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The Standard Model




Status of the Standard Model

The Standard Model (SM) is the best theory in describing the
nature of elementary particle physics, which is in excellent
agreement with almost of all current experimental results
(including LHC results) as of TODAY

However,
There are problems that the SM cannot answer

Physics beyond the SM (BSM Physics) is strongly suggested by
both experimental & theoretical points of view

General features of BSM: New particles
New Interactions




The Standard Model

The best theory that we know in describing
elementary particle phenomena at
the energy scale up to O(1 TeV)

Elementary particles (as of today)

" Matters: quarks & leptons

— Gauge bosons: mediate interactions
(gauge interactions)
Higgs boson: origin of mass

~—

Theoretical Tech: Gauge Field Theories
(Quantum Field Theory + Gauge Invariance)



The Standard Model

Fermions & Gauge Bosons

The Standard Model of Higgs field &_
Particle Interactions Higgs potential

Niwee Gomnweratlons of NMaatter
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The Standard Model
C Spontaneously Broken Chiral Gauge Theory

“Spontaneously Broken”: Spontaneous gauge symmetry breaking
Higgs mechanism

“Chiral gauge theory”:
Chiral fermions involved
Left-handed and right-handed fermions interacts differently
Chiral symmetry forbids fermion masses

General definition of a model of gauge field theory

1. Define Gauge Group (U(1), SU(N) etc.)

2. Fix Particle Contents
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Particle content of the SM

Gauge group: SU(3). x SU(2);, x U(1)y
\ ) \ ~ 4

QCD int. Electroweak int.
Gauge fields: gluon W, 4 s Y
1=1,2,3 SUB)e SUQ2). Uy
¢ = ( Zi 3 2 1/6
u'y 3 1 2/3
dh, 3 1 -1/3
[ = ( YL 1 2 1/2
€r
e, 1 1 -1
HO
H= ( - 1 2 1/2

1
Electric charge operator: O, = 503 +Y, O=Yp




The structure of the SM (15t generation)

[ Left-handed | [Right-handed |




Higgs field

The Higgs scalar field plays the crucial role in the SM to
generate particle masses (Higgs Mechanism)

[ Higgs potential ] V=— ﬂ2 (¢T¢) + 1 (¢T¢)2

— 174GeV}

Vacuum of the SM, Higgs field condenses with non-zero
vacuum expectation value
— generating masses for particles coupling to the Higgs VEV
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Interactions in the SM

1. Gauge interactions (strong, weak, electromagnetic)

Chirality conserving: ¢ IDT,R’Y%@L,RVM Ya
Y — § = Y
2. Yukawa interaction
Chirality flipping: YV Q_RHbL | H
I R )

3. Self-interaction of Higgs

2
Higgs potential: 1/ — ) (HTH _ UE;?V

15



Fundamental forces in Nature

4 fundamental forces

a Gravity interaction h
Strong interaction (QCD) Very precisely
Weak interaction measured & checked

KEIectromagnetlc int. (QED)j

More interactions in the SM

"Yukawa interaction N
crucial for generating fermion masses
Higgs self-interaction
L crucial for Higgs potential and VEV

/

Need experimental confirmations!
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EW symmetry breaking and mass generation mechanism

W & Z bosons get masses through gauge coupling

%4 :
W . g° r Z 5 P+g?2 L
: : = S I P — E
Gauge interaction o < Ly, ©
= r & o
of Higgs doublet REACN PaacHy
HT ‘H  HT H
LA g~ .—W Z ., P+42 2
'—-' — - L-' [.__u
Qo2 ¢ o TR
z WS g e
-, RO
T ““‘ O..... _‘_ "" 0....
(H') (H) (H') (H)
1 1 /
[MQ = gzvﬂ [MQ = Z(g2 +92)v2}
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Gauge interaction of Higgs doublet .
Unitary Gauge

W 2 w
L T 1 (v+h(x
_!-i_—. > '-_,;_! H —_— ( )
N V2 0
HT H
Pick up Two VEVs Pick up one VEV Pick up NO VEV
W 2 __rW W e _,rW W ] 1%
1. 5 = T B . o ¥ g ¥
- —! L — [ & ? -
I ey = —
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W boson mass 3 point interaction 4 point interaction

18



Fermions get masses through Yukawa coupling

Example: electron mass

e

vr,

€L

R

Pick up one VEV

= i6c*H"

