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Exergue for this 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.

Zaptodnic przesztosc i zrodzic przysztosc, niech
to bedzie moja terazniejszosc.

3annigHoBaTn MUHyne i HapoaXXyBaTn ManbyTHe
- Hexau ue byne MoiM CbOrofeHHAM.

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

S. Monteil Faith&Fate of the SM
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Outline of the lecture

* PART I:

e Scientific context |I: what we think we know.
e Scientific context II: how do we know what we think we know?

 PART Il: Let there be light ! Flashing some anticipations (on a
subjective basis) about the experiments / projects which could / will
shed light on the Beyond SM.

« PART llI: Introduction to the future projects and focus on Circular

Colliders project or a long term vision for the Particle Physics. The
fundamental scalar of the Nature and the electroweak thresholds.

S. Monteil Faith&Fate of the SM
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Scientific context: SM became a theory

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

« 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(¢) = 112¢'¢ + A(¢7¢)?

v (the v.e.v) and m,, .

S. Monteil Faith&Fate of the SM



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. A consistency test of these parameters is in order.

- If you like QCD in (and you do), just add ag (and 65,5 ).

* 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.

S. Monteil Faith&Fate of the SM



Scientific context: SM became a theory

Reorganisation:

« QCD and ag4: LEP and others did great already. Limitation of the
consistency test is not yet fully on the theory side for most of the
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Scientific context: SM became a theory

Reorganisation:

- QCD and ag/ exercise: how to measure ag from e+e- collisions?

o(Q)

= QCD 0g(M,) =0.1181 £0.0013 -2+

10 Q[GEV] 100

S. Monteil Faith&Fate of the SM



Scientific context: SM became a theory

Reorganisation:
- QCD and ag/ exercise: how to measure ag from e+e- collisions?

s ALEPH voeL.s RUN=16768  Evt=5906

o(Q)

= QCD 0g(M) = 0.1181 £0.0013 7%

10 Q[GEV] 100
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Scientific context: SM became a theory

Reorganisation:

« QCD IS the theory of strong interactions.
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Scientific context: SM became a theory

Reorganisation:

« QCD IS the theory of strong interactions.

Standard Model Production Cross Section Measurements Status: May 2017
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Scientific context: SM became a theory

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.

S. Monteil Faith&Fate of the SM
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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 Non abelian structure of
R M/\/VV‘O/\/VV\/\/‘ NV\AN%;?WWW B
Wiy, Z
H
’ _H_ s > (/ Scalar sector. Contains
’ ) N Higgs mass info.
VoW S 2wz

Z/IW

* Inturn, a prediction of the top quark mass in the SM is possible in the
consistency fit of the SM hypothesis against the electroweak precision

observables.
S. Monteil Faith&Fate of the SM 12



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),

* Quand les types de 130 kilos disent certaines choses, les types de 60
kilos les ecoutent.

* Kosin 130-KinnorpamoBi X/10rLi roBOPATh NeEBHI pedi, 60-Kifiorpamosi
C/1yXaroTb.

» Kiedy 130-kilogramowi faceci mowig pewne rzeczy, 60-kilogramowi

faceci stuchajg.

When the 130 kilo guys say certain things, the 60 kilo guys listen.

« From Michel Audiard, french screenplay writer.

S. Monteil Faith&Fate of the SM 13



Scientific context: SM became a theory

Reorganisation: the specific status of the top quark.

On top of the (universal) propagator corrections, one finds vertex

corrections

In SM, these corrections are proportional to the CKM matrix elements V.

Hierarchy (within the SM): |Vip| &= 1 > |Vis| = 0.04 > |Vi4| =~ 0.008

2
Vertex corrections are only relevant for b quarks: Ak = /22 + ...

A unique observable of interest there: R, = P(Z = bb) / P(Z —qq)

S. Monteil Faith&Fate of the SM 14



Scientific context: SM became a theory

Reorganisation: the main observables

 Measurements at the Zpole
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Scientific context: SM became a theory

Reorganisation: the main observables

« Measurements at the Z pole and my : (universal) propagator cotr.

ALEPH

DELPHI —

g 80.440+0.051

80.336 +0.06

L3 @ — 80.270+0.055
OPAL ——m—— 8041520052
LEP2 — 80.376+0.033
42idot = 49/41
DO —-— 80.383+0.023
Tevatron . 80.387 =0.016
¥Sidot = 4.26
World av. (old) -f.. 80.385+0.015
ATLAS - 80.370+0.019
World av. (new) 4 80.37920.012

1 I 1 1 1 g | 1 1 1 I
80.2 80.4 80.6

M, [GeV]
S. Monteil
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Average
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0
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Faith&Fate of the SM

0.100

0.1656

0.1512

0.1593

0.1491

0.1514

+[]0.044 =[]0.004

+[P.0071 =[]0.0028
+[0.0042 =[0.0011
+[P.0057 =[]0.0010

+[0.0024 +[]0.0010

+[P.0019 =[0.0011

+2 /DOF=7.4/4 Prob.=11.4%
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SM became a theory

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

July 2010
T

! |
1 — LEP2 and Tevatron (prel.)

80.5 -~ LEP1 and SLD
68% CL

200 March 2012 — 80 5 March 2012
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s
()]
8044 |} G,
o
803{ . _ |
| ) 160 Excluded = q 80.3 Excluded =
150 175 200 10 10 10° 10 10 10
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SM became a theory

Reorganisation: spelling out the predictions.

Measurement Fit 1O -0Mo™™ * The SM EW global fit has a remarkable

2 . — - —1R/°
m,[GeV] 91.1875+0.0021 91.1874 A mm/d.O.f 1.40 (p value=15 /o).
I,[GeV]  2.4952:0.0023  2.4959
Opg[Nb]  41.540+0.037  41.478 o :
i o Coos oo The SM hypothesis passes the test. It
A 0.01714 £ 0.00095 0.01645 does not mean that SM IS the Nature. In
A(P.) 0.1465 = 0.0032 0.1481 :
A, 0.21629 2 0.00086. 0.21579 Science, one can usually only say NO...
R. 0.1721 + 0.0030 0.1723
ADP 0.0992 + 0.0016  0.1038 . :
e 00707 20,0035 0.0745 _Tw.o. observables depgrt <« V\{I’[h some
A, 09230020 0935 significance » from their prediction. It
Asip)  orers-000et  orden happens they are the two most important
sin’0gf'(Q,) 0.23240.0012  0.2314 for the constraint on the Higgs boson.
m,, [GeV]  80.385 +0.015 80.377
T, [GeV] 2.085 + 0.042 2.092
m[GeV] 178200980 17326 * One can go one step further and make
o 1 2 3 the metrology of the parameters.

S. Monteil Faith&Fate of the SM 18



SM became a theory

Reorganisation: spelling out the predictions.

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

0,
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Ag, ”
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0b C
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Measurement

B (5) _

Ao, = 0.02758 = 0.00035
o=0.1 18 = 0.003

?::f m,=114...1000 GeV
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SM became a theory

Reorganisation: spelling out the predictions.

