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How Many Forces do we know?

e Quick Google search revealed 7 forces:
— Frictional force
— Tension force
— Normal force
— Air Resistance force
— Applied force
— Spring force

— Gravitational force
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How Many Fundamental Forces do we know?

e Quick Google search revealed 7 forces:
— Frictional force
— Tension force

— Normal force Not fundamental forces

— Air Resistance force (electro-magnetic origin)

— Applied force
— Spring force

— Gravitational force
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What is Force?

e Aforce is a push or pull upon an object
resulting from the object's interaction with another object

classical example of two skaters throwing ball to each other:
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What is Force?

e Aforce is a push or pull upon an object
resulting from the object's interaction with another object

— A fundamental force

results from a fundamental interaction proton P

(

Electromagnetic Interaction: photon Y fof? dp
F=—
dt
Force is not necessarily
a single photon exchange electron €
time
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EM Interactions: Hydrogen Atom
Wn,f,m(r , 0, 9) x Rn,f(r )Y f,m(ea 1y
lm| <¢=0,1,2,3,... <n

Probability to find electron in (7, 6, @)
2
‘ Wn,f,m(I/.? 99 w) ‘

Y7 (6, ¢) = %\/g

Y1 (0,0) = % % sinfe”
Y2 (0, 9) = %\/g cos 6

Y (0, 9) = _Tl % sin 0

Y, 2(0, ) = % % sin® fe”
Y, 16, p) = %\/g sin @ cos 6
Y2 (6, 0) = %\/g@coszﬂ—l)
Y. (0,<p):_71\/gsin0 0
Y2 (0,9) = i % sin® 6 ¢
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EM Interactions: Atoms and Molecules

Periodic Table of Elements Showing Electron Shells

14

17 18

Group ] 2 4 6 8
. L bydrogen 1
Period
1 e Key: Halogens The primary determinant of an element's chemical
Non-metals | ] properties is the electron configuration, particularly
Metaloids— | of the outermost electrons (those in the valence
[T TT] T Govim T3 Alka[i _Noble She").
: Metals Transition Metals Gases | 1n the periodic table, a period is represented by
2 8e Poor a row. The number of electron shells an atom
: Metals has determines what period it belongs to.
s 2 Mgk 303 Alkaline Lanthanides In the periodic table a group is represented by a
X i Earth Actinides vertical column. The number of electrons in
3 . N Metals the outermost shell determines the group.
‘ . ¢ (Mg »

37 Abidum 2a10a1| 2 @oeum 221882 |30 nerum

281892 |4 Dconum 2818102 | 4L Nobum

=5 Casbam % Darkum 2418

7 Fracum 28180
mal

Lanthanides

Actinides

2818121 2 Mohtdenum

2818 | 10% Cubrum
nL

2818 106 Seshorgum 2414
z©

2a1a

11

A2 Technetim

2818 |4t Asheum

11

2418
12

2218
nL

% Ourmium

108 Mas shim

100 Metrurum
.

20123

2818
L

<8314 Sacon

L Germankum

2a1a @ Tn

13

123

2 Mok 2
.
He
.
T Plone 27|12 Nean 28
. .
. e . ..
LLENH] ¢ (Neje
Shert “ .

17 Corine 2a7 |12 Agan 208
e e L
o(a)le o [Ar) e
“ . ..

. oo le
e —
¥i Oromine 28187 | 3% Kypton 2128

114 Flerovim

201810,

1210

Andrei Gritsan, JHU

July 25,2022



Strong Nuclear Force

e Nucleus is held together by the strong nuclear force
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Strong Nuclear Force

It gets more complicated, but gluons still connect it all:

T[O

n//\\n

meson exchange

}P ®
. — Proton

proton

guark exchange

Q- -

ofafal
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Weak Nuclear Force

Nuclear fusion (e.g. Sun):

A A
T

— This weak interaction changes
structure of the matter @ ®

g vy - 7 cammass @ routn
— One could argue if it is more than force == ® °
(not just pull or push)
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Weak Nuclear Force

— This weak interaction changes
structure of the matter

— One could argue if it is more than force
(not just pull or push)

proton p+

(

— One can still have /
pure weak force:

force

electron €
neutrino ./
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(

4 force

electron €
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Gravitational Force

