The Standard Model

Overview / introduction



Outline

 Overview of Standard Model:
— What does it describe?

— What does it need as inputs?
* What do we use and why

— What can it predict?
— How is it tested and how well does it perform?



Overview

Standard model describes interactions of
fundamental particles:

* Fermions; 6 flavours of quarks (3 types - rgb),
leptons

« Vector bosons; y, W*-, Z0, 8 gluons
« Scalar bosons; H

Theory describes at least 61 fundamental particles

and three forces!
(note: not gravity — SM is incomplete at the outset)



Overview

* SM unites electromagnetic, strong and
weak forces

* Represented theoretically by
— U(1) hypercharge
— SU(3) colour
— SU(2) isospin

» Use lagrangian to describe particle field
and interactions



Lagrangians

» Describe interactions and fields
» Classically, L = kinetic energy — potential
energy
 Particle physics:
— Use Dirac equation to describe free spin-1/2
particle:

L = W(iy40, —m)¥



Symmetries

Note: symmetries in physics imply conservation
laws

symmetry invariance

Space translation | momentum

Time translation energy

Rotation Angular momentum
Global phase; Electric charge

P ey

Local phase; SM lagrangian
\P_)eie(x,t)ql




Lagrangians

Apply local gauge symmetry to Dirac equation:
1F_)ei6(x,t)1_p, II]_)e-ie(X,t)IP
Consider very small changes in field
¥ W+ = W-g(x,H)P  ie. W = i0(x,t)¥

L = W(iy+d, —m)W = 8L = Wy H(x,H)W

Invariant lagrangian = o6L=0

Satisfied 1) if we introduce gauge field A to interact
with fermion, and A transforms as;

A, TOA, = A, + 1/ed b(x1)
2) If we replace dy, —>DM =d, + IeA,



Lagrangians
Hence L = ‘f’(inDM —m)W IS invariant

Not the whole story — need to add term for field strength
(kinetic term):
Define F,, =9 A, - 4,A,
Add term -1/4FWFW (Lorentz invariant, matches Maxwell’ s
equations)

Final lagrangian (for QED!):
L =-1/4F  F»+ W(iy*D, —m)W¥

Nb. No mass term for AM; then L is not invariant



QED

Electromagnetic interactions; abelian
» U(1): 1 gauge field B, coupling g’
— In SM, source is hypercharge Y

— Field strength o, = g’ %/4x (fine structure constant) =
1/137

Ly = -1/4F  F* +®(iy*D, —m)W

DM =d, + ieBM
to conserve invariance under ¥ — e YY)y

(value not predicted)



Lagrangians

» Strong, weak forces are described by non-
abelian theories:

— In non-abelian theories gauge bosons can self
interact
— In non-abelian theories gauge invariance

achieved by adding n?-1 gauge bosons for
SU(n)



QCD

Strong interactions; non-abelian

« SU(3): 8 massless gauge bosons (gluons),
coupling g.
— Source is colour
— Field strength o, = g.2/4n

* Fields represented by quark triplets (3 colours)
— Hadrons (observable states) colourless
— Leptons, neutrinos do not couple to gluons



QCD

Lacp = -1 I4F(a)wF(a)”" + iZq‘T’iq(i\(F‘(Du)ij -m)¥;,

D, = 0,0 , +ig9:Z, (A% ;/2)A?,
A2 are 8 3x3 matrices (analogous to Pauli spin
matrices in SU(2))
a is sum over gauge bosons  (section 35, PDG)
A? is gluon gauge field
F(a)uv =0 uAav — 0 vAau - gsfabcAbptAcv
fc Structure constants for SU(3) (section 35, PDG)



Weak force

Weak interactions: non-abelian
- SU(2): 3 gauge bosons W', W 2, W 3, coupling g
— Source is weak charge
* Observed to violate parity so left, right handed
fermions treated separately in theory
¥=y + W,
P, doublet; interacts under weak force
D, =4, +igTawa,
T2 = Pauli spin matrices

Y, singlet, does not couple to WM1,WM2,WM3

note: implies zero fermion mass (YmW¥ independent of handedness,
and would give contribution from right-handed state)



Aside: Running coupling constants

* Arise from loop diagrams “screening” charge
at large distance scales:

=> Coupling constant values are function of E
Screening of charge by vacuum
polarisation;

High E =smaller distance scale =see
more charge

Coupling constant increases with E

L0 Non-abelian forces also include
LLL Sj?“'\"_m 5 these “extra” charge loops
00

Net effect: coupling constant
decreases with E



Combine forces in SM

Left handed fermions:
Interact with weak force
Interact with electromagnetic force
Quarks interact with strong force

