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lll. Descriptions

5. (Electro-)Weak Interactions: The
Glashow-Salam-Weinberg Theory

Or: A Theorist’s Theory

References: [phenomenology: PRSZR 10, 11, 12, 18.6; Per 7.1-6 — theory: Ryd 8.3-5; CL 11, 12; Per 7, 8, 5.4;

most up-to-date: PDG 10-14 and reviews inside listings]



http://home.gwu.edu/~hgrie/lectures/nupa-script+slides/nupa-I.GSW-notes.djvu

(a) Weak Phenomenology: Overview Oldest trans-atomic signal: 1894

Bequerel’s photographic plate
The only interaction which has been shown to:
— act on all fundamental particles (besides gravity; QED: only charged; QCD: only quarks);
— violate each of P, C and CP (i.e. also T);
— change fermion flavours (violate conservation of each quark and lepton species, sum conserved)

Signatures: — tiny cross sections at low energies: Otyp ~ 1071 =1 fb;

(besides parity, duhl)  _ very narrow widths/small rates/long lifetimes: ~ Typ ~ [10713 ... 10%]s;

— often “missing” energy & momentum: neutrinos very hard to detect.

Pauli’s neutrino hypothesis letter: “Dear Radioactive Ladies and Gentlemen,  Ziirich, Dec. 4, 1930
[...] I have hit upon a desperate remedy to save the “exchange theorem” of statistics and the law of
conservation of energy. [...] there could exist electrically neutral particles [. . . ] that have spin 1/2 and
obey the exclusion principle and [. . . ] do not travel with the velocity of light. The mass [... ] should be of
the same order of magnitude as the electron mass |[...]

Mr Debye [...] told me recently in Bruxelles: ‘Oh, It's better not to think about this at all, like new taxes.”

Same day, private: Today | have done something which you never should do in theoretical physics.
I have explained something which is not understood by something which can never be observed.

Here a-historic approach: Construct from wealth of present evidence.
—> Step I: Classify wide variety of phenomena into simple categories.
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Leptonic Processes (Examples) numbers from [PDG 2022]

Involve only leptons — rarest but cleanest —> Use them to develop general theory!

u-Decay: U™ —e +Ve+vy 7 ~ 1075 Both violate individual lepton conservation,

Charge Transfer: ¢~ +v, — U +V, but lepton-family number conserved:
= Lyt~ ) =Ly(vu) = 1= —Lp(u") = —Lu(Vy) ete.

In both, charge is transferred between leptons: Charged-Current interaction (CC)

The Z° resonance: wide, at \/E =91GeVinete™ — X decay 20% into V,V,, VuVy, VeV pairs.

- ~——————— = Speculate weak process, = S
oL fr b , — 2, ALEPH /2
3 I [ves) + 7 mediated by JPC = 17" boson: ¢ *[ DELPHI
. N3 . . L3 [\
3 . |\ 4 Neutral-Current interaction (NC) OPAL [/
w 3 20 | \
] : - 7\
- A I , \Nﬁ Determine V rates indirectly: it e
-/ \}\7‘* ""QED/QCD | . / \
e/ prediction 3 I'v= Lt — (Fhadr + Fe,ur) 1071 \\\
A ] ~~ ———— ;
AN .
S \1\ | IR \1\0 ! L \1\02 line shape calorimeters
V5 [GeV] No decays like v, V,, observed! *TRe s %0 9z o4
E_, [GeV]

I ete ] :T[— utu]: T vt =1:[1.0001 0.0024] : [1.0020 £ 0.0032]

—> Weak interaction universal for both neutrinos and charged leptons.

2
GSW: [invisible] = [499.0+ 1.5]MeV. HW 5.5: LO decay ' = £5W o — . GSW theon

v Compareto I'}? = [2.924-0.05] v species with M, < 90 GeV



Semi-Leptonic Processes (Examples)

Involve leptons and hadrons — most common, oldest seen.

Uranium decay unspecific: Henri Bequerel 26 February 1896

Neutron decay n(udd) — p(uud)+e~ 4+, 7 =[878.4+0.5]s [PDG 2022]

ie.d —>ue v, —> Charged Current Exchange: CC
7 decay, e.g. t(ud) — ut + Vu,e" +V,, i.e. quark process similar to proton cc
K decay, e.g. Kt (us) = 1t + vy, et + Ve, ie. us — (ssorum) — ... cc
Solar fusion p+p—>H+et+v, kind of important. . . cc
Nuclear 3 decay e.g.9Co — Ni+e~+V, Wu1957: P violated cc
Nuclear e -capture e.g. e~ + ?Eu(J = 0) — °2Sm(J = 0) + y+v, cc

Goldhaber 1958: Vv helicity measurement

All above mutate quark flavours: individual quark-number violated.

