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Motivation

o Standard Model flavor puzzle / CP violation in Nature.
e Origin of CP violation?

- CP violation established e D N TE
in quark sector, I E
consistent with SM (CKM). " :

4 VG|
- open question: e /B R T

CP violation in lepton sector ?

1o

- open question: \
Why 0 = (0 + argdet y,yq) < 107192 ~
Why CPV only in FV processes? TR e

= Flavor and CP are intertwined in SM.

This talk: A “flavor’-symmetry reason for § = 0 while dgp # 0.
(...in a toy model)
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Outline

CP violation from a symmetry principle

CP violation in the breaking of SU(3) — T~

Summary
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TWO typeS Of grOUpS (without mathematical rigor)

List of representations: r1, ra, ..., 7k, 71, ...
Out in general : ri — r; Virrepsi,j (1:1)

Criterion:
Is there an (outer) automorphism transformation that maps

T, = T for all irreps i ?

No Yes
= Group of “type I’ = Group of “type II”

Why is this information important?
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Physical CP transformation
In the Standard Model
SU(B)®SU@R2)®U(1) and  SO(3,1),

physical CP is described by a simultaneous outer
automorphism transformation of all symmetries which maps

ri < ri*a

(e.g. (3,2)% +— (3,5)1:/6) :

[Grimus, Rebelo '95]

for all representations of all symmetries. [Buchtinder et . 01

of such a transformation warrants 6, écp = 0.

Violation of such a transformation is implied by experiment, and
necessary requirement for baryogenesis. [Sakharov '67]
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Do CP transformations exist for all symmetries?
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Do CP transformations exist for all symmetries?
General answer: No.
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Do CP transformations exist for all symmetries?
General answer: No.

For example: Discrete groups of type I:

G|Z5x7y Tr: A(21) Ty xZs

SGid ‘ (20, 3) (21,1) (27, 3) (27, 4)
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Do CP transformations exist for all symmetries?
General answer: No.

For example: Discrete groups of type I:

G|Z5x7y Tr: A(21) Ty xZs

SGid ‘ (20, 3) (21,1) (27, 3) (27, 4)

e These are inconsistent with the trafo r; — r; Vi.

= CP transformation is inconsistent with a type | symmetry.

(assuming sufficient # of irreps are in the model)

There are models in which CP is violated
as a consequence of another symmetry.

[Chen, Fallbacher, Mahanthappa, Ratz, AT '14]

The corresponding CPV phases are calculable and quantized (e.g. dgp = 27/3, ...)
stemming from the necessarily complex Clebsch-Gordan coefficients of the “type I”

group. This has been termed “explicit geometrical” CP violation.
[Chen, Fallbacher, Mahanthappa, Ratz, AT '14]
[Branco, '15], [de Medeiros Varzielas, '15]
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An interesting observation
Observation:
Type | groups can arise as subgroups of type Il groups.

For example: small finite subgroups of simple Lie groups.

SU(3) O Tx
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An interesting observation
Observation:
Type | groups can arise as subgroups of type Il groups.

For example: small finite subgroups of simple Lie groups.
SU(3) O Tx

Structure of outer automorphisms:
Out(su(3)) = Zs

O—O

N

r; < ’I“l'* Vi
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An interesting observation
Observation:

Type | groups can arise as subgroups of type Il groups.

For example: small finite subgroups of simple Lie groups.

SU(3) O Tx
Structure of outer automorphisms:
Out(su(?)) ) = ZQ Ollt( T7 ) = ZQ
o 0 Fy

T7 | Cia Csa C3 Cra Cop
1, | 1 1 1 1 1
G 1 1 w w? 1 1
GSLi| 1 & w 1 1
3 3 0 0 n n
\_/ < 51 3 0 0 n* n

r; ’I“l'* Vi ’I"Z‘}{’I’i* Vi X

Andreas Trautner, bctp CP violation with an unbroken CP transformation, 24.05.17

7/13



An interesting observation
Observation:
Type | groups can arise as subgroups of type Il groups.

