Spontaneous Symmetry Breaking

gauge symmetry

e Consider a U(1) gauge invariant Lagrangian for a complex scalar field ¢(x):

L= —iFWFf“’ + (D) (DFe) — p*¢" 9 — A(¢'¢)* , Dy =9y +ieqA,

inv. under ¢(x) — ¢'(x) = e Wp(x), Au(x) — Ay (x) = Ay(x) + %8y9(x)
If A >0, u* <0, the £ in terms of quantum fields 7 and x with null VEVs:

1

p(x) = ﬁ[erﬂ(X)Hx(x)], o= —Av*

1 1

1

L= =2 FwF 4 5(0un)(9%) + 5(9,x) (9" X)

A
= Av*y® = Ao (i + x*) = 70" + x7)°

1
+ E(eqv)szA”

L1
2

+ equA, 0t x |+ quy(qBVX — x9"n)

(eq)* Ay A (7* + 20n + x°)

Comments:
i) my = Vv2A0
my, =0

(i) Ma = |eqo| ()
(iii) Term A0 x (?)
(iv) Add Lgr
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Spontaneous Symmetry Breaking || gauge symmetry

e Removing the cross term and the (new) gauge fixing Lagrangian:

1
Lcp = ‘E@”A” — EMax)?

MA [AVBP‘X + ayAVX]

total deriv.

1

1 2 1 2 7 ~ N
1 1
+ 5 @) (9"X) = EMAX* + ..
and the propagators of A, and yx are:
~ i kky
D, (k) = - 1— .
~ i
D(k) =
k2 — M2

= X has a gauge-dependent mass: actually it is not a physical field!
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Spontaneous Symmetry Breaking || gauge symmetry

e A more transparent parameterization of the quantum field ¢ is

() = o (x)], (0]7]0) = (0]2]0) =0

d(x) — e iqC(x)“’gb(x) = \%[v +1n(x)] = { gauged away!
1 1 Comments:
L= _11:va”1/ =+ E(aﬂﬁ)(ayn)
3 i) my = V20

C3.2.2 3 A g

AvT” — Avn 477 (ii) M4 = |eq]

1 1
+ E(eqv)szA” + E(eq)ZAyAV(Zviy +71?) (iii) No need for L

= This is the unitary gauge ({ — ©0): just physical fields
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Spontaneous Symmetry Breaking || gauge symmetry

= Brout-Englert-Higgs mechanism: [Anderson '62]
[Higgs ‘64, Englert, Brout '64; Guralnik, Hagen, Kibble "64]

The gauge bosons associated with the spontaneously broken generators become massive,
the corresponding would-be Goldstone bosons are unphysical and can be absorbed,
the remaining massive scalars (Higgs bosons) are physical (the smoking gun!)

— The would-be Goldstone bosons are ‘eaten up’ by the gauge bosons (‘get fat)
and disappear (gauge away) in the unitary gauge ({ — o)

= Degrees of freedom are preserved
Before SSB: 2 (massless gauge boson) + 1 (Goldstone boson)

After SSB: 3 (massive gauge boson) + 0 (absorbed would-be Goldstone)

— For loops calculations, 't Hooft-Feynman gauge (¢ = 1) is more convenient:
= Gauge boson propagators are simpler, but

= Goldstone bosons must be included in internal lines
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Spontaneous Symmetry Breaking || gauge symmetry

o Comments:

— After SSB the FP’ ghost fields (unphysical) acquire a gauge-dependent mass,
due to interactions with the scalar field(s):

~ 0,
D_, (k) = 4
ab () k2 — &aMz, + i€
— Gauge theories with SSB are renormalizable ['t Hooft, Veltman 72]

UV divergences appearing at loop level can be removed by renormalization of
parameters and fields of the classical Lagrangian = predictive!
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Gauge group and particle representations

[Glashow "61;

Weinberg '67; Salam ’68]

[D. Gross, F. Wilczek; D. Politzer '73]

e The Standard Model is a gauge theory based on the local symmetry group:

SU(3). ®SU(2), ® U(1)y — SU(3), ®
—— N ~ v

strong electroweak

em

(Do

with the electroweak symmetry spontaneously broken to the electromagnetic
U(1)p symmetry by the Brout-Englert-Higgs mechanism

e The particle (field) content: (ingredients: 12 flavors + 12 gauge bosons + H)
Fermions I 11 111 Q Bosons
spin % Quarks | f || uuu | ccc | tit 5 || spin1 | 8 gluons || strong interaction
f'|| ddd | sss | bbb || —3 W, Z weak interaction
Leptons | f Ve vy | vr 0 v em interaction
f' e U T —1 || spin O | Higgs origin of mass

Qr=Qp +1

2. The Standard Model
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Gauge group and particle representations

e The fields lay in the following representations (color, weak isospin, hypercharge):

Multiplets | SU(3), ® SU(2)r @ U(1)y I II 111 Q= Tz+Y
u C t 2 1,41
Quarks 3,2 %) k L L ?i i ?
dr SL br —3=—5+32
(3,1, %) UR CR iR % = 0+ %
(3/ 1, _%) dR SR bR —% = () — %
% % % 0= L_1
Leptons (1, 2, —%) oL HL L i i
eL KL L —1=—-35—3
(1/ 1/ _1) €R ]/lR TR —1 = 0—1
Higgs (1, 2, %) (3 families of quarks & leptons)

