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Introduction: Historical
Perspective

Spontaneous (dynamical) symmetry breaking
L. Euler, Memoires de I'’Academie des Sciences de Berlin, 13, 252 (1759)

weak force strong force

Figure: Elastic rod compressed by a force of increasing strength



1.1) A successful example

Ginzburg-Landau theory from 1950 offered a macroscopic (ie effective) theory for
conventional superconductivity,
V(%) = a(T)|¥]? + 8(T)|¥|*?
In 1957 Bardeen, Cooper and Schrieffer provided the microscopic

(fundamental) theory that allows one to
1) interpret |W| as the number density of Cooper pairs sepp
2) calculate coefficients of |W|? and |W|#in the potential. Argonne/Northwestern/CERN

ol T)) mea (T —T%) and B(T) =~ b
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1.2) SM and BEH mechanism

V()= vile'o+viao'ey | @ After EWSB the extra degrees of freedom of

Higgs doublet from the potential are redefined
[~ i + :
Vig) Groundstate at {‘.n“|= "u,lli =V trough d propet .gaug.e LS W_’ A mas?
A @ Yukawa coupling gives mass to fermions.
I'.' PII.'
5 - i o= prmm——
N7 [ N\ W=1s'o=1o"s +4"¢'
. I'tﬂ,j:.——'u"
4

"{fhiggs(q]’ Aa’ Vi ) = D¢'+ D¢' - "J(d))

V() =- 12670+ 107 0)2 + Yy, 'y 0
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1.3) Potential reformulation

We can rewrite the BEH potential as with 3 fundamental

parameters that are related

V=-m/?H?+AH* and A=m2/2V?

1) m, can be interpreted as the

mass of the Higgs field. It is
directly measured once Higgs
boson is discovered.

2) A is the Higgs boson field
self coupling constant.

It gives the intensity of

H* - HH and HH - HH
interactions.

The hardest to measure.

v =2"14.G:1/2 ~ 246 GeV

3) v is the vacuum expectation value and it is measured indirectly
and very precisely at low energy looking on beta decays
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2) Situation before the LHC

o~ 90 [
2 A e’eqq (1991)
Gap| ee-HZ w 1'qg (1991)

5 | * e'e'qq (1992)
= 70 | e p'qq (1992)
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2.1) Dark age times

1) EWSB proposed in 60-ies
2) No significant constraints existed till 70-ies: only indirect
through neutron stars or nuclear physics.

We should perhaps finish our paper with an apology and a caution. We
apologize to experimentalists for having no idea what is the mass of
the Higgs boson, ..., and for not being sure of its couplings to other
particles, except that they are probably all very small. For these
reasons, we do not want to encourage big experimental searches for
the Higgs boson, but we do feel that people doing experiments
vulnerable to the Higgs boson should know how it may turn up.

— John R. Ellis, Mary K. Gaillard, and Dimitri V. Nanopoulos, (8]
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2.2) Higgs in accelerators era: pre-LHC

a@W, Z factory
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3) Higgs Hunting at the LHC

. LHC =
Run 1 I | Run 2 | | Run 3
L&1 EYETS 14 TeV 14 TeV
13-14 TeV - enargy
splice consolidation Injector
7 TaV a8 TeV hurg:ﬁ collimaiors Clm Pls;t: :IPE ::ﬂ"g:g'l‘lh HL-LHC installation

TRgIons I—. mncat

radiaticn
damage
« nominal Liminasiy
experiment . i | | experiment upgrade | | —— e— experiment upgrade
! | | A pipes ] phags 1 phase 2
- ol o]

ETa 0015 =
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3.1) Higgs discovery

4 4 July 2012: Higgs boson discovery by
ATLAS — CMS from LHC

@ 2013: Nobel prize to theorist
(Englert-Higgs, Brout died before) in 2013.