Vi+A—=>vi+X No charged lepton in final state = Z!
First Neutral-Current (NC) event [CERN 1973; GSW prediction] NC



Hadronic Processes (Examples)

Involve only hadrons — window to QCD.

K decay K%(ds) — nt (ud) +n~(ud),ie. 5 — d +ui cc
A(1405) decay  A°(uds) — p(uud) +n~(ud)  ©~107105 ce

Research Frontier: Hadronic flavour-conserving parity-violation (HFCPV), e.g. pp — pp

N N
S-wave (parity +) x P-wave (parity —)
N N

One of the least-explored sectors of the Standard Model: GW theory: hgrie
e What is the weak part of the nuclear force? (US, EU Long Range Plans)

1
e 7 (NC) as Inside-Out Probe of non-perturbative QCD: ¢¢ correlations at e ™ 0.002fm
14




What we find — and what not (Examples)

Neutral & Charged Current Exchanges with J°¢ = 17—, like for photon:
Produced as resonances in annihilations and other processes:
ete(y/s =90GeV) — Z°, ete (/s = 160GeV) — WTW~;

and in NN or NN collisions also resonances from uii — ZO, ud — W,

= Try gauge theory of gauge bosons with charges +1,0?

Not/Rarely Seen Frequently Seen Interpretation
Vet+n—se +p Ve+n— e +p  neutrino is not anti-neutrino, L, (V,) = —L.(V,)
Vu+tpA et +n V.+p—e"+n  e-neutrinois not l- neutrino, but. . .

Vut+A-e +X  vy+A— U +X nointeractions across lepton families

. - Ve Vu Vz
—> Natural grouping into lepton families: , u o\ .
e




(b) Weak Interactions Violate Parity

Reminder Fermion Helicity & Chirality [QFT and TCP chapters]
N G- 13 parallel: right-handed h = +1
Helicity h = ——
E
spin component longitudinal to p anti-parallel: left-handed h = —1
For m = 0, indentical to chirality: eigenvalues of spinors with respect to ¥s: YsOrL = = QrL

1
Projectors: PRL = E(] :|:’}/5), i.e. PRL(p = QRrL, PI%L :PRLa PRLPLR = 07 PR —|—PL =1

it
Parity transformation: G axial, p polar = Phy = h=+ 0—) parl y ‘
Recall Gauge Theory ( T) E—gAy+G-(p+gA) m Or
Lagrangean in chiral basis’ Pr: P m E+gAy—G- (13 — *) oL

= Gauge field does not mix chiralities; only mass term does: < (1 —f3) =1 — %




Electron Helicity from Nuclear 3 Decay (CC Event)

First: Wu 1957 (prompted by theorists Lee/Yang 1956) 0Co — ONj+e~ +V,

Reflection on plane perpendicular to fi: Pp — —p, Pli — [i

Result: Intensity /(6) # I(w — 6), and emission
of e~ more likely against 0co spin,

matches dependence on initial e~ -polarisation P:

—

Oc " Pe
e

and data compatible with P = —1.

[(0)=1+P =1+P B.cosb

= Parity violated, electron emitted with 7, = —1,
m, # 0 explains spin-flip observed in detector.

Eé_éz defines quantisation axis
for ©°Co spin [i and e~ spin G,.

Expectation if parity conserved:

e~ emission uniform I(60) = I(w — 0).
-1.0

32p

60Cq
-0.6 |

—04}

0.2 0.4 0.6 0.8 1.0

v/c

Similar for u= — " + Ve + Vy: P(eT) = +1.
Both confirmed in cornucopia of systems.

[Per 7.6 after Koks/van Klinken 1976]

Fig. 7.6. The polarisation P of electrons emitted in nuclear S-decay, plotted as a function
of electron velocity. The results demonstrate that P = —v/c, as in (7.16). After Koks and
Van Klinken (1976).



Neutrino Helicity from Nuclear Capture (CC event) . [PRszR 18.6, Per 7.6]

First: e~ + 9?Eu(J = 0) — 2Sm(J = 0) + v+ V. Goldhaber 1958
).

B[ —

J, conservation: photon spin (/ = 1) parallel to electron spin (J = %), antiparallel to v spin (J =

= Detect photon spin to know V helicity (mag. quantum m, = my +my).

