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The Standard Model (2012)

Matter: point-like spin % Dirac fermions

Fermions Fermion Charge [e] Mass
~ Electron e —1 0.511 MeV
gCJD Electron neutrino v, 0 ~ 0
%, Down quark d —1/3 4.8 MeV
Up quark u +2/3 2.3 MeV
g Muon - —1 106 MeV
&% Muon neutrino  p, 0 ~ 0
g, Strange quark s —1/3 95 MeV
Charm quark c +2/3 1.3 GeV
. Tau T~ —1 1.78 GeV
c
o Tau neutrino Vr 0 ~ 0
% Bottom quark b —1/3 4.7 GeV
+ antiparticles Top quark t +2/3 173 GeV
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The Standard Model (2012)

mediated by spin 1 bosons

Forces:

Bosons

In the SM, neutrinos are treated as massless; right-handed states do not
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Force Particle Mass
Electromagnetic Photon ~ 0
Strong 8 gluons g 0
Weak (CC) W= 80.4 GeV
Weak (NC) Z 91.2 GeV

@ The Standard Model also predicts the existence of a spin-0
Higgs boson which gives all particles their masses via its
interactions. Evidence from LHC confirms this, with
my ~~ 125 GeV.

The Standard Model successfully describes all existing particle physics data,

with the exception of one

= Neutrino Oscillations

exist = indication of physics Beyond the Standard Model
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Problems with the Standard Model

The Standard Model successfully describes all existing particle physics data (though question

marks over the neutrino sector).

But: t 2\ t ters: 23 free parameters in SM
ut: many (too many?) input parameters: 0 fermion masses (e, i, 7. u. d. 5, ¢, b, )

@ Quark and lepton masses - 4 CKM: 3 mixing angles + CPV phase

@ Quark charge - 4 PMNS: 3 mixing angles + CPV phase

- 3 gauge couplings: U(1), SU(2), SU(3)

- 3 other: QCD vacuum angle (strong CPV),
Higgs VEV, Higgs mass

@ Couplings apy, sin® Oy, s
@ Quark (4 neutrino) generation mixing — Vekw

and: many unanswered questions:
Why so many free parameters?

Why only three generations of quarks and leptons?

Where does mass come from? (Higgs boson probably OK)

Why is the neutrino mass so small and the top quark mass so large?
Why are the charges of the p and e identical?

What is responsible for the observed matter-antimatter asymmetry?

How can we include gravity? etc
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Beyond the Standard Model — further unification??

Grand Unification Theories (GUTs) aim to unite the strong interaction with
the electroweak interaction. Underpins many ideas about physics beyond the

Standard Model.

The strength of the interactions depends on energy:
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@ Suggests unification of all forces at ~ 10'°> GeV?

@ Strength of Gravity only significant at the Planck Mass ~ 10 GeV
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Neutrino Oscillations

In 1998 the Super-Kamiokande experiment announced
convincing evidence for neutrino oscillations implying

that neutrinos have mass.
Cosmic Ray

T —r UV,
— eV, Ve

: Expect
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Super-Kamiokande results indicate a deficit of v, from
the upwards direction. Upward neutrinos created

further away from the detector.
@ Interpreted as v, — 1/; oscillations

@ Implies neutrino mixing and neutrinos have mass
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Detecting Neutrinos

Neutrinos are detected by observing the lepton produced in charged current
interactions with nuclei. eg. v.+ N —>e + X v+ N—p"+ X
Size Matters:

@ Neutrino cross-sections on nucleons are tiny; ~ 107**(E,/ GeV)m?

Neutrino mean free path in water ~ light-years.

Require very large mass, cheap and simple detectors.

Water Cerenkov detection

erenkov radiation
Light is emitted when a charged particle traverses a dielectric medium

A coherent wavefront forms when the velocity of a charged particle exceeds c/n (n =

© 06NxO 0 6O

refractive index)
Cerenkov radiation is emitted in a cone i.e. at fixed angle with respect to the particle.

