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Preface to the First Edition

B —hRR 19865

This introduction to the theory of elementary particles is intended primarily for
4

advanced undergraduates who are majoring in physics. Most of my colleagues

consider this subject inappropriate for such an audience - mathematically too

sophisticated, phenomenologically too cluttered, insecure in its foundations, and

uncertain in its future. Ten years ago | would have agreed. But in the last decade the
dust has settled to an astonishing degree, and it is fair to say that elementary particle
physics has come of age, Although we obviously have much more to
now exists a coherent and unified theoretical structure ¢
and important to save for graduate school or to serve up in dih

as a subunit of modern physics. I believe the time has come

learn, there
hat is simply too exciting

tted qualitative form

to integrate elementary
_particle physics into the standard undergraduate curriculum

Unfortunately, the research literature in this field is clearly inaccessible to
undergraduates, and although there are now several excellent graduate texts, these
call for a strong preparation in advanced quantum mechanics, if not quantum
field theory. At the other extreme, there are many fine popular books and a
number of outstanding Scientific American articles. But very little has been written
specifically for the undergraduate. This book is an effort to fill that need.

It grew

out of a one-semester elementary particles course 1 have taught from time
time at Reed College. The students typically had under their belts a semester of
clectromagnetism (at the level of Lorrain and Corson), a semester of quantum
mechanics (at the level of Park), and a fairly strong background in special relativity,

In addition to its principal audience, | hope this book will be of use to beginning

graduate students, either as a primary text, or as preparation for a more sophisticated

to

treaty
© Y
sCalid

rent. With this in mind, and in the interest of greater completeness and
fiexibility, I have included more material here than one can comfortably cove

S

rina
ngle semester. (In my own courses I ask the students to read Chapters 1 and 2
on their own, and begin the lectures with Chapter 3. I skip Chapter 5 altogether,
concentrate on Chapters 6 and 7, discuss the first two sections of Chapter 8, and

th

then jump to Chapter 10.) To assist the reader (and the teacher) I begin each

chapter with a brief indication of its purpose and content, its prerequisites, and its
role in what follows.

Introduction so Elementary Particles, Second Edition. David Griffiths

Copyright © 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISEN: 978 3.527-40601-2
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FASI Rocketship near lightspeed, The marriage of quantum
™ no need for QM mechanics & special
= - .
=1 relativity
= |
E: 4
L
=)
1= - | . , |
x Classical physics Slow moving electron
SLOW scattering off a proton, no
need for special relativity
1]]02
F 7 BIG SMALL mse—mamm
C

In the peculiar confluence of special relativity & quantum
mechanics a new set of phenomena arises: particles can be
born & particles can die.

A new subject 1n physics, quantum field theory, 1s needed to
describe birth & death, & some kind of life 1n between.



THE NATURE OF FORCES:

‘ | The Four Fundamental Interactions
long range dife 5 (g f

=(Gymym,y)/T° Gravi ty
-2 GR
.}
|
d long range
\ 2/ - ~(ae ejey)/1r7
| 2 E&M

| Electromagnetic

y$ @ .
short range ~ c ml/l"

All forces in the world can be
attributed to these four interactions!

Why are they so different?
It 1s the topic of “elementary particle physics"
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* Why is the Universe so big and old?
~ 13,000,000,000 years
» Why is its geometry nearly Euclidean?

almost flat: density nearly critical S#=R%E, Fﬂ ﬁigﬁﬁggiggglﬁ{;mf_géﬁgﬁ
» Where did the matter come from? EERAM. iﬁu’]‘ﬁ i

1 proton for every 1,000,000,000 photons
- Howldld structures form‘? SEK

ripples + invisible dark matter? >
« What is the dark matter? 13705

» What 1s the dark energy?