Y e v,
®
< found in experiment
(a)
Y ¢ Vv,
. - -
never found in experiment
(b)
Figure 6.6 Possible helicities of the photon and neutrinos emitted in the reaction
e + 2Eu(J = 0) — ?Sm(J = 0) + v, +~ for those events in which they are emitted in
opposite directions. Experiment selects configuration (a) [Mar]

= All evidence suggests: only ¢; , v; and el}L, Vg interact weakly in CC events:
Maximal Parity Violation




(c) Philosophy of the Glashow-Salam-Weinberg Model

Universality of weak interactions: simplifies inelegance of 1coupling per g/V interaction.
“Theorist’s Theory”: As simple as possible, as flexible as necessary, and compulsory unless forbidden.

First construct sector for one lepton family (e, v,):

(1) Start from massless fermions: Yy /g are eigenstates of 5 — generate masses later.
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. Vur \279
(8) Same for the other lepton families iy » VuR, UR, o » ViR, TR



(d) GSW for One Lepton Family
(e) Dynamical Gauge Boson Mass Generation  nobei 2013

The Higgs-Kibble-Englert Mechanism: A U(1) Example

See Landau-Ginzburg Theory of Superconductivity




A Sketch of Dynamical Mass Generation in GSW

We want 3 massive and 1 massless vector fields, and “true” Higgs filed ¢ not to couple to photon.

= Choose complex Higgs doublet ®(x), use SUL(2) gauge trafo to “Unitary Gauge”:

0 +
Ux)®(x) = (cH— go(x)) with real (uncharged) scalar ¢(x); cf. weak anti-doublet (e_ >

V2

Ve

One Can Show: can always be done: like rotating spin into z direction.

Question: Why is Higgs Vacuum Expectation Value (VEV) a # 0? — Answer: We do not know.
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We want 3 massive and 1 massless vector fields, and “true” Higgs filed ¢ not to couple to photon.

= Choose complex Higgs doublet ®(x), use SUL(2) gauge trafo to “Unitary Gauge”:

0

ot
@(x) | with real (uncharged) scalar ¢(x); cf. weak anti-doublet | _
a—+ \/i Ve

Ux)®(x) = (

One Can Show: can always be done: like rotating spin into z direction.

Question: Why is Higgs Vacuum Expectation Value (VEV) a # 0? — Answer: We do not know.

Y 1 Y
Determine weak hypercharge such that ¢ neutral: 0 = 0=T3+ -y 7(’) = Yy =+1

2 2
=+/g%+g’2Au photon
—N—
. (3)
— oo i PELE ][ )
_ /
— /,2+g/22
Multiply out (D, ®)T(D*®): — massless photon A ’ 8
2.2 2 12 2 Wﬂ: ZO s
gra~ o (& +g")a ; i quqv
—massesM%V: My =" = EMWWW Y ———— |guv —
2 ' 2 _ q* — M, 4 M, .
M
with W _ g = cos’ Ow | at “tree level” (before quantum corrections).
M% gZ _|_g/2




[PDG 2022]
[AH 1.Q.2.3]

W o o 70 f Y
¥ _ f 1— %
MNW< B ﬂslien Ow i 2 i Vip " sin Gwlios ow T — Qfsin 9W> —ieyH
f

(Tree-Level) Interactions and Experimental Numbers

HO M ;M e I”f . ° ° ° /WH
20000 Xngy M eocooR Ximpy gy Mz ecooe X Sinby My °°°°°°°° <mL6W My °o° °°°(XSin29W M,
W mass My = [80.377+0.012]GeV
% i Zmass My =[91.1876+0.0021)GeV
sin? By cos?
" Higgs mass mpy = [125.25+0.17]|GeV

Weinberg mixing angle ~ sin® By (M%) = 0.23121(4) (6w (M2) ~ 29°)
Fermi coupling G = 1.1663788(6) x 10 °GeV 2
Cabbibo angle (= |Vys|/|Vua|) sinBc = 0.2265(5) (6c = 13.091(27)°)

2

g o 1 1
—_— = > —— = o “Weak Coupling not Weak”.
An siney 30~ 137 ping

, Higgs VEV a ~ vV2gMy ~ 71 GeV

Higgs curvature A ~ 4—% ~ 1.5 large: narrow valley (wide one would give large corrections).
a

e~ gsiny —

Has most Nobels: Yang/Lee 1957 (th: P violation), Glashow/Slam/Weinberg 1979 (th: GSW), Cronin 1980
(ex: CP violation), Rubbia/Meer 1984 (ex: W,Z), Ledermannn/Schwartz/Steinberger 1988 (ex: vy), Perl 1995
(ex: 7), Reines 1995 (ex: v), 't Hooft/Veltman 1999 (th: QFT of GSW), Davis/Koshiba 2002 (ex: cosmic V),
Kobayashi/Maskawa 2008 (th: CKM), Englert/Higgs 2013 (th: Higgs), Kajita/McDonald 2015 (ex: my).



