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LEP:	
  Predic2on	
  of	
  top-­‐quark	
  mass	
  prior	
  to	
  discovery	
  	
  

LEP:	
  Predic2on	
  of	
  Higgs	
  mass	
  prior	
  to	
  discovery	
  	
  

Historically,	
  e+e-­‐	
  collisions	
  have	
  been	
  used	
  for	
  precision	
  measurements	
  
•  Precision	
  measurements:	
  τ	
  mass,	
  J/ψ	
  mass,	
  Z	
  mass	
  &	
  width	
  
•  Predic2ons	
  at	
  higher	
  scales:	
  mtop,	
  mH,	
  limits	
  on	
  NP	
  
•  Unexpected	
  discoveries:	
  c	
  quark,	
  gluon,	
  τ	
  lepton	
  

Electroweak	
  precision	
  measurements	
  (largely	
  from	
  LEP)	
  
plays	
  a	
  crucial	
  rôle	
  in	
  constraining	
  “New	
  Physics”	
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High	
  e
fficiency	
  

High	
  p
urity	
  

Annihila2on	
  of	
  elementary	
  point-­‐like	
  par2cles	
  
ü  No	
  underlying	
  event	
  
ü  No	
  strong	
  interac2ons	
  between	
  beam	
  par2cles:	
  No	
  pile-­‐up	
  collisions	
  
ü  “All	
  events	
  =	
  signal	
  events”	
  

Final	
  state	
  is	
  clean	
  and	
  cozy:	
  	
  
Ø  triggering	
  is	
  easy	
  (100%	
  efficiency);	
  analysis	
  is	
  a	
  bliss	
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Annihila2on	
  of	
  elementary,	
  point-­‐line	
  par2cles:	
  no	
  underlying	
  event	
  
Ø  Ini2al	
  state	
  completely	
  defined	
  
Ø  Final	
  state	
  has	
  known	
  energy	
  and	
  momentum:	
  (√s,	
  0,	
  0,	
  0)	
  

Ø  Example:	
  an	
  e+e-­‐	
  →	
  W+W-­‐	
  →	
  qqqq	
  candidate	
  
•  Four	
  jets	
  in	
  the	
  event	
  and	
  nothing	
  else	
  
•  Total	
  energy	
  and	
  momentum	
  are	
  conserved	
  

Ø  E1	
  +	
  E2	
  +	
  E3	
  +	
  E4	
  =	
  √s	
  
Ø  P1x,y,z	
  +	
  p2x,y,z	
  +	
  p3x,y,z	
  =	
  0	
  

•  Jet	
  direc2ons	
  (βix,y,z	
  =	
  Pix,y,z/Ei)	
  are	
  very	
  well	
  measured	
  

•  Jet	
  energies	
  (or	
  di-­‐jet	
  masses:	
  mW)	
  determined	
  analy2cally	
  by	
  inver2ng	
  the	
  matrix	
  
Ø  No	
  systema2c	
  uncertainty	
  related	
  to	
  jet	
  energy	
  calibra2on	
  

A	
  lot	
  of	
  Zs	
  are	
  available	
  anyway	
  to	
  calibrate	
  and	
  align	
  everything	
  	
  

-­‐	
  	
  	
  -­‐	
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Very	
  rich	
  FCC-­‐ee	
  physics	
  programme	
  
Appella2on	
   Tera-­‐Z	
   Oku-­‐W	
   Mega-­‐Higgs	
   Mega-­‐top	
  

√s	
  (GeV)	
   90	
  (Z)	
   160	
  (WW)	
   240	
  (HZ)	
   350	
  (p)	
   350+	
  (WW→H)	
  

Lumi	
  [1034	
  cm-­‐2s-­‐1]	
  	
   880	
   152	
   24	
   10	
   10	
  

Lumi	
  [ab-­‐1/yr]	
   88.0	
   15.2	
   3.5	
   1.0	
   1.0	
  

Events/year	
   3.7	
  x	
  1012	
   6.1	
  x	
  107	
   7.0	
  x	
  105	
   4.2	
  x	
  105	
   2.5	
  x	
  104	
  

Target	
  #	
  events	
   (1012)	
  1013	
   108	
   2	
  x	
  106	
   106	
  	
  E	
  

#	
  years	
   (0.3)	
  2.5	
   1	
   3	
   0.5	
   3	
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∴	
  FCC-­‐ee	
  is	
  the	
  ul2mate	
  Z,	
  W,	
  Higgs,	
  and	
  top	
  factory!	
  

-­‐	
  

-­‐	
  

See	
  arXiv:1308.6176,	
  “First	
  Look	
  at	
  the	
  Physics	
  Case	
  of	
  TLEP”	
  
FCC-­‐ee	
  physics	
  mee2ngs,	
  hpps://indico.cern.ch/category/5259/	
  

Logically,	
  divide	
  the	
  programme	
  into	
  two	
  main	
  parts:	
  
a.  Precision	
  Higgs	
  physics	
  at	
  √s	
  =	
  240	
  GeV	
  
b.  Precision	
  electroweak	
  physics	
  at	
  √s	
  =	
  90,	
  160,	
  and	
  350	
  GeV	
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Higgs-­‐strahlung	
  

Boson	
  fusion	
  

Luminosity	
  op2mised	
  running	
  point(s)	
  	
  
§  Collect	
  2M	
  HZ	
  events	
  at	
  √s	
  =	
  240	
  GeV	
  
§  Plus	
  100k	
  VV	
  →	
  H	
  events	
  at	
  √s	
  ≈	
  350	
  GeV	
  

§  Determine	
  all	
  Higgs	
  couplings	
  in	
  a	
  model-­‐
independent	
  way	
  

§  Infer	
  the	
  Higgs	
  total	
  decay	
  width	
  
§  Evaluate	
  (or	
  set	
  limits	
  on)	
  Higgs	
  invisible	
  or	
  

exo2c	
  decays	
  

Higgs	
  decay	
  modes	
  

Measurement	
  of	
  	
  	
  	
  	
  	
  σ(e+e-­‐	
  ➝	
  H+X)	
  ×	
  BR(H	
  ➝	
  YY)	
  	
  	
  for	
  	
  	
  	
  Y	
  =	
  b,	
  c,	
  g,	
  W,	
  Z,	
  γ,	
  τ,	
  μ,	
  invisible	
  	
  



	
  	
  

Precision	
  Higgs	
  physics	
  at	
  FCC-­‐ee	
  (2)	
  
Physics	
  backgrounds	
  are	
  “small”	
  
•  For	
  example,	
  at	
  √s	
  =	
  240	
  GeV	
  

	
  
	
  

§  “Green”	
  cross	
  sec2ons	
  decrease	
  like	
  1/s	
  
§  “Purple”	
  cross	
  sec2ons	
  increase	
  slowly	
  with	
  s	
  

•  To	
  be	
  compared	
  to	
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e+e-	
  →	
  qq,	
  l+l-
γγ	
  →	
  qq,	
  l+l-
m	
  >	
  30	
  GeV	
   e+e-	
  →	
  W+W- e+e-	
  →	
  Ze+e- e+e-	
  →	
  Weν e+e-	
  →	
  ZZ e+e-	
  →	
  Zνν-­‐	
   -­‐	
   -­‐	
  

60	
  pb	
   30	
  pb	
   16	
  pb	
   3.8	
  pb	
   1.3	
  pb	
  1.4	
  pb	
   32	
  X	
  

1.2 Theoretical structure of the Standard Model Higgs boson

Table 1.1. The Standard Model values of branching ratios of fermionic decays of the Higgs boson for each value of
the Higgs boson mass mh.

mh (GeV) b¯b ·+·≠ µ+µ≠ cc̄ ss̄
125.0 57.7 % 6.32 % 0.0219 % 2.91 % 0.0246 %
125.3 57.2 % 6.27 % 0.0218 % 2.89 % 0.0244 %
125.6 56.7 % 6.22 % 0.0216 % 2.86 % 0.0242 %
125.9 56.3 % 6.17 % 0.0214 % 2.84 % 0.0240 %
126.2 55.8 % 6.12 % 0.0212 % 2.81 % 0.0238 %
126.5 55.3 % 6.07 % 0.0211 % 2.79 % 0.0236 %

Table 1.2. The Standard Model values of branching ratios of bosonic decays of the Higgs boson for each value of
the Higgs boson mass mh. The predicted value of the total decay width of the Higgs boson is also listed for each
value of mh.

mh (GeV) gg ““ Z“ W +W ≠ ZZ �H (MeV)
125.0 8.57 % 0.228 % 0.154 % 21.5 % 2.64 % 4.07
125.3 8.54 % 0.228 % 0.156 % 21.9 % 2.72 % 4.11
125.6 8.52 % 0.228 % 0.158 % 22.4 % 2.79 % 4.15
125.9 8.49 % 0.228 % 0.162 % 22.9 % 2.87 % 4.20
126.2 8.46 % 0.228 % 0.164 % 23.5 % 2.94 % 4.24
126.5 8.42 % 0.228 % 0.167 % 24.0 % 3.02 % 4.29

are listed for mh = 125.0, 125.3, 125.6, 125.9, 126.2 and 126.5 GeV [47]. In Table 1.2 the predicted
values of the total decay width of the Higgs boson are also listed. It is quite interesting that with
a Higgs mass of 126 GeV, a large number of decay modes have similar sizes and are accessible to
experiments. Indeed, the universal relation between the mass and the coupling to the Higgs boson for
each particle shown in Fig. 1.1 can be well tested by measuring these branching ratios as well as the
total decay width accurately at the ILC. For example, the top Yukawa coupling and the triple Higgs
boson coupling are determined respectively by measuring the production cross sections of top pair
associated Higgs boson production and double Higgs boson production mechanisms.

