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q  Performance	
  targets	
  for	
  luminosity	
  

◆  Complementarity	
  
●  Ultimate	
  precision	
  measurements	
  with	
  circular	
  colliders	
  (FCC-­‐ee)	
  
●  Ultimate	
  e+e-	
  energies	
  with	
  linear	
  colliders	
  (CLIC)	
  

The	
  physics	
  programme	
  of	
  FCC-­‐ee	
  (1)	
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The	
  physics	
  programme	
  of	
  FCC-­‐ee	
  (2)	
  
q  A	
  very	
  rich	
  physics	
  menu	
  !	
  

◆  Core	
  physics	
  programme	
  
●  The	
  Z	
  pole	
  scan,	
  √s	
  =	
  88-­‐95	
  GeV	
  

➨  mZ,	
  ΓZ	
  to	
  <	
  100	
  keV,	
  sin2θW	
  to	
  5×10-­‐6,	
  αQED(mZ)	
  to	
  2×10-­‐5,	
  αs(mZ)	
  to	
  2×10-­‐4,	
  …	
  
➨  Rare	
  decay/process	
  searches	
  and	
  flavour	
  physics	
  with	
  up	
  to	
  1013	
  Z	
  	
  

●  The	
  WW	
  threshold	
  scan,	
  √s	
  =	
  160-­‐165	
  GeV	
  
➨  mW	
  to	
  300	
  keV,	
  αs(mZ)	
  to	
  10-­‐4,	
  …	
  

●  The	
  Higgs	
  factory,	
  √s	
  =	
  240	
  GeV	
  and	
  above	
  
➨  Improve	
  HL-­‐LHC	
  precision	
  on	
  Higgs	
  couplings	
  by	
  an	
  order	
  of	
  magnitude	
  	
  
➨  Measure	
  the	
  Higgs	
  width	
  to	
  better	
  than	
  1%,	
  and	
  BRinvis	
  to	
  0.1%	
  

●  The	
  top	
  threshold	
  scan,	
  √s	
  =	
  340-­‐350	
  GeV	
  
➨  mtop	
  to	
  10-­‐20	
  MeV	
  

●  Set	
  constraints	
  on	
  new	
  physics	
  scale	
  to	
  100	
  (10)	
  TeV	
  if	
  weakly	
  (Higgs)	
  coupled	
  	
  
➨  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	
  =	
  125	
  GeV	
  
●  The	
  highest	
  centre-­‐of-­‐mass	
  energy	
  √s	
  =	
  500	
  GeV	
  (physics	
  case	
  ?)	
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M. Dam’s talk 

M. Dam’s talk 

M. Dam’s talk 

M. Klute’s talk 

M. Klute’s talk 

This talk 

Well matched to FCC-hh discovery range 

See arXiV:1308.6176, “First Look at the Physics Case of TLEP” 
FCC-ee physics meetings, https://indico.cern.ch/category/5259/  

See	
  also	
  A.	
  Blondel’s	
  poster	
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The	
  physics	
  programme	
  of	
  FCC-­‐ee	
  (3)	
  
q  Time	
  needed	
  to	
  achieve	
  this	
  ambitious	
  programme	
  

◆  Number	
  of	
  events	
  expected	
  for	
  each	
  year	
  of	
  running	
  at	
  the	
  FCC-­‐ee	
  

◆  Number	
  of	
  years	
  needed	
  to	
  complete	
  the	
  core	
  programme	
  	
  	
  NZ=10(12)13	
  
	
  

●  The	
  FCC-­‐ee	
  core	
  programme	
  can	
  be	
  completed	
  in	
  about	
  8	
  to	
  10	
  years	
  

◆  Today,	
  comparisons	
  will	
  be	
  made	
  with	
  the	
  design	
  “H20”	
  scenario	
  for	
  the	
  ILC	
  	
  

●  	
  LC	
  =	
  500	
  n-­‐1	
  @	
  500	
  GeV	
  (4y),	
  200	
  n-­‐1	
  @	
  350	
  GeV	
  (1y),	
  500	
  n-­‐1	
  @	
  250	
  GeV	
  (3y)	
  	
  
with	
  ±80%	
  /	
  ±30%	
  polarization	
  for	
  e-/e+	
  beams	
  
(*)	
  Optional	
  :	
  100	
  n-­‐1	
  @	
  90	
  GeV	
  (~2y?),	
  500	
  n-­‐1	
  @	
  160	
  GeV	
  (~3y?)	
  
