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Required	luminosity	at	Z	factories	?	
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Physics	motivations	

Picture taken by J. Wenninger 
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q  Expected	luminosities	

	

q  Running	plan:	160	days	of	physics	/	year,		availability	65%,	2	or	4	experiments	
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FCC-ee	luminosity	and	running	scenario	
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Mode	 Lumi	/	year	 #	years	 #	events	 Lumi	/	IP	

Z	(88-94)	 40-80	ab-1	 3-5	 Up	to	1013	Z	 2	×	1036	cm-2s-1	

WW	(161)	 4-15	ab-1	 1-2	 Up	to	108	WW	 2-4	×	1035	cm-2s-1	

HZ	(240)	 1-3.5	ab-1	 3-5	 1-2	×	106	HZ	 5-10	×	1034	cm-2s-1	

tt	(350-370)	 0.25-1	ab-1	 3-5	 1-2	×	106	tt	 1-2	×	1034	cm-2s-1	- - 

[1] Conservative baseline, FCC week in Rome (2016)  
[2] Ultimate target, FCC week in Washington (2015) 
[3] Proceedings of IPAC 2016 

2	x	1036	cm-2s-1	/	IP	at	the	Z	pole	
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Why	so	high	luminosity	?			
q  Because	it	is	possible	

◆  No	physicist	will	ever	complain	that	the	luminosity	is	too	high	
●  Pile-up	is	not	a	concern:	less	than	one	γγ	collision	every	300	bunch	crossings	

q  Sensitivity	to	very	rare	processes	increases	with	statistics	
◆  Example:	Very	weakly	coupled	right-handed	neutrinos	

●  Good	dark	matter	candidate	

	
➨  Almost	blind	with	1034	
➨  Most	of	the	relevant	parameter	space	covered	with	1036	

◆  Many	other	examples	can	be	cited	(LFV,	FCNC,	Flavours,	…)	
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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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Why	so	high	luminosity	?	(cont’d)	
q  Electroweak	observables	sensitive	to	heavy	particles	in	“loops”	

◆  The	more	precise	their	measurement,	the	heavier	particles	tested	
●  Statistics	is	one	of	the	keys	for	that	purpose	

q  For	example,	in	the	standard	model	

◆  Without	a	top	quark	and	a	Higgs	boson																													In	the	Standard	Model		

	

q  With	mtop	&	mW	directly	measured	with	precision	
◆  And	accurate	measurements	of	mZ,	mH,	αQED(mZ

2)	and	sin2θWeff	to	predict	mtop	&	mW	

●  The	standard	model	has	nowhere	to	go	
➨  Precision	measurements	become	sensitive	to	other	particles	in	the	loops	
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Example:	the	W	mass	
q  Current	status	

q  At	the	FCC-ee,	direct	measurement	precision	<	0.0005	GeV	
◆  All	precision	measurements	(esp.	at	the	Z	pole)	need	to	be	improved	accordingly	

●  Together	with	theoretical	calculations	(higher	orders	missing	today)	
➨  Run	at	350	GeV:	improve	mtop	precision	by	a	factor	25		→	0.0002	GeV	
➨  Polarization	at	the	Z	pole:	improve	mZ	by	a	factor	25				→	0.0001	GeV	
➨  4	years	at	1036	cm-2s-1:	improve	αQED	by	a	factor	4											→	0.0004	GeV		
➨  2	years	at	1036	cm-2s-1:	improve	αs	by	a	factor	10														→	0.0002	GeV	
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Figure 3: ��2 profiles for the indirect determination of MW (a) and sin2✓`e↵ (b). The result from a fit
including MH as input parameter is shown in blue and the fit without MH is shown in grey. The dotted
lines indicate the fit result by setting the theoretical uncertainties �th to zero and the band corresponds
to the full result. Also shown are the direct measurements and the SM prediction using a minimal set of
parameters (black solid lines).

The fit value obtained for MW is

MW = (80.3593± 0.0056mt ± 0.0026MZ
± 0.0018

�↵had

± 0.0017↵S ± 0.0002MH
± 0.0040

theo

) GeV ,

= (80.359± 0.011
tot

) GeV , (2)

which exceeds the experimental world average in precision. The di↵erent uncertainty contribu-
tions originate from the uncertainties in the input values of the fit. The dominant uncertainty
is due to the top quark mass, followed by the theory uncertainty of 4 MeV. Due to the weak,
logarithmic dependence on MH the contribution from the uncertainty on the Higgs mass is very
small compared to the other sources of uncertainty. The deviation between the value of MW

obtained from the fit and the direct measurement is not significant with the current precision
(1.2�). However, improvements in the determination of mt as well as reduced theoretical un-
certainties from higher-order calculations and a more precise direct determination of MW – as
expected from the analyses of the full dataset recorded by the Tevatron experiments – will reduce
the uncertainties significantly.

The indirect determination of sin2✓`
e↵

gives

sin2✓`
e↵

= 0.231496± 0.000030mt ± 0.000015MZ
± 0.000035

�↵had

± 0.000010↵S ± 0.000002MH
± 0.000047

theo

,

= 0.23150± 0.00010
tot

, (3)

which is compatible and more precise than the average of the LEP/SLD measurements. The total
uncertainty is dominated by that from the measurements of �↵

had

and mt. The contribution
from the uncertainty in MH is again very small.

