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Lecture @ BCD17 about future. <

S. Monteil

Outline of the lecture

Scientific context |: what we think we know.
Scientific context |l: how do we know what we think we know?

Lepton flavours at large: magnetic moments, lepton flavour
violation, neutrinos & friends.

Quark flavours at large: kaons and CKM, charm, beauty.
Dark matter, dark matter, dark matter, dark matter ...
Introduction to the Future Circular Colliders project or a long

term vision for the Particle Physics.: The fundamental scalar of

the Nature and the electroweak thresholds. 7
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Exergue for this part of the lecture - Nietzsche. <

Impregnare il passato e portare avanti il
futuro, tale e il mio presente ...

Féconder le passé et enfanter 'avenir,
que tel soit mon présent.

Die Vergangenheit befruchten und die
Zukunft zeugen - das sei mir Gegenwart!

S. Monteil About future BCD17



Scientific context: SM became a theory \giﬁ\

The free parameters of the SM:
« SU(2),®U(1)y unification:
« the weak and electromagnetic coupling constants Gr/g,, and agy.

* After the spontaneous breaking of the symmetry:

« The nine masses of the fermions: m;.
« The masses of the electroweak gauge bosons: m,and m,,.
» The scalar sector parameters:  V/(¢) = 1i20"¢ + M@ 0)?

v (the v.e.v) and m,.
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Scientific context: SM became a theory

The free parameters of the SM

*  The CKM matrix elements : it’'s a 3X3 complex and unitary matrix and
hence can be described by means of only 4 independent parameters.
As the masses of the fermions (except for the top quark), these 4
parameters are decoupled from the rest of the theory.

- If you like QCD in (and you do), just add a.g (and 85,5 ).

* Neutrino oscillations are implying neutrinos to be massive and to mix — 7
parameters to minimally describe them.

* The number of parameters amounts to 20 (28 w/ neutrinos and strong
CP). Not all of them are independent though.
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Scientific context: SM became a theory

Reorganisation:

- QCD and a4 : LEP and others did great already. Limitation of the consistency
test is not yet fully on the theory side for most of the determinations.
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Scientific context: SM became a theory

Reorganisation:

- QCD and ag/ homework: how to measure og from e*e- collisions?

Q)

03

02

= QCD 0y(M,) = 0.1181 +0.0013

1 100 1000

1 QGev]
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Scientific context: SM became a theory @

Reorganisation:

- QCD and a.g/ homework: how to measure og from e*e- collisions?

s ALEPH voeLs RuN=16768  Evt=5906

= QCD 0g(M) = 0.1181 £0.0013 7%

1 100 1000

" QIGev]
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Scientific context: SM became a theory @

Reorganisation:

- QCD and a.g/ homework: how to measure og from e*e- collisions?

s ALEPH voeLs RuN=16768  Evt=5906

Q)

03

02

0.1

= QCD 0g(M) = 0.1181 £0.0013 7%

1 100 1000

" QIGev]
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Scientific context: SM became a theory N

Reorganisation:

- The nine masses of the fermions: m;.

They are for 8 of them decoupled from the rest of the SM parameters.

Nothing much to do here as well till the moment a theory comes with a prediction.

They are however understood from the Yukawa couplings. We’ll come back there.

The top deserves a special mention.
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Scientific context: SM became a theory @

Reorganisation: the specific status of the top quark.

« The top quark has a specific status because it enters dominantly in the radiative
corrections of the intermediate bosons mass propagators (in particular), e.g.

Top dominates. Mostly sensitive Non abelian structure of the EW
to m2t W theory. TGC.

f

\ ANV | Wwvwwyw. o ANV b JV
v ZIW e Z/W ZW DY v 2w
U W, Z
H
H N ; \ Scalar sector. Contains Higgs
2t | mass info.
AN U A NN A N ‘. Py ’_"'_"_,-"‘_" A N
ZW U zZw Z/W Z/W
ZIW

* Inturn, a prediction of its mass in the SM is possible in the consistency fit of the
SM hypothesis against the electroweak precision observables.

S. Monteil About future BCD17



Scientific context: SM became a theory ?@5

Reorganisation:

* The rest of the free parameters are part of the so-called electroweak precision
observables consistency check. This is the first pillar of the SM. Fix Gg, ogy

and m; at their measured value and produce a prediction of m,, , m, and
my,. A tremendous success !

July 2010 March 2012 March 2012
o I ' 2007 High Q% except m [ 8051 High Q® except m,/T"
1 —LEP2 and Tevatron (prel.) t w'tw

80.54 - LEP1 and SLD 68% CL ] _ 68% CL

68% CL
s >
S84 [}z S,
£ £
803{ . _ |
| ) 160 Excluded = ] 80.3 Excluded =
150 175 200 10 10 10° 10 10 1C
m, [GeV] m, [GeV] m, [GeV]
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S. Monteil About future BCD17



Scientific context: SM became a theory \égﬁ\

¢

)

Reorganisation: spelling out the predictions.

Measurement Fit lQ™Meas_Qff/gmeas

0

2

3

m,[GeV] 91.1875x0.0021 91.1874
I,[GeV]  2.4952x0.0023  2.4959
ol [nb]  41.540=0.037  41.478

R, 20.767 = 0.025  20.742
AY 0.01714 = 0.00095 0.01645
A(P) 0.1465 = 0.0032  0.1481
Ry 0.21629 = 0.00066 0.21579
R, 0.1721£0.0030  0.1723
AL 0.0992 = 0.0016  0.1038
AL 0.0707 +0.0035  0.0742
A, 0.923 = 0.020 0.935
A 0.670 = 0.027 0.668

A(SLD) 0.1513+0.0021  0.1481

sin®05r'(Q,,) 0.2324 +0.0012  0.2314

m, [GeV] 80.385+0.015  80.377

T, [GeV] 2.085 + 0.042 2.092
m, [GeV]  173.20 = 0.90 173.26
March 2012 0

S. Monteil

* The SM EW global fit has a remarkable
2min/d.0.f = 1.40 (p-value=15%).

* The SM hypothesis passes the test. It
does not mean that SM IS the Nature. In
Science, one can usually only say NO...

* Two observables depart « with some
significance » from their prediction. It
happens they are the two most important
for the constraint on the Higgs boson.

* One can go one step further and make
the metrology of the parameters.

11
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Scientific context: SM became a theory

Reorganisation: spelling out the predictions.
« The information on the top quark is basically brought by sin20
(A, 5 and Az — propagator corrections), m,, (again propagator
corrections) and R, (vertex corrections).

S
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S. Monteil
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>
Q
O 1751
&
100 i ) y
0.213 0.217 0.221
0
Rp
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- Measurement

A} = 0.02758 = 0.00035
a,=0.118 = 0.003
m. = 114...1000 GeV
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Scientific context: SM became a theory S}%ﬁ

Reorganisation: spelling out the predictions.

« The information on the top quark is basically brought by sin20_ (A, 5
and A.g — propagator corrections), m,, (again propagator corrections)
and R, (vertex corrections).

* Putting all these observables together (and some others) yields a top
quark mass prediction of :

mwep = 1726 7133 GeV/c? (indirect — LEP1)).

T — —

* basically obtained (w/ three times the current uncertainty) from 1993.

* actually presented at Moriond 1994.

13
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Scientific context: SM became a theory

Reorganisation: spelling out the predictions.

S. Monteil

© M. Owen at Moriond2017.

ATLAS+CMS Preliminary LHC top WG  m,, summary, Is=7-8TeV Aug 2016
------- World Comb. Mar 2014, [7]

stat

total uncertainty total stat

My, = 173.34 = 0.76 (0.36 = 0.67) GeV gy = total (stat = syst) 5 Rt
ATLAS, l+jets (*) ——— 172.31= 1.55 (0.75 = 1.35) 7TeV [1]
ATLAS, dilepton (*) —t——— 173.09 = 1.63 (0.64 = 1.50) 7TeV [2]
CMS, l+jets e 173.49 = 1.06 (0.43 = 0.97) 7TeV [3]
CMS, dilepton 1 172.50 = 1.52 (0.43 = 1.46) 7 TeV [4]
CMS, all jets I—|+|—| 173.49 = 1.41 (0.69 = 1.23) 7TeV [5]
LHC comb. (Sep 2013) - 173.29 = 0.95 (0.35 = 0.88) 7TeV [6]
World comb. (Mar 2014) HH 173.34 = 0.76 (0.36 = 0.67) 1.96-7 TeV [7]
ATLAS, I+jets =t 172.33 + 1.27 (0.75 = 1.02) 7TeV [8]
ATLAS, dilepton I—|—-—|—| 173.79 = 1.41 (0.54 = 1.30) 7TeV [8]
ATLAS, all jets H—I—H 1751+1.8(1.4+1.2) 7 TeV [9]
ATLAS, single top [ } = 1722+ 2.1 (0.7 + 2.0) 8 TeV [10]
ATLAS, dilepton = 172.99 = 0.85 (0.41+ 0.74) 8 TeV [11]
ATLAS, all jets I—l—I—|—| 173.80 = 1.15 (0.55 = 1.01) 8 TeV [12]
ATLAS comb. (;’:;gfs Zgl‘f - 172.84 = 0.70 (0.34 = 0.61) 748 TeV [11]
CMS, I+jets HeH 172.35 £ 0.51 (0.16 + 0.48) 8 TeV [13]
CMS, dilepton —tet+— 172.82 = 1.23 (0.19 = 1.22) 8 TeV [13]
CMS, all jets et 172.32 = 0.64 (0.25 = 0.59) 8 TeV [13]
CMS, single top H—o—i 172.60 = 1.22 (0.77 = 0.95) 8 TeV [14]
CMS comb. (Sep 2015) H 172.44 = 0.48 (0.13 = 0.47) 7+8 TeV [13]