	
  
	
  
	
  
	
  

◆  About	
  one	
  year	
  is	
  needed	
  at	
  the	
  FCC-­‐ee	
  to	
  complete	
  the	
  full	
  ILC	
  precision	
  physics	
  programme	
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√s	
  (GeV)	
   90	
  (Z)	
   160	
  (WW)	
   240	
  (HZ)	
   350	
  (tt)	
   350+	
  (WW→H)	
  

Lumi	
  (ab-­‐1/yr)	
   86.0	
   15.2	
   3.5	
   1.0	
   1.0	
  

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

Events@ILC	
  	
   3×109	
  (*)	
   2×106	
  (*)	
   1.4×105	
   105	
   3.5×104	
  	
  

ILC	
  @	
  FCC-­‐ee	
   <	
  1	
  day	
   <	
  1	
  week	
   1	
  month	
   2	
  months	
   1	
  year	
  

#	
  years	
   (0.3)	
  2.5	
   1	
   3	
   0.5	
   3	
  

See arXiV:1506.07830 
“ILC Operating Scenarios” 

R. Poeschl’s talk 

~	
  13	
  years	
  
1	
  y	
  =	
  1.6×107	
  s	
  

1	
  year	
  =	
  107	
  s	
  

Top	
  couplings	
  ?	
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Top	
  Electroweak	
  Couplings	
  at	
  FCC-­‐ee	
  
q  This	
  measurement	
  was	
  originally	
  not	
  part	
  of	
  the	
  FCC-­‐ee	
  core	
  programme	
  

◆  Indeed,	
  the	
  measurement	
  of	
  the	
  top	
  electroweak	
  couplings	
  was	
  claimed	
  	
  
●  To	
  require	
  √s	
  significantly	
  above	
  the	
  top	
  threshold	
  
●  To	
  require	
  incoming	
  beam	
  polarization	
  

◆  This	
  claim	
  was	
  recently	
  revisited	
  	
  for	
  FCC-­‐ee	
  
●  With	
  no	
  incoming	
  beam	
  polarization	
  
●  With	
  a	
  centre-­‐of-­‐mass	
  energy	
  limited	
  to	
  √s	
  <	
  500	
  GeV	
  

◆  At	
  FCC-­‐ee,	
  the	
  final	
  state	
  top	
  quarks	
  are	
  produced	
  with	
  non-­‐zero	
  polarization	
  (ttZ)	
  
●  The	
  top	
  polarization	
  (and	
  the	
  total	
  rate)	
  depend	
  on	
  the	
  ttZ/γ	
  couplings	
  
●  The	
  top	
  polarization	
  is	
  maximally	
  transferred	
  to	
  the	
  top	
  decay	
  products	
  t	
  →	
  Wb	
  

➨  Affect	
  the	
  energy	
  and	
  angular	
  distributions	
  of	
  these	
  decay	
  product	
  
Similar	
  to	
  τ	
  polarization	
  in	
  	
  Z	
  →	
  τ+τ- events	
  at	
  LEP	
  
	
  

◆  Today,	
  examine	
  the	
  lepton	
  energy	
  and	
  angular	
  distributions	
  from	
  semi-­‐leptonic	
  events	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  as	
  a	
  function	
  of	
  	
  √s	
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Lepton	
  energy	
  and	
  angular	
  distributions	
  
q  Parameterization	
  of	
  the	
  ttV	
  vertex	
  (V	
  =	
  Z,	
  γ)	
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FIG. 1. The eight fi(x, cos ✓) functions and the standard-model contribution S

0(x, cos ✓) for `

�
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figures, ✓ is the lepton polar angle, and x is the reduced lepton energy, defined as x = 2E`
mt

q
1��
1+� ,

where � is the top velocity and mt is the top mass.
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4 B. Grzadkowski, Z. Hioki / Nuclear Physics B 585 (2000) 3–27

