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and (if time left) more generally future accelerators also proposed in context of European strategy

FCC ~ 100 km  ( baseline for CDR  97.75 km )   hh, ee, ion collisions and eHad options
FCC hh    pp    √s = 100 TeV                                                     FCC ee   up to  √s = 365 GeV

Conceptual studies including detailed simulations are in progress and CDR writing has started as
input for strategy discussion in 2019 and the planned European strategy update in early 2020

Electromagnetic Standard Physics Working Group meeting  Mon. 26/01/2018

Needs and plans for Future Circular Collider   
by Helmut Burkhardt (CERN)
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Synchrotron radiation, FCC-hh
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SR (synchrotron radiation) as  major constraint  both hh and ee
100 MW ee,  5 MW in pp  -- on cold surface  & backgrounds in detectors  (ee)

Example of use of G4
upgraded for FCC

SR of protons
and high precision
um over km tracking
to predict the rate and
spectrum of photons into
detectors

p
p

E[keV]

Looking here at protons coming in from right
tracked over 700 m to IP and beyond
generating SR photons shown in green
transverse scale × 1000

SR photon spectrum coming into detector region
depending on crossing angle

Ref :
Synchrotron Radiation Backgrounds for the FCC-hh Experiments, 
IPAC2017 paper  and  F. Collamati / INFN-Rom presentation 10/2017
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http://accelconf.web.cern.ch/AccelConf/ipac2017/papers/tupva004.pdf
https://indico.cern.ch/event/669849/


SR FCC-ee
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272 m
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159 m

QC3
88 m

QC1

beam 1

(Gaussian) beam 1,  5000 e+  175 GeV
tracked 510 m to IP (just after BC3 to Q2)

with SR and standard G4 em processes eIoni, eBrem, annihil, phot, compt, conv, Rayl 

28300 SR γ’s generated,  first 1000 γ’s shown here
rather fast,  < 1 min ( MacMini i7 )

Beam pipe
Cu r = 3 cm
1mm thick

display : transverse dimension scaled × 50

BWL2
100-150 m

BC1L.2
160 -268 m

BC1L.2

BWL2

rotate / zoom

lattice : fcc_ee_t_85_by2_nosol

multiply with
2.3e+11/5000 = 4.6e7
to get statistics of 1 bunch
1.3e12 SR γ’s

Detailed study by PhD student Marian Lückhof + myself



SR FCC-ee , distributions of these photons

4

z at origin
h_SR_z_orig

Entries  28300
Mean  187.1− 
Std Dev     87.44

z[m]
500− 400− 300− 200− 100− 0

#S
R

 p
ho

to
ns

/b
in

 a
t g

en
er

at
io

n

0

100

200

300

400

500

600
h_SR_z_orig

Entries  28300
Mean  187.1− 
Std Dev     87.44

BC2.L2 BC1.L2 BWL2

Q
C
6

Q
C
5

Q
C
4

Q
C
3

Q
C
2

Q
Y
2L

h_SR_z_hit
Entries  33690
Mean  75.38− 
Std Dev        91

z[m]
300− 250− 200− 150− 100− 50− 0 50 100

#S
R

 p
ho

to
ns

/b
in

 h
itt

in
g 

pi
pe

0

100

200

300

400

500

600

700

800

900
h_SR_z_hit

Entries  33690
Mean  75.38− 
Std Dev        91

z hitting beam pipe

h_SR_e_orig
Entries  28300
Mean    31.62
Std Dev     58.68

Energy [keV]
0 50 100 150 200 250 300 350 400 450 500

 

10

210

310

410
h_SR_e_orig

Entries  28300
Mean    31.62
Std Dev     58.68

γ energy at origin
h_SR_e_hit

Entries  1748
Mean    19.97
Std Dev     52.58

Energy [keV]
0 50 100 150 200 250 300 350 400 450 500

 

1

10

210

310
h_SR_e_hit

Entries  1748
Mean    19.97
Std Dev     52.58

γ  energy when hitting
beam pipe
within 20 m of IP

 IP



Tracking precision, GDML   ROOT --> G4

5

Root exports geometries in various formats   root, C, xml, gdml  

Example
18.067141635485662 "true" value printed to 17 digits to avoid any loss in precision
18.0671416355      GDML export, used as input to GEANT4
18.067142          C export
1.806714e+01       XML export 
Reported as Root issue on 21/06/2017  with proposed fix  change  "%.12g" to "%.17g" in TGDMLWrite.cxx
     running since then with “my own” improved root module for geometry generation
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https://sft.its.cern.ch/jira/browse/ROOT-8844


