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EICUG/ePIC Collaboration Meeting

* Details and Registration at: Indico

* Early Career Day - Mon July 22nd

* EICUG - Tues July 23rd - Wed July 24th

* ePIC Collaboration Meeting - Wed July 24th - Sat July 27th

* Social Dinner at Zest - Wednesday July 24th

* Networking Reception - Friday July 26

* Reduced registration and some travel for Early Career members


https://indico.bnl.gov/event/20727/
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https://docs.google.com/forms/d/e/1FAIpQLSeN-l63pPV7cUrb0JX1k8eu0KsyKAT_mBrJQ8U8QE46aJwoSw/viewform?usp=header_link

Getting around Bethlehem
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https://docs.google.com/forms/d/1waK3fORd3EF07FZyF0vK3XPQlBeQlBOIlyqQkG-nib0/edit
https://www.tours.vividmediany.com/3d-model/lehigh-trembley-park/fullscreen/

Venue — Rauch Business Center

Outdoor Rauch has indoor collaborative seating
Eating Area Coff h : 9 _3
- offee shop open from 9 am pm
2 Outdoor eating area
Indoor eating area

Additional classroom spaces available, let me know your needs!
(Day/Time + number of people, resources)

— -

| Room 184

200 people, built in mics, 95 people 65 people
cameras



Zest Restaurant

ial Dinner —

Soc




Outline of Lectures

* Lecture 1: Particle Physics Detectors and Intro to ePIC

* Interaction of Particles with Matter
e Detector requirements at the EIC

* The design of the ePIC Detector

* Tracking Detectors

e Lecture 2: ePIC Detector and the EIC Science Case

Calorimetry

Particle Identification

Far forward/Far backwards
Physics observables

Interaction Region Considerations
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Quantum Chromodynamics and Nuclear Matter

The study of Nuclear Physics is the quest to understand the origin, evolution,
and structure of the matter of the universe

* How do the properties of the proton such as mass and spin emerge from
the sea of quarks, gluons, and their underlying interactions?

* What is the configuration and motion of quarks and gluons located within
the nucleon?

* What happens to the gluon density in nucleons and nuclei at small x?
* How do quarks and gluons interact with a nuclear medium?
* How do the confined hadronic states emerge from quarks and gluons?



Properties of the Proton

3 Valence Sea Quarks and ) )
Quarks Gluons . Proton spin: = EZqu + AG + Lg,q

b

Only 20-30% comes from the quarks!

Increase
Energy

Mass is driven by a

| complicated sum of
various QCD
sumnipteractions!




Quarks and Gluons Structure and Motion
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3D Imaging in Space and Momentum

RHIC is the only polarized hadron collider in the Transversely polarized nucleon
world = EIC polarization capabilities G N —
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Quantum Chromodynamics

September 2015

v T decays (N3LO)
a DIS jets (NLO)
0 Heavy Quarkonia (NLO)

Another interesting aspect of QCD: 0 (Q?)
e Gluons can interact with

03 o e jéts & shapes (res. NNLO)
th emse IVeS I = el}x pr;cision fits (NNLO)
v pPp —> Jets (NLO)
* Leads to a coupling constant in QCD v pp —> tt (NNLO)
which varies with energy 02}

* At high energy (short distance),
coupling is small and quarks are

: : 0.1} | -
essentially free 2 pe.rturbatlve OCD 0.(M,) = 0.1177 < 0.0013
e At Iovy energy (long distance), | | m S s
coupling is large = non-perturbative Q [GeV]

QCD constant runs from ~1 to 0.1 which results
in complex nuclear structures and dynamics



How do we study the complicated

structure of QCD?




How Do You Study the Structure of Matter?

Deep Inelastic Scattering:e+p - e’ + X
A » Golden process to probe nucleons and nuclei with
' electron beams providing the unmatched precision of EM

interactions

electron

Q? — resolution power (virtuality of the photon)
s — center-of-mass energy squared

X - the fraction of the nucleon’s momentum — Y o
carried by the struck quark Center-of-mass energy Vs: 20 — 140 GeV

y — inelasticity . Explorg QCD landscape over large range of
resolution (Q?) and quark/gluon density (1/x)



Deep Inelastic Scattering (DIS)

(E’)

Electron (E.)