@ 2014: Cherenkov prize of Russian
Academy of Science to Igor Golutvin (CMS)
and Aleksandr Zaitsev (ATLAS) for « Major
contribution to CMS and ATLAS
experiments at the LHC, qui ont permi la
découverte du boson de Higgs »
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3.2) What did we learned first

@ Production mechanism: gluon-gluon fusion.
H in the only particle that was discovered through the loops!
@ Higgs boson was discovered in VV channels: H—7ZZ, (H-WW), H- vy.
Production and decay in these compatible with EWSB prediction from BEH
mechanism:

— Higgs boson exist with a mass compatible with EWK fits and the

« scalar » hypothesis is preveledged by the data.
— BEH mechanism is responsible of at least 70% of EWSB.
— Indirectly we see that top quark mass is generated by Yukawa coupling.

CME BeTTeV. L=5115" 18- 8TeV.L=53 CMS  i5=T7TeV,L=51M" \5=8TeV L=53 K"

@O
= my, = 125.5 GaV
[i3
-
=3
m H—yy ——
o
f=]
- |
H= ZZ ——
H— W —
H— —a=
1{}13:-—" '”'m::" —t " T ._:_.-',—, H—bb —Ea—
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-1 1
my (GeV) Best fit o/o,,,
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3.3) Contribution of I. G. and RDMS to H discovery

4 Higgs boson discovery detectors: ECAL+tracker (photons, electrons) and
Muon+Tracker system where RDMS and Igor Golutvin played a key role.

4 The Vector-Boson Fusion production is the most interesting channel for EWSB
understanding. It is characterized by forward jets, relying on Endcap Hadronic
calorimeter that is also an RDMS and I.G. “baby”.

@ HL-LHC forward ECAL would be fully silicon as pioneered by Dubna Silicon
program (I.G. spokeperson) and RD35 program aleady in 1992-94.

The Compact Muon Solenoid (CMS)

SUPERCONDUCTING CALORIMETERS

COIL ECAL Scintillating PbWO , HCAL Plastic scintillator
Crystals copper

" sandwich

Total weight : 12,500t

Overall diameter : 15m
Overall length : 21.6 m
Magnetic field : 4 Tesla

(—_
|

Silicon Microstrips
ixels

Drift Tube Resistive Plate Cathode Strip Chambers ( CSC)
Chambers (DT) Chambers (RPC) Resistive Plate Chambers ( RPC)
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3.4) H boson properties: Run Il

@ Measure precisely the Higgs mass Tamas | folal  Statonly

Run 1 {5 = 78 TeV!, 25 i, R 2 /5 = 13 To\, 36.1 i Total  (Siat only)

and validate its compatibility between R 1t e
Run 1 H=syyr ——a——— 12602 £ 0,51 | £0.43) GeV
H-yyand H—ZZ, att 8 TeV and 13 TeV, v/ | mirse  —t-
Run 2 H-»yy em 124.53 & 0.40 { = 0.21) GeV
Run 142 H—d! l—i—{l 124.71+ 0030 | £ QL3 GeV
Run 142 H—yy f——i— 125,32 & 0.35 { £0.19) GeV
Run 1 Combined — 125.38 £ 0.41 | £0.37) Gav
Run 2 Combinad '—-T- 124.88 £ 0.27 | £0.18) Gav
Rijin 142 Combangd ———st | 0. 18] GaV
ATLAS » CMS Run 1 —— 12609 £0.24 | 20.21) GeV

@ Validation of scalar nature of Higgs T
boson from angular distribution: e
Spin_o, even parltY. / 5.1 fb (7 TeV) + 19.7 fo'! (8TeV)+38.§fb‘1(13TeV)

o : ; —
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B —— Observed 3|
Ko oooee Expected
29, CMS H— 22 19.7 1" [8 TaV) + 5.1 &0 (7 Tov) Observed, 13 TeV
':'F i~—DObserved —-Bxpectad | i i P i i PP i i iiiiiiii|] D Expected, 13 TeV " 7
= 'of Mo:w M. Pf P i i i e _10F '
A, gof (MO Za NS c
= (030 1.F+30 =
£ eof : < 4t
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T |
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2of F
;_i'—'—l"l- ’*-—l’l- o
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-40f 0"
B0k

v it d Nl i b f e F b of oF

20 producsion : ofl production ! decay-only gacriminants 9 5% CL eXCluded
pseudo-scalar contribution

08/08/2019



3.5) H boson properties: Run Il

&

the LHC.

