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Outline
Induced global U(1) symmetries of models
containing SU(3) or SU(4) gauge symmetry
@ Induction SU(N) — U(N)=SU(N)® U(1)

Standard model

o Short review

o Relationship between SU(3). and Baryon number
Simple extensions of the SM

e SM & (3,2,47/6)s

o SM @ (3,1,42/3)s

o SM & (3,1,—4/3),
Pati-Salam SU(4). models

e Introduction

o Global Matter symmetry of the model

e Baryon number conservation in minimal P-S model
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Revision: symmetries

Question: Why are symmetries of action important?

Anwser (Noether):

They imply the existence of conserved quantities.

Example: U(1) symmetry of the action
5= [ £(on,000)
oa — %%,
implies conservation of charge Q carried by the fields with

Q(¢a) =
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|
U(1) induction

Suppose we want to form invariants from field multiplets ¢, x, ... which
transform under various IRs of SU(N), e.g.,

o % DU 6, & DXU) x, U € SU(N).

Theorem: Any IR of SU(N) can be realized by a tensor with a certain
number of lower and upper fundamental indices, though with extra
restrictions like (anti)symmetry or tracelessness. Then the action of the
group may look like

o 5 UM, x5k Uy U € SU(N)
The invariants are then easily obtained by contracting the indices, e.g.,
ol xmx'™ ¢ xivg

; _ A k
or, if N =2, XI¢J€J/<XT :
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|
U(1) induction

¢l Xm X' oY Xi X
Key idea: The SU(N) invariants above are also invariant w.r. to an
overall U(1) transformation
¢ij N eiaQ¢¢ij Ym 2 eiaQXXm

where generally

‘ Q = (# upper indices) — (# lower indices) ‘

ie., Q¢ = 42 QX =-1
This idea fails for the terms with Levi-Civita, e.g.
xioUepx
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N
Standard model

Postulated gauge symmetry:
SUB)c®SU(2)L @ U(1)y
Accidental global symmetries:
Ul)p® U(l)e® U(1), ® U(1),
... massless neutrinos
U(l)g ® U(1)

... massive oscilating neutrinos
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N
Standard model

v

LB+ e,me + Qiailf m@B + Ui B50” + daiBd”?
kit 1y i i\?

+ (DuH)| DY HI + (2HIH = X (HIH)

1 » ,
Lom == 3 BuwB" — A’ AR — G o 5 Gor

+ (6;axd)da€UHj + 5,'&)([1) uH' + Z,-)(e)e Hi> + h.c.

Indices:
i,j€{1,2} SU(2), fundamental
a,f€{1,2,3} ={r,g,b} SU(3)¢ fundamental
w,v € {0,1,2,3} Lorentz SO(1, 3) fundamental
implicit Lorentz spinor indices
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N
Standard model

1 4 1 i juv 1 o v
Lsy =— ZB#VBH - EAJ'WAJ:‘# - Eleﬂ Ggu
+ Ll +eide + Qini' QP + 0ai B0’ + d,i D5 d”
ko pyj i i\?
+ (DuH)| DY H + (2HIH = X (HTH)
+ (6;06}'((1)O'O‘&Jj:"/}L + 5ia)(u) UaHi + Z,-)(e)e Hi> + h.c.
Two-component fermion fields and thieir SU(2), structure:

€ = eg, U= ug, d =dr

(B2 e=(E)-()
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N
Standard model

1 174 1 i juv 1 o v
Lsm =— 3 BuwB" — SA A — -Gl Gor
+ LD +€ie + QiaiD QP + Ui PG u’ + doifd”
ko pyj i i\?
+ (DuH)| DY H + (2HIH = X (HTH)
+ (6;04}'((1)O'O‘&“ij:"/}L + 5ia)(u)uaHi + Z,-)(e)e Hi> + h.c.