The measurement of MH allows for a first time to predict SM observables with a minimal
set of parameters. A fit using only this minimal set of input measurements (here chosen to be

MH , ↵S(M2

Z), the fermion masses and MZ , GF and �↵(5)

had

(M2

Z) for the electroweak sector) is
shown by the solid black lines in Fig. 3. The agreement in central value and precision of these
results with those from Eq. (2) and (3) illustrates the marginal additional information provided
by the other observables once MH is known.

An important consistency test of the SM is the simultaneous, indirect determination of mt

and MW . This is particularly interesting since contributions from new physics may lead to

Prediction	from	precision	measurements	

Direct	measurement	

MW = 80.385± 0.015 GeV

Prediction	more	precise	than	direct	measurement	

P.J., arXiv:1512:05544  

Baak, Kogler, arXiv:1306:0571  

Requires	polarization		
at	the	WW	threshold	
(i.e.,	a	large	ring)	

Large	ring	

1036	

Many	bunches	

arXiv:1308:3176  
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Sensitivity	to	new	physics	
q  Combining	all	measurements	

◆  In	the	context	of	the	SM	…	and	beyond	
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Figure 9: Summary of the reaches for the dimension-6 operator coe�cients with TeV
scale sensitivity, when switched on individually (green) and when marginalised (red), from
projected precision measurements at the ILC250 (lighter shades) and FCC-ee (darker
shades). The left plot shows the operators that are most strongly constrained by EWPTs
and Higgs physics, where the di↵erent shades of dark green and dark red represent the
e↵ects of EWPT theoretical uncertainties at FCC-ee. The right plot is constrained by
Higgs physics and TGCs, and the di↵erent shades of light green demonstrate the improved
sensitivity when TGCs are added at ILC250.

classification of possible e↵ects from decoupled new physics makes this an attractive
framework for characterising the impacts of measurements across the SM as a whole 8.

The importance of improving precision tests of the SM, in particular in the Higgs
sector, strongly motivates the construction of a future lepton collider. Such proposals
include the ILC and FCC-ee, as well as the Chinese collider CEPC. One may then ask
how the improved precision of measurements at these machines translates into the scale
of heavy new physics to which we shall be indirectly sensitive. The SM EFT provides a
relatively model-independent way to address this question.

We have shown in this paper that the prospective sensitivities of possible future e+e�

colliders extend to ⇤ = O(30) TeV in the case of EWPTs at FCC-ee, ⇤ = O(10) TeV in
the case of EWPTs at ILC250, ⇤ = O(2) TeV in the case of Higgs and TGCmeasurements
at FCC-ee, and ⇤ = O(1) TeV in the case of Higgs and TGC measurements at ILC250.
These estimates are for the more conservative marginalised limits. The individual fits,
assuming only one operator a↵ects a given set of observables at a time, provides an upper
bound on the potential reach. These results are summarised in Fig. 9. We expect that
higher-energy runs of the ILC would improve the sensitivity to new physics via Higgs
and TGC measurements, but improving its sensitivity to new physics via EWPTs would
require higher luminosity at the Z peak and near the W+W� threshold. In this respect,
the capabilities of the CEPC or the ILC with upgraded luminosity would lie between

8It is worth mentioning that the possible breakdown of the SM EFT assumptions in specific measure-
ments is not a weakness, but a strength of the approach, as it could provide a consistency check that
informs the way forward in investigating any new physics e↵ects.
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Extra-dim models: 
Probe NP scales
of O ( 20 TeV )

4D-CHM,
f < 2 TeV

Ex. NP models,
probed  by 
HL-LHC

EW precision

Power of loops :
In terms of weakly-coupled new physics:
  ΛNP > 30 – 100 TeV

J. Ellis & T. You, JHEP03 (2016) 089

ILC Physics  case, arXiv:1506.05992

Theo. uncertainties need to be improved in
the next 20 years, to match the exp. uncertainties

P. Janot, arXiv:1510.09056
D. Barducci et al, JHEP 1508 (2015) 127 

After	FCC-ee:	ΛNP > 100	TeV	?	
In	green:	one	operator	at	a	time	
In	red:	all	operators	together	

ILC	sensitivity	vanishes	w/o	Z	and	WW	runs	
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FCC-ee projections 

J. Ellis, T. You, arXiv:1510:04561  

arXiv:1308:6176  

→  Need	1036	cm-2s-1	
									and	a	large	ring	
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Summary	
q  If	the	next	e+e-	collider	is	able	to		

◆  Measure	the	top	mass	to	~30	MeV	
◆  Measure	the	W	mass	to	0.5	MeV	

●  Which	both	require	a	large	ring	
➨  Transverse	polarization	at	the	WW	threshold	
➨  Centre-of-mass	energy	up	to	350	GeV	

q  It	must	be	complemented	with		
◆  A	large	statistics	run	at	the	Z	(>	1036	cm-2s-1)	(→	large	ring)	
◆  Order-of-magnitude	improvement	in	theory	predictions	

●  To	be	able	to	predict	the	W	mass	to	0.5	MeV	(in	particular)	as	well	
➨  And	reap	the	benefits	in	sensitivity	to	new	physics	

q  This	run	also	has	unique	capabilities	for	direct	new	physics	discoveries	

q  This	is	what	the	FCC-ee	design	is	aiming	at,	altogether	
◆  If	one	ingredient	is	missing,	the	sensitivity	to	new	physics	drastically	reduces	
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