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LHC run (so far): 3 2~ HE2

17 “God (-Damn) Particle”



LHC run (so far); & =~ H £2]
HF4 “God (-Damn) Particle”

. — . In 1964, Peter Higgs postulated a physics
4+ .. mechanism which gives all particles their mass.

This mechanism 1s a field which permeates the
universe.

If this postulate 1s correct, then one of the signatures
1s a particle (called the Higgs Particle).



4819 A1 71 oF

BROKEN SYMMETRY AND THE MASS OF GAUGE VECTOR MESONS*

F. Englert and R. Brout
Faculté des Sciences, Université Libre de Bruxelles, Bruxelles, Belgium
(Received 26 June 1964)

BROKEN SYMMETRIES, MASSLESS PARTICLES AND GAUGE FIELDS

P.W. HIGGS

Tuul Instirute of Mathemalical Plysies, Vniverstly of Edinburph, 5S¢ otland
Recelived 27 July 1964

VoLuME 13, NUMBER 16 PHYSICAL REVIEW LETTERS 19 OcTOBER 1964

BROKEN SYMMETRIES AND THE MASSES OF GAUGE BOSONS

Peter W. Higgs
Tait Institute of Mathematical Physics, University of Edinburgh, Edinburgh, Scotland
(Received 31 August 1964)

GLOBAL CONSERVATION LAWS AND MASSLESS PARTICLES*

G. S. Guralnik,” C. R. Hagen,i and T. W. B. Kibble
Department of Physics, Imperial College, London, England
(Received 12 October 1964)



483 9]

EE News Sport Weather Travel
NEWS ScIENCE & ENVIRONMENT

Home UK Africa Asia Europe Latin America Mid-East US & Canada Business Hed
*
4 July 2012 Last updated at 07:35 GMT EQCETNASS OF GAUGE VECTOR MESONS

and R. Brout
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Cern scientists reporting from the Large Hadron Collider (LHC) have
Relatecl2 October 1964)

claimed the discovery of a new particle consistent with the Higgs
boson.
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Higgs boson-like particle discoy LHC cements Higgs boson identification

By Jason Palmer
CIaImEd at LHC Science and technology reporter, BBC News
B2 COMMEN

By Paul Rincon
Science editor, BBC News website, Geneva

Higgs search update

The moment when Cern director Rolf Heuer confirmed the Higgs results

The story of the precise nature of the particle announced in July is slowly pressing ahead

Cern scientists reporting from the Large Hadron Collider (LHC) have Scientists at the Large Hadron Collider say the particle outlined in .
claimed the discovery of a new particle consistent with the Higgs July 2012 looks increasingly to be a Higgs boson. Related Stories
boson.
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By Paul Rincon
Science editor, BBC News website

Higgs search update

The story of the precise nature of the particle announced in July is slowly pressing ahead

Cern scientists reporting from the Large Hadron Collider (LHC) have Scientists at the Large Hadron Collider say the particle outlined in )
claimed the discovery of a new particle consistent with the Higgs  July 2012 looks increasingly to be a Higgs boson. Related Stories
boson.










“This 1s not exactly, what theory predicted
for the Higgs decay!”
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K, Kw Ky K, Ky K, K. Kz, K,
300fb- | ATLAS | [9,9] | [9,9]1 | [8,8] |[11,14]|[22,23] |[20,22] | [13,14] | [24,24] | [21,21]
300fb! | CMS | [57] | [4,6] | [46] | [6,8] |[10,13]]|[14,15]| [6,8] | [41,41] |[23,23]
3000fb! | ATLAS | [4,5] | [4,5] | [4,4] | [59] |[10,12] | [8,11] | [9,10] | [14,14] | [7.8]
3000fb* | CMS | [2,5] | [2,55] | [24] | [35] | [47] | [7,10] | [2,55] |[10,12] | [8,8]

(A. Nisati, talk at IAS, 20 Jan 2015)

(P. Janot, talk at FCC-ee, 24 Sep 2015)

—ATLAS: [no theory uncert., full theory uncert. |
—CMS: [Scenario 2, Scenariol |

Erroron up Collider ILC FCC-ee
my (MeV) 0.06 30 8
'y (MeV) 0.17 0.16 0.04

(s R 2.3% 1.5% 0.4%
Gww 2.2% 0.8% 0.2%
Dhee 5% 1.9% 0.5%
Dhiyy 10% 7.8% 1.5%
G 2.1% 20% 6.2%
Ohzz - 0.6% 0.15%
Fhice - 2.7% 0.7%
OHgg - 2.3% 0.8%
BR - <0.5% <0.1%

invis

LHC: 5-20 %
HL-LHC: 2-10%
FCC-ee:

0.2-1%
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Higgs @ FCC-ee.
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Sensitivity to both processes very helpfulin improving precision on couplings.