For example: small finite subgroups of simple Lie groups.

SU(3) O Tx
Structure of outer automorphisms:
Out(su(?)) ) = ZQ Ollt( T7 ) = ZQ
o 0 Y

T7 | Cla C3a C3% Cra Cp
1, | 1 1 1 1 1
G 1 1 w w? 1 1
G1| 1 WP ow 1 1
3 3 0 0 n n*
\_/ < 51 3 0 0 n* n

r; & ort Wi risrr;s Vi X

Note: Out(su(3)) is Out( T7 ) of the T7 C SU(3) subgroup.
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Toy model overview
Facts:

e SU(3) is consistent with a physical CP transformation.

e The T subgroup of SU(3) is inconsistent with a physical CP
transformation.

Question: How is CP violated in a breaking SU(3) — T7?
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Toy model overview
Facts:

e SU(3) is consistent with a physical CP transformation.

e The T subgroup of SU(3) is inconsistent with a physical CP
transformation.

Question: How is CP violated in a breaking SU(3) — T7?
Toy model: gauged SU(3) + complex scalar SU(3) 15-plet ¢. [Ratz, AT 16]
1
2 = (Du9)' (D" ¢) = 7 G, G = V(9),

5
V(g) = —p’¢To+ Z Ai 154)(@ . with \; € R

i=1
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Toy model overview
Facts:

e SU(3) is consistent with a physical CP transformation.

e The T subgroup of SU(3) is inconsistent with a physical CP
transformation.

Question: How is CP violated in a breaking SU(3) — T7?
Toy model: gauged SU(3) + complex scalar SU(3) 15-plet ¢. [Ratz, AT 16]

# = (D)l (D"9) — § Ga, G = V(9),

5
V(g) = —p’¢To+ Z Ai 154)(@ . with \; € R
=1l

calculation enabled by SUSYNO [Fonseca '11]
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Toy model overview
Facts:

e SU(3) is consistent with a physical CP transformation.

e The T subgroup of SU(3) is inconsistent with a physical CP
transformation.

Question: How is CP violated in a breaking SU(3) — T7?
Toy model: gauged SU(3) + complex scalar SU(3) 15-plet ¢. [Ratz, AT 16]

# = (D)l (D"9) — § Ga, G = V(9),

5
V(e) = —u26To+> NIV (9). with \; € R
=1
calculation enabled by SUSYNO [Fonseca '11]

e VEV of the 15-plet (¢) breaks SU(3) — T7.  [Lunn, 111, Merle, Zwicky '11]
e Out(su(3)) 2 Zs — Out(T;) X Zsy; Out unbroken by VEV.

SU(3) X ZQ ﬁi} T7 X ZQ; o
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CP violation in SU(3) — T toy model

[Ratz, AT "16]

Name SU(3) 2, Name T7 mass

; Zy 11 m% =7/3¢%v>

Ap 8 2 2,2
I Wy 3 myy =g v
: Reog 10 m3, op =2 u?
i Imog 10 mi, o =0

é s : o1 11 mgl = —p? + V15 X5 02
) T 8 mi =m? ()
I 3 mi, =mZ (nN\)
LT 3 mi =mi (n i)
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CP violation in SU(3) — T toy model

[Ratz, AT "16]

Name SU(3) —= Name T7; mass

i 2 2,2

A 5 A 11 mz =7/3g"v

(¥ | W, 3 2 2,2
= my =g v
T
: Reog 1o m%{eao = 2N2
i Imog 1o mgmﬂo :02 ,
‘ 1 =— V15 A
@ 15 ‘ o1 1 m;1 ;; + 5V

| 1 3 Mry = Mr) (/1’7 )‘1)
‘ 2 3 mg‘z = mg‘z (:uv )"L)
1 73 3 m72—3 = m72'3 (1“7 )‘l)