1.2.4 Higgs production at the ILC

At the ILC, the SM Higgs boson h is produced mainly via production mechanisms such as the
Higgsstrahlung process e+e≠ æ Zú æ Zh (Fig. 1.3 Left) and the the weak boson fusion processes
e+e≠ æ W +úW ≠ú‹‹̄ æ h‹‹̄ (Fig. 1.3 (Middle)) and e+e≠ æ ZúZúe+e≠ æ he+e≠. The
Higgsstrahlung process is an s-channel process so that it is maximal just above the threshold of the
process, whereas vector boson fusion is a t-channel process which yields a cross section that grows
logarithmically with the center-of-mass energy. The Higgs boson is also produced in association with
a fermion pair. The most important process of this type is Higgs production in association with a top
quark pair, whose typical diagram is shown in Fig. 1.3 (Right). The corresponding production cross
sections at the ILC are shown in Figs. 1.4 (Left) and (Right) as a function of the collision energy by
assuming the initial electron (positron) beam polarization to be ≠0.8 (+0.2).

The ILC operation will start with the e+e≠ collision energy of 250 GeV (just above threshold for
hZ production), where the Higgsstrahlung process is dominant and the contributions of the fusion
processes are small, as shown in Fig. 1.4 (Left) . As the center-o�-mass energy,

Ô
s increases, the
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Figure 1.3. Two important Higgs boson production processes at the ILC. The Higgsstrahlung process (Left), the
W-boson fusion process (Middle) and the top-quark association (Right).
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200	
  X	
  

q  Only	
  one	
  to	
  two	
  orders	
  of	
  magnitude	
  smaller	
  	
  
§  vs.	
  11	
  orders	
  of	
  magnitude	
  in	
  pp	
  collisions	
  

◆  Trigger	
  is	
  100%	
  efficient	
  
◆  	
  All	
  Higgs	
  events	
  are	
  useful	
  and	
  exploitable	
  
◆  Signal	
  purity	
  is	
  large	
  

Add	
  e+e-	
  →	
  p	
  	
  
for	
  √s	
  >	
  340	
  GeV	
  

-­‐	
  
0.6	
  pb	
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e+e-→	
  HZ

√s	
  =	
  240	
  GeV	
  

Example	
  of	
  a	
  Higgs	
  boson	
  event	
  e+e-­‐	
  ➝	
  HZ	
  ➝	
  μ+μ-­‐	
  bb	
  	
  
§  Tagged	
  with	
  Z	
  ➝	
  μ+μ-­‐	
  

§  Very	
  clean	
  signature	
  

1.2 Theoretical structure of the Standard Model Higgs boson

Table 1.1. The Standard Model values of branching ratios of fermionic decays of the Higgs boson for each value of
the Higgs boson mass mh.

mh (GeV) b¯b ·+·≠ µ+µ≠ cc̄ ss̄
125.0 57.7 % 6.32 % 0.0219 % 2.91 % 0.0246 %
125.3 57.2 % 6.27 % 0.0218 % 2.89 % 0.0244 %
125.6 56.7 % 6.22 % 0.0216 % 2.86 % 0.0242 %
125.9 56.3 % 6.17 % 0.0214 % 2.84 % 0.0240 %
126.2 55.8 % 6.12 % 0.0212 % 2.81 % 0.0238 %
126.5 55.3 % 6.07 % 0.0211 % 2.79 % 0.0236 %

Table 1.2. The Standard Model values of branching ratios of bosonic decays of the Higgs boson for each value of
the Higgs boson mass mh. The predicted value of the total decay width of the Higgs boson is also listed for each
value of mh.

mh (GeV) gg ““ Z“ W +W ≠ ZZ �H (MeV)
125.0 8.57 % 0.228 % 0.154 % 21.5 % 2.64 % 4.07
125.3 8.54 % 0.228 % 0.156 % 21.9 % 2.72 % 4.11
125.6 8.52 % 0.228 % 0.158 % 22.4 % 2.79 % 4.15
125.9 8.49 % 0.228 % 0.162 % 22.9 % 2.87 % 4.20
126.2 8.46 % 0.228 % 0.164 % 23.5 % 2.94 % 4.24
126.5 8.42 % 0.228 % 0.167 % 24.0 % 3.02 % 4.29

are listed for mh = 125.0, 125.3, 125.6, 125.9, 126.2 and 126.5 GeV [47]. In Table 1.2 the predicted
values of the total decay width of the Higgs boson are also listed. It is quite interesting that with
a Higgs mass of 126 GeV, a large number of decay modes have similar sizes and are accessible to
experiments. Indeed, the universal relation between the mass and the coupling to the Higgs boson for
each particle shown in Fig. 1.1 can be well tested by measuring these branching ratios as well as the
total decay width accurately at the ILC. For example, the top Yukawa coupling and the triple Higgs
boson coupling are determined respectively by measuring the production cross sections of top pair
associated Higgs boson production and double Higgs boson production mechanisms.

1.2.4 Higgs production at the ILC

At the ILC, the SM Higgs boson h is produced mainly via production mechanisms such as the
Higgsstrahlung process e+e≠ æ Zú æ Zh (Fig. 1.3 Left) and the the weak boson fusion processes
e+e≠ æ W +úW ≠ú‹‹̄ æ h‹‹̄ (Fig. 1.3 (Middle)) and e+e≠ æ ZúZúe+e≠ æ he+e≠. The
Higgsstrahlung process is an s-channel process so that it is maximal just above the threshold of the
process, whereas vector boson fusion is a t-channel process which yields a cross section that grows
logarithmically with the center-of-mass energy. The Higgs boson is also produced in association with
a fermion pair. The most important process of this type is Higgs production in association with a top
quark pair, whose typical diagram is shown in Fig. 1.3 (Right). The corresponding production cross
sections at the ILC are shown in Figs. 1.4 (Left) and (Right) as a function of the collision energy by
assuming the initial electron (positron) beam polarization to be ≠0.8 (+0.2).

The ILC operation will start with the e+e≠ collision energy of 250 GeV (just above threshold for
hZ production), where the Higgsstrahlung process is dominant and the contributions of the fusion
processes are small, as shown in Fig. 1.4 (Left) . As the center-o�-mass energy,

Ô
s increases, the
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Figure 1.3. Two important Higgs boson production processes at the ILC. The Higgsstrahlung process (Left), the
W-boson fusion process (Middle) and the top-quark association (Right).
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➝	
  μ+μ-­‐	
  

➝	
  bb	
  -­‐	
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Full	
  simula2on	
  studied,	
  so	
  
far,	
  using	
  CMS	
  detector	
  

Recoil	
  method	
  unique	
  to	
  e+e-­‐	
  colliders	
  
Tag	
  Higgs	
  boson	
  in	
  HZ	
  event	
  by	
  the	
  presence	
  of	
  a	
  Z	
  ➝	
  e+e-­‐,	
  μ+μ-­‐	
  

a.  Select	
  events	
  with	
  a	
  lepton	
  pair	
  (e+e-­‐,	
  μ+μ-­‐)	
  with	
  mZ	
  compa2ble	
  mass	
  
§  No	
  requirement	
  on	
  Higgs	
  decay	
  
§  All	
  Higgs	
  decays	
  also	
  invisible	
  will	
  be	
  selected	
  

b.  Apply	
  energy-­‐momentum	
  conserva2on	
  to	
  determine	
  ”recoil	
  mass”	
  

mrecoil
2	
  	
  =	
  (√s	
  –	
  Ell)2	
  -­‐	
  |pll|2	
  

c.  Plot	
  	
  recoil	
  mass	
  distribu2on	
  	
  -­‐	
  resolu2on	
  
propor2onal	
  to	
  momentum	
  resolu2on	
  

d.  From	
  fit,	
  determine	
  number	
  of	
  HZ	
  events,	
  
i.e.	
  determine	
  σHZ	
  	
  x	
  BR(Z	
  ➝	
  e+e-­‐,	
  μ+μ-­‐)	
  