Proton (P) A

Q% =2E,E,(1 — cosB))

2
_ Q Measure of momentum

X = .
2pq fraction of struck parton

Changing Q? changes the resolution scale

1

% Q2= 400 GeV?
d =>1/Q=0.01fm
- /I/Q
resolution

Changing x projects out different configurations
where different dynamics dominate

perturbative non—pert.

/ radiation / fields /
’//ﬂ. N .\.\\ /// - \\‘\
O - R R &
— s — e
\evee) ‘ xP
x<001 x~0.1 x~03
gluons sea quarks valence quarks

dominant gluons



Deep Inelastic Scattering (DIS)

Different Processes

: &

e+ p/A — ¢+ X

Neutral-current
Inclusive DIS

Spin and
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structure of
nucleons and
nuclei

Tomography
Transverse
Momentum

Dist.

Parton
Distributions in
nucleons and
nuclei

h, ...

p [ X
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Semi-inclusive DIS

QCD at Extreme Tomography
Parton Densities .
- Saturation

: g

e+p/A — v+X
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Inclusive DIS

Spin and
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structure of
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nuclei

Tomography
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Momentum
Dist.

Exclusive DIS

Spatial
Imaging




Electron
Injector (RCS)

EIC Machine Parameters

EIC at BNL

2.4 miles in
circumference!

Hadron Storage Ring
Electron Storage Ring s
Electron Injector Synchrotron s
Possible on-energy Hadron
injector ring
Hadron injector complex s

Luminosity (c

103

1033

1 032

Tomography (p/A)
Transverse Momentum
Distribution and Spatial Imaging

Spin and Flavor Struc

Nucleons and Nuclei

Internal Landscape
of Nuclei
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Annual Integrated Luminosity (fb™)

Center of mass energy: 20 —
140 GeV

e Electrons: 2.5—-18 GeV
* Protons: 40— 275 GeV
(ions: Z/A x Eproton)

Luminosity: 1034 /cm?/sec
Polarization: <70% (both
electron and ion)

lon Species: proton -
Uranium

Detectors: up to 2
interaction regions with
(almost) complete coverage



EIC Machine Parameters
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The EIC Yellow Report

I\, EIC YELLOW REPORT d\ EIC YELLOW REPORT
J J
* S YR R af e ]

https://arxiv.org/abs/2103.05419

The EIC yellow report
was an enormous
community exercise to
quantify the physics
and detector
requirements to be able
to purse EIC physics.


https://arxiv.org/abs/2103.05419

Detector Designh Process Timeline

electron-Proton and lon Collider (ePIC) Experiment

The Electron-lon Colliler  |EREE——————————————— . R DeteCtOr and maChIne

design parameters
driven by physics
objectives

2012 2015 2017 2020 2023
 Call for proposals issued jointly by BNL/JLab March 2021 (Due Dec 2021
 ATHENA, CORE and ECCE proposals submitted
* DPAP closeout March 2022
* ECCE proposal chosen as basis for 15t EIC detector reference design
* Spring/Summer 2022 — ATHENA and ECCE form joint leadership team
* Joint WG’s formed and consolidation process undertaken
e Coordination with EIC project on development of technical design
* Collaboration formation process started July 2022
* Charter ratified & elected ePIC Leadership Team February 2023
* Working towards TDR!




United States
India

Italy

UK

Japan

South Korea
China
Taiwan, Province of China
Israel

Poland
Germany
Norway
France

Czech Republic
Canada
Ukraine

Spain
Slovenia
Senegal
Saudi Arabia
Jordan
Hungary
Egypt

Armenia

0

The ePIC Collaboration

. . 500+ participants
/7
ePIC non-US L A truly global pursuit for
Institutions Israel

599, a new experiment at the

France | |

Japan ‘ : .

\ . Canada  Hungary

l\ Czech Republ

ic
“ China

Slovenia

audi Arabia

Poland

10 20 30 40 50 60
# Institutions

21



ePIC Detector Extent

Total Length of the Detector: ~75m

Hadron Elect
adrons } < ctrons

1.5 e Central Detector: ~10m

F 5
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Far Backward Electron detection: ~35m
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ePIC Detector x and Q2
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Deep Inelastic Scattering (DIS)

(E’)

Electron (E,)

Proton (P) //\

Q% =2E,E,(1 — cosB))