A Loose End: Fermion Masses by Yukawa Mechanism

So far, no fermion masses: helicity = chirality.

Since Higgs was so good at giving mass to W and Z, let it also generate my:

Yukawa Coupling (cf. TN): Lass = Z gf []?LCI)fR +]_”R<I>TfL} couples L and R chirality
all massive
fermions f
0 - - fermion-Higgs interactions
Use @ = o(x) - Z asy fLfe+FrfL] + which increase with my
— i, fermion
/ mass

Economic but not elegant: one coupling per massive fermion =—> 9 (12) parameters.

Higgs does not explain nucleon masses My ~ 940MeV > m, 4 ~ 4MeV:
Vast majority of hadron mass (and therefore of visible-universe mass)
comes from QCD, not from Higgs (contrary to Particle Physicist Propaganda).




Status of the Higgs Particle 2023 PDG; cf. PRSZR 12.5

Discovery 2012 at CERN’s LHC (pp collider): ATLAS & CMS Collaborations.

Discovery channel gg — H — vY: q 4
H
branching ratio 0.2%, but very clean signature. 000000 top
Via “top loop” since 7H coupling o< m; large. 4 y
10000 T : . . : 5 10 19.7 6" (8 TeV) + 5.1 b (7 TeV)
ATLAS E 35F CMS S/(S+B) weighted sum
o Data 2011+2012 | E H- vy

¢ Data

SM Higgs boson m =126.8 GeV (fity ]
--------- Bkg (4th order polynomial) N

E S+B fits (weighted sum)
250 TR e B component

Events / 2 GeV
(o]
o
o
o

Hoyy

C Vs=7Tev _[Ldt =481’
2000— ,
Vs=8TeV ILdt =20.71b°

TT

T

S/(S+B) weighted events / GeV

2 500 + t + + + ;
S 400E- e
P E J\
i E E
PR ++i+ I H‘x‘*“u - }I .
5 1008 + b + ! J AL E 100 - % T i B
& -200E- X X X X X = ) PN AN IR AU AU BRI IR B

100 110 120 130 140 150 160 110 115 120 125 130 135 140 (‘lg \/1;)0

m,, [GeV] . m e

[Phys. Lett. B726 (2013) 88] " [[arXiv:1510.01924 [hep-ex]]] "
Fig. 2. Invariant mass distribution of diphoton candidates after all selections of the
inclusive analysis for the combined 7 TeV and 8 TeV data. The result of a fit to Figure 1: The Moy distribution as weighted sum
the data with the sum of a SM Higgs boson signal (with my = 126.8 GeV and free .
signal strength) and background is superimposed. The residuals of the data with Of all categorles [13] S and B are the number Of

t to the fitted back d displayed in the I 1. . .
respect to the fitted background are displayed in the lower pane s1gnal andbackground events, respectlvely.

By now, many other channels seen as well. — All results consistent with GSW/Standard Model.



http://arxiv.org/abs/1510.01924

(f) The (Low-Energy) EFT of GSW: Fermi’s V-A Theory

P W K quqv
q— ig2 S Suv — M Ty
. 1 o (O UL | [ )y )
$ v sa~— W
47 30 137 Gr ) )
0 — _
= Why “weak”? i +g_2 [U?’u(l - VS)U} [”7’” (1- ?’5)”} + O(q_z)
. Jweak =2upy* Uy,
=:J)

= For momentum transfers q2 < M3, see point-like coupling between Axial Currents with

V2g? —S5ay—2 -
o 1.1663788(6) x 107°GeV ™~ [PDG 2022] = Postdict Myy!
W

Fermi Constant Gy =

Vi Ve e

Example Weak Leptonic Decay [~ — e~ V;V,: I} x ’%
F
l

Ffmz !
5 =
umz

> Gim)
19273

Sargent’s Rule (dim. an.!)

