;%_Sin(JE_S) u(s) Zuo.cosh( ‘K|.s)+jﬁ{_|.sinh( ‘K|-S)
u'(s):—unxff-sin(\/f-s)+u0'-cos(\/f-s) u'(s) =u, |K\-sinh( |K|-S)+u0'-cosh( ‘K|-s)

We can use function€(s) and S(s) and generallywirte

u(s) = C(s)-uy +S(s)-u, . [H(S)J:[C(s) S(S)]
u'(s)=C'(s)-u, +S'(s)-u, u'(s) C'(s) S'(s)

()

Transfer matrix M(s)

8 August 2025 CN Juniors' Lecture Series 5 15
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Transfer Matrix

For a seqence (K, K,, K, ..., K)) of elements:

Up\ Up
(u;l) — Mn . Mn—l i Iwn_2 M2 i M1 i (ui))

The transfer MatrixM; characterizes the
iIndividual elements with its specifiK; !!!

horizontal displacement

horizontal angular displacement

vertical displacement
vert. trace space

} hor. trace space

vertical angular displacement

( h 0000 0 0 )
Moo | T 0 0 0 0 |
0 0 r 7 (v[3e) 3
0 0 o) 0 0 (v]) <y"y0’>/

8 August 2025
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quadrupole

s= Ql Q Q3 Q4 /

y S
B0 Ins(xﬁ)

X

| i ?
x [mm] 5| particle orbit ! 5
1 z

X, =M, 'MQ4 ‘M, ’MQ3 ‘M, 'Mgz ‘M, 'Mgl ‘M, - X,

(=1

& iy

l: length of the elements
1
. cos\./|K |l sin|, /| K|/
S
- JTsinlyf&})  cosl,IKT)
coshﬁl J%sinh\ﬂ?l
\AESinh\ﬂ?‘l coshMl

Drift: M., . = I More detials
rft: drift — 0 1/ httpsi//indico.cern.ch/event/1356988/contributions;
13241/attachments/2932017/5151311/L ecipalf

16

QD: ,,

defoc —



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

Beam emittance and Twiss parameters

What will happen, i1 f the particle p%ung?2or ms a s

A
x [mm] ]

u’'(s) + k(s)u(s) =0

=]

Vo
WO

4
¢

particle orbit

il restoring force # const, we expect a kind of quasi harmonic

i) g k(s) = depending on the position s oscillation: amplitude & phase will depend

N k(s+L) = k(s), periodic function on the position s in the ring.
Separation of theampact of magnet opticandtheb e a més i nt er nal properties
u(s) =We |WB(s)| cos@(s) + ¢) Beam envelope

uw'(s) = — - (@()] cos@(s) + ¢) + sin@(s) + 9)) I Uu(s) =+e-B(s)

Beam emittance ¢ [m-rad]: intrinsic beam parameter
Twiss parameters £(s), a(s): depend on the position in the ring (optics design)
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Beam emittance and Twiss parameters

_ More detials
Phase Space Elllpse https://indico.cern.ch/event/1356988/contributions/5713241
/attachments/2932017/5152831/Lect@rpdf

We define beam size (envelope) as rms spreait (1

£
2 S —, |—
E=yu" +2auu'+pu’” 4 —
o2 =u?=¢f 0% =u? =gy uu' = —ea
_ ‘ B 1+ a?
with B =1 a=-> Y=""0

Twiss parameters

Liouville: in reasonable storage ringarea in phase space
IS constant A = me = const

Youd + 2aguguy + fouf = € = yu? + 2auu’ + pu’?

Transfer Matrix for Twiss parameters

U C(S) S(S) U /B CE —2 SC SE ™, ﬁn

: 0
=1 A vl al|=|-CC" S'C+SC" -S§5'|'|«a
() (65 s - |afe| o sense s
4 - y Yo
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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

Dynamics with off-momentum particles

U Dispersion

What will happen when a ofmomentum particle passes a dipole magnets?