- The information on the top quark is basically brought by sin20_ (A, ; and
Arg — 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 :

Micp = 172.6 1_}83 (}e\-"/(_.-2 [(indirect — LEP1)].

R

* basically obtained (w/ three times the current uncertainty) from 19983.

» actually presented at Moriond 1994.

S. Monteil Faith&Fate of the SM 20



SM became a theory

S. Monteil

Reorganisation: spelling out the predictions.

© M. Owen at Moriond2017.

ATLAS+CMS Preliminary LHC top WG  m,, summary, fs=7-8 TeV Aug 2016
-------- World Comb. Mar 2014, [7]
stat
total uncertainty total stat
My, = 173.34 = 0.76 (0.36 = 0.67) c:aev gy = otal (stat = syst) 5 Rel
ATLAS, l+jets (*) ] 172.31= 1.55 (0.75 = 1.35) 7TeV [1]
ATLAS, dilepton (*) ———y 173.09 = 1.63 (0.64 = 1.50) 7TeV [2]
CMS, I+jets —— 173.49 + 1.06 (0.43 = 0.97) 7TeV (3]
CMS, dilepton —t—i—] 172.50 = 1.52 (0.43 = 1.46) 7TeV [4]
CMS, all jets I—|—'0—|—| 173.49 = 1.41 (0.69 = 1.23) 7 TeV [5]
LHC comb. (Sep 2013) - 173.29 =+ 0.95 (0.35 = 0.88) 7 TeV [6]
World comb. (Mar 2014) = 173.34 = 0.76 (0.36 = 0.67) 1.96-7 TeV [7]
ATLAS, I+jets ——o—++ 172.33 + 1.27 (0.75 = 1.02) 7 TeV [8]
ATLAS, dilepton I—|-—-—|—| 173.79 = 1.41 (0.54 = 1.30) 7 TeV [8]
ATLAS, all jets |—|—-—|—| 175118 (1.4+1.2) 7 TeV [9]
ATLAS, single top [ : = 172.2 + 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. (f;;:fs Zgl‘f H 172.84 + 0.70 (0.34 = 0.61) 748 TeV [11]
CMS, l+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 o 172.32 + 0.64 (0.25 = 0.59) 8 TeV [13]
CMS, single top H—O—!—| 172.60 = 1.22 (0.77 = 0.95) 8 TeV [14]
CMS comb. (Sep 2015) i 172.44 = 0.48 (0.13 = 0.47) 748 TeV [13]
: [1] ATLAS-CONF-2013-046 [6] ATLAS-CONF-2013-102 [11] arXiv:1606.02179
: [2] ATLAS-CONF-2013-077 [7] arXiv:1403.4427 [12] ATLAS-CONF-2016-064
(*) Superseded by results g [3] JHEP 12 (2012) 105 [8] Eur.Phys.J.C75 (2015) 330 [13] Phys.Rev.D93 (2016) 072004
shown below the line N Dmmeczmazn mancsi e
' T R SR RN R O I R | R N B
165 170 175 180 185

Miop [GeV]

Faith&Fate of the SM
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SM became a theory

Reorganisation: spelling out the predictions.

 We must now compare the direct and indirect determinations:

Miop = 173.18 £0.96 GeV/c?, [direct — Tevatron
Miop, = 172.67152  GeV/c?, [indirect — LEP1]

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.

S. Monteil Faith&Fate of the SM
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SM became a theory

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 unknown parameters, the Higgs boson.

200 March 2012 —— 80.5 March 2012
— High Q® except m, — High Q® except m,,/T,
68% CL i | 68%cCL
>
[
O, 180 -
=
Excl '
160 XCLIJdeId”IMI2 — 803 EXCI‘.Jde.d......,Z .
10 10 10 10 10 10"
m, [GeV] m, [GeV]

S. Monteil Faith&Fate of the SM
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SM became a theory

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.

Ay?

m, =152 G?V

| LEP
excluded

(5)
Aahad =

L% —0.02750£0.00033
=== 0.02749+0.00010
% % ee incl. low Q° data

" excluded

LHC

40

S. Monteil

200

Faith&Fate of the SM

mpen < 152 GeV/c* 95% CL.
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SM became a theory

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 March 2012 mype =152 G?V
1 (5)
5 s Y Aahad =
;i —0.02750+0.00033
y L - 0.02749+0.00010
4 "._ +== incl. low Q@ data
(\l?.< 3 )
> .
2 |
1 —
{LEP ) LHC
0 excluded w excluded
" ]
40 100 200

S. Monteil Faith&Fate of the SM



SM became a theory

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 March’;\:).ls : mLm=15.2 G?V
| saf -
Sl . % —0.02750+0.00033
) % % - 0.02749+0.00010
4 % % e incl. low Q? data
(\l?.< -
= 37
2 -
1 -
| LEP LHC
0 excluded - /% excluded
40 100 200
m,, [GeV]
S. Monteil

CMS Preliminary
]

> anf ]
© 30¢ ¢+ Data .
O E [ Im =126 GeV E
Vo5 Oz zz -
o B z+X ]
S 20F =
> B i
W i
151 -
10 =
51 =

0: o . | ]

80 100 200 300 400 600 800

m,, [GeV]
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SM became a theory

Reorganisation: spelling out the predictions.

* The modern plot gathering all constraints

|;| B | | | | | | | | | | | | | | | !: | | | | | | | | | /IL
[} — 68% and 95% CL contours o My comb. = 1o -
O B _ V| o m, =172.47 Gev -
= 80.5 — "Ml Fitw/o M, and m measurements V| -- 0=0.46 Gev ) —]
Eg R Fit w/o M,;, m and M, measurements — 0=046®0.50,,, GeV ]
I Direct M,, and m measurements i
80.45 — —
80.4 —

— M, comb. = 1o
80.35 — Mx =80.379 = 0.013 GeV ]
80.3 — ]
- o g:
80.25 — .- f
— @f\/, My » —
ot al L

140 150 160 170 180 190
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SM became a theory

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
LHC Run 1 Total  Stat. Syst.

ATLAS H—-yy — 126.02 £ 0.51 (£ 0.43 £ 0.27) GeV
CMS H—yy ——— 124.70 £ 0.34 ( £ 0.311+ 0.15) GeV
ATLAS H—ZZ -4l I O i 124.51+ 0.52 ( £ 0.52 £ 0.04) GeV
CMS H—Z2Z -4l —t—— 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 41 l_l-E_| 125.15 £ 0.40 ( £ 0.37 £ 0.15) GeV
ATLAS+CMS yy+4l I—?—l 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 from ZZ*
signal events).

S. Monteil Faith&Fate of the SM
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SM became a theory

Reorganisation: the narrow bosonic resonance.