Prediction 1 <= exp: 0.999 4+ 0.003 confirms Lepton Universality

Corrections by Taylor & Quantum Effects

) typ. low-momentum q2
suppressed in powers of =\ K 1
breakdown scale My,

1
— limited range of applicability q2 < M%/ <= range > e ~ 0.002fm very short-distance!
w



Fermi’s V-A Effective (Low-Energy) Field Theory of GSW

w* couples only to left-handed fermions/right-handed anti-fermions
— weak microscopic current J&eak = upy"up oc uy* (1 — s )u: (polar) Vector Minus Axial (vector)
Fermi’s V-minus-A Theory (Model) Fermi 1935 predates GSW by 35 years

Nature Rejection 1933: “contained speculations too remote from reality to be of interest to the reader”.
Consequence: Fermi re-evaluates theory career, tries exp. Chicago Reactor. Nobel 1938.

Confinement & Hadronisation shield details of quark—> w* decays inside hadrons. = V-A modified.

Jéiveak = gy urY*ur—ga upy* ysur: couplings gy, ga depend on hadron.

— Conserved Vector Current CVC ﬁL'y“uL baryon number must be conserved
Partially Conserved Axial Current PCAC 7, y" ysuz, not (fully) conserved
PCAC hypothesis (includes Sakurai) predates GSW

5
Prediction for neutron decay calculation not trivial: Ba _ 3 + corrections <= 1.2754(13) [PDG 2022
8v

Weak interaction can serve as indirect probe of Physics at = 0.002fm:
“Inside-Out Microscope” of QCD & Beyond-Standard-Model




(g) Universality for Quarks

S b, 3

Uur,dg,cr,Sr,tr,bg have Y, =20, # 0 = quark-equivalents of neutrinos do couple to U(1)y!

t 1
Quark Hypercharges: from Y, = 2[Q, — T3,] = doublets (Z,L> (CL), ( L) have Y, =+~
L

Anti-quarks of opposite helicity have opposite hypercharge.

Quark Decays: 7+ (ud) — 1%t V, <= K (us) — %"V,

r
If universal, should differ only by “phase space”. == Should extract Gﬁadr ~ 1927 3 < G121
hadr

exp: no atalll G+ ~ 10 Gg+ and G+, Gg+ # Gp = 1.16--- x 107> GeV 2

! GTE+ 1 GK

! + .
Postulate common coupling to save quark universality: Gg = : Cabbibo angle 6.

cosOc  sinB¢

exp: The 2 constraints hold. sin ¢ = 0.2265(5): ¢ = 13.091(27)° mnemonic: sin” By ~ sin O

—> Leptonic & semi-leptonic weak couplings are related, and we restored & enlarged universality! v

Re-definition looks like a rotation of quark/hadron coulings: Change of basis?!?1?!:

weak

—> Postulate: Eigenstates ¢ of electro-weak T3 (coupling to yWiZO)

A

are not eigenstates g™*** to mass operator M (coupling to Higgs):

[T5,M] #0 Not forbidden = Compulsory!



Two-Generation Quark Mixing: (ud), (cs) and the GIM Mechanism

weak of electro-weak T (coupling to YW*Z0)

A

are not eigenstates g™*** to mass operator M (coupling to Higgs):

—> Postulate: Eigenstates ¢

weak mass

One Can Show: Mathematically, one can choose u; " = u; > etc. for upper components of doublet.

Mathematically sufficient to have the lower components of the weak doublets mix in flavour space:

dzveak cosOc sinBO¢ dpass
syreak —sinfc cos B¢ spss

—> Weak eigenstates of doublet couple to v, WjE,Z0 as before, but mass eigentstates mix, e.g.:
Weak Eigenstates Wyar ! dzveak = Wy [ury* cos ¢ df™ +upy" sin Oc sp°]
couple via weak int.s: W“EL}/#dI\iVCak =W, [EL'}’“ (7 sin QC) dzlass ‘f'EL'}/u cos O S?ass]

Consequence of Dictate of Universality: Works only if one weak-isospin partner for each quark!

[followed by J/y/(cc) discovery 1973]

®L> [Glashow/lliopulos/Maiani (GIM) 1970]
SL

=—> New 4th quark must complete 2nd-generation doublet <



Two-Generation Quark Mixing: (ud), (cs) and the GIM Mechanism

weak

—> Postulate: Eigenstates ¢ of electro-weak T3 (coupling to yWiZO)

A

are not eigenstates g™*** to mass operator M (coupling to Higgs):

weak mass

One Can Show: Mathematically, one can choose u; " = u; > etc. for upper components of doublet.