O Y,
—— Me — (
vHh) V2

V2

Pick up NO VEV

Ye ep

]EL
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Higgs boson mass via the Higgs quartic coupling

............. e o L <v+h(x)>
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Towards experimental confirmation of the mass generation
mechanism

W g2 1%7% Measure the coupling precisely and
s — r_." compare it to the theory prediction
\‘I—L S V 2
.
??97?
v E C e o o mW
: erp =
h 2v
tr,
Yy 77?7 my
-------- h Yexp =
t (¥
R
2?? 2
AU .- h my
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More details on Higgs Mechanism

H'(x)
~(%)

1
Hx) = ( ) with Electric charge operator: O = 503 +Y

e SU(2); X U(1)y transformation

Hx) - exp(ia“(x)%) exp(z’ <—%> ,B(x)> H(x)

e Higgs potential

VIH)=—u’H'H+ A(H'H)?, (u?> >0, 1> 0)

\/5> . v=246GeV
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For Unitary Gauge discussion, Non-Linear/Polar parametrization
IS more convenient:

_ (H%%x) _ < ﬂa(x)0a> 1 <v+h(x)>
H(x) = (H‘(x)) — EI(X) = exp\t— 2 0

-

2'() = L(H—(x) + H—*(x)> h
7z

(h(x) =4/2Rm HO@ 200 = i

NG
(x) = \/5 Im H(x) y

(H—*(x) _ H-(x))

\-

These 7% are would-be Nambu-Goldstone bosons:
They are massless NG modes associated with

SU2); x U(l)y — U(l)g;, symmetry breaking in the global limit.

Unitary Gauge: Remove the would-be NG modes by suitable choice
of a(x)“ and f(x)
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Matching the degree of freedom before/after symmetry breaking?

Symmetric Case
W;} (a=1,2,3), Bﬂ
H

Broken Case

1
2

Z, = cyW, = syB,

h

D.O.F

all massless: 3 X2+ 1x2 =
Complex doublet: 2 X 2 =@

3 massive vector bosons: 3 X 3 =@

1 | [ 2 2
mW—Egv’mz—E g8 +8°v

tan0y, = g'/g
1 massless photon: 1 X 2 :@
1 real scalar (Higgs boson):

Higgs Mechanism: 3 would-be NG modes are “eaten”

by the longitudinal modes of W and Z
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Theoretical observation of this structure

example 1: top quark decay (t = bW™) if m, > myy,

+
top quark decays to W+b t W
through SU(2) gauge interaction —

2
3 2 2 3
m m m m
rt—ow)y=—=—(1-—2 l+2-2) 5 1
16v? mg mi 1672

Independent of SU(2) gauge coupling?

H+

' 4
3 2
m Vi

[ e
L= bW) = 155 =30 TT—
VY T yt b

Top quark decays to would-be NG boson through

Yukawa coupling 25



Theoretical observation of this structure

example 2: Higgs boson decay (h — WTW7)if m, > my,

g’y W
Higgs boson decays to WHW~ A
through SU(2) gauge interaction

W-

3 4m; dmy,  12my mj,

T(h— WHW-) = —o_ [y 2w oy 2w 22y

167v2 m? m? mi 167v2
Independent of SU(2) gauge coupling?
. Ht
3 22 Av .-

T(h— WHW™) - — " = h----- "

16zv2  64zmy, TNl -

Higgs decays to would-be NG bosons through

self-quartic coupling 26



Success of the SM before LHC

(i) Direct evidence of weak bosons

Weak gauge bosons were discovered at CERN in 1983
PP collider with /s = 540GeV

- - T —_—— 7

Exp) My, = 80.33 +0.15GeV
r(WT s etv) = 224+ 15MeV
r(WT - uTv) = 215+ 19MeV
r(wt = +t) = 2264+ 127MeV

FrWT s etv) = (W™ — eb)
GpM3
Theory) (W1 = etr) = "W — 206Mev
627

Consistency (numerical), Coupling universality
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(ii)) More precise measurements of EW gauge interactions

LEP

eTe™ collider

Exp.) M7 = 91.187 + 0.007GeV

M(Z —ete)
M(Z = ptp)
[(Z — 7'+7'_)

[ (total)

Th.) r(Z — e+e_)