Relative momentum deviatiod = Ap/p,:

Extended motion equation ““"'\x
| LA X Cos psing| |p(l1-cosp)|] ~ "
x"(s)+(p2(s)—k(5)}x(5) = p(s)?p x=|x Mo =| |=1/psing  cosep sin @ Dispersion function
. \5) 0 0 I J D=ry3=p(1—cose)
V'(s)+k(s)-y(s) =0 iy , .
: . . Additional component D' =1r,3 =sing
Separate the dispersion function:
A
x(s) = x,(s)+x,(s) = x,(s) + D(s) - =2 «s)) (%) (D s\ (D] (=, D,
P X)) | =|n "‘9'3‘ D |=M, ;- X0 |[FO| Dy || = h +3'M313' Dy’
X x, + D6 X, D & 0 I 0 1 0 1
X=|x"|=|x,+D6 |=|x, |+ D D
5 5 0 1 lem .| p-| Transformation of the
More detials | e 1“ dispersion function

https://indico.cern.ch/event/1356988/contributions/57
13241/attachments/2932017/5158822/L ectupalf

8 August 2025
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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

Dynamics with off-momentum particles

U Dispersion Example of beam optics:

12 6

Dipole magnets: & create di spersi on a m
D(s) M ha| N3 0 3
D'(s)| = ||rm 1| m 0 [=| 7
I 00 1)\ l
Md;rpole

Quadrupole magnets: x createdispersion & modi fy di s¢g

Dy=0 D=0

D(s) T Beam size with dispersion

0 0
- D(s)| =1|rn r| O0[-10]=]0
reference orbit o>10 21 22 /
o _ E PZ

Xpo =0 x, =0 “ M
: quadrupole Inherent beam parameter:

Xpo =0 Xp = :
emittance and energy spread
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Dynamics with off-momentum particles

U Chromaticity
What will happen when a ofmomentum particle passes a quadrupole magnets?

_ g g Tune shift
Normalized quadrupole strength: k = = « ,
Bp p/q
Betatorn tune Q,,: numbers of oscillations per turn A —
dp(s) 1 AQ — 2P ~~
— 1 1 X,y X,y
ds B(S)  4u'(s) Q,=—%—ds Po AN
] 2m ) By - /15<0)
turn 1 Chromaticity 76=0)
turn / nu N ‘ /5>0]
; m n N -
|, MmO 10y # Correction: sextupole Focal length
furn 3 / B H(S) ntl F — . 'r ,
N / Sextupole
« R P Ap/p >0
turn 4 Wt A = w
turn 5 = /‘
0 = il
More detials 77\ ,
https://indico.cern.ch/event/1356988/contributions/57 // App<0 o
13241/attachments/2932017/5152836/Lectupalf ' Dispersion

n = Quadrupole D+0

m m+l

0,
8 August 2025 CN Juniors' Lecture Series 5 21



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

Acceleration

Where is the accelerationlhstall an RF accelerating structure in the ring.

Below transition (slip factor n = : ;T < 0):
m ideal particle ®
—_ = particle with Ap/p>0 ® faster

\_/\/ v\ particle with Ap/p <0 ®  slower

Above transition (slip factor n = 7 > 0):

4 '\-\___ ya 'm\//\__ / ideal particle ®

Ennf.':rg:,-.'J
Gain

stable synchr. particle for

n=0 Py

x
qV, -
above transition

------------- == T— particle with Ap/p >0 ®  heavier S o
- —~ - — Y
/ \ / \ / \ particle with Ap/p <0 ®  lighter /
=a. ——
Focussing effect in the longitudinal direction I
keeping the particles close together ... forming a “bunch”
O / dSO
T C
Momentum Compact|on factor
22

8 August 2025 CN Juniors' Lecture Series 5




Luminosity

p Power loss per turn: p2-Bunch
Beam current: [ = % compensate by RF cavities
0
\\‘ Energy loss per turn 10 11 particles
I 1-Bunch
Number of bunches: 11 = T pr-tun
Vb

C 3
Revolutioanrequency: fr = - 10 11 particles
n N-N . Bunch population: limited Luminosity T
L = bfr 172 by beam-beam tune shift Physics performancé
* * *
40,0,y g o MwTePry
X,y * * *

l 2Ty Oy ) (o + ay)
Beam size atthe IP . : :
(without dispersion): Tx.y l= BxyExy Is there any other way to improve the physics

performance except for increasing the luminosity?
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CM energy resolution in colliders