Need particle physics to answer these questions



Quantum Fluctuations
. become seeds for galaxies
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made by Chun Shen
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Relativistic Heavy-Ion Collisions

Hadronization

viscous hydrodynamics

Kinetic
freeze-out

final detected
particle distributions

free streaming

t~0fm/c t~1fm/c

collision evolution
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t ~10 fm/c t ~ 101 fm/c




Cosmological Collider — The Universe
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1st 2nd 3rd electro-weak
generation symmetry breaking  outside of
everyday matter exotic matter force particles (mass giving)  standard model
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< Gauge Symmetry ( Gravity is not included )

SU(3)

CDIDI;

® S(] ( 2)Left ® ("f 5"( l) Hyper charge

QCD WEAK @ QED

(Strong Interaction) ‘ Unification of

 Weak and Electromagnetic l

Wolfgang Pauli (1900-1958) was spending the year in Princeton, and was deeply interested in symmetries and
interactions.... Soon after my seminar began, when I had written on the blackboard,

(34 - ieBu)y

Pauli asked, "What is the mass of this field By, ?" I said we did not
know. Then I resumed my presentation but soon Pauli asked the
same question again. I said something to the effect that it was a very
complicated problem, we had worked on it and had come to no
definite conclusions. I still remember his repartee: "That is not
sufficient excuse". I was so taken aback that I decided, after a few

Finally Oppenheimer, who was chairman of the seminar, said "We
§ should let Frank proceed". I then resumed and Pauli did not ask any
gang C.N more questions during the seminar.

Wolfgang Pauli and C.N. Yang

moments' hesitation, to sit down. There was general embarrassment.

%%?Ewm@ﬁ%M%k#ﬁﬁ%iﬁ@i%$mw,H%%ﬁ%%ﬁﬁﬁ@ﬁﬁ,cf
PLIG JUE X 2 R R, 1953-544ERIBNLY i —4F, [6 402 % —AMER ARobert Mills,
ATIEER T SR 5 S0, AR, MATAREE S T, RERWOT, 57 s,
W2 R X 5 R R Y ang-MillsER S A8 Ik —E S B TR, R ERF At
B KL, RENSR? LR . HPRETNR: 1970FA0H i L 2 0,

Frlse 2 TR T T S TR BN 2 o 3R 2B B T AR [m) 0 3 O B 2 2544 7 T -

Spontaneously Broken
(Higgs Mechanism)

i

(l)Elj\.{, QED

(Electromagnetic Interaction)






The birth of the Standard Model:

Vorume 19, Numagr 21 PHYSICAL REVIEW LETTERS 20 Novemeer 1967

Uin obtaining the expression (11) the mass difference bra is slightly larger than that (0.23%) obtained from

between the charged and neutral has been ignored, the p-dominance model of Ref. 2. This seems to be
2y, Ademollo and R, Gatto, Nuovo Cimento 44A, 282 true also in the other case of the ratio I'(n—= »*x"y)/
E) calculated In Refs, 12 and 14,

M. Brown and P. Singer, Phys. Rev. Letters 8,
1962),

A MODEL OF LEPTONS*

Steven Weinberg'f

'ONS*

Leptons interact only with photons, and with F

the intermediate bosons that presumably me- NTUR DeDRTEDo,
mbridge, Massachusetts

diate weak interactions. What could be more 1067)
natural than to unite' these spin-one bosons fon a right-handed singlet
into a multiplet of gauge fields ? Standing in
the way of this synthesis are the obvious dif-
ferences in the masses of the photon and inter-
mediate meson, and in their couplings. We

might hope to understand these differences

R=[4(1-y,)e.
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Modern Physics Landscape

m Standard Model

m General Relativity




Free Parameters in Standard Model

SU(3)., xSU(2),.. xU(1)

Hypercharge
¢ 0.2 s, Uy O mining (3) Lepton mas*:ar:is
A V' (vacuum expectation value) ( e, H, T) m,'s=0
m, (Higgs Boson mass) (6) Quark masses
This si cai; beérai?d E?r (H,J,S,c,bj)
£ em?* —F* " CEZ T H

Mixing of quark weak eigenstates mmm) 3 angles and 1 phase
and mass eigenstates ° P

CP violation
(1) Strong CP phase

- Total of 19 free parameters.
So far, all experimental data agree with the prediction of SM.

To include neutrino masses (suggested by Neutrino Oscillation data) In the SM

* For Dirac Neutrinos * For Majorana Neutrinos
mm)> Add 3 masses and mm) Add 3 masses and
3 mixing angles with 3 mixing angles with

1 CP violation phase 3 CP violation phase




Standard Model Total Production Cross Section Measurements
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Happy 50th birthday Standard Model!

* Successes
(theory, experiment, accelerator, ...)