= From now on just the electroweak part (EWSM): SU(2),®U(1)y
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The EWSM with one family | (of quarks or leptons)

e Consider two massless fermion fields f(x) and f’(x) with electric charges
Qf = Qp + 1 in three irreps of SU(2),@U(1)y:

_ —y 1 1
LY =ifgf+if of fR,LZE(li')G)f/ fﬁ,LZE(li%)f/
= i¥19%1 +ip,dyPn +ipsdps ;Y= (@) , Y= fr o, Y3= fr
f v -
N — (1, y2) (1,y3)

(2,41)
e To get a Langrangian invariant under gauge transformations:
¥, (x) = Uy (x)e VPOW, (x), Up(x) =e 7@ T, =~ (weak isospin gen.)

Po(x) > e W2PM gy (x)
P3(x) = e WPy (x)
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The EWSM with one family || gauge invariance

= Introduce gauge fields W;l(x) (=123 and By, (x) through covariant derivatives:

\

~

Lo i i
qujl = (ay — lgW],l + lg/ley)lPl , W]/[ = EZW;
Dy = (9, +ig'y2B) ¢ > = | Lr

Dy = (0 +ig'y3Bu) s

where two couplings ¢ and ¢’ have been introduced and

~

vwmkwmmWM%mw—;%mumim

Bu(x) > By(x) + ~9,(x)

g
= Add Yang-Mills: gauge invariant kinetic terms for the gauge fields
1 . 1 . . . -
Lym|= =W W — 2 Bu B, Wy, = 0, W, — 0, W, + g€k W W}

(include self-interactions of the SU(2) gauge fields) and B, = d,By, — 9, B,
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The EWSM with one family

mass terms forbidden

= Note that mass terms are not invariant under SU(2); ®U(1)y, since LH and RH

components do not transform the same:
ff = m(Fif+ Fife)

= Mass terms for the gauge bosons are not allowed either

= Next the different types of interactions are analyzed

2. The Standard Model
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The EWSM with one family

charged current interactions

o Lr D g?yy’“‘I/NVy‘Ifl )

oo L Wi V2w
o2 \vaw, -wB

= charged current interactions of LH fermions with complex vector boson field W:

Loc = z%ﬁm ) fWEthe, W= \%(w; i)
( q
W W
14 u
14 u
W W

2. The Standard Model
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The EWSM with one family || neutral current interactions

e The diagonal part of

LrD ng’Y”Wy‘Fl — ¢'Bu(1Y17"¥1 + 2o Y 2 + y3 Py s)

= neutral current interactions with neutral vector boson fields ij and BV
We would like to identify B, with the photon field A, but that requires:

yi=Yy>=y3 and g'yj=eQ; = impossible!

= Since they are both neutral, try a combination:

Wﬁ CWw —Sw Zy sw =sinfy , cw = cosBOy
B, Sw Cw Ay 0w = weak mixing angle

3
Lne =) ¥ {— [8Tssw + g'yjew] Ay + [8Tsew — 8'yjsw] Zy } ¥
j=1

with T3 = % (0) the third weak isospin component of the doublet (singlet)
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The EWSM with one family || neutral current interactions

e To make A, the photon field:

(De=gsw=gew| (2)|Q=Tz+Y

0
)/ QZZQf/ Q3:Qf’

where the electric charge operator is: Qp = ( .
O f/

= (1) Electroweak unification: ¢ of SU(2) and ¢’ of U(1) are related

= (2) The hyperchages are fixed in terms of electric charges and weak isospin:

1 1

n=Qr—5=Qp+5, =0,  Yy3=0Qf

Logp = —e QfY'f Ay +(—7)

= RH neutrinos are sterile: y, = Qf =0
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The EWSM with one family

neutral current interactions

e The Zy is the neutral weak boson field:

[,lic —e ffyl“‘(vf —agys)f Zy +(f—f)

with

of

ZSWCW

T TR £

aAr =
’ 2SWCW

e The complete neutral current Lagrangian reads:

LNne = ﬁQED + ﬁl%lC

f=u,dt

f=u,d, v/t

2. The Standard Model

38



The EWSM with one family

gauge boson self-interactions

e Cubic:

1ec
»CYM D) £3 = — W

SW

{WWW;;Z,, — W, WHZY — W;QWVZW}

+ie {WWWJAV — WHWFAY W;wVFW}

with

Fup = 0,Ay —0vA,  Zyy = 3,2y — 3,2,

Wy = 3, W, — 3, W,

2. The Standard Model
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The EWSM with one family || gauge boson self-interactions

e Quartic:

e’ t 2 tant

Lym D Ly= ——o { (w W”) — Wik WVWV}
ZSW H H
ezc%/\/ T v T %

- wiwrz,zr - wizrw,zv |

Sw
€2CW

{2w;:w#szV — WIZFW, AV — W;AP‘WVZV}
SW

_ {W;[W”AVAV _ W;[AP‘WUAV}

14 w W 7w Z W Z

Note: even number of W and no vertex with just 7y or Z
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Electroweak symmetry breaking || setup

e Out of the 4 gauge bosons of SU(2); ®U(1)y with generators T1, Tp, T3, Y we
need all to be broken except the combination Q = T3 + Y so that A, remains
massless and the other three gauge bosons get massive after SSB

