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[2] Rephasing & Permutation transformation & T N5

2ming,
Zn ~ (a) 01 0 o1 P2
ZNl X ZN2 X . X (a, CL,, > 00 0 1 —> ( b4 ¢3>
« Not all are symmetries of 4HDM \1 0 0 O) —
« Igor et al, [arXiv:1112.1660] (O 0 1 O\
« Symmetry of 4HDM --- order < 8 0 0 1 ¢1+— @3
Z8 ) Z7 ) ZG ) Z5 ) Z47 Z37 Z27 1 0 0 O = ¢4<—>¢2
Ty X Ty, Ts X Ly Doy X Doy X Loy, Lo X Loy \0 1 0 0/

e https://github.com/JiazhenShao/4HDM-

Toolbox.git --- my code, 4HDM toolbox



https://github.com/JiazhenShao/4HDM-Toolbox.git
https://github.com/JiazhenShao/4HDM-Toolbox.git

[3] Constructing non-abelian groups

« Start with rephasing symmetry group, e.g. A = (a)

* Add permutation symmetry --- we don’t consider other symmetries in this work
* What permutation?

 Inspired by Igor et al, [arXiv:1206.7108], [arXiv:1210.6553], define b € Aut(4).

Permute Another
permute + rephase + back rephasing

« b~1Ab = A, basautomorphismofA:b € Aut(4).b tab=2a'As




[4] Effects of transformation on 4HDM potential

Renormalizable : | = m?](qbng]) + Azjkl(¢j¢3)(¢/];¢l)

Potential with abelian symmetry A: V(A) =V, +V'(4) .

Potential with additional permutation symmetry b : specify relation among
coefficients




[5] Strategy of our work

Classify discrete symmetry groups of 4HDM

e ForAin Zsg, 47, Z¢, 2y, 2Ly, L3, 2o do:
* Find out Aut(4)
» Determine and solve equation b~ tab = a’

* Find out the group, see whether it's a symmetry of 4HDM potential



[6] Example --- extending Z: model

 Using 4HDM toolbox https://github.com/JiazhenShao/4HDM-Toolbox.git

* Unique choice of Zg 4HDM model, Invariant under Z: = (a):

V(Zs) = Vo + M (5¢1) (0561) + Aa(dha) (6564) + A3 (9] h2) (Bh2) + Ma(lh3) (6] 93)
+ X5 (0 83) (B5pa) + Ae(B101) (dhpa) + hec.

4

Vb — Z [ zz(¢T¢z) +Azz(¢T¢z ] +Z [ zy ¢T¢z)(¢T¢]) zg(¢j¢])(¢;r¢z)]
1=1 1<J

a =1-diag(n, n°, n°, 1) = diag(n*, n~%, n~", ), n=e"°, n°=1.


https://github.com/JiazhenShao/4HDM-Toolbox.git

[7] Abelian group A = Z: ---- looking for equations

Aut(Z5) — Z4

Option 1 Option 2

{b4 = id € Aut(Zs) b* =id € Aut(Z5)

b~ lab = a2 b lab = a*




b—lab = a? & ab = ba?

a =diag(n®, n72, 7L, n), n=e"/5, pP=1
0 0 0 bu\ 000 1
0 0 by O soron ¢ 1 0010
‘ b — — _ ;1/2
bsg; 0 0 O b=1 1 0 0 O
0 bwp 0O O 0100

¢1 P4
mm) GA(1,5) ~(a,b|la®=b*=e, b lab=a?)
¢




[9] Abelian group A = Z; ---- GA(1,5) invariant potential

V/(Z5) = M(dh1) (0hh1) + Aa(#5a) (9hpa) + A3(dh2) (dLh2) + Aa(hb3) (8] ¢3)
+ As5(d13) (Ahba) + A6 (dhd1) (BLpa) + h.c.