- Describes ordinary matter/
interactions to <{{0-6 cm

- Mathematically consistent

- Many predictions/tests
(often exquisite precision)

- (Approximate) accidental
symmetries (B, L, FCNC, EDM)

 BSM
(avoid new large FCNC, EDM)

- Conventional ideas
- Paradigms?

- Is Nature just right?

ICHEP 2018, Seoul (7/11/18)

* Problems/missing/questions

Complicated gauge interactions
(27-29 parameters, 3 groups, charge
quantization)

Fermion spectrum, masses, mixings
(neutrino type and magnitude)

Fine tunings (Higgs mass, @qcp, A)
Quantum gravity

Initial conditions on big bang
Baryon asymmetry

Dark matter and energy

e Possible anomalies

(flavor, g,.-2, sterile, ...)

Paul Langacker (IAS)




ctandard Mode,

Salam Glashow

Wilczek Gross Weinberg

Politzer

f‘
Schwmger ;

Richter

Gell-Mann Alvarez ' Meer

Successful for ever ?2<


http://www.nobelprize.org/nobel_prizes/physics/laureates/2013/englert.html
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2016 PDG 6. = {I [0.00115965218091 == 0.00000000000026]

2021 £ 4 B 7 BLES, EEZERESNESELIRE (Fermi National Accalorator Laboratory, FNAL) i#EEFRILERSTA

B, A TEF g-2 TRANFEFREENEHMISLER, B.Abietal. (Muon g-2 Collaboration), ITPA. 126 (2021) 141801



5.00
< o
Significance will likely decrease Fermilab 1+2+3
with an updated SM prediction (2023)
< 510 >
® +—o—
SM: e+e- HVP World Average
T.l. White Paper (2023)
(2020)
New results in tension B
with White Paper (2020) SM: Lattice HVP
BMW Collab.
(2020)
B
SM: e+e- HVP
using only CMD-3
data below 1 GeV
17.5 18.0 18.5 19.0 19.5 20.0 20.5 21.0

a,x10° - 1165900
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New for Moriond

Observed shift 10 MeV and precision improved by 16 MeV! EW 2023
Overview of m, Measurements
e | ATLAS Preliminary % #7% - New W mass measurement from ATLAS is
b (5=7TeV, 4610 agreeing even ore with the SM prediction
Df]l[_ﬂun.?lj - e -
g - The tension with the CDF W mass is larger
CDF (Run 2) i 181
E L e between ATLAS (only) and CDF 3.46 now 46
=
LHCo 2022 - =
- (Tension of CDF measurement with the SM 70)
Sttt @ Measurement ad R
o U Where do we go from here?
ATLAS 2023 lTntaI Une.
g i wor SM Prediction T
| | Significant evidence of measurement
80200 80300 80400

eV systematic bias: need a collective effort to
My, [MeV] understand this puzzle!

Mw = 80360+ 5star) +15(syst) = 80360 +16 MeV
mw = 80370 +19 MeV
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AN AP AN AN

CEPC - SPPC projet in China

o Technically very similar project to FCC
|l The start with lepton collider followed
then by Hadron Collider has been

always the plan of China since 2013.
2013-2025: Key technology R&D, from CDR to TDR, site selection, international collaboration Y P

etc.

Ideal case:  Approval in the 15" Five-Year Plan, and start construction (~8 years) The choice for SC Magnet R&D is
15 5Y unique: IBS —iron based SC

V| e T i an HTS potentially much lower cost,
|t .-C“‘“"“’“‘ S but lower performance than REBCO.

HTS Magnet R&D Program

44



Ideas (conventional and not)

Symmetries * New dynamical ideas

- Supersymmetry, family, ... - Relaxion, nnaturalness,
Compositeness clockwork, string instantons, ...

Random or environmental

- Higgs, fermions, ...

Extra dimensions - multiverse

String remnants
(need not solve SM problem)

- large, warped, ...

Dark or hidden sectors ) _
- Z’, vector fermions, extended

- Dark, SUSY-breaking, random, ... Higgs, dark, moduli, axions, ...
Unification » Here be dragons
- GUT, trn.. | - emergent dimensions or

ey = o i !

R -

ICHEP 2018,|Seoul (7/11/18) Paul Langacker (I1AS)

interactions, hidden variables, ...




RFPESFHS

There is nothing new to be discovered in physics .

All that remains is more and more precise measurement,. ..