/
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Super-Kamiokande

Super-Kamiokande is a Water Cerenkov detector sited in Kamioka, Japan
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50, 000 tons of water
Surrounded by 11,146 x 50 cm diameter, photo-multiplier tubes
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Super—Kamioka nde Examples of events

v, +N—=p +X ve+ N — e + X

Eé;rizt.};iv - ARy The Cerenkov radiation
cone il The Cerenkov radiation Vg ﬁ, from the electron shower
: \  from a muon produced vV | 'I produced by an electron
L | by a muon neutrino event e = ||| neutrino event produces

m—C yields a well defined circular _% ||| multiple cones and
v.Ll !"’I’ - | ring in the photomultiplier Elec == AW [ thersfore a diffuse ring
. ¥ ectron Electron “3s. | /,u' o —
Muan Muon - \ / detector bank, neutrine shower NNV in the detector array.

neutring ' '
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Super-Kamiokande v deficit

250 7 No oscillations
DOWN going 200 T \[/)V;ttl;oscnlatmns
0: ‘
: Expect 150 - ]
o Is.otrf)plc. (flat_) 00 % ]
| distributions in cos 6 - e-like
: 50 |- -
@ N(v,)~2N(v.) _ _
0
300
240 - .
Observe o .
- O S e == ==
@ Deficit of v, from below _ o
@ Whereas v, look as expected 120 L ]
u-like
. 60 .
Interpretation - :
@ v, — v; oscillations °1 06 02 02 06 1
@ = neutrinos have mass 1 “ €0sO / 1
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Neutrino Mixing

The quark states which take part in the weak interaction (d’, s’) are related to
the flavour (mass) states (d, s)

Weak Eigenstates d\ [ cosfOc sinfc d Mass Eigenstates
s’) \ —sinfc cosfc S Cabibbo angle 6 ~ 13°

Suppose the same thing happens for neutrinos. Consider only the first two
generations for simplicity.

Weak Eigenstates (Ve> _ ( cos 0 Si”‘9> <V1> Mass Eigenstates

— flavour eigenstates vy —sinf cos 1% Mixing angle 6

e.g. in " decay produce 1 and v, i.e. the neutrino state that couples to the
weak interaction.

The v, corresponds to a linear combination ©Or expressing the mass eigenstates
of the states with definite mass, 4 and 1,  In terms of the weak eigenstates

Ve = +11c0s0 + 15sin 6 V1 = +Vecost) — v, sinf

v, = —vysint + vy cos vy = +1esinb + v, cos 0
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Neutrino Mixing

Suppose a muon neutrino with momentum p is produced in a weak decay, e.g.
™ — uty,

At t = 0, the wavefunction
V(. t = 0) = 1,(B) = va(p) cosf — 11(p) sin §

The time evolution of 11 and v, will be different if they have different masses
n(p,t) = n(p)e ™ w(p,t) = vy(p)e”™

After time t, state will in general be a mixture of v, and v,
(P, t) = vo(p)e "t cos O — vi(p)e Ftsin 6

—iE>t

= |ve(p)sinf + v,(p) cos O] e cos O — [ve(p) cos — v,(p) sin O] e 1t sin @
[ve(P) u(p) cos 0] [ve(P) u(p)sin 6]

= v,(p) [cos’ Pe'E2t 4 sin? He_iElt] + ve(p) |sin 6 cos b (e_iEzt — e_"Elt)]

= cuu(P) + ceve(P)
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Probability of oscillating into v,
P(ve) = |Ce|2 = [sinf cos @ (e~ — 1) ’2

— —Sln 29 (e—IEQt —IElt) (eiEQt L eiElt)

= 1sm 220 (2 o/ (B=B)t _ _i(E2‘El)t)
4

— sin® 20 sin’ [(Ez _ El)t]