4 Direct measurement of Higgs width is limited by the statistics and lepton energy scale at

4 Think-out-of-box approach: fortunately Higgs couples to the mass: when H* — ZZ

(H* — WW) off-shell channels opens there is a significant increase of the cross section.
Through the interference with ZZ continuum we can constraint total on-shell Higgs width in
a model dependent way.
4 HL-LHC projections: T'j;? =4.2%)-7 MeV (stat+sys).
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3.6) 3" generation

VH — bb / H - TT J i 3BIm' (12TeV)

CMS & Closamned
1 1 {5lak & 5yst)

—_— T T T T T 0 2 B e e e e e 4 35,917 (13 TeV) +20 (sal & sysl)

= 1oFT T T T T T T T ™ - "
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o - " == Uncertainty ] — 1600k s i ] L :
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@ Run II+Run I provides per experiment
observation of 3" generation Yukawa
couplings.

@ BEH mechanism is responsible at least at
50-70% of the 3™ generation mass.
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3.7) 2" generation

* With b-tagging H— bb is already challenging, with c-tagging

H — cc is nearly impossible.

@ Alternative idea with exclusive decays appeared to me a way more
challenging than initially expected. -

, R

a Little chance to provide a « measurement » at the LHC. ¢
™ h—Qy decays: clean probe for Higgs-quark couplings for 1s¥2"d generation quarks

2 Qs a vector meson or quarkonium state A I R L I I
& Two contributions: direct and indirect amplitude & 900 iy 3
» Direct amplitude: provides sensitivity to Higgs-quark couplings S S T vy
» Indirect amplitude: insensitive to Higgs-quark couplings; larger than direct amplitude 2 "F SR e ]
» Destructive interference 500; 7 Sanalx 10 :

400F

“Direct” contributiop “Indirect” contribution Zzz

1% E

100F

S, | | SYNSUNT , SN[
60 80 100 120 140 160 180

I(H— J/y+7v) =[(11.9+£02) — (1.04 £0.14)x \ X 10—1“ GeV
Phys.Rev. D90 (2014) 11, 113010
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3.8) 2" generation | H-

“« H = uu:

- We have to fight against large DY
background: important mass resolution.

- We need to maximize statistics: muons
acceptance is important.
@ Muon system critical — Important RDMS role
for forward Muon system.
@ Actual situation: 2-3 times SM.
@ HL-LHC: can reach 10 %.
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3.9) H - InViSible DECII-IIstJrecuon VBF H — Inv. (13 TeV)

—
— ECFA16 S1

237 (13 TeV) = 045¢ E
%’45_‘3”‘3 C 4w 1 n'4; — ECFA16 S2 _
340; VBF jets [ Z(—svv)+iets — z 035E 3
3 35 I w(—tv)+ets = E o . 3
S = ; E 0.3 1L scaling z
S [ ]@cD multijet 3 E 025¢ i

AT []Top quark ’g: 0.2k

—H, B(H— inv)=100% 1 = E

E 5 0155

E 2 0.1F

u E

@ E

_; il s enl

1500 2000 2500 300 3500 4000 ' s —
10 10 108
m, [GeV] Luminosity [fb™

@ The H - invisible is measured assuming SM Higgs production cross section.
@ (Critical to constraint Dark Matter oriented models.

@ The Run I + 2015 limit is 25%.
@ HL-LHC: limit on 5-10% >> BR(SM H).

Limited by MET degradation with large
pile-up (200 PU/event).
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3.10) BEH potential

V=-mH

than SM H.

coupling is reduced.