— Gravitational force is the weakest at elementary particle level

— Adds up to a large force on the scale of the planets
(when other forces cancel)

— Dark matter revealed only through gravitational interactions so far...

proton p+

expect at elementary level:

(

G force

guantum theory of gravity
IS still in development...

dark matter )(
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Elementary Particles

e Until recently, all known elementary particles were of two types:

Fermions (half-integer spin)
occupy space (Fermi statistics: exclusion princ.)
constitute matter (quarks, leptons)

Bosons (integer spin)
carry interactions ( ¥ photons, g gluons, W=, Z)

e One can create compose particles of any spin § = — N=0,1,2,..

0

for example 7 meson made of gg has S =0

but there was no elementary particle with no spin, until recently
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Elementary Particles

________

e Spin=0 . Hboson , (discovered in 2012)
/O
® Spin = 5 ANTEN , Ups U,y Ups Quarks... | matter

® Spin = ) %Z W+ W_a 81> 825 83> 84> 855 86> 875 88

____________________________

interactions

37
® Spin = 7 Not known

(may be supersymmetric particle, e.g. gravitino)

o T — — E— — m— — e— — e—— —

e Spin=2h Not discovered,:expect graviton G :

— - - e - e e o - = m—

e Arguments for higher Spin to be composite particles...
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Elementary Particles: Interactions

® Spin = ) %Z W+ W_a 81> 825 83> 84> 855 86> 875 88

____________________________

=M weak strong interactions
interactions  (gluons with color charge)

o T — — E— — m— — e— — e—— —

e Spin=2h Not discovered,:expect graviton G :

— - - e - e e o - = m—

gravity
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Elementary Particles: Interactions

________

® Spin=0 . H boson |

—-—— e -—— E-——. . - -

® Spin = ) : %Z W+ W_a 81> 825 83> 84> 855 86> 875 88

____________________________

=M weak strong interactions
interactions  (gluons with color charge)

o T — — E— — m— — e— — e—— —

e Spin=2nh Not discovered,:expect graviton G !

— - - e - e e o - = m—

gravity
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Higgs Boson is the 5th Force!

e H boson carries interaction between matter particles

matter particles
Created in the laboratory (LHC):  part

CMS : 138 fb™” (13 TeV)
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Higgs Boson is the 5th Force!

e H boson carries interaction between matter particles

matter particles
Created in the laboratory (LHC):  part

CMS 138 fb™”' (13 TeV)
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Higgs Boson is the 5th Force!

e H boson carries interaction between matter particles

Created in the laboratory (LHC):

matter particles

CMS : 138 fb™" (13 TeV)
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Higgs Boson is the 5th Force!

e H boson may become the only quantum connection to dark matter ( }')
(besides gravity)

nucleon e Competitive (or better)
v with direct detection
\/ of dark matter:
direct detection force H— Y ¥ (invisible)

of dark matter: 19.7 b (8 TeV) + 140 b (13 TeV)

B(H — inv) <0.16 ¢
L)
Higgs portal models

=
=
Ugll\ﬂ nucleon
S o o
IS 8 &

...........
Direct DM Detection

XenoniT 2018
—_— | UX —-
= Panda-X 4T
- CDMSlite
= Cresst-Il
= DarkSide-50

® Search for dark matter ( Y )
H— Y ¥ (invisible)

10—47 1 1 Lol 1 1 A FE 1 1 L1 1111
1 10 mH1o2 10°

arXiv:2201.11585 7 Mpy (GeV)
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https://arxiv.org/abs/2201.11585
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Gravity
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The 5 Forces

23

Particle Physics (SM)
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Magnetism
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Gravity

Andrei Gritsan, JHU

More Forces?

The Ultimate Theory (7)

Quantum Gravity

24

Unified Theory (?)

e ;
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Particle Physics (SM)
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Weak E&M Strong
Electricity Magnetism
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The Big Picture

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

The Ultimate Theory (7)

. Quantum Gravity 5
AU S, S —
Orlgln of Space-Time (7)

Cosmology (SM)

Unified Theory (?)