*	
  

FCC-­‐ee	
  
1	
  year,	
  1	
  detector	
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Repeat	
  search	
  in	
  all	
  possible	
  final	
  states	
  
•  For	
  all	
  exclusive	
  decays	
  of	
  the	
  Higgs	
  boson:	
  measure	
  σHZ	
  x	
  BR(H➝YY)	
  

§  Including	
  invisible	
  decays,	
  just	
  tagged	
  by	
  the	
  presence	
  of	
  the	
  lepton	
  pair	
  &	
  mrecoil	
  
§  For	
  all	
  decays	
  of	
  the	
  Z	
  (hadrons,	
  taus,	
  neutrinos)	
  to	
  increase	
  sta2s2cs	
  

ZH	
  ➝	
  l+l-­‐	
  +	
  nothing	
  
BR(H➝invis)	
  =	
  100%	
  

FCC-­‐ee,	
  0.5	
  ab-­‐1,	
  √s	
  =	
  240	
  GeV	
  

H	
  ➝	
  τ+τ-­‐	
  with	
  Z	
  ➝	
  qq	
  

FCC-­‐ee,	
  0.5	
  ab-­‐1,	
  √s	
  =	
  240	
  GeV	
  

mrecoil	
  [GeV]	
  	
  	
  	
  	
  	
  	
  	
  	
   mrecoil	
  [GeV]	
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From	
  the	
  measurement	
  of	
  the	
  total	
  produc2on	
  
cross	
  sec2on	
  (slide	
  10)	
  
	
  
	
  
From	
  a	
  coun2ng	
  of	
  HZ	
  events	
  with	
  H	
  ➝	
  ZZ	
  

§  Measure	
  σHZ	
  x	
  BR(H	
  ➝	
  ZZ)	
  

Infer	
  ΓH	
  from	
  combina2on	
  of	
  two	
  measurements	
  	
  
	
  
	
  

σHZ	
  ∝	
  gHZ2	
  

	
  	
  
ΓH	
  ∝	
  	
  σHZ	
  /	
  BR(H➝	
  ZZ)	
  

Indirect	
  determina2on	
  of	
  the	
  total	
  Higgs	
  decay	
  width	
  	
  

At	
  √s=240	
  GeV	
  

σHZ	
  x	
  BR(H	
  ➝	
  ZZ)	
  ∝	
  gHZ4/ΓH	
  

At	
  √s	
  ≥350	
  GeV	
  

Analysis

The final step: look at missing mass distribution:
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-1 WW-Fusion

missing mass (GeV)

sqrt(s) = 350 GeV
mH =      120 GeV Higgsstrahlung

Interference
Background

Determine the rate for WW-fusion from a shape fit to the con-
tributions of WW-Fusion, Higgs-Strahlung and background.

Interference currently treated as constant (could be fit as well)

Systematics: background shape can be checked from
anti-b-tagged selection

Higgs-Strahlung shape can be checked with
events after removing the leptons

Running with different beam polarisation has different effects
on the background and Higgsstrahlung contributions!

K. Desch Measurement of the Cross Section for WW–Fusion, LCWS2000 – Fermilab, 25/10/200 Page 7

1.2 Theoretical structure of the Standard Model Higgs boson

Table 1.1. The Standard Model values of branching ratios of fermionic decays of the Higgs boson for each value of
the Higgs boson mass mh.

mh (GeV) b¯b ·+·≠ µ+µ≠ cc̄ ss̄
125.0 57.7 % 6.32 % 0.0219 % 2.91 % 0.0246 %
125.3 57.2 % 6.27 % 0.0218 % 2.89 % 0.0244 %
125.6 56.7 % 6.22 % 0.0216 % 2.86 % 0.0242 %
125.9 56.3 % 6.17 % 0.0214 % 2.84 % 0.0240 %
126.2 55.8 % 6.12 % 0.0212 % 2.81 % 0.0238 %
126.5 55.3 % 6.07 % 0.0211 % 2.79 % 0.0236 %

Table 1.2. The Standard Model values of branching ratios of bosonic decays of the Higgs boson for each value of
the Higgs boson mass mh. The predicted value of the total decay width of the Higgs boson is also listed for each
value of mh.

mh (GeV) gg ““ Z“ W +W ≠ ZZ �H (MeV)
125.0 8.57 % 0.228 % 0.154 % 21.5 % 2.64 % 4.07
125.3 8.54 % 0.228 % 0.156 % 21.9 % 2.72 % 4.11
125.6 8.52 % 0.228 % 0.158 % 22.4 % 2.79 % 4.15
125.9 8.49 % 0.228 % 0.162 % 22.9 % 2.87 % 4.20
126.2 8.46 % 0.228 % 0.164 % 23.5 % 2.94 % 4.24
126.5 8.42 % 0.228 % 0.167 % 24.0 % 3.02 % 4.29

are listed for mh = 125.0, 125.3, 125.6, 125.9, 126.2 and 126.5 GeV [47]. In Table 1.2 the predicted
values of the total decay width of the Higgs boson are also listed. It is quite interesting that with
a Higgs mass of 126 GeV, a large number of decay modes have similar sizes and are accessible to
experiments. Indeed, the universal relation between the mass and the coupling to the Higgs boson for
each particle shown in Fig. 1.1 can be well tested by measuring these branching ratios as well as the
total decay width accurately at the ILC. For example, the top Yukawa coupling and the triple Higgs
boson coupling are determined respectively by measuring the production cross sections of top pair
associated Higgs boson production and double Higgs boson production mechanisms.

1.2.4 Higgs production at the ILC

At the ILC, the SM Higgs boson h is produced mainly via production mechanisms such as the
Higgsstrahlung process e+e≠ æ Zú æ Zh (Fig. 1.3 Left) and the the weak boson fusion processes
e+e≠ æ W +úW ≠ú‹‹̄ æ h‹‹̄ (Fig. 1.3 (Middle)) and e+e≠ æ ZúZúe+e≠ æ he+e≠. The
Higgsstrahlung process is an s-channel process so that it is maximal just above the threshold of the
process, whereas vector boson fusion is a t-channel process which yields a cross section that grows
logarithmically with the center-of-mass energy. The Higgs boson is also produced in association with
a fermion pair. The most important process of this type is Higgs production in association with a top
quark pair, whose typical diagram is shown in Fig. 1.3 (Right). The corresponding production cross
sections at the ILC are shown in Figs. 1.4 (Left) and (Right) as a function of the collision energy by
assuming the initial electron (positron) beam polarization to be ≠0.8 (+0.2).

The ILC operation will start with the e+e≠ collision energy of 250 GeV (just above threshold for
hZ production), where the Higgsstrahlung process is dominant and the contributions of the fusion
processes are small, as shown in Fig. 1.4 (Left) . As the center-o�-mass energy,

Ô
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Figure 1.3. Two important Higgs boson production processes at the ILC. The Higgsstrahlung process (Left), the
W-boson fusion process (Middle) and the top-quark association (Right).
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At the ILC, the SM Higgs boson h is produced mainly via production mechanisms such as the
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Figure 1.3. Two important Higgs boson production processes at the ILC. The Higgsstrahlung process (Left), the
W-boson fusion process (Middle) and the top-quark association (Right).
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From	
  coun2ng	
  of	
  WW➝H➝bb	
  events	
  in	
  
bbνν	
  final	
  state	
  

§  Measure	
  σ(WW	
  ➝H➝bb	
  )	
  
§  Take	
  BRs	
  into	
  WW	
  and	
  bb	
  from	
  240	
  GeV	
  run	
  
§  Infer	
  the	
  total	
  width	
  	
  

ΓH	
  ∝	
  σW➝W➝bb/	
  BR(H➝	
  WW)	
  x	
  BR(H➝bb)	
  

Final	
  state	
  with	
  three	
  Zs.	
  
Almost	
  background	
  free	
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Coupling	
   HL-­‐LHC	
   FCC-­‐ee	
  

κW	
   2-­‐5%	
   0.19%	
  

κZ	
   2-­‐4%	
   0.15%	
  

κb	
   4-­‐7%	
   0.42%	
  

κc	
   -­‐	
   0.71%	
  

κτ	
   2-­‐5%	
   0.54%	
  

κμ	
   ∼10%	
   6.2%	
  

κγ	
   2-­‐5%	
   1.5%	
  

κg	
   3-­‐5%	
   0.8%	
  

κZγ	
   ∼12%	
   ?	
  

