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Introduction

Minima of multi-Higgs potentials

Multi-Higgs models: well motivated BSM scenario

Great to improve our understanding of CP violation (CPV)
@ Method to test for Spontaneous CP Violation (SCPV)
© Method to find the vacuum expectation values (VEVs)

© For each potential, find the minima and find if there is
SCPV
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Based on

l[dMV, King, Luhn, Neder

http://arxiv.org/abs/1603.06942
http://arxiv.org/abs/1704.06322
http://arxiv.org/abs/1706.07606

See also:

Branco, Rebelo, Silva-Marcos
http://arxiv.org/abs/hep-ph/0502118
Davidson, Haber
http://arxiv.org/abs/hep-ph/0504050
Gunion, Haber
http://arxiv.org/abs/hep-ph/0506227
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Introduction
CP in the scalar sector

Ogreid, Osland, Rebelo
http://arxiv.org/abs/1701.04768
(uses Higgs basis)

Talks here by Ogreid (2HDM/3HDM), Osland (S3HDM with S3)
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Introduction

Aftermath of Greek Night

Greek Mo(u)rning after...
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Standard form

V = ¢*@YP gy + ¢*%6*° Z59 pporg

For n Higgs doublets H;, = (h; 1, hi2), where a = 1,2 denotes
the SU(2), index and i goes from 1 to n

¢ = (P1,02,---span—1,92n) = (M1 1, h12,..., hn1, hy2)

Invariance under symmetries is encoded in the Y and Z tensors
For example, SU(2), invariance, —m? Yoo o™
YI=Y2=-m? Y2=Y]=0

Ivo de Medeiros Varzielas Minima of multi-Higgs potentials



Introduction
0e0000

Complex conjugation

Complex conjugation raises/lower indices:

ba —(da)" = ¢*@
¢*a |_>(¢*a)* = ¢a

V = V* therefore
(Ve = Y2

and
(Z55) = z%
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Basis change (V)

$a > VE b
¢*a |_>¢*a/ V'I‘Zl

Y2 Ve v Vit

b d
zbd v ve Zba vi,, vy,
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General CP transformation (X)

®a ’_>¢*a’ aa/

o*a l—)XT§I<Z5a'
E.g. for 3 scalars (¢1, ¢2, ¢3) one may have:
100
Xos=1|0 0 1
010
(¢1 s d)Za ¢3) = X23(¢*1 ) ¢*2a ¢*3) = (d)ﬂ ) ¢*37 ¢*2)
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Top 3

Top 3 reasons to use General CP transformation instead of
Generalised/Generalized CP transformation

@ ltisinvariant... Under spelling changes (U.K./U.S.)
© Gustavo Branco (CFTP) won’t get upset
© Better for (terrible) jokes

Ivo de Medeiros Varzielas Minima of multi-Higgs potentials



Introduction
O0000®

The General (with stars)

&
GENERAL

CP Transformation

Clearly the best notation, as we use stars for conjugation...
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Potential A(6n?), n > 3

2
Vaemy(#) = Volp) = — m2 > wip™ +1 <Z wso*') +8> (pip™)?
i i i

Vo is invariant under both CP, and CP with Xo3 (i = 1,2, 3)
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A4 potential, CP conserving with Xo3

Va, (@) = Vo(p)+c (smsoup @™ + p2020™ 10" + L3003 290*2)
+c* <90*1<p*1s03<p3 + 0" 20 20101 + 99*399*3992302) :

Va, () is invariant under CP with X3 for any ¢

(61, 2, ¢3) > Xoa(¢™7, 672, 9*%) = (471,92, ¢*?)
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Potential A(27)

Va@n(#) = Vo(@)+d (91010262 + cyel.)
+d* (80*190*1 P32 + CYC|-)

Va(27)() is in general CP Violating (CPV)
Invariant under both CPy and CP with X3 only if d is real.
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Generally

| WANT YOU
to use General CP

The general idea is that this should be general knowledge.
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Basis invariants (no Vs, absolutely no Xs)

Basis invariants: contract all the indices
(this cancels V and X dependence)

Examples
ab ab
Zyp and Zg;

Of 24 possibilities with two Z, just two independent ones, e.g.:

ab -cd ab »cd
ZigZac and 25 2oy

Many invariants are equivalent, or products of smaller invariants
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From basis invariants to CPIs

Many basis invariants are CP-even (all examples so far)
Construct CP-odd invariant (CPI)
I=1-1r

Complex conjugation swaps upper and lower indices:
diagrams and other technique help find cases with / # [*

These CPls can test if a potential has explicit CPV
(without worrying about Xs)
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SCPls

J=Jd-J

Involves the VEVs vy = (¢a)
These SCPIs can test if a VEV has SCPV
(in a specific CP conserving potential)

3,2) — 7132 »3a3a4 738535 xay  xag __
JB2) = Zi e Z e 7\ Vg VTV =
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The real (well, complex) Penguin diagram!

