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The Higgs phenomenon

Wu-Yang Dictionary

Physics Mathematics
AV Yang-Mills field connection in P
P matter field in irrep V section of P xg V
G gauge group structure group of P
g gauge group vertical automorphisms of P
o Goldstone bosons sections of P xg G/H




The Higgs phenomenon

Wu-Yang Dictionary

An H structure is a principal H subbundle Q C P.

If P has an H structure, one can find a bundle atlas with
transition functions in H.

P has an H structure iff there exists a global section

op € COO(P XaG G/H)

Its local representative is og(x) = eH in all charts.

Remark: G acts transitively on C°(P xg G/H).

I will call Goldstone boson a field whose configuration space
carries a transitive G action.



The Higgs phenomenon

Higgs mechanism |

Certain gauge fields are experimentally seen to be massive.
How to reconcile a mass with gauge invariance?

@ Higgs field ¢ = C*°(P xg V)

@ W a G-invariant potential with minimumin G/H c V

@ PxgG/HCP xgV

@ choose coordinates in V: ¢ = (p, o)

@ dynamics gives (¢) = (po, o)

@ can choose “unitary” gauge ¢ = (p, oo)



The Higgs phenomenon

Higgs mechanism I

L(G) = L(H) &P

A=Alcm) +Alp

D = d¢ + A = (9p, Do)

with Do = do + AlK;(0)

in particular Doy = Al|pK;(0g)

in unitary gauge (D¢)? — (9p)? + pg(Alp)?
Higgs field p — pg also has mass = pg



The Higgs phenomenon

Higgsless Higgs mechanism

@ only Goldstone bosons are necessary for Higgs
mechanism

@ Higgs particle only necessary for perturbative
renormalizability



The Higgs phenomenon

Strong Coupling limit

W = 2(¢” — pp)?
limy .o W with pp=const
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The Higgs phenomenon

Low Energy EFT

at momenta p < po:

@ p=ro
@ Aljp=00rDo =0

Let P have an H-structure Q and o be the corresponding
section of P xg G/H. A connection A in P is an H connection
iff Do = 0.



Grand Unification

use Higgs phenomenon with G; x G, C G
to do list:

identify GUT group G
fit particles in irreps of G
write G-invariant action

explain symmetry breaking (select order parameter, orbit,
potential)

check that new particles not seen at low energy have high
mass



Grand unification: SO(10)

r’g’b r7g7b r7g’b r7g7b
(eLaVLaeRvvauL ad|_ 7uR adR )

16 complex 2 component Weyl spinors of Lorentz
4 doublets and 8 singlets of SU(2),_
Repeat three times. (n,, = 2.984 + 0.008 measured at LEP)

Fit exactly in the 16 of SO(10)!



A symmetry breaking chain

SO(10)
SO(4) lx SO(6) ~ SU(2)r x SU(2). x SU(4)
SU(2)r x SU(2)L ><lsu (3)c xU(1)s_1
U(1)em x SU%)L x SU(3)c

U(1)em x SU(3)c

requires at least 45, 16 and 10



Gravity

Gravity with more Variables

Spacetime manifold M, dimM = 4

E real vectorbundle with fiber dimension 4

local bases {0,,} in TM and {e5} in E
@ pseudo-fiber metric in E, 4 Signature +, +, +, —
@ linear connection in E, A,["b
@ soldering form 62, detf # 0



Gravity

Induced structuresin  TM

Qg = aa,u ebu “Yab
© Mty = 07" ANp°, + 2 10562,



Gravity

Torsion and Nonmetricity

© 0,8, = 9,02, — 0,0, + A2y 00, — A6,
@ Ajab = —Oxvab +Ax%aveh + Arx®b Yac



Gravity

Gauge invariance

g = AutGL(4)
62 Hla ! _A—la b Ox”
pX) o 0RX) = AT () 00 () 5
Yab(X) Y ap(X') = A%(x) A (X) vea (X)

AdB(x) o A = SO (A2 (A, (N (x)

+AT13 (X)9, A (X))

OaAm WE _, AutCt@E — DiffM — 0

is split: 6, : DiffM — AutC-4E
0.(f)=00Tfoh™t



Gravity

Goldstone Bosons

AutCL@E acts transitively on metric and soldering
~+(x) € GL(4)/SO(3,1)