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

I [T T I T T T i T T T T T I T T T ]
% | ATLAS and CMS [JHoyw | ©S.0daat Moriond2017.

u_j_g 3[LHC Run 1 [(Hozz ]

I [(JH->ww

- DH — T

CC) or Hobb ]
‘S ]
O i ]
5 *e i
o - ]
S - i
s M _
9 i ]
o I ]
m - .
o [ ]
m _1_ _|
[ —680{0 CL + Best fitI * SM expec:tedI |
0 1 2 ; 3
uggFHtH

Fermionic production

S. Monteil Faith&Fate of the SM
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SM became a theory

Reorganisation: the narrow bosonic resonance.

* The couplings are so far (with a 10-30 % precision though) in good
agreement with the SM predictions.

)> vllll T ] T |llll| 'l[ _
EI2 ATLAS Run 2 _
- 1 ~=
|';. zZ ¥ 3
$ ro=x, o 3
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[ve v [ v ][« IEE
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r E
~ X -
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SM became a theory

Reorganisation: back to quark masses and mass mixing matrix.
[See Alexander and Achille’s lectures 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 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).

S. Monteil Faith&Fate of the SM



SM became a theory

Reorganisation: 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:
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SM became a theory

Reorganisation: back to quark masses and mass mixing matrix.

« Note that Flavour observables are also predicting (well postdicting in
that case) the top quark mass
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SM became a theory

Reorganisation: 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:
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SM became a theory

Reorganisation: 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:

e L N N IR R W S 07 T [ ] T T S
. :_g w3 . :_g E 2 =
= > =it 1 = - - ////// -
03 — — 03 — ; -
0.2 E— b _E 02 i— i o _E
01 = = sl .. =
v g = ¥ B =
0.0 C oo 1 L L PR S N NN ST SR T RN ST TR SN (S T ST S S N S T_— ~ 0.0 [ PR S R T PR NN ST 00 (00 A S TR N SR T B R S S =
-0.4 0.2 0.0 0.2 0.4 0.6 0.8 1.0 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0
p p
Loops - BSM friendly Trees - supposedly SM friendly
S. Monteil Faith&Fate of the SM 34



SM became a theory

Reorganisation: 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:
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Scientific context: SM became a theory

Recap Part |
the two pillars of the SM:

EWPT and quark flavours.

S. Monteil Faith&Fate of the SM
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SM became an invincible theory

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

S. Monteil

Faith&Fate of the SM
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SM became an invincible theory

1.5

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

S. Monteil

L L | ||||| [P T T 1
excluded area has CL > 0.95 ' ’%}
o
1.0 — :
- sin 2 i
0.5 — E _
: Amy
0.0 [Ree i S Al e =
o |
Vub\ o
-0.5 ; B
1.0 — Y €&
fitt ; sol. w/cos2B<0
Spring 2 i (excl. at CL > 0.95) —
_1 -5 L W | (Bl -] I 111 1 | L1 11 | 111 | I I |
-1.0 0.5 0.0 0.5 1.0 1.5

Faith&Fate of the SM

37



SM became an invincible theory

Recap: the two pillars of the SM: EWPT and quark flavours.
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SM became an invincible theory

Recap: the two pillars of the SM: EWPT and quark flavours.
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SM became an invincible theory

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

S. Monteil

1-5 T 1T | T 17T | IIIII | el | T T T 1
B ded s CL > 0.95 '
N
1.0 — :
5 Amy & Amg
- sin2pB i
0.5 — i _
i Amy
g /@\\
0.0 |Eum /1 A —— —
o |
Vub\ o
-0.5 — ; =
10 e R
fitt i sol. w/cos2B<0
Spring 2 E (excl. at CL > 0.95) —
_1 -5 i | £l=f= | Eacbeof | | | | | | | | | R N |
-1.0 0.5 0.0 0.5 1.0 1.5
p

2.0

Faith&Fate of the SM

38



SM became an invincible theory

1.5

1.0

0.5

Recap: the two pillars of the SM: EWPT and quark flavours.
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SM became an invincible theory

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

S. Monteil
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SM became a theory

S. Monteil

Lessons

Faith&Fate of the SM
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SM became an invincible theory

Lessons

 The SM has (mostly) 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: among last evidences for cosmological dark matter is the
observation of a low surface brightness galaxy [ArXiv:1606.06291].

« Baryonic asymmetry in the Universe.

40
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Scientific context:

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

S. Monteil Faith&Fate of the SM
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Scientific context: LHC timeline (GPD-wise)

LHC Run II

2015 -20/tb 2018 - 50 /tb 2026 - 300 /fb ~2040- 3000 /fb
>

Legend and disclaimer:

e on track or running
 foreseen projects

e timeline mistakes, lumi.
approximation, omissions
are mine.

S. Monteil Faith&Fate of the SM 42



Landscape of future colliders - Flavour_centered

2019 -9 /tb ~2030- 50/tb ~2040 - 300 /fb

2045 - 150 /ab

Belle 11

Legend and disclaimer:

* on track or running

* foreseen projects

* timeline, lumi, mistakes,
omissions are mine.

S. Monteil Faith&Fate of the SM 43



Landscape of future colliders

Why large projects are necessary ?

Are these timescales any reasonable ?

S. Monteil Faith&Fate of the SM
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Scientific context: historical timelines

1964 Electroweak
unification

Neutral current
discovery in 1973
by Gargamelle
(CERN).

1979 Glashow,
Salam and
Weinberg get the
Nobel.

P——

S. Monteil

1971 EW loops 1973 CP violation
and RN
Top quark mass
predicted by LEP, The B-factories
CERN (from Mz establish that the
and other EWPO). KM paradigm is

the dominant
source of CP

Top quark violation in Kand B
discovered by particle systems.
CDF, FNAL.

1999 t’Hooft and 2008 Kobayashi
Veltman get the and Maskawa get
Nobel. the Nobel.
—— ——

Faith&Fate of the SM

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.

PI——
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Landscape of future colliders

Why large projects are necessary ?

Collider Physics for High Energy Physics is
mandatory to answer the fundamental
guestions.

Are these timescales any reasonable ?

If one wants to devise the next-to-HL-LHC, it has
to be prepared now.

S. Monteil Faith&Fate of the SM
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Scientific context:

S. Monteil

[BISM Scenarii

Faith&Fate of the SM
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Scientific context: scenarii

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.

S. Monteil Faith&Fate of the SM
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Lecture @ TESHEP2023

Outline of the lecture

e Scientific context |I: what we think we know.
Scientific context Il: how do we know what we think we know?

 Let there be light | Anticipations (on a subjective basis) about the
experiments / projects which will shed light on the Beyond SM.
 Lepton flavours at large: magnetic moments, lepton flavour
violation, neutrinos & friends.
* Quark flavours at large: kaons and CKM, charm, beauty.
e Dark matter, dark matters? Dark matters! 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.

S. Monteil Faith&Fate of the SM
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Lecture @ TESHEP2023

Outline of the lecture

* PART I:

e Scientific context |I: what we think we know.
e Scientific context II: how do we know what we think we know?