BRinv	
   ∼10-­‐15%	
   0.25%	
  

ΓH	
   ∼50%	
  ?	
   0.9%	
  

κt	
   7-­‐10%	
   13%	
  (*)	
  

κH	
   77%	
   80%	
  (*)	
   (*)	
  indirect	
  

Summary	
  of	
  precisions	
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Tera-­‐Z:	
  The	
  Z	
  line-­‐shape	
  measurement	
  
§  Repeat	
  the	
  LEP1	
  programme	
  every	
  few	
  minutes	
  

•  Remember,	
  a|er	
  5	
  years	
  at	
  LEP	
  

Nν	
  =	
  2.984	
  ±	
  0.008	
  
ΓZ	
  =	
  2495.2	
  ±	
  2.3	
  MeV	
  
mZ	
  =	
  91187.5	
  ±	
  2.1	
  MeV	
  
Rl	
  =	
  20.767	
  ±	
  0.025	
  
αs	
  =	
  0.1190	
  ±	
  0.0025	
  

§  Predic2ng	
  accuracies	
  with	
  300	
  2mes	
  smaller	
  sta2s2cal	
  precision	
  than	
  at	
  LEP	
  is	
  difficult	
  
•  Conserva2vely	
  use	
  LEP	
  experience	
  for	
  systema2cs	
  

§  Example:	
  The	
  uncertainty	
  on	
  Ebeam	
  (1.5	
  MeV)	
  was	
  the	
  domninant	
  uncertainty	
  on	
  mZ,	
  ΓZ	
  
•  Can	
  we	
  do	
  significantly	
  beper	
  at	
  FCC-­‐ee	
  ?	
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Measurement	
  of	
  the	
  beam	
  energy	
  at	
  LEP	
  
§  Ultra-­‐precise	
  measurement	
  unique	
  to	
  circular	
  colliders	
  (crucial	
  for	
  mZ,	
  ΓZ)	
  

Electron	
  with	
  momentum	
  p	
  in	
  uniform	
  ver2cal	
  
magne2c	
  fiend	
  B	
  

LEP	
  
L	
  =	
  2πR	
  =	
  27	
  km	
  

E	
  ≃	
  p	
  =	
  eBR	
  =	
  (e/2π)	
  BL	
  

In	
  real	
  life,	
  B	
  non-­‐uniform,	
  LEP	
  ring	
  not	
  circular	
  

E = e
2π

Bdl
LEP
∫ To	
  be	
  

measured	
  

The	
  electrons	
  get	
  transversally	
  polarized	
  (i.e.,	
  
their	
  spin	
  tends	
  to	
  align	
  with	
  B	
  

Slow	
  process	
  (∼1	
  hour	
  to	
  get	
  10%	
  polariza2on)	
  
	
  
NB.	
  Polariza2on	
  can	
  be	
  maintained	
  in	
  collisions	
  (was	
  
tried	
  only	
  once	
  at	
  LEP)	
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m
g

e

e
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−
=ν

Measurement	
  of	
  the	
  beam	
  energy	
  at	
  LEP	
  (cont’d)	
  
§  The	
  spin	
  precesses	
  around	
  B	
  with	
  a	
  frequency	
  propor2onal	
  to	
  |B|	
  (Larmor	
  precession)	
  

•  Hence,	
  the	
  number	
  of	
  revolu2ons	
  νS	
  for	
  each	
  LEP	
  turn	
  is	
  propor2onal	
  to	
  BL	
  (or∮BdL	
  )	
  

Resonant	
  depolariza2on	
  

Vary	
  ν	
  un2l	
  Pol=0	
  (ν=νS)	
  

Intrinsic	
  precision	
  of	
  the	
  method:	
  ΔEbeam	
  <	
  100	
  keV	
  !	
  	
  
§  However,	
  mZ	
  and	
  ΓZ	
  measured	
  at	
  LEP	
  with	
  a	
  precision	
  of	
  2.2	
  MeV	
  

•  Extrapola2on	
  uncertainty	
  from	
  measurement	
  performed	
  w/o	
  collisions	
  

Measurement	
  of	
  the	
  beam	
  energy	
  at	
  FCC-­‐ee	
  
§  LEP	
  was	
  colliding	
  4	
  bunches	
  of	
  e+	
  and	
  e-­‐;	
  FCC-­‐ee	
  will	
  have	
  10.000’s	
  of	
  bunches.	
  
§  Use	
  ∼100	
  “single”	
  bunches	
  to	
  measure	
  Ebeam	
  with	
  resonant	
  depolariza2on	
  

•  Measure	
  Ebeam	
  directly	
  in	
  physics	
  runs	
  
•  Each	
  measurement	
  gives	
  100	
  keV	
  precision;	
  no	
  extrapola2on	
  uncertainty	
   mZ	
  to	
  <	
  100	
  keV	
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Asymmetries	
  and	
  sin2θW	
  
•  LEP	
  asymmetry	
  measurements	
  dominated	
  by	
  

sta2s2cs	
  
•  AFB

ll,	
  Pτ,	
  AFB
bb,	
  AFB

cc	
  

•  Large	
  precision	
  gain	
  from	
  O(105)	
  larger	
  stats.	
  

•  Study	
  of	
  AFB
μμ	
  alone	
  indicates	
  factor	
  50	
  

improvement	
  compared	
  to	
  LEP	
  
•  Matching	
  uncertain2es	
  from	
  stats.	
  and	
  beam	
  

energy	
  syst.	
  (assumed	
  100	
  keV)	
  
•  Study	
  of	
  AFB

0,b	
  alone	
  indicates	
  gain	
  of	
  factor	
  O(10)	
  
•  Poten2al	
  of	
  other	
  asymmetries	
  to	
  be	
  studied	
  	
  

•  e.g.	
  Pτ	
  

•  Also,	
  inves2gate	
  ALR	
  with	
  longitudinally	
  polarized	
  
beam	
  op2on	
  
•  Beam	
  energy	
  calibra2on	
  influenced	
  by	
  spin	
  

rotators?	
  

•  S2ll	
  early	
  days:	
  much	
  interes2ng	
  work	
  ahead	
  …	
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Observable	
   Measurement	
   Current	
  precision	
   FCC-­‐ee	
  stat.	
   Possible	
  syst.	
   Challenge	
  

mZ	
  (MeV)	
   Lineshape	
   91187.5	
  ±	
  2.1	
   0.005	
   <	
  0.1	
   QED	
  corr.	
  

ΓZ	
  (	
  MeV)	
   Lineshape	
   2495.2	
  ±	
  2.3	
   0.008	
   <	
  0.1	
   QED	
  corr.	
  

Rl	
   Peak	
   20.767	
  ±	
  0.025	
   0.0001	
   <	
  0.001	
   QED	
  corr.	
  

Rb	
   Peak	
   0.21629	
  ±	
  0.00066	
   0.000003	
   <	
  0.00006	
   g	
  -­‐>	
  bb	
  

Nν	
   Peak	
   2.984	
  ±	
  0.008	
   0.00004	
   0.004	
   Lumi	
  meast.	
  

AFB
μμ	
   Peak	
   0.0171	
  ±	
  0.0010	
   0.000004	
   <	
  0.00001	
   Ebeam	
  meast.	
  

αs(mZ)	
   Rl	
   0.1190	
  ±	
  0.0025	
   0.000001	
   0.00015	
   New	
  Physics	
  

1/αQED(MZ)	
   AFB
μμ	
  around	
  peak	
   128.952	
  ±	
  0.015	
   0.004	
   0.002	
   EW	
  corr.	
  

Experimental	
  uncertain2es	
  mostly	
  of	
  systema2c	
  origin	
  
•  So	
  far,	
  mostly	
  conserva2vely	
  es2mated	
  based	
  on	
  LEP	
  experience	
  
•  Work	
  ahead	
  to	
  establish	
  more	
  solid	
  numbers	
  

Tera-­‐Z:	
  Examples	
  of	
  targeted	
  accuracies	
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Opportuni2es	
  for	
  direct	
  searches	
  for	
  new	
  physics	
  through	
  rare	
  decays	
  
§  1012	
  (1013)	
  Z,	
  	
  1011	
  b,	
  c	
  or τ : A	
  fantas2c	
  poten2al	
  that	
  remains	
  to	
  be	
  explored	
  

§  e.g,	
  search	
  for	
  heavy	
  “sterile”	
  neutrino	
  in	
  Z	
  decays	
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Z	
  →	
  N	
  νi,	
  	
  	
  	
  with	
  N	
  →	
  W*l	
  or	
  Z*νj
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Figure 1. Physics reach in the nMSM for SHiP and
two realistic FCC-ee configurations (see text). Pre-
vious searches are shown (dashed lines), as well as
the cosmological boundaries of the model (greyed-
out areas) [3, 9].
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Figure 2. SHiP sensitivity to dark photons produced
in proton bremmstrahlung and secondary mesons de-
cays. Previous searches explored the greyed-out area.
Low-coupling regions are excluded by Big Bang Nu-
cleosynthesis.