Mathematically sufficient to have the lower components of the weak doublets mix in flavour space:

(a’zveak> B ( cosOc sin GC) (er“aSS>

sX’eak ~ \ —sin Oc cosOc¢ spss

—> Weak eigenstates of doublet couple to v, WjE,Z0 as before, but mass eigentstates mix, e.g.:
Weak Eigenstates Wyary"dy s = Wy [apy" cos Oc d™ +apy* sin ¢ s
couple via weak int.s: W“EL}/“dzveak = Wy, [eLy* (—sinBc) df™ + L y* cos O s
Consequence of Dictate of Universality: Works only if one weak-isospin partner for each quark!

[followed by J/y/(cc) discovery 1973]

=—> New 4th quark must complete 2nd-generation doublet <
SL

®L> [Glashow/lliopulos/Maiani (GIM) 1970]

GIM Mechanism: flavour-changing neutral currents suppressed, e.g. K*(ds) — W W~ — utu—:

— + . . . o .
s \ cosfc  sin6, Equal in magnitude, opposite in sign.
dA4l DR Pk L/ _
uorc " =— Amplitudes cancel!
W™ _si ,
d VAV u- g Sinfe cosfc tiny nonzero because m,, # m,




(h) Mixing for Three Generations: One Can Show

— Most general form allows upper entries of weak doublet to be eigenstates to both mass and weak:

Uy = U Cyw = Cm Ly =1Inm

dw Vud Vus Vub dm

— Most general matrix Sy = Vea Ves Vep Sm

which mixes lower entries: b, Via Vi Vi by,
weak Cabibbo-Kobayashi-Maskawa mass

eigenstates  (CKM) matrix — includes Cabibbo matrix €igenstates

W/oLOG parametrised by 3 magnitudes + 1 complex phase: CP-violation in KO/EO (6 =~ 70°):

11
Vel Vsl [V 0.97401(11) 0.22650(48) 0.00361§9§) From weak decays
Vel [Ves| [Vap| | = | 0.22636(48) 0.97320(11) 0.04053(33) ofN,K,B,D,...
(23) (82) (24) PDG
Via|  [Vis| [Vl 0.00854 ;) 0.039781  0.9991725 [PDG 2022]

— Experiment: Diagonal elements: coupling within same generation: ~ 1
— Experiment: Off-diagonal elements much smaller: mixing generations 1 <— 2: ~ (.2
mixing generations 2 <— 3: &~ 0.04 = 0.22

Why that hierarchy?
mixing generations 1 <— 3: ~ 0.008 = 0.23

Unitarity Test of the CKM matrix: Measure all matrix entries (including 3 complex phases).
So far unitary = really 3 generations. If not: New Quark Family/Beyond-Standard-Model??




ivi 0 Kajita(SuperKamiokande)+McDonald(SNO)
What About MIXIng Leptons : Nobel 2015 for detection

Assumed massless neutrinos. = No difference between mass and weak eigenstates.

But why should neutrinos be massless? — No compelling symmetry found.

Swiss Basic Law: Everything which is not forbidden, is compulsory.

Neutrino oscillations seen in solar, atmospheric, reactor & collider neutrino experiments: m, ~ eV’ish

= Introduce analogue to CKM matrix, but now for upper entries of weak doublet (convenience).

Vew Uel UeZ Ue3 Vim

Vuw = Uun Upr Ups Vom

Viw U’rl U T2 UT3 Vim
weak Pontecorvo-Maki-Nakagawa-Sakata mass

eigenstates eigenstates

(PMNS) matrix: unitary, indep. parameters:
3 real & 1 CP-violating phase 0 = 245(32)°

Much less diagonal that CKM (plus one complex phase, at present undetermined): [PDG2022]
\Un|  |Us| |Ud 0.82 0.55 0.15
\Uui| |Up2| |Uus| | =[0.36 0.70 0.61 | —with errors £[0.01...0.06]

Uzt |Up| Uzl 0.44 0.46 0.77



Neutrino Oscillations: 2 x 2 Case as 2-State QM [PRSZR 11, PDG 10/14]

Vew cosO sinf Vim ) ) ,
= . =—> time-evolution when only 1 species produced at t = 0:
vlJW —Ssin 9 COs 9 V2m o Two neutrino approximation
—iE . —iE
|Vew(2)) = cos 6 eV |vy,,) +sin 6 e |vy,,) o
2
E>m m >
Ultra-relativistic: Ey = \/p2+m? ~ p (1 + g;’z) g 06
-§ 04
= Probability to find |V, (7)) at L = Bt =1 B
0.2
Am?, = (m? —m3) L
2 .2 .2 12 1 2
[{Vew(L)|Vew(0))| = 1 —sin“ 26 sin [ 4 }—J 00/ T T
L/E (km /GeV)

Disappearance Experiment: find remaining original <+ Appearance Experiment: look for converted.