 PART Il: Let there be light ! Flashing some anticipations (on a
subjective basis) about the experiments / projects which could / will
shed light on the Beyond SM.

« PART llI: Introduction to the future projects and focus on Circular

Colliders project or a long term vision for the Particle Physics. The
fundamental scalar of the Nature and the electroweak thresholds.

S. Monteil Faith&Fate of the SM
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Lecture @ TESHEP2023

Outline of the lecture

- PART I:

e Scientific context |I: what we think we know.
e Scientific context II: how do we know what we think we know?

 PART Il: Let there be light ! Flashing some anticipations (on a
subjective basis) about the experiments / projects which could / will
shed light on the Beyond SM.

« PART IlI: Introduction to the future projects and focus Circular Colliders

project or a long term vision for the Particle Physics. The fundamental
scalar of the Nature and the electroweak thresholds.

S. Monteil Faith&Fate of the SM 51



Lecture @ TESHEP2023

Let there be light !
[Subtitle: there should not be a stone unturned]

* W mass: status

* Flavour anomalies in b-quark transitions: status

* The (g-2) of the muon:status

* This list is by far not comprehensive | Dark matter, axions,

neutrinos etc...

S. Monteil Faith&Fate of the SM
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Lecture @ TESHEP2023

* W mass: where do we stand ?

0o
COF (un2
Loy 202
ATLAS 2017

ATLAS 2023

© M. Schott. Moriond 2023

Overview of m_ Measurements
I LEP Combmation | ATLAS Preliminary ™ ®wi=
Vs=7TeV, 46"
- 0 ==
e
— L ] —
@ Measurement - O ==
[ Stat. Unc.
B Total Unc
SM Prediction —em=
| |
80200 80300 80400
m,, [MeV]

S. Monteil

Faith&Fate of the SM

Departure from SM
predictions (CDF)

Agreement w/ SM
predictions (others)

Disagreement b/w CDF
and others

Evidence for experimental
systematic bias

If one does not understand,
measure more precisely
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Lecture @ TESHEP2023

© C. Delaunay, Moriond 2023

) 420 )
. 210 s 150 .
-
@
@
Standard
Lattice QCD Experimental
Model
prediction (BMWc) Average

175 18 185 19 195 20 205 21 21.5

a, x 109 — 1165900

The difference is far larger than the EW
corrections

Strong interaction might still explain it
Might also hide the New Physics

Lattice QCD result is also SM !

S. Monteil Faith&Fate of the SM 54



Lecture @ TESHEP2023

* b-quark flavour anomalies: where do we stand ?

Lepton Universality Tests

clean
Status late 2022 SM prediction
Ry .o
e
Ilé\,:‘hlm —e—ri Biio
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k;h - | BEY
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© C. Langenbruch, Moriond 2023
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* The Lepton Flavour Universality breaking evidence in light lepton
sector has gone with an alternative analysis.

S. Monteil

Faith&Fate of the SM
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Lecture @ TESHEP2023

* b-quark flavour anomalies: where do we stand ?

© C. Langenbruch, Moriond 2023
[PRL 125 (2020) 011802]
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* The other anomalies in b = s transitions are standing (with
predictions plagued though by QCD).

S. Monteil Faith&Fate of the SM



Lecture @ TESHEP2023

* One historical aparté to conclude this part (2010)

* Back in early 2010s, the B-factories results had established the KM
paradigm as a tremendous success of the SM.

* Yet, a single measurement at the time (it was the first observation
of Bt — 1+v ) came and has shaken the edifice.

* |t was receiving a “natural” explanation with additional amplitudes
contributing to the neutral meson mixing processes.

* The precision improved and SM stroke back but the precision
nowadays is yet limited at 25% on the BF.

* Re-enforces the need to get that measurement better and the
quasi-model-independent NP in mixings at the adequate precision.

S. Monteil Faith&Fate of the SM
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Lecture @ TESHEP2023

BR(B — 1v)
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* One historical aparté to conclude this part (2010)

S. Monteil
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Lecture @ TESHEP2023

<« C @ O 8 & https://www.google.com/search?client=firefox-b-d&q=Which+is+the +most+beautiful+quark+%3F 133% Y

£} Most Visited ail - @) CKMfitter m @pdg E@Poste FHENT i inSpire (@) TesHep () GDRInt B xbo_BF M Dal KSPiPi

B eLogtHCb B calow B Xb0_DACP

Goog|e Which is the most beautiful quark ?

Go to Google Home
Q Al [ Images ¢ Shopping [¢] Videos [E News ¢ More

About 3,560,000 results (0.42 seconds)
CERN
https://home.cern » tags » beauty-quark
beauty quark

A beauty quark is a quark with a charge of -4 and a mass of approximately 10,000 times that
of an electron. Content type.

» Beauty Physics has a lot to deliver and
the experimental programs are rich for
the next two decades.

S. Monteil Faith&Fate of the SM 59



Lecture @ TESHEP2023

* Take away messages of the part

* There are interesting anomalies that we need to study further
with the instruments at hand. We need to be modest: a single
measurement can bring a change of paradigm.

e Anomalies can be either a biased measurement, a failure of the
prediction or its precision or New Physics.

* Theory and experiment should go hand to hand to falsify (or
better re-enforce) them.

» Look everywhere ! But prepare the next ground breaking
experiments.

S. Monteil Faith&Fate of the SM
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Intermezzo

Introduction to the next large scale
particle Physics apparatus:

the FCC project or a long term vision
for Particle Physics

S. Monteil Faith&Fate of the SM
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Intermezzo

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 (or the way we know how
to go forward). There is a consensus among the community.

What is not yet consensual is the nature of this collider.

If we say that the next large scale machine
must be an electron collider: what are the
projects on the table in the world?

S. Monteil Faith&Fate of the SM 62



Intermezzo

Circular vs Linear. Pros and Cons. It’s to you to play.

S. Monteil Faith&Fate of the SM
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Intermezzo

Circular vs Linear. Pros and Cons. It’s to you to play.

Luminosity ?

S. Monteil Faith&Fate of the SM

63



Intermezzo

Circular vs Linear. Pros and Cons. It’s to you to play.

S. Monteil Faith&Fate of the SM

63



Intermezzo

Circular vs Linear. Pros and Cons. It’s to you to play.

Luminosity: Circular (up to 3 order of magnitude)

S. Monteil Faith&Fate of the SM

63



Intermezzo

Circular vs Linear. Pros and Cons. It’s to you to play.

S. Monteil Faith&Fate of the SM

63



Intermezzo

Circular vs Linear. Pros and Cons. It’s to you to play.
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Intermezzo

Circular vs Linear. Pros and Cons. It’s to you to play.

Energy ?
Luminosity: Circular (up to 3 order of magnitude)

Energy: Linear (up to 3 TeV st. of the Art vs 400 GeV)
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Intermezzo

Circular vs Linear. Pros and Cons. It’s to you to play.

Beam Energy?
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Circular vs Linear. Pros and Cons. It’s to you to play.