Over the past several years there was a substantial effort devoted to a possibility of
determining top-quark couplings throughmeasurements performed at the open top region 1
of future e+e− linear colliders [4–29]. The existing studies focused mainly on tests of CP

violation in top-quark interactions. In this article we will construct some new tools which
could help to measure both CP violating and CP conserving top-quark couplings at linear
colliders and therefore reveal the structure of fundamental interactions beyond the SM.
The top quark decays immediately after being produced and its huge mass mt ≃ 174

GeV leads to a decay width Γt much larger thanΛQCD. Therefore the decay process is not
influenced by any fragmentation effects [30–32] and decay products will provide useful
information on top-quark properties. Here we will consider distributions of either l± in
the inclusive process e+e− → t t̄ → l± · · · or bottom quarks from e+e− → t t̄ →

(−)

b · · · . It
turns out that the analysis of the leptonic and b-quark final states is similar and could be
presented simultaneously. Although t t̄ are also produced via WW fusion [33], we do not
consider here this mechanism since σ (e+e− → t t̄νν̄) is expected to be much smaller than
σ (e+e− → t t̄ ) for the energy of our interest (

√
s ! 2 TeV) [34].

This paper is organized as follows. First in Section 2 we describe the basic framework of
our analysis, and then show the angular and energy distributions of the lepton and b-quark
in Section 3. In Section 4, after briefly reviewing the optimal-observable procedure [35]
(see also [15,36–38]), we estimate to what precision all the non-standard parameters can
be measured or constrained adjusting the initial beam polarizations. Finally, we summarize
our results in Section 5. In the appendix we collect several functions used in the main text
for completeness, though some of them could also be found in our previous papers [5,7].

2. Framework and formalism

We parameterize t t̄ couplings to the photon and the Z boson in the following way

Γ
µ
vt t̄

= g

2
ū(pt )

[
γ µ

{
Av + δAv − (Bv + δBv)γ5

}

+ (pt − pt̄ )
µ

2mt
(δCv − δDvγ5)

]
v(pt̄ ), (2.1)

where g denotes the SU(2) gauge coupling constant, v = γ ,Z, and

Aγ = 4
3
sin θW, Bγ = 0,

AZ = 1
2 cosθW

(
1− 8

3
sin2 θW

)
, BZ = 1

2 cosθW

denote the SM contributions to the vertices. Among the above non-SM form factors, δAv ,
δBv , δCv describe CP -conserving while δDv parameterizes CP -violating interactions.

1 Recently an interesting and complementary analysis by Jezabek, Nagano and Sumino has been published [3]
where the authors discussed possibility of determining CP -violating production form factors at the t t̄ threshold
region.
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which easily relates to the previous parameterization with

Av + �Av = �2i sin ✓W
�
F

X
1V + F

X
2V

�
, Bv + �Bv = �2i sin ✓WF

X
1A , (6)

�Cv = �2i sin ✓WF

X
2V , �Dv = �2 sin ✓WF

X
2A . (7)

The expected sensitivities on the anomalous top-quark couplings can be derived in any of

these parameterizations. Although originally derived with that of Ref. [6], the final estimates

presented in this study, however, use the parameterization of Ref. [3], for an easy comparison.

For the same reason, the same restrictions as in Ref. [3] are applied here: only the six CP

conserving form factors are considered (i.e., the two F

X
2A are both assumed to vanish), and

either the four form factors F

X
1V,A are varied simultaneously while the two F

X
2V are fixed

to their standard model values, or vice-versa. A careful reading of Ref. [3] shows that the

form factor F �
1A was also kept to its standard model value, as a non-zero value would lead

to gauge-invariance violation. It is straightforward to show that, under these restrictions,

the three parameterizations lead to the same sensitivities on Fi, F̃i and A,B,C,D (with a

multiplicative factor 2 sin ✓W ⇠ 0.96 for the latter set).