Right handed fermions:
Interact with electromagnetic force
Quarks interact with strong force

Note: strong quark eigenstates are superposition
of weak quark eigenstates: — CKM matrix (later)



SM lagrangian
SM: U(1) x SU(2) x SU(3)

Substitute in for DM, pr for each interaction, and fermion
fields

Free particle term

1 _ | " | .
Lisa) = Z ~a Froo I + Z Y Py + (D,®)"(DH®) — V(D)
gauge basons fermions
Gauge boson Higgs field ® terms
Interaction terms (to give mass)

V(@) = —)’d D+ ) |0TD

2



SM fix-ups

W, Z masses
* Approach yields deeper insight

Fermion masses
Quark mixing
CP violation
Neutrino mixing
(Neutrino CP violation?)
* No deeper insight yet

le. observed, unexplained properties of nature that must
be added to the SM by hand.



W, Z Masses

* Everything in SM lagrangian is massless

* Mass conferred via Higgs mechanism

— Introduce Higgs field (complex doublet) ® = (0, v+H)

— Subst. into lagrangian

— D, ®D"® contains terms of the form
(92v24)W *W - + (v2/8)(gW 3-g" B,)?
W= (W, +iW N2 etc.
v = vacuum expectation value = u/ VA

= Masses for gauge bosons + gauge invariance.

Mixing of U(1) and SU(2) gauge bosons
(electroweak unification)

Prediction of Higgs boson (m)



Electroweak unification

W, 1, W 2 mix after Higgs breaking — massive W*and W-
W* = (W, "+W 22 (massive)
W-= (W, -W 2)v2 (massive)

WM3, B, mix after Higgs breaking — massive Z0, vy
Z" = cos Oy W 3 —sin 6,,B, (massive)

Unification here!
y =cos 0, B, +sin6,W> (massless)

SM relates M,,,M, and g’ ,g:

Tan®,=9g /g Unification here!
M,y = M,/cos 6,y



Effect on couplings
Subst for W*,W-.Z in lagrangian;

* Couplings for W* of form (only I.h. fermions; WM1,
W 2)

T giv2 vy (145)eW,

* Couplings for photons of form
g sin B,&y,eA,

v, transforms as vector (P odd)
yuy5 transforms as axial vector (P even)
(Vector + axial vector =parity violation for weak force)



Effect on couplings

Subst for W*W-Z in lagrangian;
» Couplings for Z° of form (L.h. (W ) and r.h. (B,)
fermions)
-gl4cos 6, vy, (1°)vZ, (Ih neutrinos)
gldcos 0y, e(y,(1-y°)-4sin?0yy,)eZ, (Ih &rhe)

= Effective vector and axial couplings g,;, g,; for Z° decays;
gldcos Oy e(y,(9y - 9arr°))eZ,

fermion s " J.¢
ve,VUL,VT 0.5 0.5
e,u,T -0.5+2sin6,, -0.5
u,c,t 0.5-4/3sin%0,, |0.5
d,s,b -0.5+2/3sin%0,, |-0.5




Aside: Feynman rules

vertex factors

article L
P ) —i (9/2v2) 2 (1 —7°)
W € v
BANANAN Y —i (G — Pu P MG )/ (P* — M) "
Z
BANAN Y (G — PP/ ME)/(P — MZ) o
+i g sinéy v,
A (4 €
BANNAN Y —i G/ P?
Z“
% i(y-p+m/(p? —m?)
+5i (9/ cosbw) 7, (1 — 4 sin” by —1°)
—!:— iy PI'P2 e e
Zl‘
H
------ i/ (9" —my)

—1i (g/cosbw) 7, (1—7°)

Allow us to calculate cross-sections .




Fermion masses

* Assumed to arise from Higgs
« Simplest (Yukawa) coupling assumed

g(pol/_”/)

d,9, are (unknown) constants (looks like mass term)
Form proposed by Glashow.
Can now be tested.



Weak and strong eigenstates

Quarks interact through

the strong force qq \/ A
Gluons couple to strong q, w%g/ qa,
(physical) quark

eigenstates q

— hadrons

Quarks also interact through
the weak force

W couples to weak quark Vo d2
c ’ ub® " cb
eigenstates , /
, . g
q related to g through mixing SW
matrix %<}

q admixture of g and v.v.