G4 tracking checked with 78 m machine LEIR

6

Using the improved ROOT GDML export,  angle off by 1.227×10-9  after 1st bend in LEIR 
GEANT4 magnetic field tracking accuracy adjusted  :
DeltaOneStep = 1.e-05 default,  with 1.e-9    angle off by   6.864×10-9 ,  18× better

Excellent results with :
minEpsilonStep= 5e-08 m maxEpsilonStep= 1e-06 m DeltaOneStep= 9e-11 m 
DeltaIntersection=3.6e-11 m.
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Needs, Plans
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General    (hadron)

• Check / update processes to 100 TeV,   anything missing  ?

pp cross sections including diffractive, elastic .. 

adapt parametrisations (COMPETE..)  to new precise measurements,   TOTEM   CERN EP-2017-335

EM

• X-ray mirror, specular reflection for keV photons, depends on surface, roughness.
expected to significantly increase backgrounds into detectors for FCC-ee

• benchmarking with light source studies for FCC and comparison with SynRad by R. Kersevan

• γ (MeV) -  nuclear,   giant-dipole/quadruple resonance          (started  ?)

• improve SR angular distribution

• improve AnnihiToMuPair threshold

known to be missing (but rather small)   ---     “just clone”  AnnihiToMuPair  ?

• e+e- --> τ+τ- production  AnnihiToTauPair,    relevant for  Ee+ > 12.4 TeV
may be easy  ?    “ clone”  AnnihiToMuPair  ?

https://cds.cern.ch/record/2298154
http://molflow.web.cern.ch/content/about-molflow


AnnihiToMuPair
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Threshold for annihilation of e+ with atomic e- (at rest)

to produce muon pair  

and 12.4 TeV to produce tau pair,      within the energy range of FCC-hh

Total cross section

implemented in slightly 

approximated  form

(ok to 10 ppm ) :

Bethe Heitler treatment with infinitely heavy, pointlike nucleus, is ok for electrons at high ener-
gies and low angles, but not for muons, see Tsai comment p. 817.

According to M. Maire, the Bethe Heitler process is correctly implemented, taking the nucleus
fully into account. Only that the movement of the nucleus is not followed up. The physics is the
same as Geant3 PHYS211. For the correspondence see the table below:

Table 1: Geant3,4 code correspondence

Geant3 Geant4 comment
GPAIRG G4GammaConversion::PostStepDoIt has differential cross section � ! e+e�

GPRSGA(Z,E) G4GammaConversion::ComputeMicroscopicCrossSection total cross section

Geant4 source code is in $G4INSTALL/source/ which for me is geant4/source. Pair
production of e+e� is done by G4GammaConversionToMuons.cc which is indirectly called via an
object pointer fCurrentProcess from G4SteppingManager2.cc. The process G4GammaConversion
and the include file G4GammaConversion.hh instead appear never directly in the Geant4 source
code. They are only used in the user code like Em2PhysicsList.cc with calls like
pmanager->AddDiscreteProcess(new G4GammaConversion). Lepton pair produc-
tion therefore looks like if it would only depend on the �. Is this ok ? - probably yes with the correct
nuclear form factor and recoil correction.

Use my GrepInGeant4 to look for code in geant4. For example GrepInGeant4 G4GammaConversionToMuons
shows that the only example which uses this process is geant4/examples/extended/electromagnetic/
TestEm6.

For µ pair production from photons a new routine G4GammaConversionToMuonswas added.
It is written completely analog to G4GammaConversion for electrons. The driving part with
BuildPhysicsTable is identical. Only the formulas in the codes listed in Table 1 have to be
changed for muons. A simple parametrization for the total cross section for muons is needed - got-
ten from S. Kelner and R. Kokoulin. No other routines or material tables are needed or need to be
adapted.

7.3 � conversion to hadrons

Bethe Heitler equivalent with hadron production. Existing ? Relation to photo production. Imple-
mented ?