Complementarity with 365GeV on top of 240GeV
improvement factor: ©/3/2/1.5/1.2 on kx/kw/Ky/Kg, Kc/K (plot in bonus)
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The stuff we are made of: Ye..

The high luminosity, the precise control of the beam s, the clean reconstruction of final states
make it possible to observe:

¢ 20ab?/yearat Vs = 125 GeV (notin baseline FCC-ee) Significance e+e-—H, Vs=125GeV

< 30 =1
¢ Monochromatization o5 ~1-2xI'y ~ 6 to 10 MeV C
. =
e Resonant ee — H production g 20 _ 60
Upper Limits / Precision on «, g 8
o F a
¥or P10 =50
103 § u)é er
: SN G --@ -8 -0 = O
10° = =Y (11P/1yr || L/5
- 2l | 0.40 |[|0.60
10 & 3
1 ; Standard Model 2 s
i -
107" & < T 2 g

100 200
L (@b77)

1 > 3 4567 10 20 30




The stuff we are

1.6
1.4
1.2

»n 0.8
© 06
0.4
0.2

(

Jadach+, arXiv: 1509.02406

Born

1.64 fb

0.6 fb
with ISR

0.3 fb with 4.2 MeV
c.m.e. spread

made of: Y.

d'Enterria+, arXiv: 2107.02686

— v ooy by by
125.69 125.695 125.7 125.705 125.71
's

Higgs decay channel B o x B | Irreducible background o S/B
ete” > H—bb 58.2% 164 ab | eTe” — bb 19pb | O@107°
efe” 5 H = gg 8.2% 23ab | efe” = qg 61 pb | O(10°
ete” s H—- 77 6.3% 18ab | efe” — 77 10pb | ©(107°
efe” 5 H - e 2.9% 82ab | efe” — ce 22pb | O(10° 7
ete” > H— WW* = w2j 21.4%x67.6%x32.4%x2 26.5ab | ete” - WW" =25 23fb | O(10°
efe” 5 H— WW" = 2020 21.4%x32.4%x32.4%  64ab | ee” - WW" 2020 56 | O107°
efe” 5 Ho WW* 45 21.4%x%67.6%x67.6%  27.6ab | ete™ > WW* = 45 24 fb | O107°
ete” o H— ZZ" =25 2v 2.6% x 70%x 20% x 2 2ab |e'e —ZZ"—2j20 273 ab | O(10°
ete” 5 H - 22" — 2025 2.6% % 70%x 10% x 2 lab | efe” = 722" - 2025 136 ab | O(1072
ete” 5 H— 722" — 2020 2.6% x20%x 10% x 2 03ab | ete” 72" 2020 39ab | O(1077
ete” 5 H— vy 0.23% 0.65ab | eTe” — vy 79pb | O(10~°
w. 10/ab
H—ogg H—-WW" /25,2020, 4] H—ZZ" —2j20;2025; 2020 H—bb H — TyaqThaa; €& vy | Combined
l.1o (0.53®0.34 ® 0.13)0 (0.32®0.18 ® 0.05)0 0.130 < 0.020 1.30

[GeV]

ECC-cos
12 242 7|2 2UXI=9

= ZI0|Ct,

w/ 10/ab: S~55,B~2400 — I.lo

o)

=1
o |




V(H) = - u? |H|? + A |H|*

5|4 EEIMS off OfC|M OfEH EXHsHs ZHUN}?



Higgs
potential

APS/Alan Stonebraker

The ground state of the Universe depends on the potential of the Higgs field. If the Universe
lies in the global minimum of the potential (a “true” vacuum state), then itis stable. But if the minimum
is local and a deeper minimum exists, the vacuum is “false,” and the Universe might catastrophically
tunnel out into the true vacuum state.
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The Standard Model (In)Stability

2
Vom = —u2HTH + A (HTH)

o large field values: V ~ \(HTH)?
© RGE: A = A\(Q), where Q@ ~ H

@ A — 0 around Q ~ 109 GeV, new minimum beyond Mpjancx
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SPECIAL BOOK EXCERPI

') B-Violation

2) C- and CP- Violation

3) Thermal In-equilibrium
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|
Vs = 100 TeV

HHH production at pp colliders

_2 2 My=125 GeV, MSTW2008 (N)LO pdf (68%c1) _fi
h 2 h
Vi = 5 h + (1 + k3 m A
........................................................................... - - g
Vs =14 rew2 - :
ALg 32 " o.(H'H)o" (H'H) —{-%yt (H'Hg,Htn +h.c.) o &vo f
T mj, g: a rap . ching? AN 0. 1 ;
~ g (H'H)® + 2, HUHGLG™ New physics parameters (are they vanlshlng.)) b |