The action is invariant under the Z2 — Out transformation:

SUB) | T
I Wu(z) — Py W)(Pa),
|
o ab ey ab : oo(z) — oo(Px),
Au@) = I; :P*“fPAV(?xL I oTi(z) = 7 (Pa),
(]51(.'.3) Vi ¢J( x) ’ : ZII(ZIJ) — 7:})/7 Zl/('y.’L‘)y
I oi(z) = o1(Px).
|

physical CP physical CP x
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CP violation in SU(3) — T toy model

® The VEV does not break the CP transformation, U(¢)* = (¢).
® However, at the level of T7, the SU(3)-CP transformation merges to Out(T7 ):

15 = 1o ® 11 ® 11 ®© 3 ® 3 ® 3 ¢ 3
Zo — Out : l
15 — 1o ® 11 ©® 11 ® 3 ® 3 ® 3 @ 3
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CP violation in SU(3) — T toy model

® The VEV does not break the CP transformation, U(¢)* = (¢).
® However, at the level of T7, the SU(3)-CP transformation merges to Out(T7 ):

15 = 1o ® 11 ® 11 ®© 3 ® 3 ® 3 ¢ 3
weoe TS
15 — 1o ® 11 © 11 ® 3 ® 3 ® 3 & 3

= The Z2-Out is conserved at the level of T, but it is not interpreted as a physical
CP trafo,

sU(3) %z 2 Ty AERE

® There is no other possible allowed CP transformation at the level of T~ (type I).
® Imposing a transformation r., ; <+ 71, ;* enforces decoupling, g = A\; = 0.
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CP violation in SU(3) — T toy model

Explicit crosscheck: compute decay asymmetry.

| (01 = WWH? — | (0] = WW*)|?
| (01 = WW? 4 | (cF = WW*)|*

o1 W W* =
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CP violation in SU(3) — T toy model

Explicit crosscheck: compute decay asymmetry.
| (01 = WWH? — | (0] = WW*)|?

15 W W*x =
i |t (o1 = W W) + |t (0F — W W)|?

Contribution to e, .y w~ from interference terms, e.g.

v v 2
v w X X
0 : W ! w
\ T2 - 2,
@il cocmoo + o1 ==yl g + o1 - Z s
I N
1T N 1Ty N
) DR we ; | we
w* 1>< X l>< ¢
corresponding to non-vanishing CP-odd basis invariants
T *
L = [Y‘HWW*] ke [ ‘71’—275} ij [YT2* WW*]imk [(YTQ*WW*) ]jmz ’
_ [yt ]
Iy = [YmWW*]k |:YU17'27'2*}”_ [YTSWW*]wm |:<YT§WW*) ik .

Contribution to €5, .y w is proportional to Im Z; > # 0.

All CP odd phases are geometrical, T; = 2™ 1/3 T,
(eglﬁw W*) — 0 for v — 0, i.e. CP is restored in limit of vanishing VEV.
11/13
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Natural protection of 6 = 0

Topological vacuum term of the gauge group

92

Sy =0
o 3272

a pv,a
G,u,u G P

is forbidden by Zy — Out (the SU(3)-CP transformation).
The unbroken Out

Zo —Out : Wy(z) — PY Wi (Px), Zulz) — —PYZ,(Px),
(= n v H ©

still enforces 0 = 0 even though CP is violated for the physical T; states.
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Natural protection of 6 = 0

Topological vacuum term of the gauge group

92

Sy =0
o 3272

a pv,a
G,u,u G P

is forbidden by Zy — Out (the SU(3)-CP transformation).
The unbroken Out

Zo —Out : Wy(z) = Py W7 (Pz), Zu(x) = =P, Z,(Pz),

still enforces 0 = 0 even though CP is violated for the physical T; states.