Luminosity: Circular (up to 3 order of magnitude)
Energy: Linear (up to 3 TeV st. of the Art vs 400 GeV)
Beam Energy: Circular (down to 45 keV I)
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Intermezzo

Circular vs Linear. Pros and Cons. It’s to you to play.

Beam Polarisation?
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Intermezzo

Circular vs Linear. Pros and Cons. It’s to you to play.

Luminosity: Circular (up to 3 order of magnitude)
Energy: Linear (up to 3 TeV st. of the Art vs 400 GeV)
Beam Energy: Circular (down to 45 keV I)

Beam Polarisation: Linear
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Circular vs Linear. Pros and Cons. It’s to you to play.

S. Monteil Faith&Fate of the SM

65



Intermezzo

Circular vs Linear. Pros and Cons. It’s to you to play.

Experiments?
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Intermezzo

Circular vs Linear. Pros and Cons. It’s to you to play.
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Intermezzo

Circular vs Linear. Pros and Cons. It’s to you to play.

Luminosity: Circular (up to 3 order of magnitude)
Energy: Linear (up to 3 TeV st. of the Art vs 400 GeV)
Beam Energy: Circular (down to 45 keV I)

Beam Polarisation: Linear

Experiments: Circular (several IPs vs 1).
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Intermezzo

Physics program:

Z pole EWP observables —=> Circular. One could argue
that polarisation is a plus. LEP lesson is that it is not.

WW threshold —> Circular (need beam energy and lumi.)
ZH threshold —> Circular (need beam energy and lumi.)

tt threshold —> Circular for top mass (need beam energy
and lumi.) One could argue that polarisation is a plus.

Above tt threshold —> Only Linear at an affordable cost.
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FCC-ee

© P. Janot

eX. Geneva basin

H and top factory

5 &

FRANKREICH

ILC 0.5 TeV (30km) P
Genf
CLIC3TeV (5V W \
\
High energy l FCC (100 km)
! [Future Circular Colliders]
\ ; First step: FCC-ee (90-400 GeV)
» % /7 rcc [Z, W, H, top factories]
XC s 4 Ultimate goal: FCC-hh (100 TeV)
10 Klometer | T [Access to highest energies]
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FCC-ee

ex. Japan
Akitao Akita oMorioka
3 lwate
<l
)_/"\‘:" \
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
Nrgano Saitama —f
Saitama®©
Kofu ' d'_l:qkyo
e Tokyo RS 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. Japan delayed the
commitment.
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FCC project: the Menu

1)Introduction

2)Executive summary of exquisite Physics.

3)Implementation.

S. Monteil

H and top factory

FRANKREICH

ILC 0.5 TeV (3okm)

CLIC3TeV (5(:;?)/,

\
High energy I FCC (100 km)
d [Future Circular Colliders]
\ ; Firststep: FCC-ee (90-400 GeV)
7 fcc [Z, W, H, top factories]
Ultimate goal: FCC-hh (100 TeV)

[Access to highest energies]
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1. Introduction to FCC project:

« 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.

S. Monteil Faith&Fate of the SM



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.

.
]

» e+e- collider (FCC-ee) as : Schematic ofan
. . [ | -
potential first step. \ long tunnel

.

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

e 80-100 km infrastructure
in Geneva area.

« Conceptual design report and cost review for the next european
strategy — 2019 / 2020.

S. Monteil Faith&Fate of the SM



1. Introduction to FCC: the scope of the project

The Design Study is completed and fulfilled the mandate

Status of Global FCC Collaboration

((Z=5)) FCC CDR and Study Documentation

- FCC-Conceptual Design Reports:
+ Vol 1-Physics, Vol2-FCC-ee, Vol3-FCC-hh, Vol4-HE-LHC
« Preprints available since 15 January 2019 on http://fcc-cdr.web.cern.ch/

- CDRs accepted for publication in
European Physical Journal C (Vol 1) and ST (Vol 2 - 4)

«  Summary documents provided to EPPSU SG in December 2018
+ FCC-integral, FCC-ee, FCC-hh, HE-LHC

« Accessible on http://fcc-cdr.web.cern.ch/
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2. Executive Summary by Physics thresholds.

S. Monteil Faith&Fate of the SM
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2. Luminosity figure

I T T TTTT

—
o

L ll[l]l’

Luminosity [10** cm2s1]

Z(91.2 GeV) : 4.6 x 10°° cm2s™!

- ]
u ®  FCC-ee (Baseline, 2 IPs) -
B L FCC-ee (with 10% safety margin) 7
B B ILC (250 GeV baseline) a
1 02 I . .............................. ILC. (with. Jumi/energy. Upgradel............
Na WW (161 GeV): 6.4 x 10* cm%s™! CLIC (Baseline)
v

N HZ (240 GeV) : 1.6 x 10*° cm%s"

4

N 1t (350 GeV) : 3.6 x 10* cm%s”
(365 GeV) : 3.0 x 10”_cm-2s*

o

CEPC (100km, double ring)

| IlII[lIl

L1 l[ll]ll

’llll

102

* The FCC-ee offers the largest luminosities in its whole energy range.

s [GeV]

* We're speaking here of 10> Z/s , 104 W/h, 1.5 103 H and top /d, in a very

clean environment: no pile-up, controlled beam backgrounds, E and p

constraints, without trigger.

S. Monteil
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2. Luminosity figure

102

Luminosity [10** cm2s1]
3

* The FCC-ee offers the largest luminosities in its whole energy range.

™
Z(91.2 GeV) : 4.6 x 10°° cm2s™!

T 1T TTI

m 'Pierre Astier
- | Salut Stephane! Mais c’est magnifique ! Let’s do this !

L Lo S T

L FCC-ee (with 10% safety margin)

ILC (250 GeV baseline) a
T OO PPPTOOPPPPPTTOPPPPPOO: . SOOOOR ILC (with Jumifeneray Upgrade)................... —
- N WW (161 GeV): 6.4 x 10% cm3s” CLIC (Baseline) =
[ ) Y CEPC (100km, double ring) 7

v.. \
N HZ (240 GeV) : 1.6 x 10 cm%s™!
. W R —
= Ty g 1t (350 GeV) : 3.6 x 10™ cm?%s” -
— {t (365 GeV) : 3.0 x 10”_cm-2s* -
I . .HZ-O-Q'.‘Q"Q:“.CW‘?‘:. e —
- X X 1 -
2 3
10 10

s [GeV]

* We're speaking here of 10> Z/s , 104 W/h, 1.5 103 H and top /d, in a very

clean environment: no pile-up, controlled beam backgrounds, E and p
constraints,

S. Monteil

without trigger.
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2. Big picture.

Z pole

tt thr. W thr.