[1] ATLAS-CONF-2013-046
[2] ATLAS-CONF-2013-077

(*) Superseded by results
shown below the line

[3] JHEP 12 (2012) 105

[4] Eur.Phys.J.C72 (2012) 2202
[5] Eur.Phys.J.C74 (2014) 2758

[6] ATLAS-CONF-2013-102
[7] arXiv:1403.4427

8] Eur.Phys.J.C75 (2015) 330
[9] Eur.Phys.J.C75 (2015) 158
[10] ATLAS-CONF-2014-055

[11] arXiv:1606.02179
[12] ATLAS-CONF-2016-064

[13] Phys.Rev.D93 (2016) 072004
[14] CMS-PAS-TOP-15-001

] | ] ] | ]
165 170 175

180

my,, [GeV]
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Scientific context: SM became a theory \{AV

Reorganisation: spelling out the predictions.

* We must now compare the direct and indirect determinations:

Miop = 173.18 £0.96 GeV/c*, [direct — Tevatron
Miwp = 172.67105  GeV/c?, [indirect — LEPI]

Mop = 172.44 £ 0.48 GeV/c?, [direct — LHC]

* The agreement is simply remarkable.

* LEP/SLD + SM predicted the top quark mass.

* This is simultaneously a triumph of the Standard Model and the HEP
physics experiments. Probe quantum corrections of the electroweak
theory to predict the existence of a particle in the Nature.

15
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Scientific context: SM became a theory \&(ﬁ@}\

Reorganisation: spelling out the predictions.

* Once the top quark is known, it can enter in the EWP consistency and
constrain further the rest of the parameters, the Higgs boson.

200 March2012. > — 80.5 March2012. >
— High Q" except m, — High Q" except m,/T",
68% CL T | es%cCL
>
[O)
O, 180 -
&
160 EXC|l'.Ide'd”””|2 — 80.3 EXC|l'Jde'd”””|2 —
10 10 10” 10 10 10°
m, [GeV] m, [GeV]
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Scientific context: SM became a theory \(gg\

Reorganisation: spelling out the predictions.

* Once the top quark is known, it can enter in the EWP consistency and
constrain further the rest of the parameters, and bound the Higgs boson
mass.

(3}
, 4 Agy =
5 i —0.02750£0.00033

i mpeyg < 152 GeV/cQ 95% CL.
by ,
i
{LEP LHC
0 exchfded - excluded
40 100 200

m,, [GeV]

17
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Scientific context: SM became a theory S}%ﬁ

Reorganisation: spelling out the predictions.

* Once the top quark is known, it can enter in the EWP consistency and
constrain further the rest of the parameters, and bound the Higgs boson
mass.

6 " m._, oV
5 - & A‘-‘;ilj"
* 5 —0,02750£0.00033
1 3 0.02749+0.00010
4 -
o 1
o]
2 -4
1
| LEP 4 LHC
0 excluded e, A excluded
40 100 200

18
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Scientific context: SM became a theory S}%ﬁ

Reorganisation: spelling out the predictions.

* Once the top quark is known, it can enter in the EWP consistency and
constrain further the rest of the parameters, and bound the Higgs boson

mass. CMS Preliminary
> a0 T J
© 30¢ + Data .
my_, = 152 GoV O - T Im,=126 GeV :
™ Mok Dz =
5 5 Ady = §2) - B Z+X .
B 5 20f :
),0274910,00 o <UE -
i w r .
o ] 151 =
T - .
‘ 10F .
2 - 3
1 4 5 :— _:
{LEP 4 LHC - :
0 excluded .- T excluded [y | r—— N N N PR SR S S
40 100 200 80 100 200 300 400 600 800
m,, [GeV] m,, [GeV]
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Scientific context: SM became a theory \{{V

Reorganisation: the narrow bosonic resonance.

*The mass starts to be accurately measured.
© S. Oda at Moriond2017.

1 1 I 1 I 1 1 I ) I 1 1 1 I I 1 I 1 1 I 1 1 I 1 | 1 1 1 1 | I 1 1 I I 1 I
ATLAS and CMS |_._|T0-ta| Stat || Sys-t
LHC Run 1 Total  Stat. Syst.

ATLAS H—yy —— i 126.02 £ 0.51 (£ 0.43 £ 0.27) GeV
CMS H—vyy ——— 124.70 £0.34 (£ 0.31+ 0.15) GeV
ATLAS H—ZZ —4] I O { 124.51+ 0.52 ( £ 0.52 £ 0.04) GeV
CMS H—ZZ—4l P 125.59 £ 0.45 (£ 0.42 £ 0.17) GeV
ATLAS+CMS yy I-—EI—-I 125.07 £0.29 ( £ 0.25 £ 0.14) GeV
ATLAS+CMS 4l I_}E_I 125.15 £ 0.40 (£ 0.37 £ 0.15) GeV
ATLAS+CMS yy+4l I—?—I 125.09 £ 0.24 ( £ 0.21 £ 0.11) GeV
1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 [l
123 124 125 126 127 128 129

m,, [GeV]
* ltis likely a scalar particle (spin /parity properties determined form ZZ*
signal events.

19
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Scientific context: SM became a theory \.:;‘,.,j)_\,

Reorganisation: the narrow bosonic resonance.

* The couplings are so far (with a modest precision though) in good
agreement with the SM predictions.

ug’: :ATLIAS and CMls ||:|H Sy 1 ©S.Odaat Moriond2017.
_ 3 S[FLHC Run 1 CJHozz ]
= [IH->ww
DH—)T’E

\®)
T

Bosonic production

H — bb

.

1 -
| —68% CL + Bestfit % SM expected i
[ L | L s L L | L L L L | L L s L ]

0 1 2 3

Fermionic production
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Scientific context: SM became a theory \giﬁ\

¢

)

Reorganisation: coming back to quark masses and mass mixing matrix.

See the Flavour Physics lecture in this School.

Again, the name of the game consists in a global consistency check from a
fit of the SM hypothesis against the relevant Flavour data observable
measurements.

Most of the constraints are coming from b-hadron decays and neutral B-
meson mixings. These can be CP-conserving or CP-violating observables.

The global fit relies heavily, as far as CP-conserving observables are
concerned, on QCD predictions, mostly numerically established (Lattice
QCD).

The observables related to the strange flavour (K decays and K% mixing)
are also consistently described, though suffering from large(r) hadronic
uncertainties (long distance physics where LQCD does not apply

straightforwardly).
21
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Scientific context: SM became a theory \..%{X\

Reorganisation: coming back to quark masses and mass mixing matrix.

* The 4 CKM matrix elements are decoupled from the rest of the theory. The
consistency check of the SM hypothesis in that sector is the second pillar

of the SM:
© A. Claude et al.
ckmlive.in2p3.fr
"5[ x;,.“_ J TR .'cj D T T 05 - Iexclludlede:realhasl,C|_I>ol.95I S I L B
| . % | EPS15 |
01 Amy& Am, 04 ]
05 i Q
: .\md 0.3 N
= 00 J =
] 0.2 -
-0.5 .j!
; I 01f -
1.0 . Y € ! L i
1 % R o [ By Stephane CPV and CPC F Obs ]
."5[_..,11 ................... nyv. .. 0.0 RN B RN BN R B N B
4 45 00 05 W 15 24 0.0 0.1 0.2 0.3 0.4 0.5
P P
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Scientific context: SM became a theory

Reorganisation: coming back to quark masses and mass mixing matrix.