Physical scalars (T singlets and triplets):

1

Recop = —= (1 +67) , Imop = — —= (¢1— ¢1) ,

V2 V2
2,

1 Vii Vi Viz\ (Tp
T2 | = (Va1 Va2 Vag T3] -
T3 Va1 Viz2 Va3 T

o1 =

CP violation with an unbroken CP transformation, 24.05.17
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Natural protection of 6 = 0

Topological vacuum term of the gauge group

g2

Ly =0
0 3272

Gl G
is forbidden by Zo — Out (the SU(3)-CP transformation).
The unbroken Out
Zo —Out : Wy(z) = Py W7 (Pz), Zu(x) = —P)Z,(Pz),

still enforces 6 = 0 even though CP is violated for the physical T states.
Possible application to strong CP problem?
® Starting point: CP conserving theory based on

[Gsm X Gp] x CP .

® preak Ggp x CP — Typel x Out.
~ CP broken in flavor sector but not in strong interactions.

® Main problem: finding realistic model based on Type | group allowing for outer
automorphism.
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Summary

e There are certain (discrete) groups which are inconsistent with
physical CP transformations.

e These groups allow for models with (explicit and/or spontaneous)
CP violation with calculable (quantized) “geometrical” phases.

e Physical interpretation of one and the same transformation
(namely the Z,-Out) changes depending on the symmetries of
the ground state of a model.

e We have found an explicit toy model example, SU(3) — T+, in
which CP is spontaneously violated for the physical states of the
theory (with geometrical phases) while an unbroken outer
automorphism protects 6 = 0.
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Thank You!
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Additional slides
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“Physical” CP transformation

Recall: e.g. complex scalar field o, with field operator
i) — /515 [a@ e 18 @) ere)
Physical CP transformation of the complex scalar field
CP : o(x) — e¥%o*(Px),
corresponds to
CP : a(p) — é¢b(—p) and b (@) — &*al(—p).

Note:

“matter’: a(*) “anti-matter”: 5" .
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Toy model details

Complex scalar ¢ in T7-diagonal basis of SU(3): (in unitary gauge)

b2 $7 P8 P9 o7 5 95
¢ = (v+¢>1, ,¢4,¢5, 6, —=> —=» —=>» b10, $11, P12, —= :
V2 f V2 V2T V2 V2 V2 V2
T~ representations of the components
# = 1o, p2 = 11,
T1 = (P4, ¢5, ¢6) = 3, To = (é7, g8, ¢9) = 3,
T3 = (¢10, P11, P12) = 3.
The physical scalars are
Reo = —= (@1 +6() . Imoo = = —=(61-40) .
g1 = ¢2 )
1 Vit Viz Viz\ (T»
2| = (Va1 Va2 Vag T3] -
T3 Va1 Viz2 Vg Ty
The physical vectors are
1 . 1 .
" = \E(A';*IAQL) , Wi = E(AZL*MT) )
wy T(A“—IA”) Wy = ﬁ(Ag—iAg) :
Andreas Trautner, bctp

CP violation with an unbroken CP transformation, 24.05.17
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Toy model details
The VEV in this basis is simply

()1 = v and (¢); = 0 for i=2,...,15,

where

7 ~1/2
| = ux3 \/; <77\/15 A1+ 14V15 Az + 20v/6 Ay + 13V15 ,\5)

The masses of the physical states are

2 722

my = gg v® and m‘%v = g%v?.
2 2 2

MReoy — 2p”, Mimoy, = 0,
m?,l = — 2+ V15502 .

The massless mode is the goldstone boson of an additional U(1) symmetry of the
potential. It can be avoided by either

® gauging the additional U(1),
® or breaking it softly by a cubic coupling of ¢.