William Thompson 1900

2 SRR K TR 56 35S Tk

Are we in a Michelson moment ? \eronica Sanz in ICHEP2022
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What happens during the scattering
process of elementary particles?

B
RIEETLL N LI
RN EI=SEIRY N
RO RETZEAR 1‘%&&?&.%@&7@&
HERESEREY
EFHICEEEESN: [ I
ORBF AN KEIEM? mwnaEy ()
e =¥
%ﬁ;;;gﬁ IR T O IR o ([ o
Ol HE BRI e
| ’ . . " V2 = f dx
| Big goal: find a new formulation of QFT where the sier

. 3 Q picture of interacting particles in spacetime, locality
and unitarity is replaced by other principles




Moriond 2023

2 TeV

Example from ATLAS (similar for CMS)

* - - - - "
ATLAS SUSY Searches™* - 95% CL Lower Limits ' ATLAS Preliminary
March 2022 : VE=13TaV
Model Signature  [£deim] Mass limit . Reference
G§. gt Oep 2Hjets  EP qag 1.85 " mu'r'.’|<4m Gev 201014253
mono-jet 13 jats E?'-"‘° 139 F 182 Dwegan,] 0.9 I G-mi 210210874
i, gl Oep 2Gjets £y 139 |E bLa i =0 Gev 201014263
¥ Fovirigden 1.15-1.85 0 ik 1=1000 Gev 01014253
L DTN i-—rqr.-wh 1o 2:6 jots 139 | & da miY 1600 Ga 2101.016249
o Foegditnyi] o i 2pis  EPT 138 ¥ a2 i e TN e CERN-EP-2022-014
BB, gy WEF| 0e. 7-11 jets g0 135 B 1971 MOy 00 Gey FO0E OEOA2
SSep 6 jais 139 ¥ 1.15 ' gm0 Ge 190908457
£ g, i) 0-1 et 3h Ewi= 7og i 2025 miF) 200 eV ATLAS-COMF-2018-041
S5 e & jats 1335 B 1.25 ' e miE ) =300 Gel 1805 08487
By Oep 2b Epis 138 |k 1.25% ] miT 400 Gl 210112527
Ey 0.6E 1 10 eV tenlin £ | <20 Gev 2101 12537
Byly. By —iEY — biE) 0 Bh Ermis: 133 & Farbidden 0.23-1.35 I A, 130 Gat, m(¥; =100 Gev 190603122
Zr ab EJ'-"" 139 e 0.13-0.85 g AmIELE=120GeN, miF)-0 GeV 210208189
H ,, 01 e =1 jet E';.'_"* 134 fa 1.25 1 =1 Gel 200414060, 2001203759
i ] lep 3t e g0 138 |§ Forbiddan | 065 1 i 1=500 Ge 01203759
E fif1 ,. Flv, Fyoais 1-2r  Zjts b EP 133 | R Fartigddan 14 ' i) =800 Gel Z10BOTEES
L-E T, ek £ 2, f—vek] Owp 2¢ EPE a0 2 0.85 i =0 Gev 1B05.01 642
Oen  manojel £ 13 |7 0.55 1 mF 2 e Ge 210210874
F 12 ep b B q3s | & 0.0671.18 ' MRS =500 Ge F00E 5680
fa—ai] Fep 1k B 139 iz Forkioden [ " i =360 GaY, mi, 1-mE 1= 40 Gev 200605880
FEF via W2 Multiple ¢ /jets s e | B 056 ; S i, mino- bino 2106 01676, 2108 07685
i, (I =1 jet 5‘1‘.“'“ 139 F'.‘,rf‘, 0205 ) il =5 GV, ming-bing 191 1 12606
KUK wia W 2o Epe 13 B 0.42 - 4TS }=0, winc-bing 190608215
KRS via Wk Mltiple £ fjels Epl= 139 FIE;  Forbidden 1.06 ' ik 1=70 Gal, mino-bing 200410854, 210807535
= BT via b 2ep Epts 129 | & 10 mcr',:-|-n.5:rr¢£.'|m|,?.'.| 190808215
w 2 2t e 138 oL B L) RS 0.12-0.39 L m;.: =0 1911 OBGED
Y pln. Ptk Zep Ojets  E=  q3g |F o7 I mii =0 190608215
ee, g >lje e qa9 |F 0.256 1 mE=0 G 191112606
AR, B-hi2G Oep =3b  EP™ 381 | B 0.13-0.23 0.29-0.88 ] BRI — bG)-1 1806 84030
dep T R T I 0.55 ) ERIF — ZEhet 10311684
Oep  =2lamgejes £0=  q29 | 0.45-0.83 . BRIFY — 281 2108 07EE
Direct ¥, ¥, prod., long-ivad ¥ Disepp. bk | jet £ 138 |5 066 1 Pure Wing 20102472
ﬁ [ E]] 1 Pure higgaing Z201.02472
E Stable § A-hadron pixed dEidx i 139 | & z.08 CERN-EP-2022-020
Metastable § F-hedon, §F—qqt) pixed dEdx Ep™ 133 | § [ri@ =10 ns) a2 i =100 Gev CERN-EP-20&2-029
PE Pt Dispd. kp o 1359 &k 0.7 ] nip=0.1ns 20110782
T
¥ 0.34 1 =01 201107602
ped dEdx v g3 | # 0.36 . S =10 CERN-EP-2022-020
FiE] ,'.E'.' B ZEartr Jep 1349 ] Pure Wira 01110643
FERT LTS — WWIZEEEEv e Opets  EY™ 139 1.55 ] i =200 Gev 0811684
B, B ql-hﬂ — g 4-5 large jets 36.1 18 1 Larga 4, 1804 03563
. IF, T ths Multiple 6.1 [ i )=200 Gal, bing-lka ATLAS- COMP-2018-003
& i, ]—r_h,r1 KT — hivs = db 139 Farbiddan 1 M} =500 Gel AN 001015
By, —bs 2ies +2 b as.7 ¥ IF10071T
iy, gl 2.0 2h 36.1 0.4-1.45 1 BIRAT —= e ) = 20% 171008644
14 oV 135 1.6 BT —gul=100%%, cosi=1 200811858
KRR, B b, ] b 1-2e.p  zBjots 139 | 0.2-0.32 : Pure higgsino F060BH0%
]
1 L L L 1 L 1 1 l = L 1 L 1
"Cnly a selection of the available mass limits on new states or 10! 1 ] Mass scale [Te
mena is shown. Many of the limits are based on 1 [TeV]
ied models, c.f. refs. for the assumptions made. -