Reducing the spread of the centre-of mass (CM) energies (,,,) 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.
spread of the CM energies

beam energy

/ 1

UZ\/EEO'é‘— Oy KX ——

relative beam
energy spread

,  55hcE§ I, 1
Os = —

Relative energy spread is
mainly due to Synchrotron
Radiation ER) emitted

32\/3(mC2)3 I3 ], when an ultraelativistic
particle passes through a
bending magne(r)
1/p

8 August 2025

)

P ~>>>"> bending radius

a\\N'b\i
Woy v 05<J.,=3-],<25
longitudinal partition number
a/,\
G'/‘/;af/[/e |
Monochromatization (\19‘\
consists in reducing the o E. «\0 4 et
spread of the CM energies, O
without necessarilyeducing o(\oc"m E+AE
the inherenenergy spreadof -

the two individual beams
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Monochromatization principle

Standard I Monochromatization
. Collision .
Dy =0 D, = —D}_= D}
, IP D}, = —D;_= D;
I . .
| = > < = el Opposite correlations

between transverse spatial

. '  ewe _ position and energy deviation

Enhancement of energy resolution, and sometimes
increase of the relative frequency of the events at the
center of of the distribution but luminosity loss !!!!

<
U;,y = \/ﬁ;,ygx,y + (D;,y0-6)2

8 August 2025 dispersive beam size at the IRN juniors' Lecture Series 5 25




Monochromatization in low-energy colliders

At low-energy ete colliders , with flat beam schemes (o0, <<< o¢;) and where the energy
gy y

spread is meanly dueto SR ( in b e amst r a silnai mgootgnty $¢ could optimize this
scheme by playing with the beam-beam parameters and the emittances to avoid
luminosity losses :

¥ =~ * we could gain in
ol <<< g} - D;— =0 7 = o0y L= Zle); Zx energy regolution
y ~ Iy Dy+ =D, =D; _— g =g -y e Px keeping the
beam- beam parameter 2T * : -
with By <<< By Vertical dispersion Nbpreﬁiéy 14 £ _3; <1 luminosity constant

— Y . and the beam-
2myozy(ox + 0y) \ beam in the

with low- horizontal emittanc

&y <<< &y different from zero
beam emittances

fx,y =

v

Monochromatization Design Studies for

low -energy e*e™ colliders:

A VEPP4: one ring, electrostatic quads (t - charm)

A SPEAR: one ring, electrostatic quads, 1 ~ 8

A LEP: one ring, electrostatic quads (limited strength)
and alternative RF magnetic quads, A ~3 (optics
limitations)

A B-factory: Superconducting RF resonators

A 7 - charm factory: two rings, vertical dipoles, 1~ 7.5

T - charm factory with monochromatization scheme

A. FausGolfe, J. Le Duff Versatile DBA and TBA lattices for a tau charm
factory with and without beam monochromatizatibiocl. Instrum Metho%sé

8 August 2025 CN Juniors' Lecture Series 5 A 372 6-18 (1996)




Monochromatization with a crossing angle

The new generation of circular e™e~ colliders use the i ¢ rrvaai €dligion scheme. Recent studies have

revisited and extended the concept of monochromatization in the context of e™e™ colliders in crossing-angle
collision configuration.

o Standard ¢ o Monochromatization ¢
0 ’Ld@ E X N 0 *45 E _ N
et P > el et P > el
S Collision
0 ~
d& scheme
DY =0 2E, +2 o 2|'50 %Jr = _D%—: ch
xy 2E,+aE 2E,+ Em 2E,T aE 2E,+ Em y+ = —Dy-= D,
2E, 2E, 2E,1 2 & 2E,+ Ee

0./2)\°
oy = \/EEO\/(O_S cos(6:/2))% + (a3 sin(HC/Z))2 Spread of the CM energies oy = \/EEO\/<G(S cos(Be/ )) + (g sin(9c/2))2

A
. . D*Z D*Z
Piwinski Angle A=1 Monochromatization factor 1= 1402 x 4y
0 (1 + ¢?) ;
0y 0. ExPx 2 gyﬁy
Q= —*tan? r np fr N N_ L
o — . . 0
X * Tanoi(1 + ¢?)oy Luminosity ==
A. Bogomyagkoy E. Levichey, Collision monochromatizationiete- col | i der s, Phys. Rev. Accel. Beams 20.5 (2017). [Erratum: Phys.
doi:10.1103/PhysRevAccelBeams.20.051001. arXiv:1702.0p6%4[cs.aceh].
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Direct s-channel Higgs production at FCC-ee

U Physics motivation : measuring the electron Yukawa couplings .