Non-Abelian gauge fields (fundamental vs. adjoint indices):

i 1 i « 1 a ~c
A = 5() AL Ghu = 5(\)56s
ae{1,2,3} cef{l,2,...,8}
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N
Standard model

1 v 1 v « 17
Lsw == 7 BB EAW,A“‘ — EGM Gon
+Z,-i¢j-Lj +eilbe+ QiaileﬁQJ + Uaiwguﬁ + Haimgdﬁ
ki i i i\?
+ (DM DY HI -+ (2HIH = A (HIH)
+ (6ia}(d)da€UHj + aia}(u)uaHi + Z;xe)e Hi> + h.c.
Covariant derivative — with explicit indices, e.g.

ia = 81030, — ig'6153 YB, — igsd| Gg, — igd3AL,

or implicitly, e.g., in the field strength definition:
i i k
Ajuw = (D[u V]) = OA, l/]j 18A LA
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N
Standard model

Loy = — B B — EAJ’WAJI.“” e @ 5 Gom
+ L,-/LDJ-L +eilpe + Qiaiwj,BQjﬂ +UaiDju’ + daild’
k i i i 2
+ (DuH), D' H + I H = A (H"TH )
i (6ia}(d)da€UH}L +6ia}(u)uaHi +Zi}'(e)e H’> +h.c.

3 generations:

e . Lée) u® d®
e—|pul, L — L&u) , ouC =¥, dY—|s* ],
T L(T) t® b~
Q8
QIO[_> Q(l) 6C3><3
(2) Y(e): Y(d)s Y(uv)
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Baryon number

An extra global symmetry U(1)g related to SU(3)c.

The "charges" are ascribed as follows:
@ +1/3 for each upper SU(3) index «
@ —1/3 for each lower SU(3) index «

Therefore:

field B
ua, da’ Qia +1/3
T, Ao, Qo -1/3
o G 0
Li,e,H' B, A, 0
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Nothing similar concerning SU(2)

The same procedure does not work for SU(2),, since

@ there is an antisymmetric ¢ in the Lagrangian:
6,'04}((/)das"jl-ljT + hec

@ SU(2), is spontaneously broken
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Conservation of colors

e Combine gauge and global symmetry:
SUB)c® U(1)g = U(3)pc

@ Action of this global symmetry group on all SM fields realized via the
multiplication by the same matrix U € U(3)gc.
1
0
0
e Change the basis:

o Cartan subalgebra of U(3)gc spanned by
1 0 O 1 1 0 O
AM=|0 -1 0|, JX= o1 0], B=
0 0 0 V3 0 0 -2
1 0 0 0 0O 0 0 O
r=(0 0 o, g=[0 1 o], b={0 0 o},
0 0 O 0 0 O 0 0 1

W=
o~ O

= O O
v
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Conservation of colors

@ The Cartan subgroup
Ul), @ U(1) @ U(1), C U(3)ac

hence relates to the conservation of individual colors r,g,b

@ This is not the case for the BSM theories with BNV
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Scalar extensions of the SM
Example 1: Scalar leptoquark &% ~(3,2,47/6)

L = Lsm + (D®)], (DFo)™
— (@;ay(l)e L h.c.) — (Uay(z)Ligij e 4 h.c.)

. . \2 . .
= m? (0], o) — k(o 07) "~ p (o] o) (HIH)

e e v
u d u
ot 9P 9P
4 4 4

~ ~ ~
N N ~
~ ~ ~

According to the general prescription,
By =+1/3
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Scalar extensions of the SM
Example 2: Scalar diquark x*~(3,1,+2/3)

L= Loy + (Dux)! (D) - (dO‘TC y d¥Xeasy + h.c.)

m? (xhx) - (XLX“)2 p () (HIH).
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Scalar extensions of the SM

Example 2: Scalar diquark x*~(3,1,+2/3)
L= Loy + (Dux)! (D) - (dO‘TC y d¥Xeasy + h.c.)
- my (XLX“) — K (xan)z —p ( Lx“) (HJ-THj) :
Redefinition:

1
Xop = X'Y Eapy o Xw — EXaB Eaﬁw

the whole Lagrangian takes the form
L= Lon + % (D)/* (D*X)g5 — (dTCy 6 o + b
- %mi (XW Xaﬁ) - %H (x*“ﬂ on,é’)z - %p (XT“B Xab’) (Hf H ) :
lcisze] glleloet) () exprmmmeinies April 21, 2017 13/ 24



Scalar extensions of the SM

Example 2: Scalar diquark  x,5~(3,1,+2/3)

Bx =-2/3
S
d+/
L3
X

1 (0% (0%
£ = Low + 5 (D)™ (DX 05 - (d TCy d®Xas + h.c.)