S5M Z'er)

S55M Zrigq)

LRV Z', BRiey) = 10%

S5M W)

S5M Wigd)

S5M W'Tw)

LRSM WaillNal, Mp, = 0.5Mw,
LASM Waltha), My, = 0,5My,
Axigluon, Celoren, cotd =1

scalar LQ (pair prod,), coupling te 1% gen, fermions, =1
scalar LQ (pair prod,), coupling te 1% gen, fermions, §=0.5
scalar LQ [pair prad.), coupling ta 2™ gen, fermions, § =1
scalar LQ (pair prod.}, coupling te 2™ gen, fermions, 8= 0.5
scalar LQ (palr prod.}, coupling to 3 gen. fermlons, §=1
scalar LQ (single prod.), coup, to 3™ gen, ferm, f=1,4=1

excited light quark (gF), A=m,

excited llght quark (gy), ls=Ff=F=1A=mg
excited b quark, fy=f=Ff=1 A=m;
excited electran, = =F=1A=m.
excited muon, lG=r=r=1A=m;

quark compositenass (gdl, Mume=1
quark compositeness (1), Huma =1
quark compositeness (gd), Aume= —1
quark compositenass (B), Bumn= —1

ADD (jj) HLE, ngp=3
ADD {yy, 1) HLE, nep =3
ADD Gy emission, n=2
ADD QBH (jj), nep = &
ADD QBH (ey), nep =6
RS G4, 99), kMg =01
RS Ggdtt), ki =01

RS Gclyyh, &y = 0.1
RS QBH (jj), fmm =1

RS OBH (ep), men =1
nonerotating BH, Mp = 4 TeV, nep = &
split-UED, u = 4 TeV

{axial-lvector mediator (xx). @g = 0,25, Gom = 1, my = 1 GaV'
laxial=Jvector mediator (9d), gq = 0.25, gom = 1, my = 1 GeV
scalar mediator (+410), gg= 1, gon = 1, My = 1 GeV
paeudescalar masdiator (+8F), gq =1, gow = 1, g = 1 Gay'
scalar mediator (fermion portal), Ay = 1, my = 1 Ga\f
complex sc. med, (dark QCD), Min,, =5 GEV, £Tx, = 25 mm