3,2) — 713 »3a3a4 73535 *ay  kdg _
J ):Za4‘,,152&,236Zaﬁ,8 Va, Vg VT V™% =
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Whiteboard...
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Spontaneous CP violation and new minima
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SCPI for V(H;, H») with CP,

SCPV makes sense if potential is CP conserving
TG = F(ai, a,b,b,¢1, 0, d, () [(ho.1) (1) + (ho2)(hi )" — h.cl]

SCPV depends on relative phase between (H;) and (H»)
(note (h1,1) = (ha,1) = 0 for charge preserving VEVs)
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Spontaneous CP violation and new minima
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Potential A(27) (reminder)

Vaer)(¢) = Vo(p)+d (@1@190*2@*3 + cycl.)
+d* ( 1o g + CyCI.)

Vo () has two quartics, with coefficients r and s
Va(27)(v) has CPV in general, invariant under CP, if d is real
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Spontaneous CP violation and new minima
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SCPI for Va27)(¢) (general structure)

T2 = A(d)Q(vil) + B(d, s)R(v;)

A(d) = 0 for some CP syms.,
R(v;) # 0 for VEVs that violate those

B(d, s) = 0 for some other CP syms.,
Q(]vj|) # 0 for VEVs that violate those
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Spontaneous CP violation and new minima
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SCPI for VA(27) (QO)

702 = 3(d" - &)Q(lv)

’

+§(dd*2 — 2d*s? + d?s) (Vo V3 Vi + vy 13 Va2 + vy 1i?)
1

—é(dzd* —2ds? + d*2s)(V3VEVE + ViVEVE + VivivE) .

Impose trivial CP, CPy: forces Arg(d) =0
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Spontaneous CP violation and new minima
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SCPI for VA(27)(Q0) with CP()

(32) _ 1 3 2 2

TG = (0~ 2d5% + )
(VavaVi2 + viva Va2 + vyvold?) — (VB VEV2 + Vivive + v1*v§v§)}

VEVs: w = €?7/3 is a geometrical phase in the following VEVs

(¢) = (1,w,w?) conserves CP

(p) = (w,1,1) violates CP with a geometrical phase:
Spontaneous Geometrical CP Violation (SGCPV)
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Spontaneous CP violation and new minima
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Decreasing symmetry

Using a method of decreasing symmetry, found minima for
potentials with two triplets of A(3n?) and A(6n?)
(with n=2,3and n > 3)

For one triplet of A4, Sy, A(27), A(54),

our simple method reproduces results in
[.P. lvanov, C.C. Nishi
https://arxiv.org/abs/1410.6139

For A(6n?) with n > 3 we get
v4(1,0,0), w(1,1,0), wvz(1,1,1)

as follows...
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Spontaneous CP violation and new minima
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Minima for one triplet of A(6n?), n > 3

2
Volp) = — m2> g™ +r (Z s0is0*’> +5) (pip™)?
i i i

Vo = Vue) + Vaes?)<u)
U(3) - single orbit connected by the continuous symmetry
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Spontaneous CP violation and new minima
[e]e] leleleleele)

Orbit split

Va(soc2)xu(t) = S(010" 010" + 020" 020" + 030" 03¢™2)

splits the single U(3) orbit into 3 classes of directions

eln 0 0 eln eln
{to],le"],| 0 ]}L{[e],permut},{[ec|,permut.}.
0 0 e’ 0 e’
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Spontaneous CP violation and new minima
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2 generation example

Extrema of |p1|* + |p2|* for fixed magnitude v:
Positive: o (1,1)/v2 — V ~ +2v*/4
Negative: x (0,1) — V ~ —v*
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Spontaneous CP violation and new minima
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2 generation example plot

Plot[Cos[6]~4+Sin[6]~4, {6, -x/4, n/4}]

//4
/')'
;
/
/ F \
/ \
/ - \
/ [ \
/
/ \
/ ef N\
/ \,
/ N\
_ N
Minimize[Cos[6]*4+Sin[6]*4, o]
Icos 2arcTan 1-v2 11 isin'2arcTan1-v2 11%, 85 -2arcTan’1-42 111

Punsmpnfy[ﬁ f4==-2 Arc'ran[1 - «/?]]