2
_ g, Measure of momentum

X = .
2pq fraction of struck parton

Changing Q? changes the resolution scale

Changing x projects out different configurations
where different dynamics dominate

p/A beam - electron beam

high~Q2




x (m)

ePIC Detector = Barrel

2.0
Hadrons Electrons
. =—p «—=
1.5 - Re 2 . .
: Detector hadronic calorimeters
n n
% 3 P
8 oz, 5 ‘Solenoidal Magnet
mo
1.0 - -Exit window E'yg -
: Collimator\ e/m calorimeters
Magnetx
Lum. detectors _\_. (Eg‘al)
’1% i
g-—l [=¥Th . F
0.5 - 8% £5% R Time.of.Flight,
B Ogu DIRC,
N
% Forward spectrometer—/ c g’ w ZDC RlCH deteCtors
[ - (in BO) @ g :
0.0 1 & =T W MPGD trackers
< <
~ g Off-momentum detectors 1 \ a bow [ 1
5 Roman Pots 8 MAPS tracker
g Off-momentum detectors 2 o 3 ‘ -
—
—0.5 A
1 1 T T T
—-40 -20 0 20 40

z(m)

Hadrons

Auxiliary detectors needed to tag particles with very small scattering angles both in the
hadron beam direction (BO-Taggers, Off-momentum taggers, Roman Pots, Zero-degree Calorimeter and low

Q2-tagger).

Rosi Reed - CFNS Summer School 2024
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Modern Particle Physics Experiments Basics

[ M

HCAL ECAL Tracking detector Muon detectors



Modern Particle Physics Experiments Basics

vacuum chamber

e
%'i = S PR central detector
e | electromagnetic
Ul SRS W calorimeter
== A B R Y.\ hadronlc
VG a ——REi\ calorimeter
RY
— Central |
Z ' ), Magnetic Field
|
= e
u+
Tl
HCAL ECAL Tracking detector Muon detectors

.
‘'muon chambers
Detector characteristics :
Width: 22m

Diameter: 15m
Weight:  14'5001

Many common features in modern NP and HEP detectors — inner tracking, magnetic field, EM and
hadronic calorimetry, outer muon chambers.

Want to determine particle track, charge, momentum, energy, type (id) ....



Interaction of Radiation with Matter

(Heavy Particles, Low Density Matter)

* Heavy Charged Particles (p, o, etc)
* When a charged particle passes through matter, it interacts primarily with atomic electrons
* Conservation of energy/momentum for a heavy particle M incident on a light particle m gives:

AT=T %’”‘ Kinetic energy lost by M
 Elastic, head-on collision — this is the maximum energy loss

* Example: For a 5MeV a particle, m_ ~4m, AT =5MeV 4m, ~9 6keV

4ml’l . .
* A typical particle will undergo thousands of collisions before it loses all its energy!
* A heavy particle is deflected by a small amount in a collision

 The Coulomb force has an infinite range, so a particle interacts simultaneously with
many electrons and effectively loses energy continuously along its path

* The energy required to ionize atoms is a few 10’s of eV, so many collisions will
liberate atomic electrons

 Known as “0 rays”



Bethe-Block Equation

10

* The original calculation for energy loss of a
charged particle is due to Hans Bethe (1930)

* Bethe-Block Equation
* For a particle of charge ze, velocity v:

_d_E: e’ ’ 47 nezz. 21’}1602,82 e
dx (4%5(,} mec2 ,32 {h{]-(l—ﬁz)j 'B}

* The electron density is given by: :
N,-Z-p oL L LU T 1]

(00)

H, liquid

—dE /dx MeV g 1lem?)
(Vb)
|

7 0.1 1.0 10 100 1000 10000
e A By =p/Mc
* |is the mean ionization energy for the material 0.1 10 10 100 1000
uon momentum (GeV/e)
* In principle it is an average over all ionization and excitation T T T T
FOCEessSes 0.1 10 10 100 1000
P [AIR — 868V [Al — 163@V Pion momentum (GeV/e)

1 L1111l 1 1 ||||l|| 1 1 ||||||| 1 1 ||I|||| 1 11 1 1111
. 0.1 1.0 10 100 1000 10000
° ApprOX|mate|y //Z ~10eV Proton momentum (GeV/e)




Bethe-Block (Il)

dE ( e’ T Ar n,z’ { (2mecz,82 j 2} 0

T 7| In |~ P .

dx 4re, ) myec” f / -(1— yoi ) )

* Energy loss depends quadratically on vand z,
but not on its mass M

H, liquid

* For low energies (/<< 1), the energy loss
decreases as ~1/v?