The tree-level angular and energy distributions of the lepton arising from the tt̄ semi-

leptonic decays are known analytically as a function of the incoming beam polarizations and

the centre-of-mass energy [6]:

d2

�

dxd cos ✓
=

3⇡�↵2(s)

2s
B`S`(x, cos ✓), (8)

where � is the top velocity, s is the centre-of-mass energy squared, ↵(s) is the QED running

coupling constant, and B` is the fraction of tt̄ events with at least one top quark decaying

to either e⌫
e

b or µ⌫µb (about 44%). As the non-standard form factors �(A,B,C,D)v ⌘ �i

are supposedly small, only the terms linear in �i are kept:

S(x, ✓) = S

0(x, ✓) +
8X

i=1

�ifi(x, cos ✓), (9)

where x and ✓ are the lepton (reduced) energy and polar angle, respectively, and S

0 is the

standard-model contribution. The eight distributions f

�,Z
A,B,C,D(x, cos ✓) ⌘ fi(x, cos ✓) and

the standard-model contribution S

0(x, cos ✓) are shown for `� in Fig. 1 at
p
s = 365GeV,

with no incoming beam polarization.
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SM	
   +	



δAγ	
  ×	
   δAZ	
  ×	
  

+	



δBγ	
  ×	
  

δCγ	
  ×	
  

δDγ	
  ×	
  

δBZ	
  ×	
  

δCZ	
  ×	
  

δDZ	
  ×	
  

δAV=δBV=δCV=δDV=0	
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Similarly, we adopt the following parameterization of the Wtb vertex suitable for the t

and t̄ decays:

Γ
µ
Wtb = − g√

2
Vtbū(pb)

[
γ µ

(
f L
1 PL + f R

1 PR

) − iσµνkν

MW

(
f L
2 PL + f R

2 PR

)]
u(pt ),

Γ̄
µ
Wtb = − g√

2
V ∗

tbv̄(pt̄ )

[
γ µ

(
f̄ L
1 PL + f̄ R

1 PR

) − iσµνkν

MW

(
f̄ L
2 PL + f̄ R

2 PR

)]
v(pb̄),

(2.2)

where PL/R = (1∓ γ5)/2, Vtb is the (tb) element of the Kobayashi–Maskawa matrix and
k is the momentum of W . In the SM f L

1 = f̄ L
1 = 1 and all the other form factors vanish.

On the other hand, it is assumed here that interactions of leptons with gauge bosons are
properly described by the SM. Throughout the calculations all fermions except the top
quark are considered as massless. We also neglect terms quadratic in the non-standard
form factors.
Using the technique developed by Kawasaki, Shirafuji and Tsai [39,40] one can derive

the following formula for the inclusive distributions of the top-quark decay product f in
the process e+e− → t t̄ → f + · · · [5,6]:

d3σ
dpf /(2p0f )

(e+e− → f + · · ·) = 4
∫
dΩt

dσ
dΩt

(n,0)
1
Γt

d3Γf

dpf /(2p0f )
(t → f + · · ·),

(2.3)

where Γt is the total top-quark decay width and d3Γf is the differential decay rate for the
process considered. dσ (n,0)/dΩt is obtained from the angular distribution of t t̄ with spins
s+ and s− in e+e− → t t̄ , dσ (s+, s−)/dΩt , by the following replacement:

s+µ → nf
µ = −

[
gµν − ptµpt ν

m2
t

]∑∫
dΦB̄Λ+γ5γ νB

∑∫
dΦB̄Λ+B

, s−µ → 0, (2.4)

where the matrix element for t (s+) → f + · · · was expressed as B̄ut (pt , s+), Λ+ ≡
/pt + mt , dΦ is the relevant final-state phase-space element and

∑
denotes the appropriate

spin summation.

3. Angular/energy distributions

In this section we present d2σ/d xf d cosθf for the top-quark decay product f (= l±/
(−)

b ),
where xf denotes the normalized energy of f defined in terms of its energy Ef and the

top-quark velocity β
(
≡

√
1− 4m2

t /s
)
as

xf ≡ 2Ef

mt

√
1− β

1+ β
,

and θf is the angle between the e− beam direction and the f momentum, all in the e+e−

CM frame.
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√s=365 GeV 
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Statistical	
  accuracy	
  on	
  anomalous	
  couplings	
  
q  From	
  a	
  likelihood	
  fit	
  to	
  the	
  lepton	
  angular/energy	
  distributions	
  (+	
  σtot)	
  