A Impossible to measure at hadron colliders: tiny branching fraction of the H— ete™
decay: B(H - ete™) = 5.22 x 1072, swamped by the Drell-Yan dielectron continuum .
A Integrated luminosity (£;,) of ~10 ab! per year, achievable at the future high-energy

circular e*e™ collider FCC-ee, at a CM energy of ~125 GeV. 0.5
A Potential to observe the resonant s-channel Higgs production : e*e™ — H. S 04
S.JadachR.A.Kycia, Phys. Lett. B 755, 58 (2016. DOI: 10.1016/j.physletb.2016.01.065 % o
U Theoretical studies : measurement of resonant s-channel Higgs production i r
D. d'Enterria A. Poldary G. Wojcik, Measuringthe electronYukawacouplingvia resonans-channeHiggs productionat FCG- -
ee arXiv:2107.02686/1 [hep-ex] 6 Jul 2021 0.1F
U Accelerator studies : renewed interest in monochromatization =

A Much facilitated if the CM energy spread can be reduced to a
level comparable with the natural width of the Higgs boson ot part of the baseline coliision
Iy = 4.1 MeV. scheme for FCGee!

A In a conventional collision scheme, the natural CM energy ~—_
spread at 125 GeV is ~50 MeV (~70 MeV with BS).

A Monochromatization implementation at FCC-ee first proposed in - ~ _
2016. T

A Two possible FCC-ee monochromatization schemes: Crab
Crossing (CC) scheme with crab cavities and Integrated
Resonances Scan (IRS) scheme without crab cavities.

CC scheme with crab cavities
(headon collision configuration)

C Energy spread:
L —&=0

--- 8=4.1MeV
L —-8=7MeV
R 8 =15 MeV

- —— 8=230MeV
--- 8=100 MeV

Resonant Higgs
production crosy
sectionete CM
energy spread

i A
124.99 124.995

DE+AE JE A
2E+2AE

ZE-iAE

IRS scheme without crab cavities
(crossingangle collision configuration)

2016 p. WEPMWO09. doi:10.18429JACoW -IPAC2016WEPMWO09,
8Augusth([)9285 Sp

M. A. Valdivia Garcia,A. FausGolfe, F. Zimmermann,Towardsa MonochromatizatiorSchemefor Direct Higgs Productionat FCC-eg in: Proc 7th InternationalParticle AcceleratorConferenceBusan,South
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Monochromatization at FCC-ee

U Preliminary FCC -ee self -consistent parametric studies
GeV has been realized to identify the best scenario with D; # 0.

A Beamstrahlung  impact:

considered

advanced

scripts developed in Python to for optimizing all the
beam parameter in self-consistent coupled system .

A Hourglass effect: not considered Ryg ~0.3
optimization feasibility: , - 4 mm, Ry, — 0.8
IP beam parameters for

A Preliminary  Target

monochromatization optics design consider only the

horizontal plane.

Bxy =90,1mm,D; = 0.105m

A. FausGolfe, M. Valdivia Garcia, F. Zimmermann, The challenge of monochromatization Bickeinnel Higgs

productionete- - H, Eur .

Phys. J. Pl appsl33en022-2)5ty1 37: 31,

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

Yukawa coupling (y,) has been calculated.