MeV
Am? < eVz, p>MeV = L> V2 ~ km: QM interference on macroscopic lengths.

e

Table 14.1: Sensitivity of different oscillation experiments. . . i Am2 L . L
Besides 6, combination gives sensitivity:

Source Type of v E[MeV| Llkm| min(Am?)[eV?] pP=
Reactor e 1 | 103 Reactor: @ short L, controlled Olow-E
Reactor Te ~1 100 ~ 1070 .
Accelerator tn o~ 103 1 . Accelerator: @ high-E, controlled ©short L
Accelerator VT ~10% 1000 ~1073 . .
Atmospheric v's e Te  ~10° 0% 10+ Atmospheric: @ high-E, L = Rgyn © no control
Sun Ve ~1 1.5x108 ~ 10711

[PDG 2015] Solar: @ longest baseline © solar modelling



Sudbury Neutrino Observatory SNO: Test Solar Neutrinos

#5 Shaft. g Shart

Norite
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1158 m (3800 f1.) ] 2km
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143 i\
CN Tower i
553 m (1815 7t.) 2073 m (6800 1) - ®sHosite
level ==

1,000m?> D>O, monitored by 9,600 Photomultipliers for Cerenkov light

2km under ground in operating nickel mine in Sudbury, Ontario, Canada.



SNO: Comprehensive Measurement of Neutrino Flux
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D, +0.16® ¢ via Veyre™ — Veyre : forward ES

Agrees excellently with Standard Solar Model!
®(3B) oc Tempz) <+ Tsun = 15.7 x 10°K £ 1%.

Sun
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Neutrino Oscillations: What We Know, What Not, and What’s Cool

— Weak and mass eigenstates of neutrinos different. == Neutrinos mix.

— Neutrinos have nonzero mass-difference, V, is lightest.

— Is lightest neutrino massless? — What are the individual masses?

—Is myy < myz (ordered like quark & charged-lepton masses), or my > myz (“inverted ordering”)?

particlep

particle;

Majorana Neutrinos? |So far, v = was Dirac spinor, but only v; and Vg couple.

antiparticleg

antiparticle;

Neutrinos charge-neutral, weak hypercharge is ¥ = 0.
—> Could be its own antiparticle: Vg = Vg, Vi = V[,

If so, then use that nonzero masses mix helicities e.g. in

W~ — e  + (Vg = Vg): W™ decay

0 m m
mass converts helicity: Vg % VR + Sad v, — <1
Pv Pv
e  production v +W™ — e~
2
My,

— Lepton Number violated by 2 units, probability o< >

Py




(i) Summarising Some Features of the GSW Theory
What We Like and Dislike About the GSW Theory

3 generations of quarks and leptons: nicely symmetric.
VeL \ (VuL\ (ViL ur\ (cL L
Ir qr
er, Uz TL dr SL br,
— Every particle but photon gets a mass: Higgs-Kibble-Englert and Yukawa mechanisms.
— Unified electromagnetic and weak interaction: 2 sides of same coin: first unification since Maxwell.

— Universality for all fermions.

— Has not failed any test yet — and we are really talking precision!

But it took advantage of all freedoms (Wg B, mixing, weak eigenstates, vV mass,...)

And why is parity violated in the first place?

Not nice: not one coupling, but two: g, g' (or e, Bw)

plus 2 Higgs parameters: VEV a & curvature A,
plus 2 X 4 CKM/PMNS mixing parameters,
plus 2 x 6 Higgs-fermion couplings to generate lepton & quark masses:
24 parameters is a lot!
QCD: 1 ((XS(M%) <— Agcp) & 6 (double-counted) quark masses & 1 “vacuum angle” 6pcp

— Not nice: Higgs the only “fundamental” scalar field in Nature — and why is its VEV nonzero??



(j) QCD vs. GSW

Both are Quantum Field Theories, and even Gauge Theories, and even non-Abelian.
— Both show asymptotic freedom as q2 — 00.

Obvious differences: only quark-gluon via colour SU,(3) vs. all particles via SUL(2) x Uy(1).