2

— / m?> . om°
But E = \/p2—|-m2—p 1—|-p P+2—ﬁ form< E

1+ x~ (1+x/2)?

when x is small, can ignore x° term

. oomi—m m5—m’
= Bp) — Bilp) ~ s~ o

> _ .2
= P(v, — v,) = sin® 20 sin’ [(mz ml)t]

=




Neutrino Mixing

> oy 1.27Am?L
For Vy — Vr Py, — vr) = sin” 20 sin” [(m3 4Em2) ] s 20sin’ [ £ : ]

where L is the distance travelled in km,

Am? = m3 — m5 is the mass difference in ( ¢V)?

and E, is the neutrino energy in GeV.

Interpretation of Super-Kamiokande Results
For E(v,) =1 GeV (typical of atmospheric neutrinos)

11||rr|||r1||r11||rr|||11|||’1 ¢ |_
vl

[ [ |
Am*=0.003 eV* "{ 08 FAm2=0.003 eV>
= 0.6 ;—
Z 04 F
| | m 2 F
0.5 075 1 0.0 100 1000

cosO

Results are consistent with v, — v, oscillations:

|m3 — m3| ~ 2.5 x 107> eV sin?20 ~ 1
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Neutrino Mixing — Comments

Neutrinos almost certainly have mass
Neutrino oscillation only sensitive to mass differences

More evidence for neutrino oscillations
Solar neutrinos (SNO experiment)
Reactor neutrinos (KamlLand)

suggest |m3 — m?| ~ 8 x 1075 eV?,
More recent experiments use neutrino beams from accelerators or reactors;
observe energy spectrum of neutrinos at a distant detector.

At fixed L, observation of the values of E, at which minima/maxima are
seen determines Am?, while depth of minima determine sin’ 26.

Note all these experiments only tell us about mass differences.

Best constraint on absolute mass comes from the end point in Tritium
B-decay, m(v,) < 2 €V.
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T hree-flavour oscillations

This whole framework can be generalised... Ve |
v, | = Upnns | 12
Vr V3
1 0 0 C12 0 5136_/(S cro sy O
where Upnins = | 0 ¢ 53 0 1 0 —s1p c1p 0
0 —523 (23 —52361.5 0 C13 0 0 1

defining cos f1» = ¢y etc.

m? m2
\ -V,
. . . . vu
This is an active field! —l
Currén;c status... 2| e — mﬁmmz__mi
@ sin 9]_2 — 0304 :l: 0014 atmospheric e ——— iy
- 2 . ~2x107%eV? atmospheric
@ sin (923 = 0.51 +0.06 | o3
@ sin’fy3 = 0.0219 + 0.0012 5| Jeom-Txi0%ev: :
13 . . m;=—4 . | I -7
? I?
0 0
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Supersymmetry (SUSY)

A significant problem is to explain why the Higgs boson is so light.

drag it up to the highest energy scale in the problem (i.e.
unification, or Planck mass).
@ One attractive solution is to introduce a new space-time symmetry, ‘supersymmetry”

@ The effect of loop corrections on the Higgs mass should be to 4
ne-ef Yy n
f

which links fermions and bosons (the only way to extend the Poincaré symmetry of special relativity

and respect quantum field theory.)

@ Each fermion has a boson partner, and vice versa, with the same couplings. Boson and
fermion loops contribute with opposite sign, giving a natural cancellation in their effect on
the Higgs mass.

¥ f
H --»-{:}-»- H 4+ H ""‘\ :?“" H
f f
@ Must be a broken symmetry, because we clearly don't see bosons and fermions of the

Same mass.

@ However, this doubles the particle content of the model, without any direct evidence (yet),
and introduces lots of new unknown parameters.
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The Supersymmetric Standard Model

Fermions Bosons . Sbosons ~ Sfermions
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SUSY and Unification

@ In the Standard Model, the interaction strengths are not quite unified at
very high energy.