Weak, strong eigenstates

Strong quark eigenstates

u C t
Gluons couple to strong quark
d S b eigenstates — observable
hadrons
N W
YN YN D Weak quark eigenstates
u c ) W boson couples to weak
dyy Sy bw quark eigenstates
. J L J U _ (convention to change

bottom member of family)

Weak quark eigenstates are admixtures of strong
quark eigenstates



Quark mixing

YN N D
dyy d
Dy b

- \- A /

Strong, weak eigenstates related by mixing matrix

Mixing matrix is unitary (inverse = complex conjugate)




CKM matrix

3x3 matrix = CKM matrix (1973 — before charm!)
Elements describe every weak quark transition

SM does not predict existence of or values for matrix
elements (couplings of W to quarks).

Input by experimental data

Ve Vis Vi)
Ve =V Vo Vo
Ve Ve V)




CP violation

C = charge operator
P = parity operator

CP operation changes particle to qr
antiparticle (and vice versa)

CP violation if part.->anti part. rate

different to anti part. -> part.

CP violation observed in weak decays.

Must be added to Standard Model.
(Vub ¢Vub* etC.) V* ‘/><
ub? cb

Note: Q4
« SM does not predict CP violation.
« SM does not explain CP violation.



CP violation

* Need 3 generations of quarks to introduce CP violation
iInto theory

AN - N D
dw d
Sw _ S
bw | b

. - J O J

Mixing matrix is 3x3.
Unitarity constraints = 4 independent parameters

3 angles quantify mixing between (1,3) (2,3) (1,2) generations,
1 complex phase (mechanism for introducing CP)



Neutrino CP violation, mixing

« Similar framework adopted for neutrinos (MNS matrix).
Flavour (e, u, t) related to mass eigenstates:

) ~ N D)
V, v,
Vu — Vo
vV, - Vs

-~ - A

Mixing matrix is 3x3.
Unitarity constraints = 4 independent parameters

3 angles quantify mixing between (1,3) (2,3) (1,2) generations,
1 complex phase (mechanism for introducing CP)



Testing: Unitarity triangle

SM constraint of unitarity gives relations between
unknown CKM matrix elements, eg:

VidVuo™ *VeaVer™ + VaVip™ =

Im

. _— { Vol }

* V.V
Vudvub [0 4 thvtb* ub” ud

/)) T — arg th th
VetV e

B Y
y =arg|- Ll
ViV a
Vcdvcb*

Re



How many free parameters?

SM does not predict:
— Magnitude of gauge couplings g, g’ , 9.
— Masses of fermions (3 leptons, 6 quarks, 3 neutrinos)

— Weak-strong eigenstate quark mixing (can express by
4 parameters), ditto for neutrinos

— Higgs related quantities (mass of Higgs and vacuum
expectation value)

= Some 26 unknowns in the theory.

— These values must be added by hand (experimental
measurements)



SM predicts relationships

* All observables can be predicted in terms of 26
free parameters

— |If we have > 26 measurements of these observables,
we overconstrain SM

— Overconstrain = we don’ t have any more ad hoc
inputs AND we can test the consistency of the model
* Best plan:

— pick well measured set of observables

— Calculate other observables in terms of these well
known quantities

— Test predictions; measure observable, compare to
theory



Testing the SM

1. Test any assumptions we’ ve made

2. Measure unknown parameters in different ways
and check consistency

3. Compare predicted quantities to measurements

4. Check internal consistency of entire SM
framework




Where can the SM be tested?

Particle physics experiments designed to
test specific aspects of SM
— Major historical experiments:

« LEP (ALEPH,DELPHI,L3,0PAL) Electroweak, gcd
(Vs = M, —>2M,)

* Babar, Belle (Vs = 2Mp) Quark mixing, CP
« CDF, DO (\/S = 9 TeV) electroweak, qcd, quark mixing
* H1, Zeus (Vs =0.95 TeV) qcd

— Major running experiments:
« ATLAS,CMS,LHCb (Vs = 7,8 TeV)

electroweak, gcd, quark mixing, CP



Assumption: Lepton universality

0032 T T T
| Im=178.0+4.3 GeV
m, = 114...1000 GeV |
Assumed in SM thate, u, t
have similar ewk couplings
Test Z couplings to ee uu tr -0.035- =
Find all measurements S
consistent with each other (@)
Also consistent with SM -0.038 - A
prediction ' Aot
e+,M+,1.‘.+ |
68% CL
0041 V—/——
-0.503 -0.502 -0.501 -0.5