<«—»|{Dark Matter!? +|«-

T

General Relativity

Gravity
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Inflation? L? i?

Particle Physics (SM)

. ol

Dark Energy? L_ ! _:| Higgs | Electro-Weak
Weak E&M Strong
Electricity Magnetism
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Vv

n

Scales in Particle Physics

mp =~ 101° GeV

| hierarchy problem

~ 246 GeV
5% 107 m

~ 1 GeV

~ 1072 m

fsw) M= -

“new physics”

visible light ~ eV -
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Crisis of the Standard Models

L/
Study the Word \ Crisis of the Standard Models (SM)

with a Telescope m of Particle Physics &

(turn of the XXth century) /\

(

— Dark matter?
understanding — Baryogenesis! (matter over antimatter)
the matter baryon number violation (p decay?)
CP violation? non-equilibrium?
— Are neurinos special? ...
understanding — Higgs field an)d masses (hz\e/;eclzilhlzl Ezstl):?:ietn;s)
the vacuum — Dark energy? 4
— Inflation?

\.

é Microscope to look deep: the LHC experiments
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The Higgs Field in the SM

G+
SM Higgs field ¢ = . = H" + massof Z, W, W~
v+ H+iG%//2
LHC goal: excite the vacuum (Higgs field ¢ )= create the H 0 boson
A
L/ ey W _ .2 2 2
N V(g) = u’p" ¢ + 279 )
C_U [ |
e V(¢)‘T >T[J T. /
9 N
S o 0
o ¢
?a 8) l'
: )
\ T

r<T

(1) Universe cools down
(2) symmetry spontaneously breaks

The concept for the above figure originated in a 1986 paper by Michael Turner.
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Hierarchy Problem

H H
e quantum corrections: — — @— - = Amé — 0

for example: H ZO =

[

SM cannot predict 771;; - measure my, = 125.26 +0.20 = 0.08 GeV << m,

e one of possible solutions: new beyond SM particles

corrections cancel: I:I — @— I:I -+ I:I — _ I:I
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Implications of the Hierarchy Problem

if BSM contributes: I:I _@_ I:I 4 I:I __ I:I

e We should see something like this:

Z,W.v, 8 Z.W,v, g

e This motivates us to study Higgs boson to high precision
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Our Microscope in a Nutshell

®
oM =1.6x107%*s %u ,u+
2 —
1%
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What we knew before 2012

— We did not know if the Higgs field (or boson) existed!
— Even if it were, was it the Standard Model Higgs boson?
— We did not know the mass! (there were indirect SM constraints)

® Two diagrams relevant to H in early days of LHC, couple to mass:

® Flip the time direction to produce it:

Z,W SREEE B SELE
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Producing the SM Higgs boson

\s=7TeV i

‘léll ]
I:I [ 11

m LHC HIGGS XS WG 2010
.

4 EEEEEEEEEEEEED

—i

<
[\
|

O Ll

200 300 400 500

ENEERIL
O_
o

1000
M, [GeV]
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Decay of the SM Higgs boson

e Golden channel both below 2my;, and above 2m, threshold
best signal / background

H — 72

E ' 23
— ] : \: oe—— —
£ = = WY 1=
— B 11 — B
S I D 1E
— 10 =22 L )
+ m
S e —
B, o ]
S107° =
. . — -
103k ' =
: N -
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1 0—4 | |/\ : : o | | | | | |
90 . 1200 300 400 1000

2m'W 2'mZ 2m, My, [GeV]
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Fri 2010-Sep-24 02:-
Run 146511 Event
C.O.M. Ener

CMS Experiment at the L




CMS on Track for Discovery

e In December 2011 e In July 2012
excluded SM Higgs expect for SM Higgs
127 <mpy <600 GeV up to 60 observation

tantalizing hint my ~ 125 GeV H— ZZ% v WWE 15 7
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“Opened the box on June 14, 2012 (at CERN)
(later press-cc 4 ence on JuIM4 2012)

3
P2
)
2

20

-
o

-
o

@ Nobelprize.org
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Two channels ZZ and 2y combined

CMS Preliminary Ys=7TeV,L=5.05f";ys=8TeV,L=5.26fb"
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Observed local excess of events