—dE/dx (MeV g 1lcm?)
(VV]
[

 Reaches a minimum for E ~ 3Mc?

* dE/dx ~2MeV g cm?  (note - divided by density!) R """i'oB' /1(|)0 6016000
. . . Y= p/Mc
* For #~ 1 the energy loss rises logarithmically T A I I
e e e 0.1 1.0 10 100 1000
* Referred to as “relativistic rise Muon momentum (GeVi/c)
* Relativistic deformation of Coulomb field of incident i "ﬁ"ﬂo 560
particle increases effective impact parameter cutoff | | Rion HT"ment“ml(GeV/C’ |
(semiclassical) 01 10 10 160 1000 10000

Proton momentum (GeV/e)



Energy Loss by Electrons and Positrons

* Electrons/Positrons travelling through matter also collide w/atomic electrons

* They will lose energy faster and scatter at larger angles e S,
* They can lose energy via bremmstrahlung vy, hiegE
* Accelerated charge radiates energy! i
* Energy loss (also due to Bethe): T = kinetic energy of electron/positron +
dE 2\ 2 T(T + myc?)p?
_dE :< e ) nzn;.[ln< (I + mec®)p >_(1_ﬁ2)] \
dx collisions 4teg ) mycc 21“m,c ‘o
dE ( e? )2 Z?n,(T + m,c?) [41 <Z(T + mec2)> 4] Ez&
— — . n — —
dx|,  \4me 137 - méc* M, C2 3
* Which term dominates for electrons/positrons depends on the incident energy of the
lepton dE
(@) e _ T +mec?) 2
(d_E) mec? 1600
dx/ collisions



Radiation Length

Parametrize bremsstrahlung energy loss as:

dE Z* 183 E _
=4-aNA—r62Eln — ‘ E:Eoe x/Xo

dx A 73 Xo
— 4 ~ 2 -2
Xo 2N ZorE ln% 180A4/Z“ [g cm™?]
Z /3

Example: for Pb (Z=82, A=208), X, ~ 5.0mm

A radiation length (X,) is a very convenient quantity to characterize a medium where
bremsstrahlung dominates (high energy >~ 10 MeV).



There are three relevant processes for the interaction of photons with matter:
* Photoelectric Effect, Compton Scattering, Pair Production

Photoelectric Effect incoming
e Absorption of a photon by an atomic e photon
 Difficult to calculate but easily measured

* Most important at low E,

Compton Scattering Ao
* Scattering of a photon off an atomic e
* Probability depends on scattering angle

Pair Production
* Photon converts to an e*/e pair
* Presence of nucleus required for momentum conservation (Recoil negligible

E =T.+mc’+T_+mc’
y e e e e
* Threshold at 2m,c?

e Important at higher energies
* Mean free path before pair production: 1 ,,;, = 9/7X,

Outgoing
electron

Outgoing
Incoming X-ray photon
X-ray photon

Outgoing
electron

Atom

positron
nucleus

gamma ray

electron



Electromagnet Showers

Resolution of EM Calorimeters

=+

ocr 3% — 10%

E VE/GeV

+

+

* Number of EM particles essentially >
doubles every radiation length
* Lightis collected to determine energy
* Shower develops until E,, . falls below
the critical energy E,
* Electrons and positrons then lose
energy by ionization

+ [

+
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Hadronic Showers

Hadronic EM v * Hadronic showers are
e’ .
v v messier and larger than
| ABSORBER : : o EM showers
}COME&ENT e o 27 .
' v * Electromagnetic
n ' ! et
'''''''''''''''''''''' HADRONIC i Loer e Component due tO
i Heavy fragment COMPONENT E v E e 0 9
; A | A Z+ T VY
e’ Y . .
, , , . e * Nuclear interaction
' : : : : e . .
S S interaction length A, 2
mean distance between
Resolution of Hadronic Calorimeters  Lmaterial | Xo @em?) | A (glem) hadronic interactions
H 63 s e Much larger than
o 50% Al 24 106 radiation length!
_E > Fe 13.8 132
E VE/GeV Pb 63 193




Tracking Basics

* Charged particles leave a trail of
ionized atoms and liberated electrons
when traveling through matter

 This ionization allows us to reconstruct
the trajectory

* 2 main tracking detector
technologies:

* Large gaseous tracking volume where
the liberated electrons drift in a strong
electric field towards sense wires where
the signal can be recorded