@ Add SUSY, the running of the couplings is modified, because sparticle
loops contribute as well as particle loops.

@ Details depend on the version of SUSY, but in general unification much

' Resoluti Resoluti
I m proved - 10—1? 10—21 10—25 es.loo-lilﬂ on !:Igglﬂ 10—1? 10—21 10—25 ES_IGU—I-E‘!]IOH 5?::'13
1 e s e e E e T e e e T T

Strength

Wit Super-Symimelry

100t 1007

104 Unification

ob—————— - g
10° 1d* _1d*  1d® 0 10®° 10® 10 1d*  1d°

0 1¢°
$ Energy [GeV] $ Energy [GeV]
LEP LEP
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SUSY and cosmology

@ SUSY, or any unified theory, tends to have potential problems with explaining the
non-observation of proton decay.

@ For this reason, many versions of SUSY introduce a conserved quantity “R-parity”, which
means that sparticles have to be produced in pairs.

@ A consequence is that the lightest sparticle would have to be stable. In many scenarios

. 0" - n 0 . i . " uy - . )
this would be a “neutralino” Xi (a mixture of neutral “gauginos” and “Higgsinos”).
4.9%
@ Cosmologists tell us that ~ 25% of the mass in the Atoms

universe is in the form of “dark matter”, which interacts

gravitationally, but otherwise only weakly.

68.3%

@ The lightest sparticle could be a candidate for the Dark Energy

“WIMPs" (Weakly Interacting Massive Particles) which
could comprise dark matter.

@ So there are several different reasons why SUSY is attractive.
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However, no sign of supersymmetry yet...

On general grounds, some sparticles ought to be seen at energies around 1 TeV

or lower. So LHC ought to be able to see them, especially squarks+gluinos

ATLAS SUSY Searches* - 95% CL Lower Limits ATLAS Preliminary

high 0 OLHC).