 The 4 CKM matrix elements are decoupled from the rest of the theory. The
consistency check of the SM hypothesis in that sector is the second pillar

07 T T T - 07 T T T T
F ¥ E = , E
T : o T el v
08 o oo s 08 - d oo s .
os o2 i 3 os B2 3
C sin2p 3 E i ]
:_ i - :_ E -
04 '.. 4 - 04 '.. 4 -
L = = ¥ : 3
03 ¢ 3 03 -
- @ - - - o .
02 — — 02 : .
- - ; l -
3 - '
(R = el 0 '
= [ - A -
09 T — l L L L oo M . - ! L
LA -02 0o 02 04 0.6 0.8 1 LA 02 0o 02 04 0.6 0.8 1.
P P

Angles - No theory uncertainty

S. Monteil
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Scientific context: SM became a theory \(g\

Reorganisation: coming back to quark masses and mass mixing matrix.

 The 4 CKM matrix elements are decoupled from the rest of the theory. The
consistency check of the SM hypothesis in that sector is the second pillar

of the SM:
07 Fa T T T T T 07 - T T T T T -
E 8 Am & Am, R FS ]
0% E,_: am, e @1}; 3 s () % r
: = ro# 3
°“E . : E “EL E
L% - - Lo -
04 —3 - 3 -
i - il -
03 -] = —
« - e -
02 F B B
1 3 | :
0 - - —
E T P . P -
00 S S ey 1 1 1y 1 1y -
04 02 00 02 04 0.6 0.8 1.0 0.4 0.6 0.8 1.
P P
Loops - Trees -
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Scientific context: SM became a theory

Recap
the two pillars of the SM:
EWPT and quark flavours.

25
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Scientific context: SM became an invincible theory

Recap: the two pillars of the SM: EWPT and quark flavours.

6 Manch 2012 m... =152 GaV
‘15 ! L T ol A - . s’y
Sadhaind was s CL s 08 : ‘{ J l i .-. .',. -
: ® S A (5)
5 - Oad =
S ke 0.02750+0.00033
y L e 0.027490.00010
4 4 «» incl. low Q° data
<
2 -
1 —
.‘.5 1 l 'S l 1 l 1 0
-1.0 05 0.0 0.5 1.0 15 20
5 40 200

26
S. Monteil About future BCD17



Scientific context: SM became an invincible theory

Recap: the two pillars of the SM: EWPT and quark flavours.

S. Monteil About future BCD17

26



Scientific context: SM became an invincible theory

Recap: the two pillars of the SM: EWPT and quark flavours.

CMS Preliminary
7

> _

o 30 + Data -

O ' Im,=126 GeV ]

Qo5 Oz -

@ B Z+X :

S 20F -

> N n

W F .

15 -

10F =

10/ Y €y 5 :_ _Z
=i S ! -
.1_5[_.-------.f‘....,AA.‘..JJJ,-.»._I 0:111 " M 1 1 1 M l:
10 05 00 05 10 15 20 80 100 200 300 400 600 800
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Scientific context: SM became a theory

Lessons

S. Monteil About future BCD17
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Scientific context: SM became an invincible theory \é{ﬁ}\

Lessons

« The SM has cleared so far the attacks from LEP, TeVatron, B-factories, LHC
and single-observables experiments.

* There are compelling beauty arguments for Beyond Standard Model (BSM)
Physics. | will overlook them.

* Instead, three indisputable measurements/observations are crying for BSM:

* The neutrinos have a mass. Though several ways exist theoretically, it’s

tempting / natural to enhance the neutral particle content with right-
handed states.

* Dark matter: the last evidence for cosmological dark matter is the
observation of a low surface brightness galaxy [ArXiv:1606.06291].

* Baryonic asymmetry in the Universe.

28
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Scientific context:

A selection of experiment timelines for
running projects, on track projects and
foreseeable projects

29
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Scientific context: LHC timeline (GPD-wise)

LHC Run 1 LHC Run II

2015-20/tb 2021 - 50 /1b 2025 - 300 /1b

2035 - 3000 /}fb

Legend and disclaimer:
* on track or running

* foreseen projects
* timeline, lumi, omissions are mine.

S. Monteil About future BCD17
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Scientific context: landscape of future flavour factories \LAV

\J
| LHC(b) Il Beyond LHCb ’U FCC injectors & FC(
}' upgrade(s) J
2019-8/tb  ~2025-50/fb 2035 - 500 /tb 5000 /fb R
2025 - 50 /ab 2035 - 150 /ab

KOTO - NAG62 ...

\,
S

S. Monteil

! FCC-ee

g

Legend and disclaimer:
* on track or running

* foreseen projects
* timeline, lumi, omissions are mine.
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Scientific context: theoretical / historical timelines \é{ﬁ}\

1964 Electroweak
unification

Neutral current
discovery in 1973
by Gargamelle
(CERN).

1979 Glashow,
Salam and
Weinberg get the
Nobel.

————

S. Monteil

1971 EW loops
and RN

Top quark mass
predicted by LEP,
CERN (from Mz

and other EWPO).

Top quark
discovered by
CDF, FNAL.

1999 t’Hooft and
Veltman get the

1973 CP violation

The B-factories
establish that the
KM paradigm is
the dominant
source of CP
violation in Kand B
particle systems.

2008 Kobayashi
and Maskawa get

Nobel. the Nobel.
ﬁ ﬁ
About future BCD17

1964 Fundamental

Scalar

Higgs boson mass
cornered by LEP
(EWPO) and
Tevatron (top and
W mass).

An alike Higgs
boson discovered

where said at LHC.

2013 Englert and
Higgs get the
Nobel.

—————

32



Scientific context:

S. Monteil

[BISM Scenarii

About future BCD17
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Scientific context: scenarii \E{i‘

1) Find a new heavy particle at the Run Il of LHC:
* HL-LHC can study it to a certain extent.
* If mass is small enough (and couples to electrons), CLIC can be the way.
* Larger energies are needed to study (find) the whole spectrum.
* The underlying quantum structure must be studied.

2) Find no new particle, but non-standard H properties
* HL-LHC can study it to a certain extent.
* Higgs factory.
« Z, W, top factories for the quantum structure.
* Energy frontier (also for precision measurements)

3) Find no new particle, standard H properties but flavour observables departing from SM:
* Z, W, top factories for the quantum and flavour structure.
* Energy frontier to find the corresponding spectrum.

4) Find no new particle, standard H properties and flavour observables in SM:
* Asymptotic Z, W, H, top factories for asymptotic precision.
* Push the energy frontier to the best of our knowledge.

34
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By anticipation of the conclusion of the lecture \..%{X\

1) Find a new heavy particle at the Run Il of LHC:
* HL-LHC can study it to a certain extent.
* If mass is small enough (and couples to electrons), CLIC can be the way.
* Larger energies are needed to study (find) the whole spectrum [FCC-hh].
* The underlying quantum structure must be studied [FCC-ee].

2) Find no new particle, but non-standard H properties
* HL-LHC can study it to a certain extent.
* Higgs factory [ILC,FCC-ee].
« Z, W, top factories for the quantum structure [FCC-ee].
* Energy frontier (also for precision measurements) [FCC-hh].

3) Find no new particle, standard H properties but flavour observables departing from SM:
* Asymptotic Z, W, top factories to fix the energy scale [FCC-ee].
* Energy frontier to find the corresponding spectrum [FCC-hh].

4) Find no new particle, standard H properties and flavour observables in SM:
* Asymptotic Z, W, H, top factories for asymptotic precision [FCC-ee].
* Push the energy frontier to the best of our knowledge [FCC-hh].
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Lecture @ BCD17 about future. <

S. Monteil

Outline of the lecture

Scientific context |: what we think we know.
Scientific context |l: how do we know what we think we know?

Lepton flavours at large: magnetic moments, lepton flavour
violation, neutrinos & friends.

Quark flavours at large: kaons and CKM, charm, beauty.
Dark matter, dark matter, dark matter, dark matter ...
Introduction to the Future Circular Colliders project or a long

term vision for the Particle Physics.: The fundamental scalar of

the Nature and the electroweak thresholds. 36
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Lecture @ BCD17 about future. \E—\&\

Outline of the lecture

» Scientific context I: what we think we know.
Scientific context |l: how do we know what we think we know?

» Lepton flavours at large: magnetic moments, lepton flavour
violation, neutrinos & friends (See A. Carbone and J.Orloff)

e Quark flavours at large: kaons and CKM, charm, beauty.
* Dark matter, dark matter, dark matter, dark matter ...
e Introduction to the Future Circular Colliders project or a long

term vision for the Particle Physics.: The fundamental scalar of

the Nature and the electroweak thresholds. 37
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Lecture @ BCD17 about future. \E—&\

U

Outline of the lecture

» Scientific context I: what we think we know.
Scientific context |l: how do we know what we think we know?

» Lepton flavours at large: magnetic moments, lepton flavour
violation, neutrinos & friends (See A. Carbone and J.Orloff)

* Quark flavours at large: kaons and CKM, charm, beauty. | will
spend one slide on kaons.

* Dark matter, dark matter, dark matter, dark matter ...

e Introduction to the Future Circular Colliders project or a long

term vision for the Particle Ph%sics. The fundamental scalar of
S. Monteil About future BCD17



Lecture @ BCD17 about future. \{ﬁ’\

S. Monteil

Outline of the lecture

Scientific context |: what we think we know.
Scientific context |l: how do we know what we think we know?