* Semiconductor technology using silicon
pixels or strips

~250 um

p-type ~ 25 um Amplified
silicon \ — signal

AN L (L
T —
n-type + %
silicon
N 4 T +
y \ y
A A
______________________ )
® B
""""""""""" ) B
\\\ A‘
AR T >
Ry > >z
pcosAd =0.3BR.
Secondary vertex Secondary vertex
BC decay B decay

Primary vertex

+— ~3mm —



Multiple Scattering

* Particles passing through matter can also undergo scattering from the atomic
nuclei (Rutherford scattering). This will deflect the direction of the particle

through many small-angle scatters: Thickness of material in
radiationt lengths

3.6 MeV T 22
o — 20 MeV l+().()<\’<\’l()gm( : 1‘
‘ Hep X34
—~- X -
13.6 MeV [ x 22
/2 2= |1+ 0.038 In(~———
- x/ > Bep VX + n(‘_\m),;, _)‘
. —
—— A *
—_—— Y lPplzmc
= Yplane
Splane™ =~ \ Many small scatters leads to an
* It 5 approximately Gaussian distribution with
plane tails ) 02
— exp | — 22| de2,
/ 2m 60§ 205
. . . - | ()'-Z ne
For tracking detectors, you want it all - high precision, large T P [_ ol ] A0
2T Uq <Y

signal, low mass, ...



Momentum Resolution

Momentum measurement

- L] .) 3) -
uncertainty: o, L2 o. L2 0. O op_ O R 0.
—_— = - . = - . v . — - e — : . ~J ]) . ‘
p 8Rs s S8R L'Jear> L? L?> eB BL?
Uncertainty os depends on number and spacing of track point Good

measurements; for equal spacing and large N:

Ord
O, = — - )
) 8 N + 5 see: Glickstern, NIM 24 (1963) 381 or
Blum & Rolandi, Particle Detection ...
T ;\.i For
b ~ momentum p:

¢/2 P

momentum resolution:

- large path length L
- large magnetic field B
- good Sagitta measurement

generally in experiment measure p;

multiple scattering
term conts. in p,

. pt
Sing p = ——

tan ¢



ePIC Detector =2 Tracking

p/A beam ~_ electron beam

-

high-Q2

Central
Detector

Hadrons Electrons

hadronic calorimeters

Solenoidal Magnet

e/m calorimeters
(ECal)

DIRC,
RICH detectors

| MPGD trackers f

EIC Detector
Requirements
Tracking

\j

z | MAPS tracker -

Vertex detector — ldentify primary and secondary vertices,

. Low material budget: 0.05 X/Xq per layer

. High spatial resolution: 10 mm pitch CMOS Monolithic Active Pixel Sensor
Central and Endcap tracker — High precision low mass tracking

. MAPS - tracking layers in combination with micro pattern gas detectors

Rosi Reed - CFNS Summer School 2024 39



ePIC Tracking Challenges and Strategies

shaenoes 'Stlgatggrilzs ncy of the measured space point
+ Efficient pattern recognition g oo UNAancy ured space p
» Very low material budget for the coordinates
central tracking region not . |\/|On0|.lthIC Active Plxell Silicon (MAPS)
exceeding 5% X/X, (p resolution!) « Guiding example: the inner tracking in ALICE

(ALPIDE chip, also used in sPHENIX)
* Fine space resolution — fine granularity Si

+ Fine [B-dlin the barrel SENSOrS
« Limited | B- dI in the endcaps .
. Limited lever arm > « Synergies among detector components
. (backward ECal, barrel ECal, RICH counters)
« Solenoid and overall detector

» Solenoidal magnetic field  ~

» “low” interaction rate (< 0.5 GHz), Gaseous Detector layers (MAPS cannot

but significant background! provide)



The ePIC Central Tracking Detector

Hybrid detector based on silicon + gaseous
technologies for barrel region

 Silicon Vertex Tracker (SVT):
e SVT Inner Barrel (IB) LO, L1, L2 and Outer Barrel (OB) L3, L4

* Monolithic Active Pixel Sensors (MAPS) based on 65 nm
CMOS technology being developed by ALICE

 MPGD (Micro-Pattern Gas Detectors)

e Gaseous detectors to cover a large outer tracking volume

* Provides a good timing performance (Provide ~ 10 - 30 ns
timing resolution) for pattern recognition

* AC-LGAD Sensors -
* Excellent time resolution for the particle identification by Bl MPGD Barrels and Disks
[]