83.82 +£ 0.30MeV
83.83 £ 0.39MeV
83.67 £ 0.44MeV
2490 += TMeV

GpM3

1227
83.4MeV

(1 —25sin20,)2 + 4sin*6y)

for sin?6, = 0.2315
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Number of neutrinos

Exp.) I(invisible) = 498.3 & 4.2MeV

37T I_eer‘u,u
mz (E — Mz)2+T?/4

oleTe” 5 putu) =

mZ (E — Mz)2+T2/4

o(eTe™ — hadrons) =
F(invisible) =11 —3lee — Fhad
i) Z mass & total decay width from
the position & width of the peak
ii) Measure cross sections at Z-pole

Th.) T(Z = vete) = T(Z = vuy) = T(Z — vrir)

Gpm?é
= " <2 — 165.9MeV
12427

[ (invisible) = 497.6MeV

Number of neutrinos = 3

nb

40

35

1 [ =y abr=l

| o |

30 |~

o
=
I SR } I o T I I [GR TR

| X % W TR B SO R C R L

oo
~J

Centre of mass energy

95 96
(GeV)
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Left-right production cross section asymmetry & lepton decay asymmetry

of the Z-boson

SL.C @ Stanford e~ polarization beam

o —0R 2(1—4sin29w)
o +op 14 (1 —4sin?26,)2

0.1628 + 0.0099
5 sin?6, = 0.2292 + 0.0013

=

e
=
s
b‘
oy

|

2
Independent of mlg/ — cos2 Ou
Mz
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Hadronic decays of the Z and W bosons

Exp.) I(hadron) = 1.741 + 0.006GeV

_ Grm3 4 8
Th) r(q4.3)="1"2 (1 — " sin%9 ~sin% 0 > = 0.3677GeV
GFm3Z’

_ 8 . 5 32 4 )
N = 1——-sin“@ —sin™" 6 = 0.2583GeV
(uguyg) a/on ( 3 w+ 9 w

fi in? 6, = 0.2315
[(hadron) = 1.6737GeV or =

€

Consider QCD corrections: —_—

_|_

€

2 A3
F=14+2 41411 <%> — 128 <%> ~ 1.038
T

A N

["(hadron) — fI(hadron) = 1.737GeV € more consistent
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(ii)) More precise measurements of EW gauge interactions

S I 1T I 1T l 1T I ] l
. =3
(Ex) LEP Experiment z 7

g
_ 7 3 ) |
€ : e'e¢ —hadrons E

®
A |
+ q E

© Vs =mg .
2

Z-boson production @Z-pole 10 3 E
Huge number of Z bosons : IS\—I%-I\\—(BB TEAY G S,
—> Very precise measurements 10 LEP I LEP II -5

III|III|III|I IIIIIIl |
0 20 40 60 80 100 120 140 160 180 200 220

Centre-of-mass enelg\ (GeV)




Triple & Quartic Gauge couplings at LEP2  LEP - LEP2: E=m_Z - 200 GeV

i) Test of non-Abelian nature of SM gauge sector

ii) Probe for new physics € anomalous coupling €< not exists in SM

3-gauge couplings: SM W_I_W_’y wWtw—z
anomalous 27y, Z4Z~, ZZZ

WTW vy, WTW ™ ~Z,

4-gauge couplings: SM
WtTW—zZZ, WTW WTw—,

anomalous ZZ7vYy
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e+€_ s W‘|‘W— e+e_ — Were

I3 w*
2
fi 188.6 GeV 188.6 GeV
. 6=15.98+0.23 pb 6=0.60+0.09 pb
. e .
wt
W
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Neutral triple gauge couplings < not exist in the SM

Search SM background
e Y e W‘N Y
A v

0-7 T T T
LEP Preliminary

0.35 - .

; Consistent with the SM

-0.35

n 1 2 1 " L
°-0.7 . . 0.7
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Quartic gauge couplings

e e — VvVvyy.qqyy

e Anomalous couplings

v.q

1 v.q
Z Z
aO ac
* Main diagrams
e Y v.q
Z
e’ Y v.q
0.5 . .
LEP Preliminary
0.25
==To
_0.25 -
. —— 68% CL o gsm
------- 95% CL .
“0-3ps Z0.25 o 0.25 0.5
o L

1 : S + -
: e e > W Wy
1

1

| e w’
1

1

1 Wz v
1

1

1 e W
1 118 W

l Cl O C’ c C’H

[ |

1

1 e Y W
1

1 /2

I S

1

. . w
| |

No anomalous coupling
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Bevond Tree level