◆  FCC-­‐ee	
  benefits	
  from	
  large	
  integrated	
  luminosity	
  :	
  ~2.6	
  ab-­‐1	
  in	
  3	
  years	
  at	
  √s	
  =	
  365	
  GeV	
  
●  1.6	
  million	
  top	
  pairs	
  in	
  3	
  years	
  at	
  FCC-­‐ee	
  

➨  To	
  be	
  compared	
  to	
  400,000	
  top	
  pairs	
  with	
  500	
  n-­‐1	
  at	
  √s	
  =	
  500	
  GeV	
  
➨  Compensates	
  for	
  the	
  lack	
  of	
  incoming	
  beam	
  polarization	
  

◆  Absolute	
  resolutions	
  expected	
  at	
  FCC-­‐ee	
  with	
  leptons	
  only,	
  or	
  with	
  b	
  jets	
  only	
  
●  Under	
  the	
  same	
  hypotheses	
  as	
  in	
  Roman	
  Poeschl’s	
  presentation	
  

◆  Very	
  conservative	
  lepton	
  ID	
  efficiencies	
  and	
  angular	
  /	
  momentum	
  resolutions	
  were	
  used	
  
●  A	
  full	
  simulation	
  study	
  is	
  needed	
  to	
  confirm	
  b-­‐jets	
  numbers	
  

➨  In	
  progress	
  as	
  we	
  speak:	
  	
  will	
  allow	
  leptons	
  and	
  b-­‐jets	
  to	
  be	
  combined	
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Coupling	
   σ(F1V
γ)	
   σ(F1V

Z)	
   σ(F1A
γ)	
   σ(F1A

Z)	
   σ(F2V
γ)	
   σ(F2V

Z)	
  

Leptons	
   1.1×10-­‐3	
   2.8×10-­‐3	
   1.2×10-­‐2	
   2.3×10-­‐2	
   0.8×10-­‐3	
   2.2×10-­‐3	
  

b	
  jets	
   1.2×10-­‐3	
   5.7×10-­‐3	
   1.5×10-­‐2	
   1.1×10-­‐2	
   1.2×10-­‐3	
   5.7×10-­‐3	
  

gAγ ,Z = 2e(F1V
γ ,Z +F2V

γ ,Z ) gBγ ,Z = 2eF1A
γ ,Z gCγ ,Z = 2eF2V

γ ,Z
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Dominant	
  systematic	
  uncertainty	
  :	
  σtot	
  

q  Top-­‐pair	
  cross	
  section	
  theoretical	
  uncertainty	
  might	
  be	
  sizeable	
  	
  
◆  Especially	
  just	
  above	
  the	
  top	
  threshold	
  

●  √s	
  =	
  365	
  GeV	
  is	
  only	
  20	
  GeV	
  above	
  threshold	
  
➨  Estimated	
  total	
  uncertainty	
  today:	
  ~	
  ±4%	
  

◆  Example:	
  Effect	
  on	
  σ(F1V
Z)	
  and	
  σ(F1A

Z)	
  
	
  
◆  The	
  theoretical	
  prediction	
  of	
  the	
  top-­‐pair	
  cross	
  section	
  must	
  be	
  controlled	
  to	
  a	
  few	
  %	
  

●  We	
  are	
  almost	
  there	
  today	
  –	
  	
  what	
  will	
  it	
  be	
  when	
  FCC-­‐ee	
  runs	
  at	
  √s	
  =	
  365	
  GeV	
  (~2040)	
  ?	
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0.01%      0.1%      1%        10%       100% 

0.01%      0.1%      1%        10%       100% 

Δσ/σ	
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         J.R.Reuter                 WHIZARD for LC Top Physics              LC Top 2015, IFIC Valencia, 1.7.2015 

Matching to continuum at LO and NLO

•  Transition region between relativistic and
    resummation effects 
•  CLIC benchmark energies:  

   0.38 TeV,  1.4 TeV,  3.0 TeV   [Talk L. Linssen]

•  Leading order approximation
•  non-relativistic NLL approx. using TOPPIK
•  relativistic NLO (ttV vertex off-shell @         

   NLO)  [Kızılersü et al., 1995;  Davydychev et al., 2000]

•  nonrelativistic O(αs) expansion
•  NLL resummed threshold ➝  relativistic 

           NLO continuum matching
•  Soft nonrel. O(αs) corrections vanishing as 

log(v) for  v ➝ 1

Comparison of different approximations

LO

NLO
NR NLL

NR O(αs) exp.