~ € {fibermetric§ ~ Aut®-4E / AutSCGLE

6 € {isomorphismdM — E} ~ Aut®-(4E /DiffM



Gravity

Metric gauge

62, = 52

unbroken group DiffM
Ouv = Yuw> FaFy = ANK,
euav = ruav - rvau



Gravity

Vierbein gauge

Yab = Tab

unbroken group AutSCGM
Ouv = gau Hbl/ Nab
A)\ab = A)\ab + A/\ba

not enough freedom to fix both simultaneously



Gravity

First Hint of a Higgs Mechanism

flat background: A=0,0=1,v=1
Palatini action

1
Sp(A1.0) = 15 | 4% VIdeta] 07100, 7 F

contains

1
167G

/ d*x 5a"0° , 677 (A 2ACh — AL2AL D)



Gravity

Levi—Civita Connection

given 6, ~, there is a unique Ast. ©=0,A=0

— 1, _ _ 1
A= 5(9 1o Orkap+0 1™ Oxkine—0 1b)‘3wac)+§(cabc+cbac—ccab)

where Cape = Yad 09\ (071" 9,072 — 07 1c# 0,07 1%)

Any connection A can be split uniquely in A=A+ ¢

then S(A,~,0) = S(A(6,7) + ®,6,7) = S'($,6,v)



Gravity

Example: Einstein Theory

S(A7 e 9) = SP (A7 7> 0) + Sm(A, e 9)

where

Sy = / d*x\/|detg|[A"4",70,2,0,5,

d
BV A b A ed +CHRPY 0,2 A o]



Gravity

Rewrite

e#ay — q)uay _ (Dya#

A,uab = q),uab + (D;Lba

F,uuab = F,ul/ab + Vu¢uab - vuﬁbuab + @buac @bucb - Qbuac ¢,ucb
therefore

S(A,7,0) = S(A+ ®,7,0) = Sy (v, 0) + So(P,7,0)

where

1
Sa(61.0) = 5 [ d v/]detg] Qad 0,% 0,5



Gravity

Gravitational Higgs Phenomenon

@ gravity is a gauge theory of GL(4) with two Goldstone
bosons

@ there are two unitary gauges

@ Higgs phenomenon occurs at Planck scale, giving mass to
o

@ atlow energy A = A(4,7)
@ © =0and A = 0 are like condition Do =0

@ in a unitary gauge A is a function of the surviving
Goldstone boson (e.g. in metric gauge A, = {,*.})
(similar to CP" etc)

@ if we add F2 more complicated but still at low energy
torsion and nonmetricity can be neglected



GraviGUT

GraviGUT

use gravitational Higgs phenomenon to construct
unified theory of gravity and all other interactions.
to do list:

@ identify GraviGUT group G

@ fit particles in irreps of G
@ write G-invariant action
o

explain symmetry breaking (select order parameter, orbit,
potential)

@ check that new particles not seen at low energy have high
mass



GraviGUT

General Framework for Unification

keep dimM=4, enlarge fibers of E to have dimension N > 4

gauge theory of GL(N)
_ 14 N g 0
9_[0} ’ 7_[0 1N4]
Ao A
Ky AN

give mass to A®, H, K, symmetric part of A(N=4)
unbroken O(N — 4)



GraviGUT

Fermions |

F. Nesti, R.P., Phys. Rev. D 81, 025010 (2010) arXiv:0909.4537 [hep-th]
Assume vap = 13p, G = SO(3,11)

In SO(10) GUT one family is
n € 2¢ x 16¢ of SO(3,1) x SO(10)



GraviGUT

Fermions Il

Let BZ;E = X;B and y°® = By*. Define ¢4 by (¢1)¢ = £¢+
(Majorana spinors)

Define ¢ g by 41 /r = Fi/r (Weyl spinors).

In signature (3,11) [§,B] = 0 so we can define Majorana-Weyl
spinors ¢ ;r+. These have 64 real components.
Decomposing v under SO(3,1) x SO(10) € SO(3,11) we
find it is equivalent to 7.

Remark: SO(1,13) has Weyl 64c
decomposing as 64¢c = 2¢ x 16¢ + 2¢ x 16¢



GraviGUT

Fermions Il

1 .
DN¢L+ = <6ﬂ + ZAZZ(LS;J’ll)> @Z}L+

let T]A = —A Y
then 9/, (Ay")LDvL, is one-form in 14 of SO(3,11)

S= /¢I+(A’Yi)LD’¢JL+ N NG N O iy .



GraviGUT

Fermions IV

Assuming the following VEVSs:

®mnrs = €mnrs 921 = Me™,
dike =0 otherwise 02 =0 otherwise

we find after some work

S = /d4x n' oV,

where now ¥, — O —0, + 34 7L



GraviGUT

Where do we stand?

@ kinematics well understood

@ bosonic action for broken phase can be written
@ hard to write action that works in both phases
@ fermionic content and dynamics ok, with caveat
@ further breaking of SO(10) unaccounted for

@ all this is still classical....
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