True
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Spontaneous CP violation and new minima
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Minima for two triplets of A(3n?), n > 3

For two triplets, method reveals some candidate VEVs like

(e,0,0),(€",0,0) — (1,0,0),(1,0,0)
(e, e e, (e, e ) = (1,1,1),(1,€<, ).

For last case, phases are physical.
Minimize phase-dependent part of potential to fix the phases.
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Spontaneous CP violation and new minima
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Minima with geometrical phases

Found new VEVs with geometrical phases
(1,1,1),(1,w,w?) and (1,1,1), (1,w?,w).

Do they SCPV?
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Spontaneous CP violation and new minima
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Use SCPI to test for SCPV

T = 2 lip(~4s— 45 + 251 — 5+ 372) — B Wep,
~ 2% [B - 8] We,
— s iBsl—4s — 48 +28 — &)
where
Wep, = [(viViVavs + voV/5V/3v3 + vaV/3V/1vy) — h.c]

and CP, forces 53 =0
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Spontaneous CP violation and new minima
0O0000000e

New SGCPV

ES
Wep, = [(v1V/1V'2v3 + vaV'av'avs + v3v'3v'4vi) — h.c]

WEDIV(1.1,1).v/(1,w,62)] = B(w — P)WV2v2 £ 0

Found new cases of SGCPV in A(3n?) x CP,, for 6HDM
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Conclusion

Summary

@ Developed formalism for CPls and SCPls

@ Methods for explicit and spontaneous CP violation are valid
for any potential when brought to standard form

@ Verified the CP properties of 3HDM and 6HDM symmetric
under A(3n?) and A(6n?) groups, for new minima and
found new cases with SGCPV
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Potential 2HDM

V(Hi,H) = mé HiHy + mbp €% HiHo + mé; % HiHy + ms HiHs +
+an (HI/—A)Z +a (f-/gHg)2
+b (HH) (H;Hz) + b (Hng) (H;H1) +
+or & (HiHy ) (HiH:) +ore ™ (HiHy) (HiHe) +
02 6% (HiHe) (HiHh) +c2 e (HiHe) (HiHe) +

+d €% (HJHZ)2 +de (H;H1)2 ,
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Extra slides

Potentials A(3n?), A4, A(27)

2
Vo(#) = Va@m)(¥) = — m3, Zs@m +r <Z i > + SZ(Q&/gp*i)z

Va, () = Vo(p)+c (s@wm@*aw*s + 202" 0" + wswsso*zso*z)

+C* (@*1@*1@3@3 + (,9*2(,0*2501 01 + 90*380*3@2902) 7

Vaen(#) = Vo(p)+d (www*zw*a + Cycl-)

+d»k ((,0*180*1803802 +CyCI)
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Extra slides

Potential A(3n?)

2
Va@amy(p) = — m3 Zszw T+r (Z SOISO*[) +8) (pip™)
i i

Va@me) () is invariant under both CPy and CP with Xa3
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Extra slides

Potential A(27), doublets

Vo(H) = —m> hah™ 4+ Y [n(h,-ah*’a)(hmh*f")+r2(hfah*’5)(hjﬁh*"“)]

i irjy00,B

+s Z (hiah*ia)(hiﬁh*iﬂ)
i,a,B

Va@n(H) = Vo(H) + > [d (hmhmh*z“‘h*aﬁ + cycl.) + h.c.]
B
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Potential A(3n?), n > 3 with two triplets

‘/1(()07 (,0/) = 4+ ?1 (Z QD/(,D*I) (Z L,D/ /*/) + 7.2 <Z ‘Pi‘p/*’) (Z 90/ *1)
+ & Z (SDI‘P*i‘P;‘P/*i)

s *3 %1
+ S (@1@ 02”2 + 020" 050" + 3™ ¢ )

17 w1 1 Ix2

+i§s[(s01s0 o™ + cyel) — (9" o 902+Cy0|-)]

Vaamy(@: ') = Vole) + Vo(9') + Vi(e, ¢),
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