1 1 2 1 ,
A () () B s) ()
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Scalar extensions of the SM

Example 3: BNV scalar X ~ (3,1,—-4/3)
Lixypy = uTC Ya) UBX'yé“aﬁy +d°T¢ Y(2) eXl + hec

Redefinition X,3 = X7 £,3, would not help.

Proton decay:
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Pati — Salam models

Introduction, main ideas:

@ Lepton number as the fourth color,
Phys.Rev. D10 (1974) 275-289

@ SU(3)c replaced by SU(4).,
quarks and leptons placed in IRs of this group together

@ The observed difference between quarks and leptons achieved by
spontaneous symmetry breaking

SU(4)c — SU(3).
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Pati — Salam models

Particular minimal model [Perez, Wise]

o Gauge group and its SSB:

5U(4)C & 5U(2)L & U(l)R
D SUB)c® U(l)gL®SU(2), ® U(1)r
—  SUB)c®SU(2)L® U(1l)y = Gsm
—  SUB)c® U(1)g.

1 (B — L]
Y=R+_——_Tic=R+
23 4C 5

Q=T +Y
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Pati — Salam models

Particular minimal model [Perez, Wise]

o Gauge group and its SSB:

SUA)c®SU(2)L® U(1)g = SUB). 2 SU(2)L @ U(1)y

@ Fermions:
Fia — (Qia’ LI)L ~ (47270)
u? = (uo‘, I/)R ~ (4,1,+1/2)
d? = (da, e)R ~ (471’_1/2)
(0 ~ (1,1,0)

Indices: a € {1,2,3,4}, a€{1,2,3}
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Pati — Salam models

Particular minimal model [Perez, Wise]

@ Gauge group and its SSB:

SU(4)c @ SU2), ® U(1)r — SU(3)c ® SU(2). ® U(1)y

@ Scalars:
H ~(1,2,4+1/2)
. q)ia ¢i 1 13 3 0 .
la _ B B = X i ~
oF (gp,a 0> + NG ( 0 _3) H, (15,2,+1/2)
X° = (x*x") ~ (4,1,+1/2)

Indices: a € {1,2,3,4}, a€{l1,2,3}
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-
P-S: Lagrangian

Lps = L_lay(l)FiaE;jHj + ﬁay(l)FibE,'jq)Zj
+ day) FPH] + dayayF2o)
_ 1
+ Uay(s)¥x° + SpCy b,
+ boring stuff
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Pati — Salam models

No invariant term containing &5y With mass—dimension < 4 can be
written

= Extra global U(1)p symmetry — matter number M

field‘F u d v x H o
M |+l +1 41 0 +1 0 0

U()m @ SU(4)c = U(4)mc
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Pati — Salam models

1 0 0 O 1 0 0 O
X3 = 0 -1 .00 bt _ 1101 0 O
3 1lo o o of 8—\/§ 00 -2 ol
0 0 0 O 0 0 0 O
1 0 0 O 1 0 0 O
110 1 0 0O 0 1 0 O
=500 1 0 M=10 0 1 0
0 0 0 -3 0 0 0 1
Alternative basis: There is also
: 1 000
r = diag(1,0,0,0) o1 00
g = diag(0,1,0,0) B=310 01 o0
L = diag(0,0,0,1)

B=(r+g+b)3
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Pati — Salam models

Spontaneous symmetry breaking
SU(4)c — SUQ3)c

SSB in practice:
@ shift the relevant components of the scalar fields
o split the incides a2 — ol o '
For example:  Fj;vr u?H' = Qo yr u*H' + L; ye vH'
The global U(1)pm rises and falls together with SU(4)..
The only way how .3, could occur in the broken—phase £ arises from
€abed — In the symmetrical phase.

But there is no such a term in the theory.
=- Baryon number conservation!
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Conclusion

SU(N) invariants are often invariant also w.r. to U(1)
SU(3)c¢ in SM supports the conservation of B
Main idea of Pati-Salam model

Minimal P-S model does not decay proton
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