9al

e ,u,T



Assumption: 3 generations of

matter

No info on # generations in SM

Use Z lineshape: SM relates width to

possible decay products

Measure It 4, I'eer Ohag

Opaq IS @ function of Ty, Ty ,q, Tee
Iz =Thag ¥ Iy + 15,

Assume I, = NvI,,

Calculate Nv

Nv =2.984 + 0.008

=
=

| Su——]

Ghad

20

10

ALEPH
DELPHI
L3
OPAL

| average measurements, //
error bars increased |/

/\
[ A\ \

by factor 10 \\.\\
- / /" \
-//’/ \
86 88 90 94



Test: Non-abelian strong force

. . Difference
Rate of 4 jet production at LEP:
) | demonstrates
i" 31 ﬁEHU(l)3: Abelian vector gluon model non-a bel ian
= L .
couplings
* DELPHI ~
2| a0 » SUB3): QCD |
\"x‘s\‘orzv)
1 | wvaxeen \II\‘G\OG).E, 0 .
SO(4),Sp(;>)‘:‘ e
| 1
0
(b) 0 ; I
CA/ CF
SM contribution from triple LG .1, s o i s eore,
g I u o n Co u pl i n g N/: =rF1umbcr of quarkpcoliurs difided bygtheg fmmbgr o?gg,lumfs.

Zeit. Phys. C59 (3) (1993) 357



Test: Non-abelian weak force

e~ W~ g 30 I : I . I1 7/02/20955
'8_ L EP @ / :
@ v ‘; | PRELIMINARY
we & e O1¢)
20 - _
- W- e W
" | S 0
& - s
3 , iy DB
et @ KZ\\" et @ LZ W+ 10 - —
i YFSWW/RacoonWW
F _...no ZWW vertex (Gentle)
,/4 ....only v_ exchange (Gentle)
Check rate of e*e — WW productionat| oL | l
LEP 160 180 200
Vs (GeV)

LEP 4fermion working group




Input: Couplings

Strong coupling

L 'ff_._LI Average ' |

o

. Hadronic Jets
‘J-O-

o

. e'erates
.:—D—

: : Photo-production
| Qe

. . Fragmentation

' Z width
ep event shapeg :
Polarized DIS

DIS
mg( )

1]
i)
1
"

=P =

- -

Deep Inelastic Scatte

j f T decays
O
Spectroscopy (La’( ice)

Y decay
_o_

EM coupling

it

N

L
T

L LA LI B L o

Fits to leptonic data from: g
% DORIS, O PETRA, A TRISTAN

()I’AI |

] M. Kobel,
b | proceedings
1 LP97

OPAL 2-fermion fits: ©

ll:/k 1wverage: @
100720 40 60 80 100 120 140 160 180 200

SM predicts

evolution with

energy

-

Many measurements
give consistent answer

Particle data group

Q/GeV
| } Strong coupling
O(.s(u) ; ¢ s 7
0.1 — i 4g
o bl ]
1 10 102

u GeV



Input: sin? 6,

Relates weak, em couplings and
My, M,

Consistent result extracted from
many different measurements

sin ee“ Q)

0. 242

E158

024

‘IIIIIII

0.238F

0.236

Czarnecki &
Marciano
(2000)

0.234 Qw(Cs)

0.232

PD(}2004
IR R AR TTIT] BRI R R 11T R AR TIT B R 1 |||||||

'IIIIIIIIIIITIII

! 1 10 102

Q (GeV)

Energy evolution

o,
b

0.23099 = 0.00053

0.23221 = 0.00029
0.23220 = 0.00081

0.2324 = 0.0012

0.23153 = 0.00016

x?/d.0f.:11.8/5

d 0.02758 + 0.00035

! h
Mmf’wso 4.3 GeV

048EPEWWG
ept



Input: Quark mixing, CP

Many measurements of the 4 parameters describing quark mixing and CP violation

y
g
3
2
5

0.8 1.0

All measurements consistent



Input/test: W boson mass

W-Boson Mass [GeV]

Direct
measurement

Inferred (NuTeV
sin?6,, + M)

SM prediction

»
»

March 2012

TEVATRON 2 g 80.387 £ 0.016
LEP2 —— 80.376 £ 0.033
Average 4 80.385 + 0.015
//DoF: 0.1/ 1
NuTeV A 80.136 + 0.084
LEP1/SLD —A- 80.362 £ 0.032
LEP1/SLD/m, -A- 80.363 £ 0.020
80 80.2 80.4 80.6
my, [GeV]

Consistent (NuTeV result low)



Input/test: Top quark mass

Top-Quark Mass [GeV]