A method similar to the one outlined in Section 2 was used to compute the expected number of
events. HNL production is assumed to happen in Z ! nn̄ decays with one neutrino kinematically
mixing to an HNL. If the accelerator is operated at the Z resonance, Z bosons decay in place and
the HNL lifetime is boosted by a factor

g =
mZ

2mN
+

mN

2mZ
. (3.1)

All `+`�n final states are considered detectable with a CMS-like detector with spherical symmetry.
Backgrounds from W ⇤W ⇤, Z⇤Z⇤ and Z⇤g⇤ processes can be suppressed by requiring the presence
of a displaced secondary vertex.

Figure 1 shows SHiP’s and FCC-ee’s sensitivities in the parameter space of the nMSM, for
two realistic FCC-ee configurations. The minimum and maximum displacements of the secondary
vertex in FCC-ee, referred to as r in Figure 1, depends on the characteristics of the tracking system.
Inner trackers with resolutions of the order of 100 µm and 1 mm, and outer trackers with diameters
of 1 m and of 5 m have been considered. Figure 2 shows SHiP’s sensitivity to dark photons,
compared to previous searches.

This work shows that the SHiP experiment can improve by several orders of magnitude the
current limits on Heavy Neutral Leptons, scanning a large part of the parameter space below the
B meson mass. Similarly, SHiP can greatly improve present constraints on dark photons. Right-
handed neutrinos with larger mass can be searched for at a future Z factory. The synergy between
SHiP and a future Z factory would allow the exploration of most of the nMSM parameter space for
sterile neutrinos.
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Oku-­‐W:	
  108	
  WW	
  events	
  at	
  producnon	
  threshold	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Measurement	
  of	
  the	
  W	
  mass	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Measurement	
  of	
  the	
  number	
  of	
  neutrinos	
  
with	
  cross	
  sec2on	
  at	
  threshold	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  (with	
  single	
  photon	
  events)	
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Nν	
  ∼	
  σ(e+e-	
  →	
  ννγ)	
  /	
  2σ(e+e-	
  →	
  µ+µ-γ)	
  -­‐	
  

Observable	
   Measurement	
   Current	
  precision	
   FCC-­‐ee	
  stat.	
   Possible	
  syst.	
   Challenge	
  

mw	
  (MeV)	
   Threshold	
  scan	
   80385	
  ±	
  15	
   0.3	
   <	
  0.5	
   QED	
  Corr.	
  

Nν	
  
Radiative	
  returns	
  
e+e-­‐	
  ➝γZ,	
  Zνν,	
  ll	
  

2.92	
  ±	
  0.05	
  
2.984	
  ±	
  0.008	
   0.001	
   <	
  0.001	
   ?	
  

αs(mW)	
   Bhad	
  =	
  (Γhad/Γtot)W	
   Bhad	
  =	
  67.41	
  ±	
  0.27	
   0.00018	
   <	
  0.00015	
   CKM	
  Matrix	
  

mW	
  to	
  <	
  500	
  keV!	
  



	
  	
  

Precision	
  electroweak	
  physics	
  at	
  FCC-­‐ee	
  (10)	
  
Mega-­‐top:	
  a	
  million	
  E	
  events	
  at	
  threshold	
  
§  Measure	
  top	
  quark	
  mass	
  and	
  width	
  

•  From	
  cross	
  sec2on	
  at	
  threshold	
  
•  No	
  beamstrahlung	
  systema2cs	
  

§  Measure	
  the	
  top	
  Yukawa	
  coupling	
  
§  From	
  top	
  polarisa2on	
  measurement	
  

(c.f.	
  tau	
  polarisa2on	
  measurement	
  at	
  LEP)	
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Observable	
   Measurement	
   Current	
  precision	
   FCC-­‐ee	
  stat.	
   Possible	
  syst.	
   Challenge	
  

mtop	
  (MeV)	
   Threshold	
  scan	
   173200	
  ±	
  900	
   10	
   10	
   QCD	
  (~40	
  MeV)	
  

Γtop	
  (MeV)	
   Threshold	
  scan	
   ?	
   12	
   ?	
   αs(mZ)	
  

λtop	
   Threshold	
  scan	
   m	
  =	
  2.5	
  ±	
  1.05	
   13%	
   ?	
   αs(mZ)	
  

-­‐	
  

mtop	
  to	
  10	
  MeV!	
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Side Remark - Threshold Scan at LCs and FCCee

• Somewhat different luminosity spectra for 
different machines:

• no beamstrahlung tail in storage ring

• sharper main peak at ILC, broader at CLIC

15
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Precision	
  electroweak	
  physics	
  at	
  FCC-­‐ee	
  (11)	
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If	
  theory	
  uncertain2es	
  match	
  exp’tal	
  uncertain2es	
  

Without	
  MZ@FCC-­‐ee,	
  the	
  SM	
  line	
  
would	
  have	
  a	
  2.2	
  MeV	
  width	
  

Standard	
  Model	
  has	
  no	
  free	
  knobs	
  le|	
  to	
  turn:	
  
=>	
  Any	
  devia2ons	
  between	
  measurements	
  would	
  point	
  to	
  New	
  Physics	
  

Presence	
  of	
  New	
  Physics	
  could	
  drama2cally	
  change	
  this	
  picture	
  



	
  	
  

Selected	
  FCC-­‐ee	
  Beam	
  Parameters	
  
Baseline	
  design	
   LEP2	
   FCCee-­‐Z	
   FCCee-­‐W	
   FCCee-­‐H	
   FCCee-­‐t	
  

Beam	
  energy	
  Eb	
  [GeV]	
   104.5	
   45.5	
   80	
   120	
   175	
  

Circumference	
  [km]	
   26.7	
   100	
   100	
   100	
   100	
  

Beam	
  current	
  [mA]	
   4	
   1450	
   152	
   30	
   6.6	
  

SR	
  power	
  total	
  [MW]	
   22	
   100	
   100	
   100	
   100	
  

No.	
  bunches/beam	
   4	
   90300	
   5192	
   770	
   78	
  

No.	
  e-­‐	
  per	
  bunch	
  [1011]	
   6	
   0.33	
   0.6	
   0.8	
   1.7	
  

Horizontal	
  emiEance	
  [nm]	
   48	
   0.09	
   0.27	
   0.61	
   1.3	
  

Verncal	
  emiEance	
  [pm]	
   250	
   1.0	
   1.0	
   1.2	
   2.5	
  

β*x	
  [m]	
   1.5	
   1	
   1	
   1	
   1	
  

β*y	
  [mm]	
   50	
   2	
   2	
   2	
   2	
  

σ*x	
  [μm]	
   270	
   9.5	
   16	
   25	
   36	
  

σ*y	
  [nm]	
   3500	
   45	
   45	
   51	
   72	
  

L/IP	
  [1034	
  cm-­‐2s-­‐1]	
  (2	
  IPs)	
   0.0125	
   68	
   19	
   4.9	
   1.3	
  

Beam	
  lifenme	
  [min]	
  (2	
  IPs)	
   360	
   247	
   109	
   78	
   63	
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Selected	
  FCC-­‐ee	
  Beam	
  Parameters	
  
Baseline	
  design	
   LEP2	
   FCCee-­‐Z	
   FCCee-­‐W	
   FCCee-­‐H	
   FCCee-­‐t	
  

Beam	
  energy	
  Eb	
  [GeV]	
   104.5	
   45.5	
   80	
   120	
   175	
  

Circumference	
  [km]	
   26.7	
   100	
   100	
   100	
   100	
  

Beam	
  current	
  [mA]	
   4	
   1450	
   152	
   30	
   6.6	
  

SR	
  power	
  total	
  [MW]	
   22	
   100	
   100	
   100	
   100	
  

No.	
  bunches/beam	
   4	
   90300	
   5192	
   770	
   78	
  

No.	
  e-­‐	
  per	
  bunch	
  [1011]	
   6	
   0.33	
   0.6	
   0.8	
   1.7	
  

Horizontal	
  emiEance	
  [nm]	
   48	
   0.09	
   0.27	
   0.61	
   1.3	
  

Verncal	
  emiEance	
  [pm]	
   250	
   1.0	
   1.0	
   1.2	
   2.5	
  

β*x	
  [m]	
   1.5	
   1	
   1	
   1	
   1	
  

β*y	
  [mm]	
   50	
   2	
   2	
   2	
   2	
  

σ*x	
  [μm]	
   270	
   9.5	
   16	
   25	
   36	
  

σ*y	
  [nm]	
   3500	
   45	
   45	
   51	
   72	
  

L/IP	
  [1034	
  cm-­‐2s-­‐1]	
  (2	
  IPs)	
   0.0125	
   68	
   19	
   4.9	
   1.3	
  