LO

NLO

NR NLLNR O(αs) exp.

NLL/NLO matching

Error estimate preliminary: DON’T 
QUOTE !!!

LO

Total uncertainty:  matching and  
h-f variation band

760	
  ±	
  35	
  pb	
  

Talk by J.R. Reuter, Valencia, July ’15 
“Top Physics at Lepton Colliders” 
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What	
  about	
  larger	
  √s	
  ?	
  	
  
q  FCC-­‐ee	
  can	
  in	
  principle	
  reach	
  √s	
  =	
  500	
  GeV	
  with	
  three	
  times	
  more	
  RF	
  

◆  Three	
  years	
  at	
  365	
  (500)	
  GeV	
  are	
  worth	
  2.6	
  ab-­‐1	
  	
  (500	
  n-­‐1)	
  –	
  See	
  slide	
  2.	
  	
  	
  
●  Evolution	
  of	
  the	
  absolute	
  resolutions	
  expected	
  at	
  FCC-­‐ee	
  as	
  a	
  function	
  of	
  √s	
  :	
  

◆  No	
  physics	
  case	
  (at	
  least	
  from	
  top	
  studies)	
  justifying	
  a	
  larger	
  centre-­‐of-­‐mass	
  energy	
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lepton energy and angular resolutions, the event selection e�ciency, and the detector ac-

ceptance, as described above, for each value of the centre-of-mass energy. The variation of

these uncertainties with
p
s is shown in Fig. 3.
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FIG. 3. Variation with the centre-of-mass energy of the statistical uncertainties of the five top-

quark electroweak form factors considered in Ref. [3], at the FCC-ee. Left column, from top to

bottom: F �
1V , F

Z
1V , and F

Z
1A. Right column: F �

2V and F

Z
2V .

The first striking observation is that an increase of the centre-of-mass energy far beyond
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Optimum	
  is	
  at	
  	
  
√s	
  ~	
  365	
  GeV	
  
except	
  for	
  F1A

Z	
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10% 20% 30%

10%

-10%

 -20%

 -20% -30%

 -20%

 -10%

LHC
20%

� gR/gR(%)

  gL/gL(%)�

LC

FCC-ee

Sensitivity	
  to	
  New	
  Physics	
  (1)	
  
q  Example:	
  tLtLZ	
  and	
  tRtRZ	
  couplings,	
  gL	
  and	
  gR	
  

◆  Couplings	
  most	
  sensitive	
  to	
  composite	
  Higgs	
  models	
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4D-­‐CHM	
  
f	
  <	
  2	
  TeV	
  

Other	
  NP	
  models	
  
(tested	
  at	
  the	
  LHC)	
  

Adapted from  
S. de Curtis et al. 
arXiv:1504.05407 

(Poeschl) 

2eF1V
Z = gR + gL

2eF1A
Z = gR − gL
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Sensitivity	
  to	
  New	
  Physics	
  (1)	
  
q  Example:	
  tLtLZ	
  and	
  tRtRZ	
  couplings,	
  gL	
  and	
  gR	
  

◆  Couplings	
  most	
  sensitive	
  to	
  composite	
  Higgs	
  models	
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4D-­‐CHM	
  
Other	
  NP	
  models	
  
(tested	
  at	
  the	
  LHC)	
  

Adapted from  
S. de Curtis et al. 
arXiv:1504.05407 

(Poeschl) 

Leptons	
  only	
  

b-­‐jets	
  only	
    ~1.5σ 

2eF1V
Z = gR + gL

2eF1A
Z = gR − gL

 ~5σ 

4D-­‐CHM	
  
f	
  <	
  2	
  TeV	
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Sensitivity	
  to	
  New	
  Physics	
  (2)	
  
q  Composite	
  Higgs	
  models	
  also	
  affect	
  Higgs	
  couplings	
  

◆  Example:	
  Effect	
  on	
  gHZZ	
  and	
  gHbb	
  for	
  the	
  same	
  set	
  of	
  4D-­‐HCM	
  as	
  in	
  previous	
  slide	
  