Lepton flavours at large: magnetic moments, lepton flavour
violation, neutrinos & friends (See A. Carbone and J.Orloff)

Quark flavours at large: kaons and CKM, charm, beauty. | will
spend one slide on kaons.

Dark matter... See J. Brod

Introduction to the Future Circular Colliders preject or a long

term vision for the Particle Ph)ésics. The fundamental scalar of
About future BCD17



Lecture @ BCD17 about future. \{‘\\&

Outline of the lecture

» Scientific context I: what we think we know.
Scientific context |l: how do we know what we think we know?

» Lepton flavours at large: magnetic moments, lepton flavour
violation, neutrinos & friends (See A. Carbone and J.Orloff)

* Quark flavours at large: kaons and CKM, charm, beauty. | will
spend one slide on kaons.

 Dark matter... See J. Brod

» FCC project fortherest of the'lecture.
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Kaons and CKM

. NAB2 (CERN)

« KOTO (JPARC)

S. Monteil

1.5

1.0

0.5

= 0.0

-0.5

-1.0 :
% Prospective study on rare Kaons
_1.5lllllllllllllllllllllllllllll
1.0 05 0.0 0.5 1.0 1.5
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About future BCD17

llllllll]llllllllllllllllll

@xcluced area has CL > 0,95 K oax'vy (NA62)

(th. uncenaxnty)\f’\‘
: Phase 2

I

Illlllllll

IIIIITIIII_"_n‘lT]]IIIIIIIT]llII

llllllllll“_ﬂllll

2.0



( —FCC

Introduction to the FCC project

42
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. Introduction to FCC project: s

 Starting from the former European HEP strategy 2013

Summary: European Strategy Update 2013

Design studies and R&D at the energy frontier

....“to propose an ambitious post-LHC accelerator project
at CERN by the time of the next Strategy update”:

d) CERN should undertake design studies for
accelerator projects in a global context,

* with emphasis on proton-proton and electron-positron
high-energy frontier machines.

» These design studies should be coupled to a vigorous
accelerator R&D programme, including high-field
magnets and high-gradient accelerating structures,

* in collaboration with national institutes, laboratories
and universities worldwide.

» http://cds.cern.ch/record/1567258/files/esc-e-106.pdf

CERN Future Circular Collider Study
| Michael Benedikt
FCC Kick-Off 2014

* At the time the LHC Run Il will have delivered its results, have an
educated vision of the reach of future machines for the next round of the
European Strategy in 2019.
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1. Introduction to FCC: the scope of the project -

Forming an international coll.
(hosted by Cern) to study:

* 100 TeV pp-collider (FCC-hh)
as long term goal, defining
infrastructure requirements.

ete- collider (FCC-ee) as
potential first step.

s Schematic of an

g4 80-100km

¢ long tunnel
\‘

p-e (FCC-he) as an option.

80-100 km infrastructure
in Geneva area.

Conceptual design report and cost review for the next european
strategy — 2019 / 2020.
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1. Introduction to FCC - Civil engineering.

* Infrastructure studies well advanced. A 93 km planar racetrack:

Alignment Shafts Query

Alignment Location

Geology Intersected by Shafts Shaft Depths

Choose alignment option Shaft Depth (m) Geology (m)

100km quasi-circular Point  Actual Molasse SA Wildflysch Quaternary Molasse Urgonian Calcaire
Tunnel elevation at centre:261mASL A U
B 266
Grad. Params
c 257
Azimuth (°): -20
Slope Angle xx(%):  0.65 D 22
Slope Angle y-y(%) 0 E ‘ -
LOAD SAVE CALCULATE F
Alignment centre 6
X 2499731 Y: 1108403 H
cP1 cP2 I
Angle Depth Angle Depth J
64 220 64
LHC 64 2 X
Ps 242m 241m
5 5 L
T2 235m 241m
T8 Total 321 0 478 0 10
Alignment Profile
1800m ilnylarternary
1500m —Quaternary
—Lake
::::: © C C = Wildflysch
. OO Molasse subalpine
nnnnn —Molasse
1200m Calcaire

km 70km 80km 20km

m 50km 0
Distance along ring clockwise from CERN (km)

* Challenges:
* 7.8 km tunnelling through Jura limestone.
* Up to 300 - 400 m deep shafts + caverns in molasse.
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1. Introduction to FCC - Timeline

(( = >) CERN Circular Colliders & FCC

1980 1985 1990 1995 2000 2005 2010 2015 2020 2025 2030 2035

Constr. Physics LEP

Physics LHC

Construction

< 20 years >

Now is the time to plan for the period 2035 — 2040

Construction

Physics HL-LHC

Construction I Physics

CE/RW Future Circular Collider Study
.

Michael Benedikt
7% 2" FCC Week, Rome, April 2016
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1. Introduction to FCC: the design study timeline

FCC

* Applies to all machine and experiment designs:

S. Monteil

2014 2015

2016

2017

2018

§\> Study plan, scope definition
Explore options ]

’ @ concept
FCC Week 2015: (develop bas

Ql | Q2 | Q3 | Q4 | Q1 | Q2 | Q3

Q4

Ql [ Q2 | Q3 | Q4 | QI

Q2 | QB [ Q4| Q1 | Q2 | Q3 | Q4

ual stu!y of baseline

eline <|> detailed studies]

work towards baseline

CE/RW Future Circular Collider Study
\\

SZ

Michael Benedikt
2n FCC Week, Rome, April 2016

FCC Week 2016
Progress review

Dy

About future BCD17

€

¢ Cost model, LHC results
\A’ - study re-scoping?

FCC Week 17 & Review

Elaboration,
consolidation

FCC Week 2018
- contents of CDR

Report

é

CDR ready

47



FCC-hh oy

Disclaimer: I’m not participating to this part of
the Design study. Relevant information can be
taken from:

https://indico.cern.ch/event/438866/
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FCC-hh: preliminary machine parameters @ 3)

Parameter LHC (HL-) FCC-pp
E (TeV) 14 100
R (km) 26.7 100
B dipole (T) 8.3 16
Lumi (103 cm2.s1) 1(5) 5— 100
Bunch (ns) 25 25 [5]
Events / BX 30 (150) 170 — 3500

* Machine challenges (in no particular order) are immense: civil
engineering, dipoles, power consumption, cryogenics ...

* The energy and the luminosity coupled to high production rates
provides both discovery and precision potential for the Physics
opportunities.

* The operation distributed in two phases: Phase1 (10 years, 2.5
ab-1) Phase2 (10 years, 25 ab-).
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FCC-hh: Physics reach @ 3)

* The energy and the luminosity coupled to high production rates provides both
discovery and precision potential for the Physics opportunities.

N1oo Nioo/Ns | Nioo/Ni4
gg— H | 16 x 10° | 4 x 10* 110
VBF 1.6 x 10 | 5 x 10* 120
WH 3.2x10% | 2x10% 65
ZH 2.2 x 10% | 3 x 10* 85
ttH 7.6 x 10% | 3 x 10° 420

* New dynamical regimes (energy) but also high precision. The huge production
rates allow to make tighter kinematical cuts and reduce backgrounds.
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FCC-hh: the detector challenges g(qg)

Likely much more demanding than HL-LHC:

* Highly granular detectors (calorimeters, tracking and vertexing):
* Deal with the large pile-up to figure out which pp vertex it is.
* Also there is need of fast timing detector.

* The Z, W, Htops are boosted.

* Large coil and tracker: precise momentum resolution up to multiTeV
charged particles.

* Thick calorimeters: energy containment of the boosted jets.
* Forward coverage: to deal with large longitudinal boost.

Need a larger, thicker, faster Atlas/CMS in the central region and two LHCb in
the forward regions ... not a mere extrapolation of what we have.
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FCC-hh: the detector challenges =y

* Twin Solenoid 6T, 12m, Dipoles 10Tm, for engineering challenge.
» The coil radius makes the cost of the detector. Likely to go down at
the end of the Design Study.

52
S. Monteil About future BCD17



FCC-hh: physics reach by selected examples. -

Disclaimer: not a Physics case yet. It will come at the end of the Design Study in
the light of the obtained results at LHC, SuperKEKB, DM searches etc...

1) Direct search for new particles: SUSY

© M. Mc Cullough

95% CL Limits
" 14TeV,0.3ab™
B 14 TeV,3ab™

5 o Discovery
" 100 TeV, 3 ab™
B 100 TeV, 30 ab™

0 10 15 20 25
Mass scale [TeV]
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FCC-hh: physics reach by selected examples.

2) Trilinear (quadrilinear) Higgs couplings. FCC-pp is the place to be.