Redcurvesshowtherangeof parameterpresentlyreachedn seli-parametrid-CCee
monochromatizationstudies The red star indicates the best signal strength
monochromatizatiompoint in the plane (the pink staroverthe § 5 = Ty = 4.1 MeV

dashedine, indicatestheideal baselinegpoint assumedn defaultanalysis) All results

aregivenperlIP andperyeatr

D. d'Enterria A. Poldary G. Wojcik, Measuringthe electron Yukawa coupling via resonants-channelHiggs

productionat FCGeg arXiv:2107.02686/1 [hep-ex] 6 Jul 2021
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The FCC-ee GHC standard lattice & performances

Machine tunnel 5.5 m in diamete:

Booster ring

Transport

Collider ring
Cryomodule 800 MHz

Technical site
Pl

400 MHz RF,

4 1Ps Longweakdipoles
and antisymmetric
i IR to avoid SR

booster

FCCee_z_530_nesol_23.sad
'v.“ v ' ' A B ' 7
Betatron & E\ [

N
Technical sité: -
Y LsS = 2160 m JOf [achnical site

tum nf- | ms en i //-'
800 MHz RF collimation \ %pn:ﬂg&mm‘;’%m _/
g % e’ e s
Large crossing angl@{ = 30 mrad) at . Y . %
IP are required to separate the two beams Nt 7
to harmful effects of parasitic collisions ... . T
GX (m|
8 August 2025

(Global Hybrid Correction)

4 operation modes:

Z, WW, ZH, ttbar

FCCGeeGHC V22 Performance Table

Beam energy [GeV] 456 £0 120 182.5
Layout PA31-1.0

# of IPs 4

Circumference [km] 91174117 91.174107
Bending radius of arc dipole [km] 9.937

Energy loss [/ turn [GeV] 0.0391 0.370 1.869 10.0
SR power / heam [MW] 50

Beam current [mA] 1280 135 26.7 5.00
Bunches / beam 10000 | 880 | 248 | 40
Bunch population [10'1] 2.43 2.91 2.04 2.37
Horizontal emittance £, [nm] 0.71 | 2.16 | 0.64 | 1.49
Vertical emittance £, [pm] 1.42 432 1.29 2.98
Are cell Long 90,90 | 90,90
Momentum compaction oy [10-5] 28.5 7.33

Are sextupole families 75 146

B [mm] 100 / 0.8 200 / 1.0 300 / 1.0 1000 / 1.6
Transverse tunes/IP Q,/, 53.563 / 53.600 100.565 / 08.595
Energy spread (SR/BS) o5 [%) 0.038 / 0.132 0.069 / 0.154 0.103 / 0.185 0.157 / 0.221
Bunch length (SR/BS) o [mm] 438 /154 | 355 /801 | 334 /600 | 195/275
RF voltage 400 /800 MHz [GV] 0.120 / 0 1.0 /0 2.08 /0 25 /88
Harmonic numhber for 400 MHz 121648

RF frengeuncy (400 MHz) MHz 309.994581 309.994627
Synchrotron tune Q, 00370 | 00801 | 00328 |  0.0826
Long. damping time [turns] 1168 217 64.5 18.5
RF acceptance [%] 1.6 | 3.4 | 1.9 | 3.0
Energy acceptance (DA) [ +1.3 +1.3 +1.7 -2.8 +2.5
Beam-beam £, /¢, ° 0.0023 / 0.135 | 0.011 / 0.125 | 0.014 / 0.131 | 0.093 / 0.14D
Luminesity / IP [10* fem?s] 182 19.4 7.26 1.25
Lifetime (q + BS + lattice) [sec] 840 - | <1065 | <4062
Lifetime (lum) [sec] 1129 1070 506 744

incl. hourglass,
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Monochromatization implementation in FCC-ee GHC IR

Despite the simplicity of the monochromatization concept , the creation and the contro | of the necessary
H/V dispersion function of opposite signs at the IP could be rather difficult to implement

/ W Cuadrupole M Dipole
LCCS In y-plane LCCS in y-plane

+Crab saxtupole +Crab sextupole

Monochromatization factor i U | | ‘ IR GHC: Local
[ \ ] [ Chromaticity

uom Correction Section

Bl 4/ (LCCS) withCrab

zooaj\/\/\ M Sextupoles (CS) in the
X i~ vertical plane to produce

g0 a crab waist collision

I OOt*

305! ~800 600 —400 -200 0 200 aoo
sim)