Andreas Trautner, bctp CP violation with an unbroken CP transformation, 24.05.17
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Toy model details

T invariant couplings (w := e%i/fi)
’U92 —7i/6 3 2 ) )
Yoo ww* = 75 e diag(l, w, w?) , Yo ryrs = VYo, ryry diag(l, w, w?),
_ S )
[YTSWW*LM [YT§WW*]232 - [YTSWW*]glg = VG Yzww
Yoy ] =0 else) .
I:TZWW - ( )

Andreas Trautner, bctp CP violation with an unbroken CP transformation, 24.05.17 21/13



Toy model details

Yorrars = 50173 {v& [-14v10 (174 5V5i) A1 +84v30 (VB —1) A2
— 240 (1+\/§i) Ay — V10 (197—55\/§i) A }
+8V [28VI0 (1-V3i) A — 14V30i Az +112V3BiAg
- (30—26\/51) A4+ V10 (20—\/51) )\5}
+8V [28VI0 (14 V3i) AL — 14V30iAg — 16823
+(6+65\/§i) )\4—4\/5(1—2\/51) )\5]
+ 8 Vo Vas [—35\/E (1—\/51) ,\1+21\/%(\/§+i) o
— 56 (3+\/§i) A3 + 6 (1+17\/§i) >\47\/ﬁ(67+19\/§i) As}
T4V Vs [—zsm(2+\/§i) A1—42\/%(\/§+i) o
+ 30 (11+3\/§i) >\4—\/ﬁ(31+11\/§i) >\5]
— 8 V2o Vag [14VI0A1 — 14v30i A2
+10 (3+5\/§i) /\4+\/E(173\/§i) As]}
and

V2
Yrgwwr = = (2 Va1 + Vag +2Va3) .
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Physical CP transformation
We extrapolate from the SM to possible symmetries in BSM.

= “Definition” of CP in words:

CP is a special outer automorphism transformation which
maps all present symmetry representations (global, local,

space-time) to their complex conjugate representations.

[AT '16]
This definition is consistent with the definitions in [Buchbinder et al. '01] & [Grimus, Rebelo '95]
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Physical CP transformation
We extrapolate from the SM to possible symmetries in BSM.
= “Definition” of CP in words:

CP is a special outer automorphism transformation which
maps all present symmetry representations (global, local,

space-time) to their complex conjugate representations.

[AT '16]
This definition is consistent with the definitions in [Buchbinder et al. '01] & [Grimus, Rebelo '95]

Any such transformation:
e warrants physical CP conservation (if conserved),
= must be broken (by observation).
Note that a physical CP transformation
e does not have to be unique,

e does not have to be of order 2, e.g. (Grimus et al. '87], [Weinberg '05], [Ivanov, Silva '15]

e is, in general, not guaranteed to exist for a given symmetry
group. (It does exist for Ggr).

Andreas Trautner, bctp CP violation with an unbroken CP transformation, 24.05.17
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What is an outer automorphism?
Example: Zs; symmetry, generated by a® = id.

. Zs |id a a°
e All elements of Zj : {id, a, a*}. S E
e Outer automorphism group (“Out”) (1 w WP
of Z3: generated by 171w w »
(w:=e“T ")

u(a):arra’  (thinkiuau™' = a%)

Andreas Trautner, bctp CP violation with an unbroken CP transformation, 24.05.17
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What is an outer automorphism?
Example: Zs; symmetry, generated by a® = id.

. N Zs | id a~—a?
e All elements of Z; : {id, at¥a“}. 1 71 1
e Outer automorphism group (“Out”) (1 w WP
of Z3: generated by (17 |1 W w -
(w:=e“T ")

u(a):arra’  (thinkiuau™' = a%)
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What is an outer automorphism?
Example: Zs; symmetry, generated by a® = id.

. N Zs | id a~—a?
e All elements of Z; : {id, at¥a“}. 1 71 1
e Outer automorphism group (“Out”) (1 w WP
of Z3: generated by (17 |1 W w -
(w:=e“T ")

u(a):arra’  (thinkiuau™' = a%)
Abstract: Out is a reshuffling of symmetry elements. (Out := Aut/inn)

In words: Out is a “symmetry of the symmetry”.
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What is an outer automorphism?
Example: Zs; symmetry, generated by a® = id.