Table 3.1: Measurement of selected electroweak quantities at the FCC-ee, compared with the present

precisions.
Observable present FCC-ee|FCCee Comment and
value + error | Stat. | Syst dominant exp. error
A mz (keV /) 91186700 + 2200 | 5 | 100 FromZ line shape scan
Beam energy calibration
I'z (keV) 2495200 + 2300 8 100 FromZ line shape scan
Beam energy calibration
RZ (x107) 20767 + 25 0.06 | 0.2-1 ratio of hadrons to leptons
acceptance for keptons
a,(my) (x10%) 1196 + 30 0.1 [04-16 from R7 above [29]
Ry, (x IOCJ 216290 + 660 03 <60 ratio of bb to hadrons
stat extrapol. from SLD [30]
Chad (%10”) (nb) 41541 £ 37 0.1 4 peak hadronic cross-section
luminosity measurement
N, (x10%) 2991 +7 0005 | 1 Z peak cross sections
Luminosity measurement
sin“ Oy (x 10°) 231480 + 160 3 |2-5 from A}, at Z peak
Beam energy calibration
1/agep(mg)( x«10%)[ 128952 + 14 4 small from A{¥; off peak [20]
Apg.0 (x10%) 992 + 16 002 | 13 b-quark asymmetry at Z pole
from jet charge
AR (x10%) 1498 + 49 0.15 | <2 |t polarisation and charge asymmetry
v © decay physics
A my (keV /c?) 80350000 + 15000( 600 300 From WW threshold scan
Beam energy calibration
Iy (keV) 2085000 £ 42000| 1500 | 300 From WW threshold scan
Beam energy calibration
a,(my ) (x10%) 1170 + 420 3 | sman from R, [31]
Ny (x 103,\ 2920 £+ 50 08 small ratio of invis. to leptonic
X in radiative Z returns
myop (MeV/e™) 172740 + 500 20 small From tt threshold scan
QCD errors dominate
Fiop \'Mc\v',.r‘c?) 1410 £ 190 40 small From tt threshold scan
QCD errors dominate
Meop/ Mo 12+03 | 008 | smal From tt threshold scan
QCD errors dominate
v ttZ couplings + 30% <2% | small From Egqyy = 365GeV run

S. Monteil

(GeV)
Mg

80.37

80.36

80.35

80.34

80.33

. s

\ Reduced theory uncertainties
- i ' PN
- [ fitter T?vatron,lEHC Q(O“e e&'
- e s O <«
L FCC-ee projections V0 o &\°

' H 0'0" Q‘
: : : <°.°-" ¢
B \ .: 1_‘\9 6006}
- <\°d\ =)
- N B Lo
- | FCC-ee \ e
- 3 —— FCC-ee (Z pole)
u o)(a" —— FCC-ee (Direct)
] 25 =+++ LHC (Future)
- “@( LHC (Now)
B W , o Zpole (now) + m|,
s N LEP+m, (LHC) + SM — Standard Model
v i L 1 l 1 L 1 l 1 L 1 l 1 1 1 l 1 1 1 l 1 1 1

170 172 174 176 178
M, (GeV)

* Ultimate quantum completeness
consistency test of the SM.

* The improvements in theory
prediction precision is part of the
FCC program.
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2. The Z pole — 1

"‘.‘ : Reduced theory uncertainties
s [ —— &
5 = ﬁtter SM  Tgvatron, RHC o o
Sg0.38 L b T e®
““L FcC-ee projections i 0 | R
- L4 P KT
80.37— O S
e ‘\‘ ‘c‘ ',' ‘,' 6\1"
- | FCC-ee v e A
- A ——FCC-ee (Z pole)
80.35— .
- q(gex —— FCC-ee (Direct)
- A,,,gp"',_..- -=== LHC (Future)
80.34 |- \\m’ < -~~~ LHC (Now)
- ﬁ\"'& = LEP+m(LHC) + SM Z pole (now) + mj,
_ e HMu )+ ~— Standard Model
w‘as = 1 "'l 1 l 1 1 1 | L | l 1 1 1 l 1 1 | l 1 L 1
170 172 174 176 178
My, (GeV)
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2. Big picture.

Z pole

tt thr. WW thr.

Table 3.1: Measurement of selected electroweak quantities at the FCC-ee, compared with the present

precisions.
Observable present FCC-ee|FCCee Comment and
value + error | Stat. | Syst dominant exp. error
A mz (keV /) 91186700 + 2200 | 5 | 100 FromZ line shape scan
Beam energy calibration
I'z (keV) 2495200 + 2300 8 100 FromZ line shape scan
Beam energy calibration
R (x107) 20767 + 25 0.06 | 0.2-1 ratio of hadrons to leptons
acceptance for keptons
a,(my) (x10%) 1196 + 30 0.1 [04-16 from R7 above [29]
Ry, (x IOGJ 216290 + 660 03 <60 ratio of bb to hadrons
stat extrapol. from SLD [30]
opag (x107) (nb) 41541 £ 37 0.1 4 peak hadronic cross-section
luminosity measurement
N, (x 10%) 2991 +7 0.005 1 7. peak cross sections
Luminosity measurement
sin“ Oy (x 10°) 231480 + 160 3 |2-5 from A}, at Z peak
Beam energy calibration
1/agep(mg)(x 10%)| 128952 + 14 - small from A{¥; off peak [20]
AP, 0 (x10%) 992 + 16 002 | 13 b-quark asymmetry at Z pole
from jet charge
AR (x10%) 1498 + 49 0.15 | <2 |t polarisation and charge asymmetry
v © decay physics
A myy (keV ,-‘c2 ) 80350000 £ 15000 600 300 From WW threshold scan
Beam energy calibration
Iy (keV) 2085000 £ 42000| 1500 | 300 From WW threshold scan
Beam energy calibration
a,(my ) (x10%) 1170 + 420 3 | sman from R, [31]
N, (x 10%) 2920 £ 50 0.8 | small ratio of invis. to leptonic
X in radiative Z returns
myap (MeV/c%) 172740 + 500 20 small From tt threshold scan
QCD errors dominate
Fiop -:Mc\-'v.v‘cr") 1410 £ 190 40 small From tt threshold scan
QCD errors dominate
Map/ Aoy 1.2 + 03 0.08 | sman From tt threshold scan
QCD errors dominate
v ttZ couplings + 30% <2% | small From Eqyy = 365GeV run

S. Monteil
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* Ultimate quantum completeness
consistency test of the SM.

* The improvements in theory

prediction precision is part of the
FCC program. Precision 1.4 GeV.
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2. The Higgs factory

* Two energy points (240 and 360 GeV) for the program

T LI S S S S S S S S S S S S S S e S S e S e s e

g
-s 250 - g'e’ - HZ
g WW - H
S —

150

8

8

B I
Wi

..Axxj:A.IHJ.HJH.L.U NP _
220 240 260 280 300 320 <§o 360 380 400 (€

/s (GeV)

800

* Invincible precision on the absolute couplings and width. Interplay with HL-LHC.