7.4 e+e- annihilation to µ+µ�

See AnnihiToMuPair.tex [28].
My test/development/standalone code CrossSec/AnnihiToMuPair.C.
Notebooks AnnihiToMuPair.nb, eemumuthres.nb,

The threshold positron energy in the laboratory system for this process with the target electron at
rest is

Eth = 2m2
µ/me �me ⇡ 43.69 GeV , (13)

where mµ and me are the muon and electron masses, respectively. The total cross section of the
process on the electron is
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⇡ r2µ
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Figure 9: Total cross section for the process e+e� ! µ+µ� as function of the positron energy E in
the laboratory system.

where rµ = re me/mµ is the classical muon radius, ⇠ = Eth/E, and E is the total positron energy in
the laboratory frame. In Eq. 14, approximations are made that utilize the inequality m2

e ⌧ m2
µ.

The cross section as function of the positron energy E is shown in Fig.9. It has a maximum of
� = 1.007852227µbarn at E = 1.395643924Eth = 60.97998079GeV corresponding to

p
s =

0.249644GeV.
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Figure 10: Relative error.

Compare this with a more standard way of writing the cross section (see ff̄ threshold in coh.tex
also used by Brodsky) of for the muon and writing with r2µm

2
µ instead of ↵ and
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In the lab s = 2m2
e + 2meE = 2me(me + E), �2
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not evident that this is approximately same as Eq. 14, but works well numerically with errors up to
roughly 10�5, see Fig. 10.

7.5 SSS modified threshold for e+e- annihilation to µ+µ�

Cross section from [36] and slightly re-written
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The cross section gets increased by the Sommerfeld-Schwinger-Sakharov (SSS) threshold Coulomb
resummation factor

S(�) =
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1� e�X(�)
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For � ! 0 we get S(�) ⇡ X(�) ⇡ ⇡↵
� which diverges as 1/� while the product which is relevant

for the cross section � ⇥ S(�) ⇡ ⇡↵ becomes constant. With SSS threshold start not a zero but with
a constant nonzero value. For �2 ! 1 or �2 = 1� ✏ we get X(�) ⇡ ⇡↵✏ and

S(�) ⇡ ⇡↵✏

1� e�⇡↵✏
⇡ 1

Wth = 2mµ sth = W 2
th

�µ =

r
1� sth

s
=

r
1�

4m2
µ

s
= 1�

2m2
µ

me(me + E)

In lab, positron energy E
s = 2m2

e + 2meE = 2me(me + E)

Lab energy at threshold

Eth =
2m2

µ

me
�me

7.6 e+e- annihilation to ⌧+⌧�

Lab energy at threshold

Eth =
2mtau2

me
�me = 12.3565TeV

7.7 e+e- annihilation to hadrons, ee2had, eeToHad

See ”Positron Annihilation into Hadrons in” in the PhysicsReferenceManual, currently on p.163
in pdf. The documentation is very short in the giant 10.1 Dec. 2014 version. Just says it does
e+e� ! ⇢� ! ⇡+⇡�� and in addition ! and � decays with ⇡+⇡�⇡0, K+K�, KLKS , ⌘� and ⇡0�
final states.
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SSS modified threshold

9

Cross-section increased by Sommerfeld-Schwinger-Sakharov factor

Stanley J. Brodsky and Richard F. Lebed, PRL  102, 213401, 5/2009

Plan :   could be implemented soon   ( working on fast numerically stable approximation, goal ≲ 1% )
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e+e- annihilation to MuPair and TauPair at FCC-hh energies
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muons for physics   rather than background
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The implementation of EM muon production, Bethe Heitler and e+e- annihilation was
originally motivated by studies to minimize muon backgrounds generated in beam halo
collimation in linear colliders
Also relevant for FCC but not expected to be a major issue since halo collimation can be done very far 
from the experiments

More recently,  there appears to be renewed interest in EM muon production
close to threshold as source of low emittance muon beams
for muon colliders without need for muon cooling

HIGS    intense high energy γ from not fully stripped ion beams, W. Krasny et al.
with (polarized) muon production by Bethe Heitler 

LEMMA   low emittance
muon beam production
from ~ 45 GeV positrons on target 
Ref:  Mario Antonelli et al.
 IPAC2016 tupmu001,  IPAC2017 weoba3
benchmarking in test beam on SPS
interested in improved  AnnihiToMuPair 

https://indico.cern.ch/event/461710/
http://www.apple.com/
http://accelconf.web.cern.ch/AccelConf/ipac2017/papers/weoba3.pdf