_ 0 0 0 1 * 10 real free

Invariance b /2. 0 0 1 O parameters

under - 1 00 0 « 1,1 can be
010 0 ¢2 complex

V(GA(L,5)) = A[(¢501)(dh1) + (BLoa) (Phpa) + (6] h2) (Bh2) + (D1 d3) (0] 83)]
+ N[(@1d3) (Bh¢a) + (B161) (9L2)] + hec.




[10] Option 2, extend by 7,

/0 10 0\ h1+— > 02 18 real free

‘ h— 1 000 parameters
10 0 0 1 & é - ]; can be
\0 0 1 0) 4 3 complex

~ 5 _ p2 _ -1, 3 _ 4 Subgroup of
D5~ (a,bla>=b"=e,b "ab=a") CACLS)

V/(Ds) = M[(¢he1) (dhd1) + (01 h2) (Bl62)] + Aal(Phda) (d5ba) + (dhb3) (4] h3)]
+ s (1 3) (Bhda) + As(dhp1) (Bheb2) + hec.



[11] Results & lessons

1. Some model can'’t be A  extension G |G| irreps
extended: Zg Zo _ _ _ _
2. CP conservation: T, Zis g X Lo S3 6 1+1+2
3. Many choices of Zd) 74 1 2 Dy 8 1+1+2o0r2+2
Ly . Lo D Q4 8 1+1+4+2
Zg, 2, models
Zs ZsxZs GA(1,5)(]20 4
4. Some model Z,,has Zs X Lo Ds 10 9+ 92
different extensions: T | Zs x 7, De 12 14+142o0r242
D,, Q, - appendix B L7 Zg X 23 Tl 21 1+ 3
5. Novel case: GA(1,5) & _D _ _ _




[12] Second work --- calculations already finished !

* Therest Ziog X Zig, Ziy X Lig, Lig X Lig X Lig, Ligy X 2y
Much more involved. Why? For starters,
o Aut(Z,XZ,X7Z,) =~ SL(3,2), |SL(3,2)| = 168, 179 subgroups

o Aut(Z4XZ,) = GL(2,Z,), |GL(2,Z4)| = 96, 234 subgroups

« Z,XZ,:. involves transformations other than rephasing & permutation




@C}

3Iistening

P Me: 4th year undergraduate. Seeking graduate supervisors.
N 0 « Really welcome to discuss if we share interests

®
Jlazhen Shao aid Igor Ivanov



[A1] The list of automorphism groups

A Aut(A) A Aut(A)

Z2 {6} Z2 X Z2 53

Z3 ZQ Zz X Z4 D4

Z4 Z2 Z2 X ZQ X Z2 SL(3, 2) ot PSL(Q, 7)
Z5 Z4 Z4 X Z4 GL(Q, Z/4Z)

Lg Lo

L L

Zg Z2 X Z2

Table 1: The list of all finite abelian symmetry groups A of the 4HDM scalar sector and their
automorphism groups Aut(A).



3
ar— a 4[ Z4 option 1: a1 = Vi- diag(s, —1, —1, 1)}

; ;) Z.4 option 2: ao = diag(i, —1,1,1)
4 74 option 3:  ag = i3/* diag(i,q, —i, 1)

O‘E a ~ab=ba’ 1", a = i-diag(s, —1, —i, 1)

/ 0 0 b13 0 \ {b13b31 0 0 0 \
b | 0 b2 0 0 R b2, 0 0 | 1. or a2
bsi 0 0 0 ]° 0 0 bighyr O 4
\0 0 0 by \ 0 0 o0 %)




[B2] Two options in 7,

Option 1:

Split extension

Option 2:

Non-split

Dy~ {(a,bla* =e,b* =e,b"tab=a")

« 13 real free parameters in V'(D,)

D, have a copy of Z, = (b)

Qi~(a,bla* =e,b* =a’, b lab=a?)