	
  

	
  

25 July 2015 
HEP-EPS Vienna 

11 

4D-­‐CHM	
  (*)	
  
f	
  <	
  2	
  TeV	
  

(*)	
  Courtesy	
  D.	
  Barducci,	
  S.	
  de	
  Curtis,	
  S.	
  Moretti	
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Sensitivity	
  to	
  New	
  Physics	
  (2)	
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q  Composite	
  Higgs	
  models	
  also	
  affect	
  Higgs	
  couplings	
  
◆  Example:	
  Effect	
  on	
  gHZZ	
  and	
  gHbb	
  for	
  the	
  same	
  set	
  of	
  4D-­‐HCM	
  as	
  in	
  previous	
  slide	
  

●  Better	
  separation	
  from	
  the	
  standard	
  model	
  than	
  with	
  the	
  ttZ	
  couplings	
  

4D-­‐CHM	
  

-1%                                     0%                                      1% 

2% 
 
 
 
0% 
 
 
 
 
 
 
 
 
 
 
-5% 

 ~10σ 
 ~2σ 

4D-­‐CHM	
  
f	
  <	
  2	
  TeV	
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The	
  top	
  Yukawa	
  coupling	
  (1)	
  
q  New	
  physics	
  is	
  also	
  expected	
  to	
  show	
  up	
  in	
  the	
  ttH	
  coupling	
  

◆  For	
  our	
  set	
  of	
  Higgs	
  composite	
  models,	
  effect	
  of	
  the	
  same	
  size	
  as	
  for	
  Hbb	
  
●  Would	
  need	
  a	
  ttH	
  coupling	
  measurement	
  with	
  a	
  precision	
  much	
  better	
  than	
  1%	
  

➨  A	
  case	
  for	
  e+e-	
  collisions	
  at	
  significantly	
  higher	
  energy	
  ?	
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Frank Simon (fsimon@mpp.mpg.de)Physics at CLIC 
CLIC Workshop, CERN, February 2014

 [GeV]s
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Higgs Physics at CLIC

�11

• Now a guaranteed physics program - Profits from the wide energy reach of CLIC

1%	
  

4D-­‐CHM(*)	
  
f	
  <	
  2	
  TeV	
  

(*)	
  Courtesy	
  D.	
  Barducci,	
  S.	
  de	
  Curtis,	
  S.	
  Moretti	
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The	
  top	
  Yukawa	
  coupling	
  (2)	
  
q  Measurement	
  already	
  possible	
  at	
  FCC-­‐ee	
  with	
  the	
  top	
  threshold	
  scan	
  

◆  But	
  the	
  accuracy	
  on	
  the	
  ttH	
  coupling	
  limited	
  to	
  ~10%	
  

q  FCC-­‐hh,	
  as	
  ultimate	
  goal	
  for	
  the	
  FCC,	
  is	
  much	
  better	
  suited	
  

◆  Precision	
  at	
  LHC	
  (Run1)	
  ~	
  50%	
  
●  Statistical	
  precision	
  not	
  an	
  issue	
  for	
  FCC-­‐hh	
  (~0.1%)	
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Parameter	
   LHC	
   HL-­‐LHC	
   FCC-­‐hh	
  

√s	
  (TeV)	
   14	
   100	
  

Circumference	
  (km)	
   26.7	
   100	
  (80)	
  

Dipole	
  field	
  (T)	
   8.3	
   16	
  (20)	
  

Luminosity	
  (1034	
  cm-­‐2s-­‐1)	
   1	
   5	
   5	
  [→	
  30]	
  

Integrated	
  Lumi	
  (ab-­‐1)	
   0.3	
   3	
   3	
  [→	
  30]	
  

Bunch	
  spacing	
  (ns)	
   25	
   25	
  {5}	
  

Events	
  /	
  bunch	
  crossing	
   35	
   140	
   170	
  {34}	
  [→	
  1020	
  {204}	
  ]	
  

Total	
  SR	
  Power	
  (MW)	
   0.007	
   0.015	
   5	
  [→	
  30]	
  