June 2021 Vs=13TeV
. . .
Model Signature  [Ld: (] Mass limit Reference
g, ;,_>q)2? Oe,u 2-6 jets E?“‘ 139 g [1x,8x Degen.] 1.0 1.85 m(¥})<400 GeV 2010.14293
@ mono-jet  1-3jets EP™  36.1 4 [8x Degen] 0.9 m(g)-m(¥})=5GeV 2102.10874
o )
~ . S @ zoqb Oe.pu 26jets EPS 189 | # 2.3 m(P?)=0 GeV 2010.14293
u C s z Forbidden 1.15-1.95 m()=1000 GeV 2010.14293
3 3—qqWi| 1ep 2-6 jets 139 |2 2.2 m(¥})<600 GeV 2101.01629
_g 22, éﬂqq(ff)):(? ee it 2 iE_YS E'T"‘f‘ 36.1 z 1.2 m(g)rmg‘d’):so GeV 1805.11381
- @ 3&EoqWZY Oe.p 7-11jets  EP™ 139 |2 1.97 m(t)) <600 GeV 2008.06032
. & / 3 SSe.pu 6 jets 139 |z 1.15 m(z)-m(¥")=200 GeV 1909.08457
d S -~ S it 0-1eu 3, E™S 798 |z 225 m(¥))<200 GeV ATLAS-CONF-2018-041
' g SSeu 6 jets 139 |2 1.25 m(z)-m(¥})=300 GeV 1909.08457
byby Oe,u 2b EP™ 139 | b 1.255 m(¥})<400 GeV 2101.12527
by 0.68 10 GeV<Am(b; X1)<20 GeV 2101.12527
~ o bibi, bi—b¥s - bid) Oeu 6b EP 139 | By Forbidden 0.23-1.35 Amu?‘z‘.)(;‘l’):om GeV, m(/ﬂ'):()1 00GeV 1908.03122
f\_’ 2 27 2b Eps 139 b 0.13-0.85 Am(¥;,X1)=130 GeV, m(¥})=0 GeV ATLAS-CONF-2020-031
Q . -
t §-§ i, o) 0-1ep >ljet  EMS 139 |# 1.25 m(%)=1GeV 2004.14060,2012.03799
} <5 A, flqw},j/? Tepu 3jets/t b EP™ 139 I Forbidden ~ 0.65 m(¥))=500 GeV 2012.03799
S5 A, i-Fby, 716 127 2jets b EFS 139 |7 Forbidden 14 m(#)=800 GeV ATLAS-CONF-2021-008
el 2 L i, ook, okl Oep 2¢ [ 0.85 m(E})=0GeV 1805.01649
b ReliS] Oe,pu mono-jet  Ep 139 |7 0.55 m(i1,&)-m(})=5GeV 2102.10874
i1, fi—0%s, X9 —Z/ht) 12ep 14b B 139 | & 0.067-1.18 m(¥2)=500 GeV 2006.05880
} b, oM +Z 3eu 1b EPS 139 | & Forbidden 0.86 m(¥))=360 GeV, m(f\)-m(¥})= 40 GeV 2006.05880
X0 viawz Multiple ¢/jets Epe 139 )?;/ig 0.96 m(EY)=0, wino-bino 2106.01676, ATLAS-CONF-2021-022
{; /;u e >ljet ERS 139 |EEE 0.205 m()-m()=5 GeV, wino-bino 1911.12606
- - XiXi viaww 2en EpS 139 | 0.42 m()=0, wino-bino 1908.08215
X9 via Wh Multiple ¢/jets EMS 139 | ¥i/¥  Forbidden 1.06 m¥})=70 GeV, wino-bino 2004.10894, ATLAS-CONF-2021-022
= 5 XX vialy/v 2ep EPS 139 | XY 1.0 m(Z,7)=0.5(m(¥)+m(¥})) 1908.08215
o # oth) 27 EMs 439 |7 [HL TR 0:16-0:3] 0.12-0.39 mE@))=0 1911.06660
/:u A, S firlig, - 2ep Ojets  EMS 139 |7 0.7 | mii)=0 1908.08215
ee, ppt >ljet  EPS 139 |7 0.256 m(?)-m(¥})=10 GeV 1911.12606
HH, H—hG|ZG Oe.pu >3b E‘,‘;:"“ 36.1 i 0.13-0.23 0.29-0.88 BR(¥) — hG)=1 1806.04030
depu 0 jets EK s 139 bid 0.55 BR(Y) — ZG)=1 2103.11684
Oep > 2large jets E7™ 139 H 0.45-0.93 BR(Y, — ZG)=1 ATLAS-CONF-2021-022
~ /;u I —— " : s o
Direct ¥ X] prod., long-lived X Disapp. trk 1jet Ep 139 | ¥y 0.66 Pure Wino ATLAS-CONF-2021-015
Ba X 0.21 Pure higgsino ATLAS-CONF-2021-015
4} .
$ © Stable g R-hadron Multiple 361 |2 2.0 1902.01636,1808.04095
2 Metastable g R-hadron, §—qqt! Multiple 361 | & [x@ =10ns,02ns] 2005 2.4 m(¥%)=100 GeV 1710.04901,1808.04095
S w6 Displ. lep EMs 139 |&q 0.7 @ =0.1ns 2011.07812
7 0.34 7(0)=0.1ns 2011.07812
YV IV X ze—tee 3eu 139 | ¥/¥] [BR(Z7)=1, BR(Ze)=1] 0.625 1.05 Pure Wino 2011.10543
X XS — wwjzeeeevy dep Ojets  EMS 139 | 20 E0] 0.95 1.55 m(¥%)=200 GeV 2103.11684
32, 3-qa¥, X = qqq 4-5 large jets 36.1 & [m(¥})=200 GeV, 1100 GeV] 1.3 1.9 Large A7), 1804.03568
S 7o 8 o ibs Multiple 36.1 |1 [4,=2e-4,1e-2] 055 1.05 m(¥})=200 GeV, bino-like ATLAS-CONF-2018-003
& if, i—bXT, X1 — bbs > 4b 139 |7 Forbidden 0.95 m(¥})=500 GeV 2010.01015
hh, fi—bs 2jets+2b 36.7  |WEigqs] 0.42 0.61 1710.07171
fify, fi—ql 2e.pn 2b 361 | 0.4-1.45 BR(7i—be/b)>20% 171005544
Tu DV 136 1, [le-10< /l’m <1e-8, 3e-10< Iﬁl <3e-9] K ] BR(f,—qu)=100%, cosf,=1 2003.11956
YIS, 70 ,—tbs, X{ —bbs 12eu  >6jets 139 | & 0.2:0.32 Pure higgsino ATLAS-CONF-2021-007
*Only a selection of the available mass limits on new states or 107! 1 Mass scale [TeV]