* Direct constraint on the potential
theoretically possible through HH production:
— The cross section 1000 times smaller

— Cross section dominated by top box
digram, the sensitivity to Higgs self

‘00000"

T

* [HJ? + AH*

'00000"

CMS 35.9fb7" (13 TeV)
o) 3500 95% CL upper limiis : : :
— i ! —— Observed
T apool. Wi === Medan expected
T i I 66% expected
T H [ 95% expected
8 2s500f— P , »
Ea [ 1) HEHH Theoretical Prediction
2000}
15001
1000
500 f
; | T ] | 'l | | | | | 'l | | | | | | i
—20 —15 -10 & 0 5 10 15 20
K =P A
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(14 TeV)

HL-LHC prospects
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4) Future colliders

" ~ 50-70 TeV (CHINE)
EPC 240 GeV (CHINE) E-LHC ~ 30 TeV (CERN)
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4.1) HL-LHC impact

300, 3000 fb!
<pru>= 140

i

> s R =R, = T ' i ' i '
= |: 1F ATLAS and CMS 1 L ATLAS Simulation Preliminary t .
¥ - LHC Run 1 £ hoyy, hZZ -4l hWW vy Z.X
L [ - h—11, h—bb, h—pup, h—Zy "'",
e 1 [z, Ky Kip Ky Kz K W
s 1071k 107 L
= E BR =0 =
LL = (7]
¥
2| ]
10 E \s=14TeV 3
—2 |
W - —[Ldt=300f0" ]
3 . B 4 _
¢ ATLAS+CMS 10°F b [ Ldt = 3000 fb E
Sl Y L1 SM Higgs boson - , " .
107 = j = - -
g — [M, €] fit < 1.2F N E
[ 68% CL @ 11
[ ]95%CL -SSR I E— o} I :
107, . i 5 0.9 _
10~ 1 10 102 0.81 L J Lt
Particle mass [GeV] 10" 1 10 102
@ Assuming no new physicsin I'_. (. Br) (x » H - f) - LT-}' Jii
tot

@ W/Z sector and 3" generation: most of the improvement comes from Phase I. Phase 11
limited by systematics (experimental and theory).
@ 2nd generation (w): Phase II opens the gate (Carlo R. would be happy).
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4.2) Lepton colliders

1 2 arXiv:1710.07621
i LHC 3000 {b" (ATLAS: ATL-PHYS-PUB-2014-016 (2014), Model Dependent x fit)
% l LHC 30001b” @ ILC 250GeV, 2000 fb”' (Model Independent EFT fit)
The Higgs Boson g 1 0 i = LHC 300016 @ ILC 250 GeV, 2000 fb"* |

@ILC 500 GeV, 400016 © 350 GeV, 200 fb”* (Model Independent EFT fit)

o

ZEWE
1%-

Précision of Higgs boson couplings [%]

R & X & 9 & & X
R R LR N R

“

@ Measure the couplings Bosons, 3™ generation with 1 % precision
necessary to exclude weak BSM physics below 1 TeV.

@ Measure 2" generation with 5% precision.

@ Measure in a model independent way: total width, total production /
decay fractions.
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4.3) High energy hadron colliders: Higgs physics

0.1f

o

LLLLLLL

@ Measure the Higgs potential parameters.
a High p_ probes: Measure the longitudinal vector boson scattering —

unitarisation with BEH mechanism.
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CONCLUSION

* The LHC discovery opened a door to the understanding of the BEH
mechanism.

@ Despite what one can think we doesn’t know it so well yet. There is a huge
program to be performed before claiming:
“BEH is THE EWSB mechanism and is THE origin of fermion masses and
is / is not the portal to Dark Matter»

— 2" generation Yukawa

— Shape of BEH potential

— Unitarization of longitudinal scattering

— Invisible and rare decays.

— 1% generation!

— Branchings with 1% precision at least.

@ All the projects of future colliders position themselves at least partially as
Higgs factories.

@ RDMS and I. Golutvin played a key role since 30 years in this adventure and
a lot remains to be done.
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