U D; # 0 generation at the IP U Dj # 0 generation at the IP
In FCC-ee IR region, the large crossing angle of 30 Because oy <<< oy, about 100 times smaller D),
mrad in the H-plane and the LCCS is made possible with (~mm) is needed to get the same monochromatization
H-dipoles at the two sides of the IP creating some H- factor. Therefore, Dy # 0 could be generated by
dispersion D} (D, # 0 in the LCCS and D, = 0 close to implementing skew quadrupoles around IP. These
the IP for hlgh luminosity). D3 # 0 could be generated quadrupoles could be located where the sextupole
(~10 cm) by mismatching D, inthe LCCS. pairs are located in the LCCS.
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FCC-ee GHC monochromtization optics design

Different FCC-ee GHC monochromati zation i r e a | ioids i hasdbeen completed based on V22 baseline
lattices, along with its first tentative integration and performance evaluation within the global lattice.

Monochromatization factor D:=0.105m D; = 1mm D; = 0.105m, D; = 1 mm
Skew quadrupole implementation to

D;* D;? - : ; I
_ 2 X y - . * . . . .
T oo e | pimoumaonmson e | e ot s
xB "B P : implementation. generation monochromatization optics.
Z mode lattices with Long 90/90 arc cells N ey + H t "
} f | et P s = 50 mm e 7=5m
10 &L P 4z = 100 mm £ "\ \.\ ‘j ‘I\ |\— # Es ‘-‘Jl, £
E N ﬁ\ B2 = 0.8 mm = :f F; ‘"‘ |\‘| A \ f‘- I\ |‘I\ & 6 A I‘r\ fw.\ /,f I"‘.‘ E .
<o \ / \ J i ﬂ A 4 JW‘\ f \ / A
al A\ ~/ A [ [\ / / 2
\ A VDS v N AA R ) K s A A
Zl L .I _ \\»a\’ / \A ) il "i\ :" \/\ S W N \ AV N 0 v—A—/i’\’ Ikl-k(l;n . . Jv’:l\—’r—.a, VA AT 0 btz
[ Standard Z o o[ IVIOHQUITTOWIRGAN L=, 710 o
50 | L 0! \ SN : 0.0
= 025 o. E sl L E 02 .\_ ;’/ % | _oosEf E_ps
S 00! : Y _1a] . 07 =005 < ooo \\ " . ol R
—_o.25 ! —151 025 -\/ Dy = 1mm [ o010 15
T800 -750 600 —430 -300 =150 o 150 300 450 —900 -750 600 —450 7300[ ]7150 0 150 300 450 -900 -750 -—B0O —450 —300[ ]—150 0 150 300 450 —-900 -750 -600 -450 -300[ ]—150 0 150 300 450
s[m s[m s[m,

ttbar mode lattices with 90/90 arc cells

: 8
+ ; -
R e
8]
e 1P 52 = 1000 mim =
- B = 1.6mm ]
zs e s <,
o .
a] A 2
\',\ \\ \‘\ A Al n'\
24 \/\)' \ £\ Fas vl /' A
f y foN S NV TS 0
S e S RV A 0.00
o 0.50
0.50 1 tb —_ _
E 0.25 E
z 025/ / o, - —0.057
3 2 000 8
< 0.001
—0.251 —0.25 - _0.10
_g00 —750 —600 —450 —300 —150 a 150 300 250 -900 -750 -—600 —450 -300 -150 0 150 300 450 -900 -750 -600 -450 -300 -150 o 150 300 450 -900 -750 -600 -450 -300 -150 0 150 300 450
5 (m) siml s[m] s[m]
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Physics performance evaluation