ST -+ S —— Collider HL-LHC FCCoce
© 25 [zw . Luminosity (ab) 3 5@240GeV | +1.5 @ 365GeV | +HL-LHC
o 5ab” ] Years 25 3 +4 -
2 20i [Jzz ] 8Ty, /Ty (%) M 27 13 1.1
g C [ww | | O8uzz/Buzz %) 13 0.2 0.17 0.16
& [ ] O8uww /Buww () 14 13 0.43 0.40
15'__ __' agbe/gbe (0/0) 29 1.3 0.61 0.55
- 1 88uce/ Brice (%) SM 1.7 1.21 1.18
sof ] 881gq/Brgg ) 18 16 1.01 0.83
! ] Jan/an (%) 17 14 0.74 0.64
[ 1 6gHMM/gHMM %) 44 10.1 9.0 39
5[ -] 88uyy/ Bryy (%) 1.6 4.8 3.9 1.1
[ ] O8uee/Buee (%) 25 - - @ v
L ] BRexo (%) SM (0.0) <12 <1.0 <1.0
50 60 70 80 90 100110120 130140150

Maecor (GEV)
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2. The top threshold

i .v Al v ¥ | | v
1.4 |- tithreshold - m[* 1715 GeV

1.2} — ISR only

cross section [pb]
I

0.8}

= QQbar_Threshold NNNLO —FCCee 350 LS only
~FCCee 350 LS+ISK

|

-
4

cross section [pb]

lAlLlAA

06}

| -

0.4Ff

0.2}

based on CLICALC Top Study

AlLl

-4
r
—4
4

EPJ C73, 2530 (2013)
0 L . . . 1 PP I
340 345 350
{s [GeV]

1 l v L4 r T I
tf threshold - QQbar_Threshokd NNNLO
0.9 F" |sR + FCCoe Luminosity Spectrum
0.8 - ——defaut-m " 1715 GeV, I, 1.37 GeV
m, varnations + 0.2 GeV
0.7 I, variations £ 0.15 GeV
06
05
04
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= simulated data ponts
02 200"/ point
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0.1 based on EPJ C73, 2530 (2013)
0 A l A l A
340 345 350
Is [GeV)

S. Monteil

* Can get the top quark mass at the level
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2. The top threshold

' Sergei Barsuk
'Bonjour Stephane! Topiful ! Let’s go ahead !

— - e y 1t
T 1.4} tithreshold -m® 171.5 GeV I ) 0.9 b ftveshod - QQbar_Threshokd NNNLO
= | —QQbar_Threshold NNNLO —FCCoe 350LSonly] € O e aav
L 121 —i1srRon . ] o 08 -m 5GeV, I 1.
5 only FCCee 350LS+ISRy [ m, vanations + 0.2 GeV
9 . : 1 % 07 I, variations + 0.15 GeV
a2 f 1 & os
o 0.8__ 4 & 05
06} - 04
- ] 0.3
04 . = simulated data ponts
! ) 0.2 | mior: o
b . prelim
0.2 based on CLICALC Top Study . 0.1 based on EPJ C73, 2530 (2013)
EPJ C73, 2530 (2013 .
0 | S S | |. ) L 0 P P
340 345 350 340 345 350
{s [GeV] Is [GeV]
* Can get the top quark mass at the level
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2. The Z pole — 2

* The FCC-ee statistics and the capacity to fully reconstruct the decay even in the
absence of the neutrinos allows to address FCNC transitions with tau in the final
state. The reconstruction of the mode B? =+ K* t+1T as a benchmark has received
a special attention in the FCC-ee context. The tau Physics as well.

 Third generation couplings still to be tested. FCC-ee is the place to be.

250- LIIVALlallL DU LLAdd WL DUICULCU CVELILD allu llatulal HuipeL UL ©veLiu ? 17.90—
1 PV (3.0um) & SV & TV (20.0pum, 3.0pm) SMEARED .é. Today (2018)
J + Core o = 14.5 MeV/c? E
gg 200: + + Core gaussian fraction = 0.96 %J 1785_
= : Probability to recognize a 7 = 0.50
= | =
o] + )
S 1501 + — g
S 4 H bkg Ds2TauNu 17.80_
= 1 bkg Ds2pipipipi0 Fcc_ee
~ : g
;; 1007
= 17.75-
=]
i)@ J
50 \
17.70-
0 Lepton universality with
4.6 4.8 5.0 5.2 54 5.6 5.8 6.0 - +
(K], 37]) [GeV/e) m,=1776.86 + 0.12 MeV
17.65- ,
289 290 2901

T lifetime [fs]
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2. The Z pole — 2

. R RPN N | PR S-S B PR

* The FCC-ee statistics and the capacity to “ - . ,
absence of the neutrinos allows to addres e tastioll Forzat
state. The reconstruction of the mode B9 — n v (71 das a vericiindik 11as receiveu
a special attention in the FCC-ee context. The tau Physics as well.

 Third generation couplings still to be tested. FCC-ee is the place to be.

LHVALLIALIL DU LIIAdd W1t DUICULCU CVELILD allu llatulal Hulnper vl velu r— 17.90—
250 X
1 PV (3.0pm) & SV & TV (20.0um, 3.0um) SMEARED b Today (2018)
] + Core o = 14.5 MeV/c? E
o~ 200; + + Core gaussian fraction = 0.96 (V) 1785_
§ ] Probability to recognize a 7 = 0.50 I‘
% A S—
o] + )
S 1501 + — g
S 4 H bkg Ds2TauNu 17.80_
= 1 bkg Ds2pipipipi0 Fcc_ee
~ 7]  sig
£ 100
g |
= 17.75-
=]
63 J
501 \
17.70-
0 Lepton universality with
4.6 4.8 5.0 5.2 54 5.6 5.8 6.0 - +
(K Pl ), [Gev/e m,=1776.86 + 0.12 MeV
17.65- ,
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T lifetime [fs]
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2. And so much more

Three Generations

of Matter (Fermions) spin %

I .
mazz=[ 2amey 1.27 Gev 173.2Gev arXiv: 14115230
=Pu|fc °t
J— - ; 3
| e 104 mev 4.2 Gev
= |- -5 4 b
*d s
& 3 4 ) 5
o] ~oe = B 126 Gev
(=8
Ve Y Vz ? : H
% % ° Ly 45,y 7
: =) i Vi i“n % Y
o [ esiime 105.7 Mew 1.777Gev = spin 0 du, - ud,dd,
= |1 1 1 g FIG. 2. Typical decays of a neutral heavy lepton via (a)
E- e lyl T a2 2 charged current and (b) neutral current. Here the lepton /;
- elecron mucn e = denotes e, i, or 7.

S. Monteil

1074-

1077-

10-10

10-13

10 50
— updated plot from MaD et al 1609.09069
M[GeV] and Antusch et al 1710.03744
cf. also Cai et al 1711.02180
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2. And so much more

Three Generations
of Matter (Fermions) spin %

arXi

e )

Alexander Korchin
'Mpwueit, Ctedane! Yygoso! And ALPS as well!

(a)

+ - —
4 v, L5,y 1y,
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.