Cross section for HH (HHH) production 1.9 pb (5fb)

© Contino et al. [arXiv:1606.09408]

HH production at pp colliders at NLO in QCD

M, =125 GeV, MSTW2008 NLO pdf (68%cl)

MR RETIT] r 3l 1111 11 gk 1111
MadGraphS_aMCeMLO

—
=
[=]

8 1314 25 33 50 75
Vs[TeV]

S. Monteil

process precision on gy | 68% CL interval on Higgs self-couplings
HH — bbyy 3% A3 €10.97,1.03]

HH — bbbb 5% A3 € [0.9,1.5]

HH — bbat 0(25%) A3 € [0.6,1.4]

HH — bbete~ 0(15%) A3 €[0.8,1.2]

HH — bbt+ey - -~

HHH — bbbbyy 0(100%) A € [—4,+16]

* Few percents precision for HHH.

* One of the ultimate null test of the
SM hypothesis.

* No competition.
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FCC-hh: physics reach by selected examples. ===

3) Rare decays (examples of). With the anticipated integrated luminosity:

* 0O(1019) H decays: can address FCNC probes H — eu

O(1012) top quarks: can address FCNC probes t = ¢Z, cH ...

As a consequence, O(10'2) Wand b from top quarks ...

Also O(10") T from top quarks: LFV decays

« Search for Majorana neutrinos in top decays / WW  ° b
© O. Fischer \F
: : ——1F

ction/|6] [pb]

Production cross se

1 10 100 1000 10 f f
M [GeV]
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FCC-hh: physics reach by selected examples. Q;)

* From M. Mangano @ FCC week 2016

i) \ (GED)

Physics at the FCC-hh

» Volume 1: SM processes (238 pages)

» Volume 2: Higgs and EW symmetry breaking studies (175 pages)
» Volume 3: beyond the Standard Model phenomena (189 pages)

» Volume 4: physics with heavy ions (56 pages)

- Volume 5: physics opportunities with the FCC-hh injectors (14 pages)
%

input to forthcoming simulations and studies of

Program for next three years
detector design and performance assessment

* Flavour physics at FCC-hh will be the subject of a future dedicated study and report
phy. J y p
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FCC-hh: physics reach by selected examples. Q:C

* From M. Mangano @ FCC week 2016

PSB
LINAC4 0.16 —2 GeV (x13)

0-160 MeV (H-)
— 2
I | ¥L)_/
PS
2 - 26 GeV (x13

Q) FCC
\ hh ee he C
N SPS
26 — 450 GeV (x17)

Physics at the FCC-hh

HEB
0.450 — 4 TeV (x8)

To FHC
+ Volume 1: SM processes (238 pages) 4-50TeV (x13)

Fig. 1: Schematic view of the CERN accelerators system viewed asinjectors of the future FCC-hh collider (FHC).
+ Volume 2: Higgs and EW symmetry breaking studies (175 pages)
» Volume 3: beyond the Standard Model phenomena (189 pages)

» Volume 4: physics with heavy ions (56 pages)

- Volume 5: physics opportunities with the FCC-hh injectors (14 pages)
%

input to forthcoming simulations and studies of

Program for next three years
detector design and performance assessment

* Flavour physics at FCC-hh will be the subject of a future dedicated study and report
phy. J y p
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The last part of the talk

FCC-ee

Generalities, competition, timelines.

The Physics case at large.

Clermont’s contributions.

Detector design(s).

S. Monteil About future BCD17

The machine parameter and design.
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FCC-ee s

The timescale for FCC-hhis > 2045. The HL-LHC
won't likely answer most of the outstanding
guestions of the field.

Be it only for the accurate study of the Higgs-boson
decays, an electron collider is the way to go.

If we say that the next large scale
machine must be an electron collider:
what are the other large scale projects

In the world?
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FCC-ee @:C

© P. Janot
Clir st
/ ( \‘\\‘\‘\
H and top factory

ex. Geneva basin

SCHWEIZ

FRANKREICH

ILC 0.5 TeV (30km) P
Genf

CLIC3TeV (5V ,/—-\/“‘R/ \

\

La: energy | FCC (200 km)
I [Future Circular Colliders]
\ ; First step: FCC-ee (90-400 GeV)
» % 7 fcc [Z, W, H, top factories]
o s 4 Ultimate goal: FCC-hh (100 TeV)

o b e [Access to highest energies]
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FCC-ee

S

ex. Japan
Akitao: Akita » oMorioka
3 lwate
<l
i . \
Miyagi
Yamagata s
v Sendai
o o s
Yamagata
Nii%ata
Fukushima
. (o]
Niigata :
Fukushima
NEabho ; _Tochigi
5 Utsuné)miya
Gunma . /
by Mltoo
Maebashi ibaraki
Mrgano Saitama —f
Saitama®©
Kofu ' d'_l:qkyo
e = Tokyo R Chiba
Yamanashi .
S. Monteil

Google earth
C

Yifang Wang

* CepC: ete collisions at 240 GeV.
* SppC: pp collisions at 50-70 TeV.

* |ILC: longstanding project. Decision from
Japan before 20207
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FCC-ee timeline and related comments

FOC

((ESD)) CERN Circular Colliders & FCC

1980 1985 1990 1995 2000 2005 2010 2015 2020 2025 2030 2035

- Constr. Physics LEP
Construction Physics LHC
Construction Physics HL-LHC

y i N

< 20 years >
N 14

Construction I Physics

Now is the time to plan for the period 2035 — 2040

* |tis often said that the FCC is far away
in time. I'd like to highlight few points
related to that statement

* The re-commissioning of the LHC as
injector of the FCC-hh shall take O(10 y).

* On the contrary, the installation of the
electron machine in the FCC tunnel can
go in parallel with the operation of HL-
LHC. Start of Physics: 2035 !

* Continuous particle Physics at colliders
in Europe in contrast with the previous
decade.

* The FCC-ee and ILC projects can be
compared in time ...

61
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FCC-ee: tentative timeline for FCC-ee construction

FCC Y

physics start
years -14 -12 -10 -8 -6 -4 -2 0

inj. complex construction

injector commissioning

access shafts & caverns

tunneling

<12 years from technical infrastruct.

construction start machine installation

to first physics nardw. & beam
\ commissioning

Cm FCC-ee technologies, time lines, analysis highlights
\ Frank Zimmermann

> KET workshop, Munich, 2 May 2016
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FCC-ee: N

Machine parameters, design and
luminosities
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The FCC e*e- machine. Baseline design

FCC

Physics from the Z pole to top pair production (90 - 400 GeV),

crossing WW and ZH thresholds with unprecedented statistics

everywhere.

number of bunches at operating points up to ZH.

challenges of FCC-ee:

S. Monteil

Description of the machine parameters: next slide.

Two rings (top-up injection) to cope with high current and large

To some extent, SuperKEKB shall already meet some of the

Some SuperKEKB parameters :

B’y : 300 pm
FCC-ee (H):2mm
o, : 50 nm
FCC-ee (H) : 5o nm
& le, 1 0.25%
FCC-ee (H):0.2%to0 0.1%
et production rate : 2.5 x 10%?[s
FCC-ee (H): <1x10%/s

Off-momentum acceptance at IP : +1

FCC-ee (H) : +2.0% to +2.5%

Beam Lifetime : 5 minutes
FCC-ee (H) : 20 minutes
Centre-of-mass energy: ~10 GeV

FCC-ee (H) : 240 GeV

.5%

About future BCD17
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The FCC e*e- machine. Baseline design

(FES)) common layouts for hh & ee

FCC-ee 1, FCC-ee 2, 11.9m} [P 30 mrad

FCC-ee booster (FCC-hh footprint) “Z FCC-hT X

ee Booster

Lepton beams must cross over through the
common RF to enter the IP from inside.
\ Only a half of each ring is filled with bunches.

FCCee_t_74_11_by2_10.sad
.. fec_ring_i d track_lhc_99.983_14.3_000_ring.svy
T T T T T
26 N e 4
- et

= ArC (L=16km,R=13km)
== Mini-arc (L=3.2km,R=13km)
== DS (L=0.4km,R=17.3km)

== Straight
Coll 2.8km Coll 2.8km
J 7E><tr14>< FCC-hh EXtr 1.4k D Common ¢ E Common
o o RE(t) g 1 RF(tt
layout (t) S y, (tt)

0

Max. separation of 3(4) rings is about 12 m:

H G F wider tunnel or two tunnels are necessary
« 2mainIPs in A, G for both machines
« asymmetric IR optic/geometry for ee = ==

to limit synchrotron radiation to detector K. Oide, D. Schulte,

FCC-ee technologies, time lines, analysis highlights A Bogomyagkov,
B. Holzer, et al.