LEP precision measurements = beyond % level

- level of quantum corrections

t b

W/ \NW oz /N N TN
MY MWW oy YWY i YWY

’ W/

\b/

Mass ratio:

2
m3 = (g2 + 9’2)”Z +Myy(m2) 91.1876 + 0.0021GeV

)
mfy = g%+ My (myy) 80454 +0.059Gev
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P parameter

2 2
m e
— W —
p-1 = 5—5—-1= —22 5 [M11 — M3
m?, COS a7 cymy
3Gp [ o, o 2mim} mf m%{ 2 (mi\]
10m 1 1 L I/I L 1 1 1 I 1 1 1 1 'I 1 1 'I/I I 1 1 L 1 —
all data (90% CL) //’ I A _
: R -7 N
500 — e - ] -
- // /,/ 1 ! //._
- // // 1 ! // -
Ve // 1 1 /
200 — i i
|~y 1
>
O, 100
I
=
50 — Iz Opa Ri- Ry
------- asymmetries
———~ low-energy
20 —
10
120 130 140 150 160 170 180 190
m, [GeV]
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Before LHC:
All particles have been observed (except Higgs boson)
The nature of the gauge interaction has been precisely checked

After LHC?

40



New particle search at Large Hadron Collider (LHC)

Initial states:

41

88,84, gq, qq, qql, e



Discovery of a new scalar particle (Higgs boson)!

» A new scalar particle, most likely the Higgs boson, has been
discovered independently by ATLAS and CMS collaborations

» First announcement on July 4th, 2012
“Higgsdependence” Day
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A new scalar particle, most likely Standard Model Higgs boson has
been discovered at LHC through a variety of decay modes.

S CMS (5=7TeV,L=51f"{5=8TeV,L=531b"
> _I T I LI I L ]
& ¢ Data [0) i >
S _ SigeBkgFit m=1265Gev) 5 © I 8 Unweighted
g BKg (4th order polynomial 1 - 0 1500¢
g ~1500 =
[72]
- o | € 1
g i 711000+
(5=7 TeV, |Lat=4 8fb" o -
~ p 1000
(=8 Te, [Ldt=5.9f o i
H-1y k. i
-C —
D
g o [ ¢ Data
3 < 900 [ — S+BFit
‘c;i_ Ea [ oo B Fit Component
& T [ +1o "
Q- %) | +20 |
- - N S ~ O | - I L1 1 1 l 1 1 1 I L1 1 1 l L1 1 1 I L1
100 10 120 130 140 150 160 P 10 120 130 140 150
My [GeV] m,, (GeV)

602 04(sat.) £04syst) GV my = IDIZ04[stat.| £0.3{syst,| GeV



Measurements of Higgs boson couplings

» Variety of productions processes & decay modes

—h
o
™

o(pp — H+X) [pb]
o

For mh=125.5 GeV

= L e ) B ) B =

: pp— H (NNLO+NNLL QCD + NLO EW) :

= pp— WH (NNLO QcD +NLO EW)

E pp— ZH (NNLO QcD +NLO EW)

0 v v v v v v v b v b v b by gy I

7 8 9 10 11 5 L .
\'s [TeV]

LHC HIGGS XS WG 2013

09 Fusion

tt Fusion

WZ Fusion
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'—o' 1= T T T T T | 1 T T | T T T T T |—:§
= = — W W 15
= — bb : 1=
(<D} — . —::
) = : —H3
< =
g —_— 2 f
o \ _
|— - -
-} B CcC _
('
on1072 —
w — -
o — _
R3] _ Ly _
— u — ~
107 =
uu '
10—4 ] ] 1 | ! ] ] | v ] 1 i ] ! 1 | | ! 1 ] ] ]
80 100 120 140 160 180 200
M, [GeV]

Observed mh=125-126 GeV is ideal to explore Higgs
boson properties with variety of decay modes!
* Imagine what if mh > 160 GeV
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Early stage of Higgs physics at LHC

1. Main production mode: gluon fusion
2. Primary discovery mode: Higgs decay to diphoton

glion  OOO00 N\ ton auark oop

gwon - OOO00®

top quark loop

h - -

W boson loop
h - -

AN VNV
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More theoretical description

QCD
interaction

gluon
Yukawa

interaction

QCD
interaction

We need a mass insertion (Symmetry Breaking)
to close the loop!