) CDF o 1725 +1.0
Direct
measurement D - 1749 +1.4
Average < 173.2 £ 0.9
+?/DoF:6.1/10

—_ ___, LEP1/SLD « 172.6 * 15°
SM prediction - 10.4
+ 11.7

LEP1/SLD/m,,/T, * 179.7 " 4,

| ‘16‘30‘ - ‘1%0‘ - ‘13‘30‘ - ‘15‘90‘ -

Consistent

m, [GeV]

March 2012



Internal

consistency

Many consistency
checks possible
Here fitto Z, W top

quark results is
shown

w2/ndf = 18.2/13
(Probability ~15 %)

° = =
N’_J Ng £ = :|:g

Ghad

RO

lep

0,
Ay

A(LEP)
A(SLD)

.2 - lept
sin“Q_, (QFB)

Bl Fit result

- Measurement G fitter‘§

TTTTTTTTTTTTTTTTTITTTTITTTTTIITTITT]TT
AT A

“ | + ?

nrmrmnmnmmnmmn
3 2 14 0 1 2 3
(O-0 )/ Oy

indirect




Shortcomings

1. Experimental
« Still haven’ t experimentally verified all of SM

« Any differences wrt predictions could signal New
Physics

2. Philosophical
« There is a lot we still don’ t understand
« What lies beyond the limits of the SM?




Experimental disagreements?

W-Boson Mass [GeV]

NuTeV sin20,, (~ 3 o)

Extract from ratio of
neutral:charged v nucleon
couplings

New Physics? (eg. Z’, new
fermions)

Or analysis? (uncertainties in
pdfs, radiative corrections)

Phys. Rept. 427 (2006) 257

l 80.387 £ 0.016

TEVATRON
LEP2 —=  80.376 +0.033
Average RS 80.385 +0.015
/IDOF: 0.1/ 1
NuTeV 80.136 + 0.084
LEP1/SLD —at 80.362 + 0.032
LEP1/SLD/m, -a8 80.363 + 0.020
éO 80.2 80.4 80.6
my, [GeV] -
Y Y \ 3
Z W



Bl Fit result

[E fitter[.)é

- Measurement

Experimental disaqfé"é‘ﬁié'ﬁ'fé‘! .

Couplings of b quarks?

Aq, measured vs. SM prediction
(2.8 0)

No identified experimental
explanation

Assumed to be a fluctuation
(Phys. Rept. 427 (2006) 257)

A, = (Nf — Nb)/(Nf+Nb)

l

! b
l

|

>

b FORWARD

e+

lep

0,
Ay

A(LEP)
A(SLD)

ssz)'ep‘(Q B)

-'+

-3 -2 -1 0 1 2 3
(0-0

indirect) / GtOt




Might be an issue...

Is it a Higgs?

A Standard Model Higgs?

(updates from 2015...)

H— bb
n=1.15+0.62

H—o1t
w=1.10% 0.41

H— vy
w=0.77+0.27

H— WW
u=0.68+0.20

H—- ZZ
nw=0.92+0.28

\s=7TeV,L<5.1fb" \s=8TeV,L<19.6fb"

CMS Preliminary m, = 125.7 GeV

P, = 0.65

'
lllllllllllllllllllll

15 2 25
Best fit G/GSM



What else is wrong?

Fine tuning: Supersymmetry:

Higgs mass calculation: bare mass Symmetry between fermions

+ radiative corrections + loops and bosons
New supersymmetric particles

can cancel divergences in mH
calculation

very careful choice of parameters to
ensure mass ~ 100 GeV

t Standard particles SUSY particles

Quarks @ vLootons @ rorce particies ) Steptons (® | SU?;clorca
particies




4% of the universe?

SM with electroweak and
strong interactions only
describes 4% of the universe

Dark energy:

Dark matter?
Try Supersymmetry ....

Lightest supersymmetric
particle is a dark matter

candidate (massive and

unobservable)




And finally ....

Gravity
Can’ t describe it in SM

Can include it in string theory — not very

testable

Large extra dimensions could be
observed at full LHC energy .. perhaps.

CP violation

Consistent picture in SM but insufficient to
explain matter — antimatter asymmetry of
the universe

? Answer lies in new physics?

Many open questions not addressed by the SM




Review

SM unites electromagnetic, weak, strong
forces

SM predicts cross-sections, couplings

SM incomplete — 26 free parameters

— Relations between some free parameters are
predicted

— So far theory is consistent with experimental
findings, if incomplete.