SVT IB, OB and Disks (MAPS)

time-of-fight method
* Provides an extra hit for pattern recognition and tracking

* Forward region: Five MAPS silicon disks followed by
two MPGD (Micro-Pattern Gas Detectors) layers and
a TOF layer Backward region: Five MAPS silicon disks
followed by two MPGD layers

AC-LGAD TOF
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Micro Pattern Gas Detectors (MPGD)

* Both have good spatial resolution of order ~150um with a fast time response (<10ns).
* uMega detectors have been demonstrated in a cylindrical geometry

cathode / 1000V
. . 0.8kV/cm
drift region
(ionization) 6mm (eE iR Cathode PCB
Polyimide 70 pm
e . Pitch 140 ym 50 pm
amplification 500V DLC layer (<0.1 um)
region pillars 30kV/icm |[JEEEEEEE
an.Od % Pre-preg /
strips

timi ng PCB electrod/ ’ »I
I

Micromegas (Micro-Mesh Gaseous Structure) Micro-RWELL (Micro-Resistive WELL)

Resistive Layer above the readout electrodes
Amplification occurs in a single stage, where a WELL structure
replaces the separate micro-mesh+ amplification gap



MAPS (Monolithic Active Pixel Sensor)

* Sensor and the readout electronics are
integrated on a single piece of silicon
(monolithic)

* Each pixel in a MAPS detector is an
active element

* Very small pixel sizes (“micrometers)
* High spatial resolution

* High density of pixels = excellent
granularity

* Thin Sensors = Low material budget
e Radiation hard
* Fast

NWELL NMOS PMOS
DIODE TRANSISTOR TRANSISTOR

L PWELL

NWELL

DEEP PWELL

“““““

Epitaxial Layer P- Seeey

https://doi.org/10.1016/j.nima.2015.09.057

Complementary metal-oxide semiconductor (CMQS)
* Semiconductor technology used in most of
today's integrated circuits



Tracking in the ePIC Experiment

e Reconstruction of particle trajectory (with B-
field, material effects, background)-4D tracking
Tracking:

* Track finding and fitting using combinatorial
Kalman Filter (CKF): ACTs (A Common Tracking
Software)

* Track Parameters: (I, 1, , $, 6, 1/p, t)
* |o,l; - local parameters describing the sensor surface
* ¢: Azimuthal angle in global coordinates
* O: angle w.r.t. z axis in global coordinates
* p: Momentum of the track
e t: time of hit (important due to background)

Prediction i <
{ o
lo ~

Filtering

Three Steps (Kalman Filter)

1. Extrapolation
2. Filtering
3. Smoothing



Preliminary Tracking Performance

Momentum -1.00<n<1.00 DCA. 00 <1 <1.00

" g * Momentum and Distance of
4;_ | ® 7-ePIC (24.02.1/1.11.0) §P150; ® - ePIC (24.02.1/1.11.0) ClOSGSt Approach (DCAT)

----------- PWG Requirement

3 p/p [%]
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* Requirements are substantially
A — | £ met in the forward/hadron and
. S I backward/electron region
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DR R e ey S. Kumar, 16th Pisa Meeting on Advanced
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Conclusions

» Detectors use the basic properties of particles traveling through matter to
determine kinematics and flavor of those particles

* A modern collider detector is a combination of detector technologies
designed to work in concert to achieve a specific set of physics goals.

* Tracking is at the heart of all modern nuclear and HEP experiments
* Need to know the precise kinematics of any particle
* Decay vertices
 Removal of background



End Lecture 1



O . Crab Crossing

* Brings focusing magnets close to IP
- high luminosity

* Beam separation without separation dipoles
— reduced synchrotron radiation background

But significant loss of luminosity!

Peross =25 mrad

e Crs,

'/‘By A.J. Parker (DOE SULI Student) bb’hg
Solution: Crab crossing -
* Head-on collision geometry is restored by rotating the | Hedrons ¢ Electrons
bunches before colliding (“crab crossing”) S il -
* Bunch rotation (“crabbing”) is accomplished by /
transversely deflecting RF resonators (“crab cavities”) ~ /
o o . . (S
* Actual collision point moves laterally during bunch P = R
Inte ract|0n % ] Forwardspect'“(ﬁestggj O§ lg. ;\\ ZDC
0.0 A g j / \ 5
- onmopan someon | | EE
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