]
mass - 2.4 MeV 1.27 Gev 173.2Gev
charge - |34 u % c % t
name - up op
" 45 mev 104 Mev 4.2 Gev
= |- -5 4 b
-I*d S
=4 down syange lbettom
10 ke ~Gev GV L_:‘
Vo/N] VN VN,
%
L S
N 0.511 Mev 105.7 Mev 1.777 Gev "Lv
5 |2 1 1 £
e FPpFt |
- elecron rmuch 1w @
1074-
1077-
s
10-10
10-13

S. Monteil

M[GeV]

Faith&Fate of the SM

10 50
updated plot from MaD et al 1609.09069

and Antusch et al 1710.03744
cf. also Cai et al 1711.02180
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3. Implementation

S. Monteil
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3. The FCC implementation — Civil engineering

* Machine footprints, experimental caverns, geological studies

transfer lines proposed to be
installed inside FCC-hh ring tunnel Distance between detector cavern and service cavern 50 m.

)t Airweth = 102" >
- == - Strayfield of unshielded detector solenoid < 5mT.

Injecsicn = -
= o Irjocton

FCC-ee FCC-hh Service
detector detector cavern

Tty
U2 nIRn '::a‘;sump

boaster
od R it o
(Secoadary {Seconcery
onal enpervvent st
e ) )

’,
Betatron & Techeical 830 Yoy (s + w2500 g Tocheies ste
momentum "' o
collimation

Momentum .o Betatron collimation

PG (Experivect she)
Preliminary design of access and cable paths
— Quaternary
18)0m - lLake
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3. The FCC implementation — Timelines

« Eighteen years towards Physics. Without human and financial
constraints, one would do particle physics seamlessly

[ et ) pomisns | FCC-ee

[ Funding strategy ][ F“l “di i"gl. °:g:;mts]

(Gecigical |nvest|gat|ons,.|nfrastmcture ot Tunnel, site and technical infrastructure construction
and tendering preparation
[ Technology R&D for accelerator and technical design ] [ Accelerator construction, installation, commissioning ]
Set up of international experiment collaborations, . . N , N
Detector technical design Detector construction, installation, commissioning
detector R&D and concept development

T #8000 N B0 63 B 60 0 B0 ¢ B o BB
[ soretproparston®  [permisors| FCC-hh

) Contribution
[Fundmg strategy agreements ]

Geological investigations, infrastructure
design and tendering preparation

I Tunnel, site and technical infrastructure construction ]

16 T dipole magnet I 16 T dipole magnet I 16 T dipole magnet I 16 T dipole magnet ]
short and long models prototypes preseries series production
Technology R&D for accelerator and technical design I Accelerator construction, installation, commissioning ]
[ Set up of international experiment collaborations, Detector technical Detect truction. installati N
S. Mo  detector R&D and concept development design eleclor construction, instatialion, commissioning 84




3. The FCC implementation — Timelines

» Eighteen years towards Physics. No overlap in Physics between the
end of HL-LHC and FCC-ee. The big picture.

COLLIDER

C\ CIRCULAR Timeline of the FCC integrated programme

FCC-ee dismantling, CE
Geological investigations, infrastructure Tunnel, site and technical & infrgstructure
detailed design and tendering preparation infrastructure construction adaptations FCC-hh_
FCC-ee accelerator and detector R&D and technical FCC-ee accelerator and detector
design construction, installation, commissioning
High-field magnet
Superconducting magnels R&D S industialzaion and
4 Lo series production
FCC-hh accelerator
and detector R&D FCC-hh accelerator and detector
O Feasibility Study: 2021-2025 and technical design construction, installation, commissioning
Q If project approved before end of

decade - construction can start
beginning 2030s

BB BB R ( 10 years )
~ 15 years operation ~ 25 years operation
Feasibility Study m

O FCC-ee operation ~2045-2060
O FCC-hh operation 2070-2090++

e |s it crazy to plan a Physics program for seventy years?
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3. The FCC implementation

* |s it reasonable to plan a Physics program for seventy years? It was.

* The previous HEP European planning was only for ... 60 years !

PHYSICS WITH VERY HICH ENERGY |
e¢'e” COLLIDING BEAMS CERN 76-18
' | 8 November 1976

L. Camilleri, D. Cundy, P. Darriulat, J. Ellis, J. Field,
H. Fischer, E.-Gabathuler, M.K. Gaillard, H. Hoffmann,
K. Johnsen, E. Keil, F. Palmonari, G. Preparata, B. Richter,

C. Rubbia, J. Steinberger, B. Wiik, W. Willis and K. Winter

ABSTRACT

This report consists of a collection of documents produced by a Study
Group on Large Electron-Positron Storage Rings (LEP). The reactions of
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3. The FCC implementation — Cost

FCC-ee cost estimate

FCC-ee (Z, W, H): capital cost per domain

Total construction cost phase1 (Z, W, H) amounts to 10,500 MCHF
- 5,400 MCHEF for civil engineering (51%)

- 2,000 MCHEF for technical infrastructure (19%)

- 3,100 MCHF accelerator and injector (20%)

= Civil Engineering 5400 MCHF, 51% = Technical Infrastructure 2000 MCHF, 19%
® Machine & injector 3100 MCHF, 30%

FCC-ee (Z, W, H, t): capital cost per domain

Complement cost for phase2 (tt) amounts to 1,100 MCHF
- 900 MCHF for RF, 200 MCHF for associated technical infrastructure

Future Circular Collider Study
C\ERN

Michael Benedikt
N7 Physics at FCC, 4 March 2019
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3. The FCC implementation — Cost

Marie-Hélene Schune

Excellent! Il est temps de conclure.

FCC-ee (Z, W, H): capital cost per domain

Total construction cost phase1 (Z, W, H) amounts to 10,500 MCHF
- 5,400 MCHEF for civil engineering (51%)

- 2,000 MCHEF for technical infrastructure (19%)

- 3,100 MCHF accelerator and injector (20%)

= Civil Engineering 5400 MCHF, 51% = Technical Infrastructure 2000 MCHF, 19%
® Machine & injector 3100 MCHF, 30%

FCC-ee (Z, W, H, t): capital cost per domain

Complement cost for phase2 (tt) amounts to 1,100 MCHF
- 900 MCHF for RF, 200 MCHF for associated technical infrastructure

Future Circular Collider Study
C\ERN

Michael Benedikt
N7 Physics at FCC, 4 March 2019
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Scientific context: scenarii

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.

S. Monteil Faith&Fate of the SM
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Summary

1) Find a new heavy particle at the end of Run Il analyses 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-eel].
» Push the energy frontier to the best of our knowledge [FCC-hh].
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Summary

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.
We are orphan of a no-loose theorem. We should try to build another
one to find the next relevant energy scale. Some hints are there.

Meanwhile, we need to not leave a stone unturned. Flavour anomalies,
(c)LFV experiments, edms, neutrinos ...

You are entering in the field at fascinating times!

S. Monteil Faith&Fate of the SM
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Summary: think out of the box !

T
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Summary: and design the appropriate experiments!

n Sar
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