. N Zs | id a~—a?
e All elements of Z; : {id, at¥a“}. 1 71 1
e Outer automorphism group (“Out”) (1 w WP
of Z3: generated by (17 |1 W w -
(w:=e“T ")

u(a):arra’  (thinkiuau™' = a%)
Abstract: Out is a reshuffling of symmetry elements. (Out := Aut/inn)

In words: Out is a “symmetry of the symmetry”.

Concrete: Out is a 1:1 mapping of representations r — r’.

Comes with a transformation matrix U, which is given by

Up (@)U ™" =pr(u(g)), VeeG.

(consistency condition) [Fallbacher, AT, '15]
[Holthausen, Lindner, Schmidt, '13]

- pr(g): representation matrix for group element g € G
- wu: g+ u(g) :outer automorphism

Andreas Trautner, bctp CP violation with an unbroken CP transformation, 24.05.17
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What is an outer automorphism?
Example: Z3 symmetry, generated by a® = id.

. N Zs | id a~—a?
e All elements of Z; : {id, at¥a“}. 1 71 1
e Outer automorphism group (“Out”) (1 w WP
of Z3: generated by (17 |1 W w -
(w:=e“T%)

u(a):arra’  (thinkiuau™' = a%)
Abstract: Out is a reshuffling of symmetry elements. (Out := Aut/inn)

In words: Out is a “symmetry of the symmetry”.

Concrete: Out is a 1:1 mapping of representations r — r’.

Comes with a transformation matrix U, which is given by

Up (@)U ™" =pr(u(g)), VeeG.

(consistency condition) [Fallbacher, AT, '15]
[Holthausen, Lindner, Schmidt, '13]

- pr(g): representation matrix for group element g € G
- w: g+ u(g) :outer automorphism

Note: Physical CP trafo ' = »* is a special case of this.
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Outer automorphisms of groups

Outer automorphisms exist for continuous & discrete groups.
There are easy ways to depict this:

Continuous groups:

Outer automorphisms of a simple Lie algebra are the
symmetries of the corresponding Dynkin diagram.

An0—0—0------ 0—0
Lie Group Out Action on reps
Dijoseiss (Z Ans1 SU(N) 7o r — r
Dyp—4 SO(8) S3 T, — T
Eeo—o—i—o—o J

Dp>4a SO(2N) Zo r = r*

E7O o i 0—0—0 EG EG Zio r — r*
i all others / /
E8
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Outer automorphisms of groups
Discrete groups:

Outer automorphisms of a discrete group are symmetries of the
character table (not 1:1).
Za

[ANENA VY

T7 | Cia Csa C3 Cra Copp
1, | 1 1 1 1 1
Sl |1 w w1 1
G111 Wwrow 1 1
< 3 3 0 0 n n*
31| 3 0 0 7
Group Out Action on reps
Z3 Zo r — r
The outer automorphisms group of any Anse Ziy r — r
(“small”) discrete group can easily be Sn6 / /
found with GAP [GAP] . A(27)  GL(2,3) T, = T
A(54) Sa T, =T

Andreas Trautner, bctp CP violation with an unbroken CP transformation, 24.05.17 26/ 13



CP violation in SU(3) — T toy model

The conserved Zs-Out acts on the physical states as

Wyu(z) = P Wy (Pz), Zu(z) — - Z,(Pz) ,
Zz — Out : oo(z) +— oo(Pz), oi1(z) = o1(Pz) ,

Ti(z) = 77(Px).
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CP violation in SU(3) — T toy model

The conserved Zs-Out acts on the physical states as

Wyu(z) — PYWi(Pz), Zu(z)— —PYZ,(Px) ,
2 yn v K 2]

