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Can one "INVENT” a new interaction?
What determines the range of the weak interactions?

What makes our mass budget?



What about the Lorentz symmetry?

Under Lorentz: J=0,1/2,1 for h, ¥, A,

However for a charged J=1/2 particle
U(r) =¥r(z)+VYr(z) “L-R chirality”

with ¥, and Yy transforming independently under Lorentz

As such, ¥; and Uy can transform differently under the
“internal” symmetry group

They do not in QCD and QED (hence P and C conserved, see below)

1. massive (charged or neutral) = "Dirac” W =V, +Up U =U; 4 Up
W) # ()

2. massless (neutral) = “Weyl” v=vp, V=Ugr (chirality = "helicity”)

V(<) # (=)



How to "INVENT” a new interaction 1

Back to radioactivity (1896) in modern language

To mimic a gauge interaction  £; = gA%Wy,t°F, [t%, %] = if*be¢°

+
ury, Uy, = o) — o)
=(dL) L=( ) T =Qu—Q+ Ly~ L

|
Sl

+
2

. 0 1 0 —i 10
:t p— p— p—
(1 £i02) oy (1 o) 72 (z o> 73 (o —1)

_ 9 + 7— — 7+
cW_\ﬁ(WuJu+WuJu)

CL



How to "INVENT” a new interaction 2
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Lo = L) = gWia +w;Jh)
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"To close the algebra” [01,02] = 2io3 need to introduce
a new interaction

r1)

. 3 13
=gW,J,

3

Can we identify W} with the photon A, ?

Ji = Uy, T}V

L5 = eAM\I!’yMQem\If

3

_ O _ O
Ji :Q'Yu 9 ) - Lfyu?[’
ur, | ur | dp | dr | e | er | VL
T$11/2 1 0 F1/21 0 |-1/2| 0 |1/2
ury, UR dr | dr el €R VL
Qeml 2/3 | 2/3 F1/3[-1/3] =1 | =1 | 0

NO! T} # Q.. Furthermore
e!®i%i/2 — SU(2) matrices, BUT
The algebra

QemO+L 7é 0+QemL — [Qemag+] 7é 0

still not closed!



How to "INVENT” a new interaction 3

To improve the situation, consider

LY = ¢ B, Uy, YU

ur | URr dr, | dgr €L, €R VL
v [1/6 | 2/3|1/6 |-1/3]-1/2] =1 [-1/2
with B, a new boson and its associated U(1)y

Q=T +Y.

Does it work? Suppose that (to be explained in a while)
Wﬁ = sinbA,, +cosbZ,,, B, = cosbA,

Then
1)

Z

= U(T} — 5in?0Qem )V
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The discovery of "neutral currents”

The "charged current” The electromagnetic
Interaction Intferaction
Vy, - H e e
|44 8
~— ~—

The “neutral current”
interaction (predicted)

V,u /V,u
EZ
e/\@

CERN 1973: a "bubble chamber” event



The full gauge Lagrangian (a recap)

Gauge symmetry: SU(3) x SU(2) x U(1)y

A o a _ o o a ,va
A = (G2 WOB,)  FuFuw = GG + WG, + By By,

V= Q(372)1/6 ur(3, 1)2/3 dr(3, 1)—1/3 L(laz)—l/Q er(1,1)_1

Most general LD

1 =
A o?
lﬂ — 'V,uD,u — /Vu(a,u + 93G37 + gWﬁ; + g'BMY)

Realistic? B -
No mass term allowed fermions myWw = m\IfL\IfR =2 x1 2 1

by the gauge symmetry vectors m?4,A4, against g.i. A, — A, + J,a(x)

Add a scalar h:(l,z)_l/Q CY:)\h\PL\IJR:2X2X]_D]_



The SM Lagrangian  (finally)

uv

+|Dyhl? =V (h)
new!

—|—\|fi7hij\|fjh—|—h.c.

where

h hY L, 0" 1
h:(h;):(h> D,JL:((?M—I—QVVM2 g§BM)h
V(h) = —p2h[2 + A(|h[2)? B2 = Bihy + hyho

U\ U = hQrA\ur, + h"QrA{.dr, + h L\ er,



Spontaneous breaking of the EW symmetry

E’ il vuoto, bellezza! Energy 4

o symmeftric
maximum

The Higgs

the “"Higgs excitation”

condensate



V(h) = —p?|h|? + A(|h|?)? At the minimum < h >

I <h>|"=-—~=v

()

H
héeiXaO'a/2< v \/§ )

Consequences:

. Qem <h>=0=8SUQR2)xUl)y = U(1)em

2. The “radial excitation”, the Higgs boson, gets mass mm = 2V v

3. The Yukawa couplings give fermions a mass

_ H
E.q. MNhQrup — A (v+ —)uru
g QLUR ( \/i)LR

Note the linear relation between the mass m., = A"v and the coupling \*



/4 At the minimum < h >

2
v 2
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h — ¢XaTa/2 ( v_l_ﬁ )
0

< h>|? =

Further consequences:

4. The vectors of SU(2) x U(1)y, all but the photon, get a mass
D, <h>|*=mi+=g°v°/2, my=m3+/cos’0
Ay = sinHWEj +cosB,, Z, = cosé’WfL’ — sindB,,, tanf =g'/g

5. Range of the weak versus em interactions:

di ."\/\/\/\/Y/\/\/\/\/. 00 V = @
r
A gi19g2

[V A VaVaVaVaVaVaVayr ‘), V =
6. What about the three Xa ?

e~ ™27 1/my ~ 10" %em
,



The linear relation between masses and Higgs couplings
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Do we see virtual particle effects
here as well?

e St X+ XO
X —|_ M [\/\/ . {\/\/ """"""""""""""""
-------------- Wy ...© B
; | T ] ] 1 1 1 ] 1 ] ] 1 ] ITI { 1 ] Id] b k ] I—
B ' - ' m, world comb. = 1o _
8 ~ 68% and 95% CL contours . m =173.34 Gev L
— 80.5 — ' fitw/o M, and m, measurements | -- 0=0.76 GeV ’ —
E; N fitw/o M, m and M, measurements | | — 0=076©050,,Gev 7]
B direct M, and m, measurements H L -
80.45 — g d ‘ —]
80.4 o =
_ M, world comb. = 1o —
80.35 [— m,, =80.385 = 0.015 GeV =
80.3 —]
u Qe@ - -
80.25 — -° .- —
- W el .
B l, ] 1 1 L= i ] l;l i 1 1 l 1 1 1 1 l 1 l—
140 170 180 190

m, [GeV]

Blue = prediction of m¢, Mw by fitting various ew data in the theory,
with crucial inclusion of the loop effects above

Green = direct measurements of m:, My,



Our mass budget

We are made of
e , p (mostly uud), n (mostly odd)

Amys =~ 1%  from the Higgs vacuum
Me = Aev = 0.510 998 928(11) MeV
My = Ay = 2.3 1+0.7 MeV
mg = A\gv = 4.8 1+0.5 MeV

Am,, . ~ 99% from back reaction to QCD forces

E = mc* YES!
m, = 938.272 046(21) MeV
m,, = 939.565 379(21) MeV




Puzzle 1

Experiment

But if the SM
IS naively

" extrapolated
at high energies

= =175 GeV = p~10" GeV