VA(TeV]

< Measurements of the k parameters yield the exact form of the Higgs potential
% Knowledge of the electroweak symmetry breaking dynamics

% k3: may be (modestly) constrained by diHiggs searches at the LHC

* 20 deviations from the Standard Model could maybe be observed with 3 ?E) |I )
aglioeta

W5 WE W W O O W O R R W W W R W R R O O W MR W R W R R W WO WO W OO WO WO OO W W,
L L L L N N N N T T T g

% k4:impossible to probe at the LHC (too low tri-Higgs cross section)

---------------------------------------------------------------------------------------------------------------

* FCColME Lol YmshAl £ 7Hs877t (100 TeV)?
< Triple Higgs probes are sensitive to both k parameters

¢ Double Higgs can help to constrain k3 to the 3-4% level [Aztov. Contino, Panico & Son (PRD'IS) ]

[Contino et al. (CERN yellow report on Physics at 100 TeV)]
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Higgs self-coupling.

Higgs self-couplings is very interesting for a multitude of reasons
(vacuum stability, hierarchy, baryogenesis, GW, EFT probe...).

BEZERH0| 052 &0I57iLt, B CiEA| LI 2he S8 4 =71

Directly: Higgs-pair prod Indirectly: via single Higgs
: OO ; ¢
g - h 1
Hacilron ; - @ ttH @___ u
Colliders h >« i
g ~h Q00000 ' g
0’_3 ot z ; et Z
a Lepton .
- A H ~ - 1
2  Colliders N : @
& L o .
R h
=
=
4+
w0
9]
Qp
20
o exclusive
=
O
23]

global




Higgs self-coupling.

ECFA Higgs study group ‘19

e Don’t need to reach HH threshold

i mMm,,,eed - S to have access to h3.
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But the extraction of h3
requires precise knowledge of y:.
1% yt < 5% h3
Precision measurement of y: needs ee

CLIC

50% sensitivity: establish that h3#0 at 95%CL
20% sensitivity: 50 discovery of the SM h3 coupling
5% sensitivity: getting sensitive to quantum corrections to Higgs potential



HIgQgs Potential

Quartic Higgs coupling: a direct test of EW phase transition

Fuks, Kim, SJL
Higgs Chapter of the report on Physics at 100 TeV
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if AE ~ h/At and AE > 2m.c?

can see ete- pair

> ReSOlVe fhe Old ClaSSiCCll pl"Oblem: Landau and Lifshitz concluded that the

classical electromagnetism cannot be applied to distance scales shorter than e2/(4riepmec?) = 2.8 x 10-13 cm.

classically: infinite energy
of point electron
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@ Resolve the old ¢

classical electromagnetism canno

resolve old classical mystery

due to ete-, e- effective charge

decreases with distances smaller than

classically: infinite energy h/m C
of point electron :




Higher loops
Smaller Yukawa
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hierarchy problem: | part in (10%)2
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Discovery Potential Beyond LHC.

Precisely measured EW and Higgs observables are sensitive to heavy New Physics
Examples of improved sensitivity wrt direct reach @ HL-LHC: SUSY
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Discovery Potential Beyond LHC.

Precisely measured EW and Higgs observables are sensitive to heavy New Physics
Examples of improved sensitivity wrt direct reach @ HL-LHC: Composite Higgs

Composite Higgs, 20
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Fig. 8.5: Exclusion reach of different colliders on the inverse Higgs length 1/¢;; = m, (orange
bars, left axis) and the tuning parameter 1/€ (blue bars, right axis), obtained by choosing the
weakest bound valid for any value of the coupling constant g, .
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Exotics/Long Lived Particles.

The Higgs could be a good portal to Dark Sector
— rich exotic signatures —

95% C.L. upper limit on selected Higgs Exotic Decay BR

Z. Liu @ CEPC 2020
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How to improve?

> Dedicated detectors, see e.qg. talk b
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The big question - & 7} & 142
%714 :FCC = th=F 14| <] 4] $10 billion
FCCe+e- ($5 billion quoted + & = 3} 7])
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.8k USS Ford: $12 billion

» 1] ) &% o] §53h= &8 7] Air Force One: $4 billion

« 71 57| B2 Stealth bomber $1.2 billion, program cost $30 billion
« 2 57| Global Hawk program: $10 billion

» F-35 program: $1.5 trillion (estimated through 2070)
* LA Rams complex: $5 billion (private)

 James Webb Space Telescope: $10 billion

» Mars 2020 Rover: $2 billion

* NASA annual budget: $21 billion
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