Frank Zimmermann
KET workshop, Munich, 2 May 2016
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The FCC et*e- machine. Baseline parameters

© F. Zimmermann

physics working point wWw ZH tt,.,
energy/beam [GeV] 45.6 80 120 175 105
bunches/beam 30180 | 91500 | 5260 | 780 81 4
bunch spacing [ns] 7.5 2.5 50 400 4000 22000
bunch population [10%%] 1.0 0.33 0.6 0.8 1.7 4.2
beam current [mA] 1450 1450 152 30 6.6 3
luminosity/IP x 103*cm-2s1 210 90 19 5.1 1.3 0.0012
energy loss/turn [GeV] 0.03 0.03 | 0.33 | 1.67 7.55 3.34
synchrotron power [MW] 100 22
RF voltage [GV] 0.4 0.2 0.8 3.0 10 3.5
rms cm E spread SR [%] 0.03 0.03 0.05 0.07 0.10 0.11
rms cm E spread SR+BS [%] 0.15 0.06 0.07 0.08 0.12 0.11
About future BCD17 66
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The FCC e*e- machine. Luminosity figure =

T : T T T T I T

b

)
w
'H

i & ‘

- ".| ® FCC-ee (Baseline, 2 IPs) -
" ¢ FCC-ee (Target, 4 IPs)

" IC
ILC (Lumi Upgrade)
CLIC

v CEPC (21Ps) =

Luminosity [10** cm2s1]
2

0x10 .. cm=s! ? | Dashed lines : Poslqnole energy and lumingsity upgrades
0 1000 2000 3000
Vs [GeV]

* The time / energy allocation of the machine is to be worked out; still ...
* ... we're speaking here of 102/1073 Z, 108 WW, 106 H and 106 top pairs.
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FCC-ee: s

The Physics case at large

68
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FCC-ee: organisation of the Design Study (Expt)

FCCs: Implementation at CERN (5)

o Lepton experimental studies — Coordinators A. Blondel, P. Janot
+ Study the properties of the Higgs and other particles with unprecedented precision

EW Physics (Z pole)

Diboson physics,m,,

H(226) Properties

Top Quark Physics

P. Azzi

+ Develop the necessary tools

ﬁ Understand the experimental conditions

R. Tenchini R. Tenchini M. Klute
F. Piccinini F. Piccinini K. Peters
QCD and yy Physics Flavour Physics New Physics
D. d’Enterria S. Monteil M. Pierini
P. Skands J. Kamenik C. Rogan

Physics Software
C. Bernet

B. Hegner

Online & Trigger
E. Perez
C. Leonidopoulos

Common with FCC-hh/eh,
Synergies with LHC, LC

Exp’tal Environment

N. Bacchetta

Synergy with FCC-hh
and Linear Colliders

+ Set constraints on the possible detector designs to match statistical precision

Detector Designs
A. Cattai
G. Rolandi

Synergy with Linear Collider detectors and others

Patrick Janot

S. Monteil

Journée "Futur de la physique des particules”

23 Janvier 2015
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FCC-ee: the ete Physics case at large.

S. Monteil

First look at the physics case of TLEP

(FCC ))
T_EP -

The TLEP Design Study Working Group

M. Bicer,” H. Duran Yildiz," 1. Yildiz,® G. Coignet,” M. Delmastro,’ T. Alexopoulos,®
C. Grojean,’ S. Antusch,’ T. Sen,” H.-J. He,’ K. Potamianos,’ S. Haug,*

A. Moreno,! A. Heister,™ V. Sanz,” G. Gomez-Ceballos,” M. Klute,” M. Zanetti,’
L.-T. Wang,” M. Dam,? C. Boehm,” N. Glover,” F. Krauss,” A. Lenz,” M. Syphers,*®
C. Leonidopoulos,’ V. Ciulli," P. Lenzi," G. Sguazzoni,” M. Antonelli,” M. Boscolo,’
U. Dosselli,” O. Frasciello,” C. Milardi,” G. Venanzoni,” M. Zobov," J. van der Bij,”
M. de Gruttola,” D.-W. Kim,Y M. Bachtis,* A. Butterworth,” C. Bernet,* C. Botta,*
F. Carminati,” A. David,” L. Deniau,” D. d’Enterria,” G. Ganis,” B. Goddard,”

G. Giudice,” P. Janot,” J. M. Jowett,” C. Lourenco,” L. Malgeri,” E. Meschi,*

F. Moortgat,” P. Musella,” J. A. Osborne,” L. Perrozzi,” M. Pierini,” L. Rinolfi,*

A. de Roeck,? J. Rojo,” G. Roy,* A. Sciaba,? A. Valassi,” C.S. Waaijer,”

J. Wenninger,” H. Woehri,” F. Zimmermann,* A. Blondel,** M. Koratzinos,**

P. Mermod,*® Y. Onel,* R. Talman,* E. Castaneda Miranda,*® E. Bulyak,**

D. Porsuk,af D. Kovalskyi,* S. Padhi,* P. Faccioli,”" J. R. Ellis,% M. Campanelli,”

V DAk M Fhauiiza @ DB Analaha 01 L Nuan G710 L Macs, Caonn G0

ABSTRACT: The discovery by the ATLAS and CMS experiments of a new boson with mass
around 125 GeV and with measured properties compatible with those of a Standard-Model
Higgs boson, coupled with the absence of discoveries of phenomena beyond the Standard
Model at the TeV scale, has triggered interest in ideas for future Higgs factories. A new
circular eTe™ collider hosted in a 80 to 100 km tunnel, TLEP, is among the most attractive
solutions proposed so far. It has a clean experimental environment, produces high lumi-
nosity for top-quark, Higgs boson, W and Z studies, accommodates multiple detectors,
and can reach energies up to the tt threshold and beyond. It will enable measurements of
the Higgs boson properties and of Electroweak Symmetry-Breaking (EWSB) parameters
with unequalled precision, offering exploration of physics beyond the Standard Model in
the multi-TeV range. Moreover, being the natural precursor of the VHE-LHC, a 100 TeV
hadron machine in the same tunnel, it builds up a long-term vision for particle physics.
Altogether, the combination of TLEP and the VHE-LHC offers, for a great cost effective-
ness, the best precision and the best search reach of all options presently on the market.
This paper presents a first appraisal of the salient features of the TLEP physics potential,
to serve as a baseline for a more extensive design study.

* This initial study focused primarily on

the Higgs Physics (w/ full simulation
but CMS detector).

EWK precision tests were examined
from LEP (Z,W) or LC (top)
extrapolations.

The Design Study aims at reaching a
fully educated view of the Physics
Case from realistic detector simulation
studies (We are here now).

Explore all the Physics possibilities
including Flavours. The latter is not a
priori at the heart of the project but can
be a supplément d’ame.
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FCC-ee: Physics case at large / one slide synthesis

@

i

Physics reach related to the
luminosity figure:

v ElectroWeak Precision tests:

Z pole, WW and top pairs
thresholds.

At Z: you get the statistics of one
LEP experiment in a minute or so!

v Higgs Precision test.

v Higgs direct production in study.

v Note: higher order EW
calculations required.

S. Monteil

Observable Measurement Current precision TLEP stat. Possible syst. Challenge
m, (MeV) Lineshape 91187.5 2.1 0.005 <0.1 QED corr.
I'; (MeV) Lineshape 2495.2 2.3 0.008 <0.1 QED corr.

R, Peak 20.767 £ 0.025 0.0001 <0.001 Statistics
R, Peak 0.21629 + 0.00066 | 0.000003 < 0.00006 g—bb
N, Peak 2.984 + 0.008 0.00004 <0.004 Lumi meast
a,(my) R, 0.1190 * 0.0025 0.00001 0.0001 New Physics
m,, (MeV) Threshold scan 80385+ 15 0.3 <o0.5 QED Corr.
Radiative returns 2.92+0.05
N, a7 Z—yy I 0.001 <0.001 ?
ere"=yZ, L=y, 2.984 + 0.008
a(my,) Bhad = (Chad/Trodw Bg=67.41+0.27 | 0.00018 <0.0001 CKM Matrix

My, (MeV) Threshold scan 173200 + 900 10 10 QCD (~40 MeV)

I‘mp (MeV) Threshold scan ? 12 ? a,(my)
Meop Threshold scan W=2.5%+1.05 13% 2 a(my)

Facility ILC ILC(LumiUp) TLEp (41P) CLIC

Vs (GeV) 500 1000 250,/500/1000 240 350 350 1400 3000

J Lat (fb=1) +500 +1000 1150+1600-+2500f 10000 +2600 500 +1500 +2000

Ple=,et) (—0.8,+0.3) |-0.8,+0.3) |(-0.8,+0.2) (same) 0,00 ] 0,0 (408,00 (-0.8,0) (~0.8,0)

Tu 5.0% 4.6% 2.5% 1.9% 1.0% 2% 8.5% 8.4%

Koy 8.4% 4.0% 2.4% 17% 1.5% - 5.9% <5.9%

Ky 2.3% 1.6% 0.9% 1.1% 0.8% 1.1% 2.3% 2.2%

Kw 1.2% 1.2% 0.6% 0.85% 0.19% p.6% 2.1% 2.1%

Kz 1.0% 1.0% 0.5% 0.16% 0.15% R.1% 2.1% 2.1%

e 91% 16% 10% 6.4% 6.2% - 11% 5.6%

2.4% 1.8% 10% 0.04% | 054%  fo%  25%  <25%
2.8% 1.8% 11% 0% | 0% ps%  24%  22%

Ky 1L.7% 1.3% 0.8% 0.88% 0.42% p.8% 2.2% 2.1%

i 14% 3.2% 2.0% - 13% - 1.5% <4.5%

BRine < 0.9% < 0.9% 0.4% 0.19% | <0.19%
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FCC-ee: the Physics case at large

G==

Key points:

v'Beam energy measurement: use
the resonant depolarization for few
bunches. Syst: 100 keV !

v Almost everywhere systematics
limited: invent new methods, e.g.
exclusive b-hadron decays for the
FB asymmetry.

v Interpretation of the results:
major theory effort required.
Breakthrough with EM coupling
constant measurement [arXiv:
1512.05544].

v Note: 100 kHz of Z decays.