Beam	
  lifenme	
  [min]	
  (2	
  IPs)	
   360	
   247	
   109	
   78	
   63	
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Very	
  strong	
  
ver2cal	
  
focussing	
  

Bunch	
  
crossing	
  2me	
  
down	
  to	
  3	
  ns	
  



FCC-­‐ee	
  accelerator	
  layout	
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Of	
  par2cular	
  importance	
  for	
  
experiments	
  
§  30	
  mrad	
  beam	
  crossing	
  angle	
  

§  Avoid	
  parasi2c	
  crossings	
  
§  No	
  bending	
  of	
  beams	
  before	
  crossing,	
  

only	
  a|er	
  
§  Minimize	
  synchrotron	
  radia2on	
  

through	
  interac2on	
  region	
  
§  PSR	
  <	
  1	
  kW	
  within	
  250	
  m	
  from	
  IP	
  
§  Eγcrit	
  <	
  100	
  keV	
  -­‐	
  minimize	
  neutron	
  

produc2on	
  



FCC-­‐ee	
  experimental	
  condi2ons	
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Sharp	
  beam-­‐energy	
  profile	
  
§  Beams	
  are	
  circula2ng,	
  i.e.	
  have	
  to	
  be	
  

reusable	
  a|er	
  collision	
  
•  Non-­‐destruc2ve	
  focusing	
  and	
  collision	
  
•  Beam-­‐beam	
  interac2ons	
  have	
  to	
  be	
  

kept	
  at	
  a	
  minimum	
  	
  

Low	
  beamstrahlung	
  background	
  	
  (study	
  for	
  √s	
  =	
  90	
  GeV)	
  
§  On	
  average	
  4000	
  e+e-­‐	
  pairs	
  created	
  per	
  BX	
  
§  Carry	
  total	
  energy	
  of	
  	
  ∼1	
  TeV	
  (	
  400	
  x	
  less	
  that	
  at	
  ILC500	
  )	
  
§  Vertex	
  detector	
  layer	
  at	
  R	
  =	
  10	
  mm	
  would	
  receive	
  a	
  tolerable	
  

1.5	
  hit	
  /	
  BX	
  /	
  cm2	
  

No	
  underlying	
  events;	
  No	
  pile-­‐up	
  
§  Running	
  condi2ons	
  most	
  “extreme”	
  at	
  Z	
  peak:	
  

•  ∼100	
  kHz	
  of	
  Zs	
  
•  ∼200	
  kHz	
  of	
  small	
  angle	
  elas2c	
  e+e-­‐	
  (Bhabha)	
  scapering	
  -­‐	
  normalisa2on	
  
•  Compare	
  to	
  300	
  MHz	
  beam-­‐crossing	
  rate	
  
Only	
  1:1000	
  bunch-­‐crossings	
  will	
  have	
  an	
  interac2on:	
  μ	
  =	
  0.001	
  



	
  	
  

Interac2on	
  Region	
  design	
  (1)	
  
The	
  Interac2on	
  Region	
  is	
  complicated	
  
§  Very	
  strong	
  focussing;	
  low	
  β*	
  (2	
  mm)	
  

•  Small	
  distance	
  between	
  IP	
  and	
  first	
  quadupole:	
  L*	
  ≃	
  2	
  m	
  
•  Final-­‐focus	
  magnets	
  will	
  be	
  located	
  inside	
  the	
  detector	
  volume	
  

§  Beams	
  cross	
  at	
  an	
  angle	
  of	
  30	
  mrad	
  
•  Beams	
  traverse	
  detector	
  volume	
  at	
  15	
  mrad	
  w.r.t.	
  experimental	
  B-­‐field	
  

•  Beam	
  par2cles	
  receive	
  ver2cal	
  kick;	
  emipance	
  blow-­‐up	
  

§  Shielding/compensa2on	
  needed	
  
a.  Final-­‐focus	
  magnets	
  need	
  to	
  be	
  shielded	
  from	
  the	
  main	
  experimental	
  solenoid	
  
b.  Compensa2ng	
  magnets	
  are	
  needed	
  in	
  order	
  to	
  “undo”	
  the	
  effect	
  of	
  

experimental	
  B-­‐field	
  

§  Small	
  angle	
  region	
  is	
  very	
  busy	
  
•  Need	
  to	
  understand	
  backscapering	
  of	
  beamstrahlung	
  and	
  synchrotron	
  radia2on	
  

from	
  heavy	
  machine	
  elements	
  close	
  to	
  IP	
  
•  Need	
  to	
  find	
  space	
  for	
  instrumenta2on	
  at	
  small	
  angles	
  

•  Luminosity	
  monitors,…	
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Interac2on	
  Region	
  design	
  (2)	
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Very	
  strong	
  influence	
  of	
  solenoid	
  edges	
  on	
  ver2cal	
  emipance	
  
•  May	
  in	
  the	
  end	
  put	
  an	
  effec2ve	
  limit	
  on	
  the	
  strength	
  of	
  the	
  detector	
  field	
  

Interac2on	
  region	
  magnet	
  system	
  layout	
  principle	
  

Assumed	
  here::	
  +2	
  Tesla	
  
detector	
  main	
  field	
  

Screening	
  
quadrupole:	
  -­‐2	
  Tesla	
  

Compensa2on	
  for	
  beam	
  path	
  
through	
  detector:	
  
-­‐8	
  Tesla	
  over	
  one	
  quarter	
  of	
  path	
  



Luminosity	
  measurement	
  (1)	
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Nν	
  =	
  2.984	
  ±	
  0.008	
  

Luminosity	
  measurement	
  needed	
  for	
  normaliza2on	
  of	
  all	
  cross	
  
sec2on	
  measurements	
  
§  Most	
  prominent	
  example:	
  Z	
  line	
  shape	
  

•  Rela2ve	
  luminosity:	
  energy-­‐point	
  to	
  energy-­‐point	
  (mZ)	
  
•  Absolute	
  luminosity:	
  cross	
  sec2on	
  measurement	
  at	
  Z	
  pole	
  

§  LEP	
  luminosity	
  uncertainty	
  (OPAL):	
  	
  	
  δL/L	
  =	
  6.4	
  ×	
  10-­‐4	
  
•  Luminosity	
  contribu2on	
  important	
  for	
  e.g.	
  Nν	
  measurement	
  

lumi	
  theo:	
  δNν	
  =	
  0.004	
  
lumi	
  expt:	
  	
  δNν	
  =	
  0.002	
  

Luminosity	
  determined	
  via	
  small	
  angle	
  elas2c	
  e+e-­‐	
  ⟶	
  e+e-­‐	
  scapering	
  
§  Bhabha	
  scapering	
  is	
  very	
  strongly	
  forward	
  peaked	
  (1/θ2)	
  

•  Requires	
  a	
  small	
  and	
  very	
  precisely	
  known	
  value	
  of	
  θmin	
  
§  Measured	
  with	
  a	
  set	
  of	
  two	
  detectors,	
  one	
  at	
  each	
  side	
  of	
  IP	
  

Bhabha	
  scapering	
  

Example	
  LEP	
  (OPAL):	
  
§  Tungsten/silicon	
  calorimeters	
  
§  Geometry	
  controlled	
  to	
  beper	
  than	
  10	
  μm	
  
§  Systema2c:	
  ΔL/L	
  =	
  3.4	
  ×	
  10-­‐4	
  



Luminosity	
  measurement	
  (2)	
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FCC-­‐ee	
  luminosity	
  measurement	
  

§  Beam	
  crossing	
  angle:	
  center	
  monitors	
  
around	
  the	
  outgoing	
  beams	
  

§  To	
  eliminate	
  first	
  order	
  dependence	
  on	
  beam	
  
parameters,	
  need	
  2ght	
  	
  and	
  looser	
  fiducial	
  
volume:	
  

Acceptance	
  =	
  2ghtA	
  ∩	
  looseB	
  +	
  2ghtB	
  ∩	
  looseA	
  	
  

A	
   B	
  

Luminosity	
  measurement	
  –	
  main	
  differences	
  w.r.t.	
  LEP:	
  
§  Small	
  angle	
  area	
  is	
  very	
  busy;	
  monitors	
  get	
  pushed	
  closer	
  to	
  IP	
  (2500	
  mm	
  ➙	
  800	
  -­‐1500	
  mm)	
  

§  Need	
  for	
  mechanical	
  precision	
  approaching	
  1	
  μm	
  (!)	
  