8

Lo|= (Dy®)'DIO — p?@'® — A(®'®)2,  D,® = (9, — igW,, + ig'yoB,) P

= Introduce a complex SU(2) Higgs doublet

.
d = (Z°> , (0] ®0) =

with gauge invariant Lagrangian (1* = —A0?):

Sil-

takeyq):% = (,+Y)|0)=0Q (:) ~0

{Tli Iy, 13 — Y} ‘O> 7’{ 0
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Electroweak symmetry breaking || gauge boson masses

e Quantum fields in the unitary gauge:

0
O(x) = exp{ 2091( )} \% (U+H(x))

1 physical Higgs field

. 1 0 H(x)
d(x) — exp{ —i—0'(x) P(x) = — =
(%) P{ 20 ( )} (x) NG (U+H(x)) 3 would-be Goldstones
0'(x) gauged away

— The 3 dof apparently lost become the longitudinal polarizations of W= and Z that
get massive after SSB:

2.2
1
E@DﬁM:&W;W”—I-g 0 Z,Z" = My = Mgy = =0
4 8CW 2
\/./
i b
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Electroweak symmetry breaking

Higgs sector

= In the unitary gauge (just physical fields):

L zlaHWH—lMﬁﬁ—A@H&—Méﬁl My =/ —2u2 = V20
=" 2H 20 802’
L° H H R L H
H---< s
\\ /, \\
\\ H H ’, \\ H

1

2 H? 5

w W - H

2

£q> — £H‘|‘£M+£Hv2

2 H?2
14+ =-H+ —
0 0
7
A

}
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Electroweak symmetry breaking

Higgs sector

e Quantum fields in the Ry gauges:

(x
q)(x)(l 0t (x

ﬁ[v+H<x>+ix<x>]> S

ﬁq; — £H+LM+£HV2

1

+ (9™ (0"¢™) + 5(9ux) (9"X)

+ iMy (Wyot'pt —Widle™) + Mz Z,0"x

+ trilinear interactions [SSS, SSV, SVV]

+ quadrilinear interactions [SSSS, SSVV]

2. The Standard Model
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Electroweak symmetry breaking || gauge fixing

e To remove the cross terms W,0"¢™, W; ¢~ , Z,0" x and define propagators add:

1 1
- AV u 2

1

gw |ayW’“‘ + i(:wMqu_ |2

= Massive propagators for gauge and (unphysical) would-be Goldstone fields:

- i kyky
DZV(k) — k2 4+ ie [ gVV+ (1 C’Y) 2 ]
- i k., k ~ i
DZ (k) = ! L (1— il ] . DX(k) =
v (K) 2 — M2 +i [ 8w + CZ)kZ—CZM% (k) k? — {7 M2 + ie
» i k. k ~ i
DW (k) = . L (1— il ] . DOk) =
o (K) k2 — M2, +ie [ 8w+ gW)kz—CjWM%,V () k2 — SwMj, +ie

('t Hooft-Feynman gauge: {, = ¢z = ¢w = 1)
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Electroweak symmetry breaking || Faddeev-Popov ghosts

5 I g i ( ) ( 7 7 )

Lrp = (9%¢;)(9uci — gel]kc]Wk) + 1nteract10ns with <I>

U kmetlc + [UUV] U masses + [SUU]

= Massive propagators for (unphysical) FP ghost fields:

1 ~ i ~
, DMZ k — , Dui k —
k? + ie () k2 — 7 M2 +ie (k) k2 — CwMz, + ie

D" (k) =

('t Hooft-Feynman gauge: z = {w = 1)
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Electroweak symmetry breaking || Faddeev-Popov ghosts

Lrp = (0utty) (0 uy) + (917)(0"uz) + (914 ) (Huy) + (9,u—) (0 u_)
(ie] (9" )uy — (M )u_ A, — %[(aﬂmm — (3" )u_)Z,
[UUVI{ — ie[(9" 5 )ity — (3" )u_] W liivw ("4 Yuz — (3Mz)u_ W
e[0T )ity — (M ) )Wy — SN 1M Vuy — (99T, ) |W
\ ie[ (M- )uy — (MU )uy]W, - (" u_)uz — ("uz)uy|W,
— &zM3 Tizuy — EwMiyy Wiy — SwMyy T_u_
( _ 1 1 _
—elz Mz Uiz ZSWCWHuZ ~ 2o (pTu_ +¢ u+)]
1 N 2 —s3 )
[SUU] § —eSwMw ti | =—(H +ix)usr — ¢ | uy U
25 2SWCW
1 ~ c3y — S5
= eCwMw u_ f(H —ix)u— — ¢ (ufy = Dswem U )

2. The Standard Model
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