Type |l Seesaw, B, = By =B
String resonance

si FRIFEE s#ffFFFifsss §90 zrzzr 323ss sFfpzigs:

Overview of CMS EXO results
cMSs

36 fb~! (13 TeV)

1811011597 (2e + 2]} | Las
161101197 (2e + 20; & + 2] + EF=) 1,27
180805082 (2| + 2J) | 153
1B08.05082 (24 + 2 u+ 2] + EF™=) 1.29

|

181100806 (27 + 2]) .02
1806.03472 (27 + b) 0.74

o
=

10

mass scale [TeV]

Selection of observed exclusion limits at 95% C.L. (theory uncertainties are not included).

Example from CMS (similar for ATLAS)

10,0

4 TeV
Moriond 2023

January 2019




A era of precision measurement

Collider
EXP: Higgs property, VBS (aQGCs, dim-8 operators, ...)
TH: NLO ->NNLO -> NNNLO ->

Neutrino: Mass ordering, CPV, Majorana?

Dark Matter: Neutrino floor
Cosmology: GW, BH ...




1974: ¢ quark observed (SLAC,BNL)
1974-77: tlepton observed (SLAC)
1977: b quark observed (FNAL)
1983: Wand Z observed (CERN)
1995: tquark observed (FNAL)
2000: v, observed FNAL)

2012: H observed (CERN)

2024: dark matter ?
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( Nature of Higgs Busun)

N

( Elementary scalar) ( Composite scalar)
SM Extended Scalar Twin Higgs| [Composite Higgs

/

Invisible ,
Scalar ES::;EEd Decay Goldstone fifri?::ar:
mixing Curvature assignent
v 2HDM xSM r *
xSM GM (Biny > 0) FTHM MCHM
2HDM (Biny = 0) 14+ 14
Triplet MCHM
h+1
h+5




ERICATFERGYT M
Unfortunately we do not NI IFTILE TR

havea X in the map TERRA INCOGNITA

to know where the treasure
is, as we had for the Higgs
Boson. We have to explore
the whole territory.
Actually, we are not even
sure that the BSM ,JEN
treasure Is in the territory to %
be explored, or even if it =

does exist at all.

et _/\/\»

The whole history of physics proves that a new discovery

Mar18-25- Theory Summar is quite likely lurking at the next decimal places,...

Moriond EW 2017,

F.K. Richtmeyer 1931






LPRERP UK

THL
STRUCTURE
|
SCIENTIFIC

| } REVOLUTIONS

uuuuuuuuuuuu

H ‘;', i "ll”Lnf‘J

The phase of consolidation : the theory is understood at a much deeper level'and™

THOMAS S. KUHN

confirmed by precise measurements. This process has the effct of trasforming

the new theory into the established paradigm of

The phase of crisis : the normal theory can no longer address new conceptual
guestions or explain experimental data. This phase is characterised by the search
for new paradigms and marked by periods of confusion and frustration.

Finally a paradigm shift occurs, which results in a departure from normal science,

activating a new phase of discovery and marking the beginning of a new cycle.
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It was the best of times, it was the worst of times, it was the age of wisdom, it was
the age of foolishness, it was the epoch of belief

. it was the epoch of incredulity, it

was the season of Light, it was the season of Darkness, it was the spring of hope,

it was the winter of despair, we had everything before us, we had nothing before us,
we were all going direct to Heaven, we were all going direct the other way.

— Charles Dicke 11-

(Rakie) J ""lt

Vision and Outlook : from quark to the Comos
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Two gold-plated equations of physics

QM: uncertainty principle
AE ~1/ At

“Accounting errors could be tolerated for a short
time”

Special relativity: energy = matter

F = mc?
“Accounting errors could be turned into stuff”



If both of these principles, then for an

instant, particles could pop out of and pop
back into the vacuum

You need both quantum physics and special
relativity!

No matter how you shake and bake the
Schrodinger equation of one electron, always
one electron



i
%
m
t
kp
o
:
=
i

! 0% g
L —

b\‘

SBURRLE .