§  Beam	
  crossing	
  angle	
  of	
  30	
  mrad	
  

§  harder	
  to	
  get	
  close	
  to	
  outgoing	
  beam	
  and	
  match	
  Bhabha	
  rate	
  to	
  Z	
  rate	
  

FCC-­‐ee	
  (ambi2ous)	
  target:	
  10-­‐4	
  level	
  



Interac2on	
  region	
  layout	
  study	
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Recently	
  formed:	
  Machine	
  Detector	
  Interface	
  Working	
  Group	
  
•  Study	
  the	
  integra2on	
  of	
  beams,	
  machine	
  elements	
  and	
  detectors	
  
•  Come	
  up	
  with	
  a	
  plausible	
  interac2on	
  region	
  design	
  

Topics	
  
a.  Synchrotron	
  radia2on	
  and	
  masking	
  
b.  Other	
  accelerator	
  backgrounds	
  
c.  Magne2c	
  integra2on	
  
d.  Luminosity	
  measurements	
  and	
  other	
  desired	
  par2cle	
  detectors…	
  
	
  



	
  	
  

Detector	
  Requirements	
  
The	
  FCC-­‐ee	
  physics	
  programme	
  is	
  very	
  broad.	
  
With	
  mul2ple	
  IPs	
  (up	
  to	
  4)	
  there	
  is	
  room	
  for	
  different	
  design	
  emphasis.	
  
One	
  could	
  think	
  of	
  at	
  least	
  two	
  major	
  op2ons:	
  
•  Precision	
  physics	
  &	
  new	
  physics	
  searches	
  

3	
  February	
  2016	
   CERN	
  Academic	
  Training	
  	
  /	
  	
  Mogens	
  Dam,	
  NBI	
   32	
  

EW	
  Precision	
  Physics	
  
Extremely	
  precise	
  defini2on	
  of	
  fiducial	
  
volumes	
  for	
  signal	
  and	
  normaliza2on.	
  
This	
  includes	
  	
  
•  geometry:	
  precise	
  borders,	
  no	
  cracks	
  
•  momentum/energy:	
  no	
  bias	
  

Higgs	
  Precision	
  Physics	
  
Excellent	
  energy/momentum	
  resolu2on	
  for	
  e,	
  μ,	
  jet	
  
•  Z	
  tagging	
  via	
  μμ,	
  ee	
  
•  Possibility	
  to	
  use	
  Z	
  ➝	
  qq	
  tag	
  for	
  for	
  several	
  h	
  final	
  

states	
  (h➝	
  invisible)	
  
•  Rare	
  Higgs	
  decay	
  modes:	
  μμ,	
  γγ,	
  ZZ,	
  invisible	
  
Excellent	
  flavour	
  tagging:	
  
•  Separa2on	
  of	
  Higgs	
  to	
  bb,	
  cc,	
  gg	
  

New	
  Physics	
  Searches	
  
Detached	
  ver2ces	
  over	
  a	
  large	
  life2me	
  range	
  
•  Large	
  radius	
  tracking	
  volume	
  
•  Excellent	
  primary/secondary	
  vertex	
  

resolu2on	
  and	
  flavour	
  tagging	
  
No	
  escaping	
  par2cles:	
  Hermi2city	
  



	
  	
  

Detectors	
  for	
  FCC-­‐ee	
  (1)	
  
We	
  know	
  today	
  how	
  to	
  build	
  a	
  detector	
  for	
  e+e-	
  precision	
  physics	
  
§  Experience	
  with	
  LEP	
  detectors	
  and	
  20-­‐years	
  R&D	
  with	
  ILC/CLIC	
  detectors	
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ILC/CLIC/SiD	
  

ALEPH	
  

Detectors	
  must	
  have	
  the	
  ability	
  
to	
  collect	
  100	
  kHz	
  of	
  Z	
  decays,	
  
with	
  100%	
  efficiency	
  	
  
	
  
…	
  and	
  be	
  able	
  to	
  repeat	
  the	
  
whole	
  LEP1	
  programme	
  in	
  
about	
  two	
  minutes.	
  	
  
	
  
Inspiranon	
  should	
  come	
  from	
  
LHC	
  detector	
  upgrades	
  and	
  
DAQ	
  systems.	
  	
  

Physics	
  differences	
  between	
  linear	
  collider	
  and	
  FCC-­‐ee	
  case	
  
§  Lower	
  maximum	
  energy	
  –	
  400	
  vs.	
  1000	
  GeV	
  

•  Momentum	
  resolu2on,	
  energy	
  resolu2on,	
  calorimeter	
  depth	
  
§  Higher	
  sta2s2cs:	
  matching	
  systema2cs	
  –	
  have	
  to	
  under	
  acceptance	
  to	
  beper	
  than	
  1/√N	
  
Technical	
  differences	
  between	
  linear	
  collider	
  and	
  FCC-­‐ee	
  case	
  
§  Extremely	
  high	
  physics	
  rate	
  –	
  100	
  kHz	
  Zs:	
  DAQ	
  
§  Con2nuous	
  running	
  (no	
  bunching	
  of	
  beams):	
  cooling	
  issues	
  
§  Machine	
  Detector	
  Interface	
  

	
  
	
  



Detectors	
  for	
  FCC-­‐ee	
  (2)	
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Hermenc:	
  down	
  to	
  θ	
  =	
  5	
  mrad	
  

Momentum:	
  (1/10	
  x	
  LEP)	
  
	
  
	
  

Calorimetry	
  
•  Jet	
  energy	
  (1/3	
  x	
  LEP)	
  

	
  
	
  

Impact	
  parameter:	
  (1/3	
  x	
  SLD)	
  
•  e.g.	
  b/c-­‐tagging	
  
	
  
	
  

B-­‐field:	
  Possibly	
  weaker	
  (∼2	
  T)	
  
§  Accelerator	
  constraint	
  

Ø  Beam	
  crossing	
  angle	
  
§  Lower	
  max	
  momentum	
  

Start	
  design	
  effort	
  with	
  a	
  linear	
  collider	
  detector	
  	
  



	
  	
  

Summary	
  
•  FCC-­‐ee	
  has	
  a	
  very	
  rich	
  and	
  diverse	
  physics	
  programme	
  

–  Possibly	
  several	
  detector	
  op2ons	
  with	
  focus	
  on	
  different	
  aspects	
  
•  Ambi2ous	
  luminosity	
  goal	
  of	
  especially	
  FCC-­‐Z	
  dictates	
  very	
  high	
  BX	
  rates	
  

–  Down	
  to	
  3-­‐5	
  ns;	
  However,	
  no	
  pileup:	
  μ	
  ≃	
  0.001	
  
•  Op2cs	
  exist	
  with	
  realis2c	
  synchrotron	
  levels	
  in	
  detector	
  regions	
  

–  Masking	
  work	
  can	
  begin	
  
•  Low	
  beamstrahlung	
  background	
  

–  Small	
  CM	
  energy	
  spread	
  
–  Possible	
  to	
  place	
  1st	
  VXD	
  layer	
  very	
  close	
  to	
  beam	
  line	
  

•  Very	
  challenging	
  Interac2on	
  Region	
  design	
  
–  30	
  mrad	
  beam	
  X’ing	
  angle;	
  L*	
  ≃	
  2.0	
  m	
  
–  Beams	
  cross	
  detector	
  B-­‐field	
  at	
  an	
  angle	
  of	
  15	
  mrad:	
  Need	
  compensa2on	
  

•  May	
  eventually	
  lead	
  to	
  a	
  limit	
  on	
  the	
  detector	
  field(?)	
  
–  Space	
  for	
  very	
  forward	
  instrumenta2on	
  limited	
  

•  Luminosity	
  measurement,	
  hermi2city	
  
•  Look	
  to	
  ILC	
  (and	
  LEP)	
  for	
  overall	
  detector	
  design.	
  Differences	
  wrt	
  ILC	
  

–  Con2nuous	
  running	
  /	
  no	
  pulsing:	
  Power	
  consump2on	
  /	
  Cooling	
  
–  Factor	
  three	
  lower	
  energy	
  reach	
  

•  Relaxed	
  requirements	
  for	
  momentum	
  resolu2on(?),	
  calorimeter	
  depth	
  and	
  resolu2on(?)	
  