U Energy distribution calculated using Guinea-Pig

“Standard ZES" optics vs. "MonochroM ZH4IP"optics (Head-on collision) "Standard ZES" optics vs. "MonochroM ZV1"optics ‘HEEd-Dﬂ collision) "Standard ZES" optics vs. "MonochroM ZHV"optics (Head-on collision)
T T T T T T T T T T T T T T
N Standard ZES" optics | | Standard ZES" optics | |
Y [ "MonochroM ZH4IPoptics. ManochroM ZHW optics
c c c
S S S
5 5 5
2 2 2
E E E
@ @ @
a a a
M 10° 10°
124.8 1249 125 125.1 125.2 125.3 1247 1248 1249 125 1251 125.2 125.3 124.7 124.8 1249 125 125.1 1252 125.3
CM energy [GeV] CM energy [GeV] CM energy [GeV]
h 1253 125.3 T 1253
SC el I Ie 1252 7 E 1252 - 4
3 3
% 1251 + 4 % 1251 4
€ g5 - . - € g5 -
5 o F &
5 3 A = :
1249 - Bl s . Bl 4 -t Bl
8 s + "Standard ZES" optics ~ "Slandard ZES" aplics . + “Standard ZES" opics
- "MonachroM ZH4IP"optics - L~ "Monachroh Zv1"optics |- MonochraM ZHV"optics
124.7 ! — : . 124.7 ! : o : = ! - 124.7 - ! - : = -
-5 -1 05 0 05 1 15 2 -2 -5 -1 05 0 0.5 1 15 2 -2 -15 -1 05 1 15 2
Z [um] w10t Z [um] =10* =10t
“Standard ZES" optics vs. "MonochroM ZH41P"optics (C i gle collision) "Standard ZES" optics vs. lonachroM ZV1"optics (Crossing-angle collision, "Standard ZES" optics vs. "MonochroM ZHV"optics (Crossing-angle collision
T T g T T T oM ZHV"optics (Crossing-angle collision) ___
3 [ Standard ZES" optics [ [ Standard ZES” optics | | [ [ Stancard ZES” optics | |
10 [E "Monochrah ZH4IP"optics [ "Monachroh Zv1"optics [ "ManochroM ZHVoptics
. 5 §
2 2 2
5 = =
z 12} &
o a a
10" F E
1° 10° 10°
124.7 1248 1249 125 125.1 1252 1253 1247 1248 1249 125 1251 125.2 1253 1247 124.8 1249 125 125.1 1252 1253
CM energy [GeV] CM energy [GeW] CM energy [GeV]
Sche me 1253 T T T T T 125.3 T T T T T T 1253 T T T T T T
<1252
z
3
12481 iandard ZE: b "Standard ZES" aptics |- Standard ZES” oplics:
lonochroM ZH4| . “MonachroM Zv1"optics . Manochrol ZHWoptics
124.7 - L . L . L L L P . L . n . L P . . n L
1.5 1 0.8 o 0.5 1 15 ‘2 15 -1 08 o 05 1 15 2 15 -1 08 o 05 1 15 2
Z[um] %10 Z [um)] <10% Z [pm] «10%
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Physics performance evaluation

U Physics performance

Physics performance evaluated by establishing the & ;5-Lin benchmarkgalculatedusingGuineaPig in the upperlimit contours
(95% CL) for y, couplings.

A Physicsperformancef the monochromatizatiotR A Physicsperformancef the monochromatizatioR
opticsunderheadon configuration opticsundercrossingangleconfiguration
< 30 P 10 - 30 oM ® THAIP 10
2 AH® S : Monochromatization settings > yes 2D Ry 5 » Z,”glgﬂmp Monochromatization settings
% 20 ® ZHap with crab cavities =rn] SllivVe Tvos without crab cavities
5 ® TH ® TH2IP §
S ~ o Ye <5x yeSM
® ZH2IP
310 7: 10
& Ye <3xyS¥ s ye <3xyd¥

ye<2xysM ye <2xys¥

w oo

d0Ye <0.5x ye d0Ye <0.5x ye

N W A 00O N O ©
w P~ Oo

N W A OO O N 0 ©

\V)

Gye < 0.25 X ye

\V)

Sye < 0.25 X ye

—t
—h

e* Yukawalimits. e'e” - H, /s = 125GeV e* Yukawalimits. e'e” — H, /s =125 GeV

02 2 345 10 20 100 200 ° 02 1 2 345 10 20 100 200

L (@b™") P (@b

Pink star. baselingpointassumedin the original physicssimulationanalysis
Redstar FCC-eeself-consistenparameters
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Thanks for your attention!
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