phenomena is shown. Many of the limits are based on

i lifin d ool olo o £
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Signs of anything else? (ron-examinabie)

Lepton universality in SM predicts R = £ =1

LHCb Flavour Anomalies -

Test using rare decays of B mesons

u g u @ casy to see deviations from small values
Bt W+ KT . .
b W 3 @ precise theory predictions
' Rk = 0.85 + 0.04(stat.) = 0.01(syst.
TXZD ft et “+ K ( ) ( )4 )

e o 3 standard deviations from prediction.
Evidence of something new!

| 5 std.dev is gold standard for discovery.
- : BaBar
| 0.1 <q” <8.12 GeV? _ :
| s Similar effects seen in several rare decay
I “ 2 2
: 1.0 <q* < 6.0 GeV mOdeS.
e . | LHCb 3 fo!
: 1.0 < q* < 6.0 GeV? i & i
' LHCb 5 fb™ o . By LQ =
L 1.1 < < 6.0 GeV This might be the first [ ——m |
— &chfqu ‘;b610 - glimpse of new particles N \
| ! i affecting decay rates, e.g.
0.5 1 1.5 & £
Ry Leptoquarks
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Signs of anything else? (ron-examinable)
Muon g-2 Anomaly

Spin precession of a ‘Bl
charged particle

e

Measure muon spin precession in magnetic field.
Precision test of QED — precession frequency depends on
how much it interacts with the magnetic field.

spin angular momentum

All known particles contribute to the muon’s magnetic
moment. Measure this very precisely and look for
deviations.
¥ v Y B-field
it
u u /
l | r H
BNLg2 - A
FNAL -2 +———@——— 20 year anomaly has been confirmed with a new
¢ . \ measurement at Fermilab — measured muon magnetic
) ‘ moment to 0.46 ppm.
= T 4.2 standard deviations from prediction.
Standard Model E;E::nang'lgnt _ ]
Evidence of something new! Perhaps smuons?

175 180 185 190 195 200 205 21.0 215
2]
ayxﬂ} -1165900
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Follow the results from LHC yourself!

To date (2024) LHC has taken only ~5% of its planned total dataset.
Stay tuned!!

http://atlas.ch
http://cms.web.cern.ch

http://Ihcb-public.web.cern.ch/lhcb-public/
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Summary

@ Over the past 50 years our understanding of the fundamental particles and
forces of nature has changed beyond recognition.

@ The Standard Model of particle physics is an enormous success. It has been
tested to very high precision and can model almost all experimental
observations so far.

@ The Higgs “hole” is now becoming closed, though some other aspects of
the SM are not quite yet under as much experimental “control” as one
might wish for (the neutrino sector, the CKM matrix, etc).

@ Good reasons to expect that the next few years will bring many more
(un)expected surprises (more Higgs or gauge bosons, SUSY?).

Problem Sheet: ¢.29-30

Up next...
Section 13: Nuclear Physics, Basic Nuclear Properties
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