Zz = Out i i(z) s oo(Pa), oi1(xz) — o1(Px) ,

Ti(z) = 77(Px).
This does not correspond to a physical CP transformation. Mode expansion
o) = /E; {a@eire 18 @ eire} .
The Za-Out transformation corresponds to a map
Zy—Out : @) — a(-p) and b (5 — b (=),

which does not correspond to a physical CP transformation.
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CP violation in SU(3) — T toy model

The conserved Zs-Out acts on the physical states as

Wyu(z) — PYWi(Pz), Zu(z)— —PYZ,(Px) ,
2 yn v K 2]

Zz = Out i i(z) s oo(Pa), oi1(xz) — o1(Px) ,

Ti(z) = 77(Px).
This does not correspond to a physical CP transformation. Mode expansion
G1(z) = /55 {a@eire +8' @eire}
The Za-Out transformation corresponds to a map
Zo—Out : a(p) — a(-p) and BT(@ = ET(—ﬁ') )

which does not correspond to a physical CP transformation.
The QFT CP transformation

~ & 247 =
CP: @p — b(-p) and b () — al(-p),
is not a symmetry of the action (imposing it enforces decoupling, g = A; = 0).
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C, P, and CP transformations and spinor
representations

X < P > gT

(L. =) (R,—)
/

L ¢
CP CP
| |
X §

(R,+) T (L,4)

o
y
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CP as a special outer automorphism

The most general possible CP transformation for (SM) gauge and one generation of
(chiral) fermion fields:

bpv b
Wi(z) — R©®PYWh(Pa),
Wi (z) = nep U Cop U*(Pa) .

cf. e.g. [Grimus, Rebelo,95]
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CP as a special outer automorphism

The most general possible CP transformation for (SM) gauge and one generation of
(chiral) fermion fields:
a ab p v b
Wi(z) = R*®PYWh(Pa),
Wi (z) = nep U Cop U*(Pa) .

cf. e.g. [Grimus, Rebelo,95]

This is a conserved symmetry of the kinetic terms iff [Ta, Ty] = ifape Te
(1) : Raa’ Rbb’ fa’b’c = fabc’ Rc’c )
(ii) - U(-TZ)U™" = Rap T,
(iii) : C(—HTyCc™t = 1.

Note: These are precisely the consistency conditions for a mapping of » — »* for
both, the gauge and space-time symmetries of a model.

= “Definition” of CP in words:
CP is a special outer automorphism transformation which maps all present symmetry
representations (global, local, space-time) to their complex conjugates.
(This transformation does not have to be unique nor is it guaranteed to exist at all)
(This is consistent with the transformations considered in [Buchbinder et al'01] & [Grimus, Rebelo, 95])
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CP symmetries in settings with discrete G

there is
a class—
inverting u

Type II: u de-
fines a physical
CP transformation

Group G with au-
tomorphisms u

there is an
involutory u

= for which all
FSELI) are +1
Type I: generic settings
based on G do not Type II A: there is Type II B: there
allow for a physical a CP basis in which is no basis in which
CP transformation all CG’s are real all CG’s are real

(For details see [Chen, Fallbacher, Mahanthappa, Ratz, AT, '14])

Mathematical tool to decide: Twisted Frobenius-Schur indicator F'S,, (Backup slides)

Andreas Trautner, bctp CP violation with an unbroken CP transformation, 24.05.17
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Twisted Frobenius—Schur indicator

Criterion to decide:  existence of a CP outer automorphism.
~ can be probed by computing the

“twisted Frobenius-Schur indicator” FS,,

FSu(r) = 15 3 Xrgu(s)

G
ge (X”(_q) : Character )
[Chen, Fallbacher, Mahanthappa, Ratz, AT, 2014]

FS,(r;) = +lor —1 Vi, = wu is good for CP,
vt different from +1, = wis no good for CP.

In analogy to the Frobenius—Schur indicator
FSX(ri) = 41, —1, 0 for real / pseudo—real / complex irrep.
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