•  Much	
  interes2ng	
  and	
  important	
  work	
  ahead	
  

–  Many	
  opportuni2es	
  to	
  contribute	
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Backup…	
  



Organiza2on	
  of	
  the	
  experimental	
  studies	
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Precision	
  electroweak	
  physics	
  at	
  FCC-­‐ee	
  (5)	
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For	
  exploita2on	
  of	
  precision	
  EW	
  measurements,	
  need	
  precise	
  knowledge	
  of	
  αQED(mZ)	
  
•  Standard	
  	
  method	
  involves	
  extrapola2on	
  from	
  αQED(0)	
  to	
  αQED(mZ)	
  	
  

•  Dispersion	
  integral	
  over	
  hadronic	
  cross	
  sec2on	
  –	
  low	
  energy	
  resonances:	
  δα/α	
  =	
  1.1	
  x	
  10-­‐4	
  

New	
  idea:	
  exploit	
  large	
  sta2s2cs	
  of	
  FCC-­‐ee	
  to	
  measure	
  αQED(mZ)	
  directly	
  close	
  to	
  mZ	
  
•  Extrapola2on	
  error	
  becomes	
  negligible!	
  

Two	
  methods	
  considered:	
  Meast.	
  of	
  cross	
  sec2on,	
  σ(e+e-­‐	
  -­‐>	
  μ+μ-­‐),	
  and	
  asymmetry,	
  AFB
μμ	
  

	
  

•  γ	
  exchange	
  propor2onal	
  to	
  α2
QED(√s)	
  

•  Z	
  exchange	
  independent	
  of	
  αQED(√s)	
  
•  γZ	
  interference	
  propor2onal	
  to	
  αQED(√s)	
  
	
  

Direct	
  αQED(mZ)	
  measurement	
  	
  

γ*	
  



Precision	
  electroweak	
  physics	
  at	
  FCC-­‐ee	
  (6)	
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From	
  σμμ	
  measurement	
  
§  Sensi2vity	
  best	
  ”far”	
  away	
  from	
  Z	
  peak,	
  

par2cularly	
  at	
  the	
  low	
  side	
  
§  Systema2cs	
  (normalisa2on)	
  probably	
  a	
  killer	
  

From	
  AFB
μμ	
  measurement	
  

§  Sensi2vity	
  best	
  at	
  points	
  √s	
  =	
  87.9	
  and	
  94.3	
  GeV	
  
§  Theore2cal	
  systs.	
  largely	
  cancel	
  by	
  ”averaging”	
  over	
  

87.9	
  and	
  94.3	
  GeV	
  points.	
  
•  Higher	
  order	
  EW	
  to	
  be	
  calculated	
  (few	
  x	
  10-­‐4)	
  

§  Experimental	
  systs.	
  controlable;	
  dominant	
  
contribu2on	
  from	
  knowledge	
  of	
  EBEAM:	
  	
  1	
  x	
  10-­‐5	
  

Sta2s2cal	
  uncertainty	
  for	
  one	
  year	
  of	
  
running	
  at	
  any	
  centre-­‐of-­‐mass	
  energy.	
  

By	
  running	
  six	
  months	
  at	
  each	
  of	
  87.9	
  and	
  94.3	
  GeV	
  points:	
  	
  
Ø  Poten2al	
  to	
  reach	
  a	
  precision	
  of	
  :	
  δα/α	
  =	
  3	
  x	
  10-­‐5	
  

Direct	
  αQED(mZ)	
  measurement	
  (cont’d)	
  	
  



	
  	
  

FCC-­‐ee	
  Physics	
  Programme	
  
A	
  very	
  rich	
  physics	
  menu!	
  
•  Core	
  physics	
  programme	
  

§  The	
  Z	
  pole	
  scan,	
  √s=88-­‐95	
  GeV	
  
Ø  mZ,	
  ΓZ	
  to	
  <	
  100	
  keV,	
  sin2θW	
  to	
  5x10-­‐6,	
  	
  αQED(mZ)	
  to	
  2x10-­‐5,	
  αs(mZ)	
  to	
  2x10-­‐4,	
  …	
  
Ø  Rare	
  decays/process	
  searches	
  and	
  flavour	
  physics	
  with	
  up	
  to	
  1013	
  Z	
  decays	
  

§  The	
  WW	
  threshold	
  scan,	
  √s=160-­‐165	
  GeV	
  
Ø  mw	
  to	
  300	
  keV,	
  αs(mZ)	
  to	
  2x10-­‐4,	
  …	
  

§  The	
  Higgs	
  factory,	
  √s=240	
  GeV	
  and	
  above	
  
Ø  Improve	
  HL-­‐LHC	
  precision	
  on	
  Higgs	
  couplings	
  by	
  an	
  order	
  of	
  magnitude	
  
Ø  Measure	
  the	
  Higgs	
  width	
  to	
  beper	
  to	
  1%,	
  and	
  BRinvis	
  to	
  0.1%	
  

§  The	
  top	
  threshold	
  scan,	
  √s=340-­‐350	
  GeV	
  
Ø  mtop	
  to	
  10-­‐20	
  MeV	
  

§  Set	
  constraints	
  on	
  new	
  physics	
  scale	
  to	
  100	
  (10)	
  TeV	
  if	
  weakly	
  (Higgs)	
  coupled	
  
Ø  Possibly	
  discover	
  very-­‐weakly-­‐coupled	
  new	
  physics	
  through	
  rare	
  processes	
  

•  And	
  also…	
  
§  Top	
  electroweak	
  couplings	
  at	
  √s=365-­‐370	
  GeV	
  (as	
  part	
  of	
  the	
  top	
  threshold	
  scan)	
  
§  The	
  Hee	
  coupling	
  at	
  √s=120	
  GeV	
  
§  The	
  highest	
  centre-­‐of-­‐mass	
  energy	
  √s=500	
  GeV	
  (physics	
  case?)	
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See	
  arXiv:1308.6176,	
  “First	
  Look	
  at	
  the	
  Physics	
  Case	
  of	
  TLEP”	
  
FCC-­‐ee	
  physics	
  mee2ngs,	
  hpps://indico.cern.ch/cetegory/5259/	
  

Well	
  matched	
  to	
  FCC-­‐hh	
  discovery	
  range	
  



Precision	
  Higgs	
  physics	
  at	
  FCC-­‐ee	
  (4)	
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Indirect	
  determina2on	
  of	
  the	
  total	
  Higgs	
  decay	
  width	
  
a.  From	
  the	
  measurement	
  of	
  the	
  total	
  produc2on	
  cross	
  sec2on	
  (slide	
  10)	
  
	
  

b.  From	
  a	
  coun2ng	
  of	
  HZ	
  events	
  with	
  H	
  ➝	
  ZZ	
  
§  Measure	
  σHZ	
  x	
  BR(H	
  ➝	
  ZZ)	
  

§  BR(H➝	
  ZZ)	
  =	
  Γ(H➝	
  ZZ)	
  /ΓH	
  is	
  propor2onal	
  to	
  gHZ2	
  

Ø  σHZ	
  x	
  BR(H	
  ➝	
  ZZ)	
  is	
  propor2onal	
  to	
  gHZ4/ΓH	
  

§  Infer	
  the	
  total	
  width	
  ΓH	
  from	
  the	
  two	
  measurements	
  
	
  
	
  

σHZ	
  ∝	
  gHZ2	
  

Final	
  state	
  with	
  three	
  Zs	
  
Almost	
  background	
  free	
  

	
  	
  
ΓH	
  ∝	
  	
  σHZ	
  /	
  BR(H➝	
  ZZ)	
  



Luminosity	
  measurement	
  (2)	
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Shi|	
  in	
  parameter	
  for	
  a	
  shi|	
  
of	
  +10-­‐4	
  in	
  acceptance	
  

Hadronic	
  peak	
  
cross	
  sec2on	
  	
  
(Z⟶qq):	
  30	
  nb	
  

FCC-­‐ee	
  (ambi2ous)	
  target:	
  10-­‐4	
  level	
  

§  Beam	
  crossing	
  angle:	
  center	
  monitors	
  
around	
  the	
  outgoing	
  beams	
  

§  To	
  eliminate	
  first	
  order	
  dependence	
  on	
  beam	
  
parameters,	
  need	
  2ght	
  	
  and	
  looser	
  fiducial	
  
volume:	
  

Acceptance	
  =	
  2ghtA	
  ∩	
  looseB	
  +	
  2ghtB	
  ∩	
  looseA	
  	
  

A	
  few	
  
geometries	
  
studies	
  

LEP:	
  2500	
  mm	
  

A	
   B	
  

Need	
  μm	
  
level	
  	
  of	
  
precision	
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