σ(gg	
  →	
  ttH)	
   0.62	
  pb	
   0.62	
  pb	
   37.8	
  pb	
  (109	
  events)	
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The	
  top	
  Yukawa	
  coupling	
  (3)	
  
q  ttH	
  coupling	
  @	
  FCC-­‐hh	
  

◆  Measurement	
  of	
  λt	
  with	
  σ(ttH)	
  /	
  σ(ttZ),	
  with	
  H	
  →	
  ZZ,	
  WW,	
  ττ	
  (and	
  bb,	
  γγ)	


●  Very	
  similar	
  production	
  mechanism,	
  gg	
  production	
  dominant	
  

●  Most	
  theory	
  uncertainties	
  cancel:	
  <	
  1%	
  precision	
  possible	
  on	
  σ(ttH)	
  /	
  σ(ttZ)	
  
➨  Denominator	
  given	
  by	
  FCC-­‐ee	
  	
  with	
  a	
  precision	
  of	
  1.5%	
  
➨  Higgs	
  boson	
  BR’s	
  given	
  by	
  FCC-­‐ee	
  with	
  a	
  precision	
  of	
  a	
  few	
  0.1%	
  

◆  Summary	
  (together	
  with	
  Higgs	
  self-­‐coupling	
  @	
  FCC-­‐hh	
  with	
  gg	
  →	
  HH	
  →	
  bbγγ)	



t

t
H

t

t
Z

vs

- Identical production dynamics:

o correlated QCD corrections, correlated scale dependence
o correlated αS systematics

- mZ~mH ⇒ almost identical kinematic boundaries:

o correlated PDF systematics
o correlated mtop systematics

To the extent that the qqbar → tt Z/H contributions are subdominant:

+

For a given ytop, we expect σ(ttH)/σ(ttZ) 
to be predicted with great precision

t

t

H

t

t

Z
t

t

Z

+

+

Example, ytop from pp→tt H/pp→tt Z

Collider	
   HL-­‐LHC	
   LC	
   LC	
  1-­‐3TeV	
   FCC-­‐ee+hh	
  

λt	
   4%	
   14%	
   2-­‐4%	
   <1%	
  

λH	
   50%	
   83%	
   10-­‐15%	
   5%	
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σ (ttH )
σ (ttZ )

≈
λt
2

F1V
Z( )

2
+ F1A

Z( )
2
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Summary	
  
q  The	
  top	
  electroweak	
  couplings	
  can	
  be	
  precisely(*)	
  measured	
  at	
  the	
  FCC-­‐ee	
  

◆  A	
  centre-­‐of-­‐mass	
  energy	
  of	
  365	
  GeV	
  is	
  optimal	
  	
  
◆  Large	
  integrated	
  luminosity	
  more	
  than	
  compensates	
  the	
  lack	
  of	
  beam	
  polarization	
  

q  The	
  top	
  Yukawa	
  coupling	
  can	
  be	
  precisely(*)	
  measured	
  at	
  the	
  FCC-­‐hh	
  
◆  In	
  combination	
  with	
  the	
  the	
  Higgs	
  and	
  top	
  EW	
  couplings	
  	
  

●  Precisely(*)	
  measured	
  at	
  the	
  FCC-­‐ee	
  

q  Sensitivity	
  to	
  new	
  physics	
  is	
  to	
  be	
  evaluated	
  with	
  a	
  global	
  fit	
  	
  
◆  To	
  the	
  measured	
  Z,	
  W,	
  H	
  and	
  top	
  properties	
  at	
  the	
  FCC-­‐ee	
  and	
  FCC-­‐hh	
  

●  Indeed,	
  anomalous	
  top	
  couplings	
  also	
  affect	
  Z	
  and	
  W	
  at	
  quantum	
  level	
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Alain Blondel  FCC Future Circular Colliders

The combination of FCC-ee and the 
FCC-hh offers, for a great cost 
effectiveness, the best precision 
and the best search reach of all 
options presently on the market.

First look at The Physics Case of TLEP 
arXiv:1308.6176v2 [hep-ex] 22 Sep 2013

(*)	
  to	
  1%	
  or	
  better	
  