CMS Preliminary
T

b—1

-
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Expected significance at 125.5 GeV :
3.80

Observed significance at 125.5 GeV:
3.20
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Press-conference
on July 4, 2012
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HZZ Workshop

I-1 JUNE 2023, TORINO, ITALY

Future Directions

R R

Nr— " e -
S B W ] T
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LHC Run-3 and Beyond

2023 2029 2040 2065

- High Lumi-LHC ~ ; FCC-ee . FCC-hh
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The Next Microscope (Proposed Collider)

Discovery of H — ZZ enabled plans fore e~ — Z* — ZH
(H — ZZ in “reverse”)

Future e e~ Higgs Factory
linear or circular, in Europe or Asia...

(e.g. FCC at CERN)
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What we want to know about the 5th force

® Couples to matter-energy

rates as ~ expected
® Mass: quantum corrections

® |ifetime:
faster decay to new states?
to dark matter?...

® Quantum numbers?

expect J£¢ = 07 as vacuum

e New source of CP violation?
v

® Any hints of EFT effects ~ Y,

>
=4

Ratio to SM

?...

CMS Run 2 138 b (13 TeV)
_| T | T T T T TTT | T "_
- m,=125.38 GeV Wzto
- P, =37.5% o
[ lxmd
coupling o 711 - %
i b ‘O""'
. T .87

‘,‘ Leptons and neutrinos Quarks
-y .. d .ﬂ
i ‘j'" Force carriers Higgs boson ]
FL . |
- ' ! . .
- 1 053— 1 -
SRk EETTEETTTPEEEEEEPEEPREE §f -------------------- 1.00F I.§~
3 10° 10! 0ok 107 E

1 | 1 1 111 | 1L 1111 | 1111 |

107 1 10 10°

Particle mass (GeV)

= study full kinematics

® Higgs field(s) and potential? = new states or HHH interaction

Andrei Gritsan, JHU
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What if there are more Higgs Fields?

G™
e SM Higgs field ¢ = (v + HO 'GO)/\/Z = H" + massof Z, W, W~
V+H t+1

: : : _ R—
e What if 2 Higgs fields ¢, ¢, = massof Z, WH, W~ + H';H* H' A:

arXiv:1804.01939 - A P
CMS 35.9 16" (13 TeV) CMS Preliminary <5.11b" (7 TeV) + = 19::7 fb™ (8 TeV)
E 10 -4 ¢ Data — . 2HDM Type I, cos(-a)=0.1, m =m,. = my, £ 100 GeV
= 3 942z, 2y ER < : ]
o — Untagged I Z+X - ES g ] Observed exclusio 95% CL _
7 10° - gg,VV—(H—)ZZ, Zy* _ 7 ~— Expected exclusior95% CL |-
t o E Systematic = || 6 [ ] h(125) (HIG-15-002) |
L%’ - signal + interference (f__=0) s H— WW/ZZ (arXiv:1504.00936) | |
o | — (m, T,) = (150, 10) GeV — A/H/h— 1t (HIG-14-029)
10 == m, ri) = (200, 0)GeV = i 4 [ ] A—ZH—lkr (arXiv:1603.02991) | -
s - (mz, I,)=(800,100) GeV . ~ [ ] A—ZH~lbb (arXiv:1603.02991)
10 — (m,, T)) = (3000, 10) GeV 5 —~ 3 Non-perturbative regt-on |
1 —§ 21 .
107" | — \
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https://cds.cern.ch/record/2725543
https://arxiv.org/abs/1804.01939

Higgs Potential and Stability of the Vacuum

V(p) = ,uzgaTgD + /12(¢T¢)2 ® Quantum corrections = metastable vacuum
— assume SM up to very large M ¢
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& 180 | Instability region - ~;
S S 178 e v :
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(2) symmetry spontaneously breaks 120 122 1243 126 128 130
(3) tunnel away?
e First steps to test Higgs potential V(go) L H*‘\\/ - TN®
,*_ 3 Y - = =\ -
— test HHH(H) interaction ~_ @ H
_ : _ S
— need more data, new facilities... (or in virtual EFT effects) t./ H
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