SS5STFARE . —FMABaYLAR —H8Hr3D







HeRTMEERE(EA







Al
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Long-range force
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In “conventional” electro-magnetic superconductivity:

my ~ me/1000, TE™

~ O(few K). BCS theory.

In “electro—weak supercond uctivity” :
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Although consistent, we think (and hope)
the SM is not the full story

At the quantum level
“slim” scalars cannot survive
in the presence of ‘“fat” states

Heavy states
Strings/GUT

Mijggs
125GeV

Is Naturalness a thing!
if fine tuning <10%
Restrictions:

Aguuge < ~5TeV

BSM?

Need to
stabilize the
Higgs mass.
But with what?

Mw
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Running of coupling with energies

()
a(l" )
1 + ———ag:;o) hl( r2/r%) '\/

o I)=

aQED(keV) = 1/137
CBQED(]\/Iz) — 1/128

p—— > logr
| r
Figure 7.10. A qualitative sketch of the eflective electromagnetic coupling
e an au PO e: Oastanl gent tatedd l)_.' the oae-lo P vacuum polnrization diagran, s o func-

|
won of distance. The horizontal scale covers 1

[t blows up at high energies!
Must be modified at UV.




IR confinement & UV asymptotic freedom

Interaction strength changes fast with energy/distance scale:
W (REMESIIRE) BETS!

a(lNo)
> ( 150= x( Fg) : > >
L + ZL0) In(r2/r3)
"‘ Sepe. 201
a % v Tdecays (N3LO)
S(Q) @,’ Lattice QCD (NNLO)
‘ r DIS jets (NLO)
03+ Heavy Quarkonia (NLO) "
e'e jets & shapes (res. NNLO) =
® Z pole fit N3LO) g
v pp > jets (NLO) §
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A.Zee Phys.Rev.D7, June 15, 1973 (received March 12)
“Study of the Renormalization Group for Small Coupling Constants”

A renormalizable quantum field theory is said to be stagnant if it is
asymptotically free. ....... We show that Cartan’s four families A,B,C,D
and exceptional algebra G, possess no stagnant representation. On the
basis of this result we conjecture that there are no assymptotically free
guantum field theories in four dimensions.

D.J.Gross and F.Wilczek PRL, 30, June 25 1973 (Received April 27)
“Ultraviolet Behavior of Non-Abelian Gauge Theories”

It is shown that a wide class of non-abelian gauge theories have, up to
calculate logarithmic corrections, free-field-theory asymptotic behavior.

David Politzer Phys.Rev.Lett, 30, 25 June 1973 (Received 3 May)
“Reliable Purturbative Results for Strong Interactions?”

An explicit calculation shows perturbation theory to be arbitrarily good
for the deep Euclidean Green’s functions of any Yang-Mills theory and
of many Yang-Mills theories with fermions.
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A renormalizable field theory is said to be asymptotically free if the origin of coupli

Price of Asymptotic Freedom*

Sidney Colemant and David J. Grossi
Joseph Henry Labovatovies, Princeton University, Princefon, New Jevsey 08540
(Received 13 July 1973)

constant space is an ultraviolet-stable fixed point in the sense of Wilson. Asymptotically
free theories are of great interest because they have almost-canonical light-cone singu-
larities, and thus predict phenomena very close to Bjorken scaling. All known examples
of asymptotically free theories involve non-Abelian gauge fields. We show that this is not
coincidence: No renormalizable field theory without non-Abelian gauge fields can be as-

ymptotically free.

In recent years, the renormalization group of
Gell-Mann and Low* has played a central part in
the investigation of some important asymptotic
properties of renormalizable field theories.? In
particular, the renormalization group is the key
to the asymptotic behavior of the coefficient func-
tions in Wilson’s operator-product expansion,®
and the related behavior of electroproduction
structure functions in the Bjorken region.*

To establish notation, and as an aid to the read-
er of imperfect memory, let us briefly summa-
rize how this machinery works®: In a general re-

erned by that of the theory at the fixed point. Of
special interest is the case where the origin is
an ultraviolet-stable fixed point, that is to say,
where there exists a family of solutions to the
Eqs. (1) such that

lim g%(M)=0. (3)

M-

In this case, we say the theory is asymptotically
free. The coefficient functions in the operator-
product expansion display canonical scaling be-
havior, except for occasional logarithmic factors,
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