There are some oft-overlooked fundamental differences:

QCD (Confinement Phase) ‘ GSW (Higgs Phase)

q & g confinement: not in detector single leptons and gauge particles
Y, Wj[,Z0 observed in detector

absence of coloured states states with nonzero charge Q, hypercharge Y,
weak isospin 7" are common (e, T, U, V,...)

nonperturbative at c]2 <3 GeV)2 perturbative everywhere
low-energy complicated: lattice, YEFT | ¢*> < (30GeV)?: EFT is simple Fermi/V-A

gluons massless 3 of 4 gauge bosons massive

(at least in perturbative régime) by Higgs mechanism

It’s fair to say we do not understand why these are so different.




(sogew-pue g+)
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6. Finally: The Standard Model — and Beyond

15‘ 2""j 3"’ electro-weak
generation gauge bosons symmetry breaking outside of
everyday matter exotic matter force particles (mass giving) standard model
s N | N —
i~ —
g ﬁ'ﬁﬁ
s ({ 2.4M 1276 w WX i
S g RTINS
color charge (r.g or b) 'g L02Z29H  Yio (W (900 0) = W (@0, 6* — 6+0,6)
u C mass (eV) E \ o !
. up A \charm ) H 12566 v
£ g
g ) ) g
% 4.8M @ 104M [ aza T
5 5 . g
d b g Hhm
2 o
down A strange \_bottom gluon 1 8
; 7
- - 2 Here the notation is as in [46], as f
0.511M 105.7M (17776 2 L e
[=] '
o Vi (fine structure), g, = strong, o, = Fbr
@ electron A Jon tau photon 4 & d 33\,: g e
'E \_ Y, : iAo g mateb: Co
g o s 5
a <22 ‘ 0.17M 15.5M B0.AG @1.2G E §
v. V. v H
a—neutrinoﬁ H-neutrino | t-neutrino i
.
: on |b SU(3) x SUL(2) x Uy(1)
12 fermions (+12 anti-mtter) ferm'?n bos_on 5 bosoNS (+1 opposite charged W) ¢ L Y
INCreasing Mass s famlly famlly gauge theory
This was a great time [. .. ], the period of the famous triumph of quantum field theory. And what a
triumph it was, in the old sense of the word: a glorious victory parade, full of wonderful things brought
back from far places to make the spectator gasp with awe and laugh with joy. [S. Coleman 1985]
PHYS 6610: Graduate Nuclear and Particle Physics |, Spring 2023 = = E = £ DA H. W. GrieBhammer, INS, George Washington University  111.6.27
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Answered a Lot of Questions, but Leave Many Open, For Example:

st nd rd electro-weak
generation gauge bosons symmetry breaking
averyday matier exotic matter force particies (mass giving)
\
1276 17120 8 2
— charge g
4 colorcharge (rgor by &
- mass (eV) 2
L spin g
- charm top £
2 g
g - , = 8
3 V& o 42 g
£ g
d S g ¥
£ o
down strange bottom gluon ! §
3
3
—— — &
0stiM ‘ 10570 11716 3
3
2]
8
3
@ electron 8
5
B
g
E] <22 ‘ <oam <isam 40 o120 H
5 |
e t Sg
e-neutrino u nbutrino teneutrino g3

12 fermions (+12 anti-matter)
increasing mass —

fermion
family

family

— Unification to 1 parameter
— Why 3 generations?— Why Q = :I:l,:l:%, :I:%,O? — Why these gauge groups? — Why 4 dimensions?

boson 5 bOSONS (-1 oposte charged

outside of
standard model

graviton

9010} feUOREYA

-

o
[
T

Mass [MeV/c?]
2 3

100

‘|§; e
L Vi

— Mass hierarchy problem

Vs

m, # my, # m
Vi e e

MeV/c?]
3 3

[

Mass

—
(=}
Y
T

o) vy (v

W) () ()

— Gravitation not quantised

— Simplify (fewer parameters), or find processes which are not explained by freedoms of SM!

Look for new fundamental particles (supersymmetry, strings, prions) & forces (dark energy/matter),
violations of lepton & baryon number & universalities, Lorentz invariance,. ..

Lots of answers, but each raises more questions! — Your Turn!




But Wait, There is More: in PHYS 6710:
Nuclear and Particle Physics II:
THE RETURN OF THE THEORIST

Topics Tuned To Audience; Typically: Less-Informal QFT & Renormalisation
— Less-Informal Statistics & Data Analysis — Instrumentation

Spring 2024 — watch this space!
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