* 9real free parameters in V'(Q,) -- less but not too few

 (Q, don’t have a copy of Z, = (b)




[B3] The D, and 0, model

Vi(Zsg) = M (8] 02) (6 a) + Ma(dhh1) (dhebs) + A3 (o] d3)?
+ Aa(B101) (P d3) + As(dhha) (dhba) + A6 (dhba)’
+ Ar(B] d2) (bl ds) + As (] bs) (dhd2) + Ao(! b3) (b da) + Ao(e] da) (Bhb3) + he.c.

(0 0 1 0)
|0 —ic 0 0
=1 0 0 0

\0 0 0 i/

)\1=)\2, )\3=>\6, )\4=>\5, )\7,)\8€R. )\5:0')\1, )\1()20')\;, )\9=0')\§, )\3€R




[C1] Why tolerate i" factor? more detailed reasoning

Kinetic term
(D ¢3:)"(Dpuhi)

invariance

>

Overall U(1) invariance
automatically satisfied




[C2] Why tolerate i" factor? more detailed reasoning

U(4)/U(1) ~ PSU(4) ~ SU(4)/Z(SU(4)) ~ SU(4)/Z4

a is PSU(4) transformation

Represented by SU(4) matrix factor out the center of SU(4)

The center (elements commuting with all others) looks like : {14, 14, —14, —il4}

Elements of PSU(4) : cosets {a,ia,—a,—ia} with a € SU(4)

a is PSU(4) transformation, technically represented by SU(4) matrix with i",r =
1,2,3,4 difference ignored.



[C3] Solve equations --- e.g. b lab = a’

 Howtosolve b~tab =a3? b as U(4) matrix

Multiply on the left by b

e = ab = ba’

V[(¢I¢p;)] don't feel overall phase shift U(4)/U(1) = SU(4)/Z,

= ab =ba®-i", r=0,1,2,3 b as SU(4) matrix

We can write the matrix explicitly



[D1] Abelian group A = Z3 ---- looking for equations

* Automorphism group  Aut(Zg) = Zg X Zs
 Three b choices,

3 4 —1 04

ar— a

(@2}

Q

ﬁ@

a
@ 3 a5’\ 7 Q

Q

/N
Q &——
DL

v

=)

™

/N

» Just to check : al—>a3l—>a9=a; a’—a

6

= a

18 — CL2...




[D2] Abelian group A = Z5 ---- No solutions

(511 bi2 bi13 b14\ (77 0 0 O

p_ |b21 b2z b2z Do R V7 7’ 0 0

bs1 bs2 bss bya |’ T lo oo gt o

\541 bao  bu3 b44/ \0 0 O 1)
(77511 nbio  mMbis 77514\ /773511 776[712 774513 514\
771/4 N°bor MPbas MPbaz MPbos _ 3/4,2r M°bar M°baa  NPbog  bos
774b31 774532 774533 774534 T 773551 776532 774533 b34
\ b41 b42 bas  baq / \773541 n%bso n*bas b44)

Compare term by term ---- no b € PSU(4) solutions

same goes for n = —1,5. sometimes have non-zero b;;, but not enough to make
b invertable



[E1] Rephasing symmetries & abelian symmetries

SUN YAT-SEN UNIVERSITY

(z’ 0O 0 O 0O 1 0O
-0 -1 0 O -0 0 1 O
\0 0 0 1 1000
« Commute in PSU(4) : aqa, = —iaya,

* a, . another type of symmetry



[F1] Example of the fact b 'ab = ¢’

0100 et 0 0 0 (ei‘b 0O 0 0
b — (1 0 0 0\ _(0 eif2 0\ , | o € o 0\
“looo 1| “Tlo o0 € o *T|lo0 o0 e 0
\0 0 1 0 \0 0 0 ¢ \0 0 0 ¢f)
b1 b2 o €11 1 62292
b2 or| o |re®| o [dae®
b4 by | T | gy it | WD | gy i

P4 P3 b3 €04 g €03