S. Monteil

Observable Measurement Current precision TLEP stat. Possible syst. Challenge
m, (MeV) Lineshape 91187.5 2.1 0.005 <0.1 QED corr.
I'; (MeV) Lineshape 2495.2 2.3 0.008 <0.1 QED corr.

R, Peak 20.767 £ 0.025 0.0001 <0.001 Statistics
R, Peak 0.21629 + 0.00066 | 0.000003 < 0.00006 g—bb
N, Peak 2.984 + 0.008 0.00004 <0.004 Lumi meast
a,(my) R, 0.1190 * 0.0025 0.00001 0.0001 New Physics
m,, (MeV) Threshold scan 8038515 0.3 <o0.5 QED Corr.
Radiative returns 2.92+0.05
N, e 0.001 <0.001 ?
ete vz, Zowv, I 2.984 + 0.008
a(my,) Bhad = (Thaa/Tot)w By = 67.41 + 0.27 0.00018 < 0.0001 CKM Matrix

My, (MeV) Threshold scan 173200 + 900 10 10 QCD (~40 MeV)

I‘mp (MeV) Threshold scan ? 12 ? a,(my)
Meop Threshold scan W=2.5%+1.05 13% 2 a(my)

Facility ILC ILC(LumiUp) TLEp (41P) CLIC

Vs (GeV) 250 500 1000 250,/500/1000 240 350 350 1400 3000

J Lat (fb=1) 250 +500 +1000 1150+1600-+2500f 10000 +2600 500 +1500 +2000

Ple=,et) (—0.8,40.3) |-0.8,+0.3) |(=0.8,+0.2) (same) 0,00 (0,00 (08,00 (-0.8,0) (-0.8,0)

Ty 12% 5.0% 4.6% 2.5% 1.9% 1.0% 2% 8.5% 8.4%

Ky 18% 8.4% 4.0% 2.4% 17% 1.5% - 5.9% <5.9%

Ky 6.4% 2.3% 1.6% 0.9% 11% 0.8% 1.1% 2.3% 2.2%

Ew 4.9% 1.2% 1.2% 0.6% 0.85% 0.19% p.6% 2.1% 2.1%

z 1.3% 1.0% 1.0% 0.5% 0.16% 0.15% P.1% 2.1% 2.1%

91% 91% 16% 10% 64% | 62% - 1% 5.6%

5.8% 2.4% 1.8% 10% 0.04% | 054%  fo%  25%  <25%

6.8% 2.8% 1.8% 1.1% 1.0% 0.711% B.8% 2.4% 2.2%

5.3% L7% 1.3% 0.8% 0.88% | 0.42% p.8% 2.2% 2.1%

' — 14% 3.2% 2.0% - 13% - 1.5% <4.5%
BRin 0.9% <09% <09% 0.4% 0.19% | < 0.19%
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FCC-ee: s

Flavours in the big picture
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FCC-ee: lepton flavours @ 3)

* With the advent of the discovery of a SM-like BEH boson, there is a
strong case for the existence of right-handed neutrinos possibly below
or at the electroweak scale.

* A high-luminosity Z factory with 1012 /1013 Z offers the opportunity to
scan their parameter space below the electroweak scale.

* The sterile neutrinos can be searched for directly through their decays
or indirectly through the charged lepton flavour-violating Z decays. Will
give examples of both.

* Yukawa for charged fermions

Ly =Y2Qripdr; +Y4Qridur; + YiLriplr; + +h.c.
J J J

M. _ _
* Most general Lag. form for neutrals Ly = 2” N;Nj + Yi’;LLWNj
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FCC-ee: lepton flavours

FCC Y

* Most general form for neutrals L~ Ly =

mazs -

charge -

Quarks

Leptons

Three Gensrations

of Matter (Fermions) spin %

24 Mev 127Gev 1732 Gev
% % % t
u C
up cham toF
a8 Mev 104 Mev 4.2 Gev
*d s [b
down Strange bottorn
o‘\/'e ov °Vt /
Yy
0511 Nev 105.7 Nev 1.777 Gev
1 =1 <
e T
electron muon -y

S. Monteil

spin 1

Bosons (Forces)

AT

8
o
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FCC-ee: lepton flavours

FCC Y

* Most general form for neutrals L~ Ly =

]

NEN; +Y,

* Somehow, the only (provocative) question is how many?

mazs -

charge -

Quarks

Leptons

Three Gensrations

of Matter (Fermions) spin %

24 mev 127 Gev 173.2 Gev
% % A t
u C
uo cham top
2.8 Mev 104 ey 4.2 Gev
34 d -3 S -4 b
down Strange bottorn
o‘ve oV °Vt
Yy
0511 Nev 108.7 Nev 1.777 Gev
1 <1 =y
e A T
electron muon -y

S. Monteil

spin 1

Bosons (Forces)

&
g

AT

8
o
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FCC-ee: lepton flavours (( FEE))

M. _
* Most general form for neutrals L~ L = 2” N;yN; + Y LripN;

* Somehow, the only (provocative) question is how many?

Three Generatjons o Three Generations
of Matter (Fermions) spin % of Matter (Fermions) spin ¥
| ] ] | Il 1
masz - 24 My 127 Gev 1732 Gev mass - 2.4 Mev 1.27 Gev 173.2Gev
charge < |34 % % t charge - |34 % % t
u C u C
name - up cham top name - up charm op
" 4.8 Mev 104 Mev 4.2 Gev " 48 My 104 mev 4.2 Gev
= |34 -3 -4 = |-*4 =35 -4
: [*d s [*b [*d s I"b
< down Strange bottorn o down s¥ange bottom
pa 126GV 10 kel ~Gev - 126 Gev
a 0 0 F ]
ove OV Ovt @ : H OVe Nl V N2 Vt N3 hd o
N (7]
,,2"'3/ & — 8 Higgs
Q0 - bazon
5 B g :
. Ty LT . &t_ spin 0 @ 0.511 Mev 105.7 Mev 1.777 Gev o spin 0
5 |2 1 -1 = 5|t 1 4 &
’E—- e T 3 "y e l'l T f;’ 2
- ) i — o -t elecron mucn au —
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FCC-ee: lepton flavours @ 9

* Lepton Flavour-Violating Z decays in the SM with lepton mixing are
typically
B(Z — e*¥) ~ B(Z — e*77) ~ 107 and B(Z — p#77) ~ 4107

* Any observation of such a decay would be an indisputable evidence for
New Physics.

* Current limits at the level of ~10-6 (from LEP and recently Atlas, e.g.
DELPHI, Z. Phys. C73 (1997) 243 ATLAS, CERN-PH-EP-2014-195 (2014))

* The FCC-ee high luminosity Z factory would allow to gain up to six
orders of magnitude ...

« Complementary to the direct search for steriles.

* The following plots are based on a work from V. De Romeri et al.
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FCC-ee: LFV in rare Z-decays @3}

1 : :
' Studies for the Giga-Z (wilson, DESY-
EFCA LC workshop (1998-1999), J. I. lllana and T.

Riemann, Phys. Rev. D63 (2001) ... are revisited
, taking into account:

lh

* 013 and other neutrino data

* new contributions of sterile
states are already severely
constrained:

- radiative decays (MEG)

- 3-body decays

- cosmology

- neutrinoless double (§ decays
- invisible Z-width
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FCC-ee: LFV in rare Z-decays: “3+1” toy model e

3+1 model is a convenient ad-hoc extension; 4th state exp. excluded
encodes contributions of arbitrary number of sterilevs cosmo X @
cosmo OK @
................. g Z’%
: 8 °’ L

V. De Romeri et al. JHEP 1504 (2015) 051

* Steriles with mass > 80 GeV and mixings O(10-5-104) within FCC-ee reach.