W boson loop

” o QED interaction

AVaVaVaRR

/g;Qv AVAVAVARS

3 point QED interaction

interaction

We need a VEV insertion (Symmetry Breaking)
to close the loop!
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» Without EW symmetry breaking, the loop
diagrams cannot be induced.

» The new particle discovered at LHC is a particle

which has something to do with EW symmetry
breaking.

» It is most likely the long-sought Higgs boson of
the Standard Model
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Higgs boson mass measurement via h = diphoton, ZZ*>4l
ATLAS results (arXiv: 1406.3827)

200 T T I T T T T I T T T T I T T T T I T

% — s b T T[T T[T T T T[T T T T[T T T[T T[T T [TTTT
0] : det =457 Vs=7 TeV ATLAS -
>~  180|— B
2 Tk [Ldt=20310" Vs=8 TeV 4+ oa 35 ATLAS ® Daa

L ata L
% 160 s/b weighted sum ) ) o * |:| Signal (m, = 124.5 GeV u = 1.66)
2 Combined fit: L H - ZZ - 41 H
N Mass measurement categories — Signal+background 3 0 T 1 - Background 22

140 - Background L Vs =7TeV:J-Ldt=4.5 fo

- - Background Z+jets, tt

Events / 2.5 GeV

:::%: - 25 f_ \(§=8TeV:J Ldt=20316" 7/////% Systematic uncertainty —f
so;— 20 :_ _:
60— : ° :
E 15F -
o 100 .
. 10
—T19 750 750 7o T 20 80 90 100110120130 140 150 160 170

M (6] m,, [GeV]
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Observation of H — bb decay

Higgs-Strahlung

W, 2

arxXiv:1808.08238v2

arXiv:1808.08242v?2

ATLAS VH, H— bb (s=13 TeV, 79.8 b
—Total Stat.
Tot. ( Stat., Syst.)
+0.47 0.27 0.38
WH I—Jo:—| 1.08 "1 (fo2r 7034 )
PY +0.33 +0.23 +0.23
ZH F 5 1'20 -0.31 (—0.23 » -0.20 )
Comb. [ EP—— +0.27  +0.16 +0.21
116 0.25 (—0.16 » -0.19 )
ETETETEN ETEETTE AT Lo b b b b by v g g a
0O 05 1 15 2 25 3 35 4 45 5
Mbb
VH
<51t (7TeV) +=<19.8f" (8 TeV) + < 77.21b" (13 TeV)
CMS e Observed
_ +1o0 (stat @ syst)
H—bb = 10 (SYSt)
stat  syst
9gF : 2.80 = 2.08 = 1.30
VBF 2.53+0.98 = 1.17
H | — 0.85 + 0.23 = 0.37
WH -.- 124 +0.29 + 0.24
ZH -—- 0.88 = 0.24 = 0.16
Combined - 1.04 2014 £ 0.14
MR B BT BT PR RN R B R
0 1 2 3 4 5 6 7

8 9
Best fit u 51



Future of the Standard Model

The gauge structure of the Standard Model was tested with
high precision even before the LHC

The final missing particle of the Standard Model, the Higgs
boson, was discovered at the LHC

To complete and stress test the Standard Model, we must
measure Higgs properties with much higher precision

This is one of the most important directions in particle physics
for the coming decades

What do we need to achieve this goal?
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Higgs Factory!

International Linear Collider (ILC) from 20XX ?

Electrons Detectors Electron source Positrons
Undulator

Main Linac Damping Rings Main Linac

4 Lepton collider

Initial states: e+e_ elementary particle

< colliding particle energy is fixed and tunable
Vs =250 GeV — 1 TeV

polarized beam option

ILC: more precise measurements

-> Higss boson properties, discriminate New Physics Models

For details, see Junping’s lecture (Lecture I)! .



Summary
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Status of the Standard Model

(The Standard Model (SM) is the best theory in describing thej
nature of elementary particle physics, which is in excellent
agreement with almost of all current experimental results

L(including LHC Run results) as of TODAY

Y,
Discussion Day 1 completed!
Let’s continue to Day 2
-
However, A

There are problems that the SM cannot answer

Physics beyond the SM (BSM Physics) is strongly suggested by
both experimental & theoretical points of view

— _J
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