* Low-energy experiments (COMET ...) at work to probe the electron-muon sector.
* FCC-ee provides the stringent constraint in tau-mu sectors.
* Experimental study ongoing.
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FCC-ee: Flavours at the Z: the lepton Physics Case

* Direct search (Serra, Blondel,
Graverini, Shaposhnikov) based on
NnuMSM model from Asaka and
Shaposhnikov arXiv:050501.
Explored in arXiv:1411.5230.

e The sterile neutrinos are
produced from mixing with active
neutrinos out of the Z decay.

* The N decay lifetime depends on
the mass of the sterile and the
mixings

» Branching fraction almost
saturated with the final states:

() L (v v,
N Vi N Vi
W z
+ - -
59, 4 4, Y v,
au)... ud, dd, -

FIG. 2. Typical decays of a neutral heavy lepton via (a)
charged current and (b) neutral current. Here the lepton /
denotes e, u, or 7.

—
© '
|

—
o
[
m HHUNI 1IH!H1£ HHHH‘ \HHHl\oHH HHHH‘ TTTTIm]
7/ y Pad e‘\\
7 3 e

Seesaw
CJ{ i) i) 1 V"I'I

T 10
HNL mass (GeV)

N =0TV~ v,N = qidt,N — qqv

S. Monteil
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FCC-ee: the EWP decays as a first exploration. ==

* The rare decays b — s ¢# are receiving increasing experimental and
phenomenological interests:

good laboratory for new quark/lepton transitions operators.

possibly clean theoretical (QCD) uncertainties.

some signs of departures of the data w.r.t. the SM/QCD predictions.
Lepton universality is challenged.

- n 1 T T T T T T T T T T T T T T T T T T

R
LHCb

osk preliminary N
C — SM from DHMV 7
05 + _—
| S s S R A ]

0 5 10 15
g* [GeV?*/c4]

Figure 17: The observable P} in bins of ¢>. The shaded boxes show the SM prediction taken
from Ref. [13]. The blue open markers show the result of the 1fb~! analysis from Ref. [7].

S. Monteil About future BCD17 80



FCC
FCC-ee: the EWP decays as a first exploration. Q)

* The rare decays b — s £+ are receiving increasing experimental and
phenomenological interests:

* good laboratory for new quark/lepton transitions operators.

* possibly clean theoretical (QCD) uncertainties.

* clear experimental signatures.

* some signs of departures of the data w.r.t. the SM/QCD predictions in the
muon final states.

* The electron final states allows a dedicated study at low g°. O(10%) events!
Exploration started at LHCb: O(102) events (Runl).

* The tau lepton final states is unexplored so far but is necessary to complete the
landscape, whatever the NP scenario is there or ruled out.

* Experimentally, aim at: In both cases, FCC-ee
provides a possibly unique
* measuring the branching fraction, access to these territories.

* studying the angular distributions.

— S
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FCC-ee: The EWP decays as a first exploration. ng

* The transition B% = K*O T can be fully solved.
Xy

* Two neutrinos missing
— six momentum coordinates to find.

* The secondary vertex is determined from
— the resonant K*0 — K-t

* Limit ourselves to the 1T decays in three prongs
— T ar Vr

N S T - N I T S
T ‘T

* Constraints:

B flight distance — 2 d.o.f. This is a Physics with :

T flight distances — 4 d.o.f.

Tmasses — 2 d.o.f. e One primary vertex

saturate the d.o.f. of the problem. « No trigger (neither hw or sw).
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= _
FCC-ee: FCNC (EWP) in b-hadron decays. B? = K* T+T QD

* Backgrounds: o F A b
L 60 -

> . ‘FCC-eeI .

B® » DK™ 0, O sof | :
. O - | ]
(Pink) S 40F ) Semkiv et al. 3
B, - D DT K*Y @ . F : | ]
s s s "GE) 30:— |’| ’“ \ E
W 20 -

. . E r! - “" NS + E
(signal in green). (ob { Al \ :
: { ) ‘ ::' IR 2 !If" i‘u :

O , ‘fa 'J R l l "--.:::-_-_._l._._,“l‘ ““““““““““ ;- .‘“_.-r_ ;;_! 1

4.5 5 5.5 6 6

Mo, GeV/c?

e Conditions: target luminosity, SM calculations of signal and
background BF, vertexing and tracking performance as ILD detector.
Momentum — 10 MeV, Primary vertex - 3um,SV — 7um, TV = 5um
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FCC-ee: FCNC (EWP) in b-hadron decays. B = K*0 1+T- g(f:f -

S S .
() (4)) - -
0] @ 100F 3
Al (q\| » i
o o » i
<} S 80F .
= Z [ -
(D (D = -
£ £ 60 .
()] D L -
> > R i
L L 40 .
20 3

5 6

Conditions:
* Target luminosity
 Left: vertexing performance as ILD.
* Right: vertexing performance twice better than ILD. Pretty realistic: initial
studies tell that the vertex detector can be as close as 2 cm from IP.
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FCC-ee: FCNC (EWP) in b-hadron decays. B? = K*0 T+T Q;)

Few comments are in order:

& T T T
QO -
_ _ > o0 FCC-ee
* At target luminosity, we can G e | 3
expect about 103 events of S 4
. S 40 : 3
reconstructed signal. Angular = | )
. . (2}
analysis possible. And more w/ £ %0 'r' IR =
] ] ol \
T polarization. M 20 i { -
W
" " 10 + 4 "'".'N 1 N II‘J u E
e With an ALEPH-like vertex P00 LA Ald.
. O -+ L 2 PP 1 AL LY 2er. ) ks "I
detector performance, the signal 4.5 5 5.5 0 ey
peak can’t be resolved. 7

This mode can serve as a benchmark for partial reconstruction techniques
and hence vertexing. The next step of the study is to attack the more
challenging mode B9% — T+T.
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FCC-ee: s

The FCC-ee detectors

86
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FCC-ee: detectors (( FCE))

* There have been a lot of developments in the two past decades on
electron colliders (mostly ILC) detectors. They can serve as an
educated basis for the full simulation studies, e.g.

87
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FCC-ee: detectors @ 3)

* There is however the need of working out a dedicated detector because
there are smarter things to do:

» B field required for containing the beam backgrounds is only 2 T (4 for
ILC or CLIC). Relaxed constraints.

* The vertex detector can be as close as 2 cm from the interaction point.

* The momentum resolution should match the beam energy spread at 45
GeV (50 MeV).

* We must be light for the Flavour (b, tau ...) Physics.
 We want hadron Particle Identification detectors.

* |f you feel you can / wish participate to this, please join and think. This
happens now.
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FCC

S. Monteil

Summary
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Scientific context: scenarii FCC

1) Find a new heavy particle at the Run Il of LHC:
* HL-LHC can study it to a certain extent.
* If mass is small enough (and couples to electrons), CLIC can be the way.
* Larger energies are needed to study (find) the whole spectrum.
* The underlying quantum structure must be studied.

2) Find no new particle, but non-standard H properties
* HL-LHC can study it to a certain extent.
* Higgs factory.
« Z, W, top factories for the quantum structure.
* Energy frontier (also for precision measurements)

3) Find no new particle, standard H properties but flavour observables departing from SM:
* Z, W, top factories for the quantum and flavour structure.
* Energy frontier to find the corresponding spectrum.

4) Find no new particle, standard H properties and flavour observables in SM:
* Asymptotic Z, W, H, top factories for asymptotic precision.
* Push the energy frontier to the best of our knowledge.
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( FCC
Summary _rhee

1) Find a new heavy particle at the Run Il of LHC:
* HL-LHC can study it to a certain extent.
* If mass is small enough (and couples to electrons), CLIC can be the way.
* Larger energies are needed to study (find) the whole spectrum [FCC-hh].
* The underlying quantum structure must be studied [FCC-ee].

2) Find no new particle, but non-standard H properties
* HL-LHC can study it to a certain extent.
* Higgs factory [ILC,FCC-ee].
« Z, W, top factories for the quantum structure [FCC-ee].
* Energy frontier (also for precision measurements) [FCC-hh].

3) Find no new particle, standard H properties but flavour observables departing from SM:
* Asymptotic Z, W, top factories to fix the energy scale [FCC-ee].
* Energy frontier to find the corresponding spectrum [FCC-hh].

4) Find no new particle, standard H properties and flavour observables in SM:
* Asymptotic Z, W, H, top factories for asymptotic precision [FCC-ee].
* Push the energy frontier to the best of our knowledge [FCC-hh].
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Summary ( 3)

1) There are scenarii for which any continuation of the
particle Physics requires FCC projecit.

2) There is no scenario in which FCC project does not
bring an invaluable path.

3) The timeline is commensurate with the other world
scale projects.
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