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Weinberg 3HDM

S. Weinberg, 1976 (Notation of lvanov and Nishi):
3 SU(2) doublets: Zo X Zo symmetry
Vi=Va+Vy, with Vy=1V+ Vi,

Vy = —[may(¢11) + maz(dhea) + mss(dhes)].

Vo = A1(9101) + Aa2(9he2)” + Ass(¢hs)?
+ Ai2(¢191) (9h2) + Ais(¢191)(9hds) + Aas(Ph2) (9hehs)
+ Mo (0]62) (6h61) + N3 (61 65) (8561) + Nog(6hs) (8500,

Vin = M (dhd3)% + Aa(dhon )2 + As(dl )2 + hc.



Weinberg SHDM

Observation:

Disregarding the phase-dependent part:
Sregarding P P P Zo X Z> symmetry

V=V,+V, with V;=V,+ X

Vy = —[may(¢11) + maz(dhea) + mss(dhes)].

Vo = A1(9101) + Aa2(9he2)” + Ass(¢hs)?
+ Ai2(¢191) (9h2) + Ais(¢191)(9hds) + Aas(Ph2) (9hehs)
+ Mo (0]62) (6h61) + N3 (61 65) (8561) + Nog(6hs) (8500,

the potential has two U(1) symmetries
(will return to this point)
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There are different ways of solving the minimization equations:
Solution 1 (CPC):

2
(Ve O, Uj = O, megr — )\kkvk-

Solution 2 (CPV):

v, = 0, )\z = 0
my; = 5vp (N, + M) + X507, mug = 505 (N + Nji) + Aty

This solution has a Z, symmetry preserved by the vacuum. Violates CP

Solution 8 (CPC):

v; =0, sin(fy—46,;)=0
2

mj; = %fu ()\’k—I—)\Jk—i—Q)\)—l—)\ﬁ Vs, mkk—%v

i ( ;k + )\jk + 2)\z> + )\kka]%
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Solution 12 (CPV):

2210302 sin? 2(02—03)

mi = % (v% (Mg + A12) + U% (Mg + A1z) + v? sin 2(01—02) sin 2(01 —03) ™ 2)‘11”%)
Moo = 5 (V] (N + Ai2) + 03 (Mo3 + Aag) + 2X0003) + A1 03 iiﬁgﬁgiizﬁ,
1
2

2
1
(U} (Mg + Ais) + 03 (Mg + Aag) + 2h5303) + \od o=z,

o )\11)% sin 2(62—03) L _)\1’05 sin 2(62—03) .
A3 = v?sin2(61—62) ’ Ay = v?sin2(61—03) violates CP

33 =

The latter is the solution identified by Branco and studied in our earlier work

R. Plantey et al, EPJC, 2023
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(General case:

Minimization conditions: 3 moduli and 2 phases
May express m;; in terms of As (3 conditions)
May relate A\ and A3 to A; (2 conditions)

Consequence:

Mass-squared matrices are homogeneous in As,
1.e., masses are bounded
by the perturbativity constraint on As
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Our work:

Real potential, all three vevs non-zero, complex,
i.e., spontaneous CP violation.

Note that in the limit when phase-dependent
terms Ay, A9, A3 vanish,
the potential has two U(1) symmetries

These break when vevs are non-zero,
= 2 Goldstone bosons

Turn on U(1)-violating terms,
“would-be Goldstone bosons” acquire mass

However, in order to have an “almost SM-like”
WW Hgn coupling, must be close to U(1)x U(1) symmetry,
= two light states that have “large CP-odd content”
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Remainder: 2 intertwined stories

The potential tends to yield
one or two states CP-violation

below 125 GeV in specific processes

that have a significant
CP-odd admixture




3HDM Gauge couplings

Cubic gauge-gauge-scalar part: VVS (vector-vestor-scalan

/

5
C;
»CVVh — (ngWJW“ COS(9 A Z’u) Z ;hz
w _

1=1

my = 29’0
For the cubic gauge-scalar-scalar terms, we find
VSS VSS+
g 5 5 )\/ g 5 2 f/
Lyny = — 29 (h0uh;) ZF + 2 2 (9, )WH +h
Vhh QCOS@WZZ;U( wh) ‘f’Q;;[U(ku ) + h.c

—1 In the 2HDM, all related



3HDM Gauge couplings

Cubic gauge-gauge-scalar part:

5
€;
»CVVh = (ngWJW“ COS(9 A Z’u) Z ;hz
w _

=1 1

mw = 59
For the cubic gauge-scalar-scalar terms, we find
VSS VSS+
g 5 5 )\/ g 5 2 fk/
Lvnn = — 2 (h;0,h;) ZH+ Z 2 (htd,h;W* +h
Vhh QCOS@WZZ;U( wh) ‘f’Q;;[U(ku ) + h.c

—1 In the 2HDM, all related



CP violation and alignment

2
P2, &
In a 2HDM
Hj /,’/: €
Zl €L /,’/ :
AN\  Hi
P, W \\\\\ :
Hi \\\Iej
% p375
Z3

contributions proportional to e;e; ey
But these are constrained by unitarity: e? + e? +ei=w
Alignment requires max(vy, vy, v3) = v

Thus, e;ejer, — 0

Alignment prohibits such contribution to CPV in a 2HDM

2



CP violation and alignment

Zs
p2704
In a 3HDM §§
H]‘ ,/’|)‘jk‘
Zl )\i'/’// :
AL | H
P, K \\\\ :
Hy "~
% p375
Z3

contributions proportional to Aj; \jxAki
This does not vanish in the alignment limit!



Technical digression
Comments on the H;H,;Z coupling

Coupling comes from kinetic part of Lagrangian, conserves CP

Z is odd, = only non-zero coupling if H;H; has some CP-odd content
H; and H,; need not be eigenstates of CP,

but must have different “mix” of even and odd

Nij = ZH;H; coupling

In units of g/(2cosfy ), in a CP-conserving 2HDM:
Aga =1, ZHA coupling (even and odd) <1

Aa =0, ZHh coupling (both even) <1

Apa =0, ZhA coupling (even and odd) <1



Scan

Scan philosophy

e Parameter ranges: v; € {0, v}, subject to vi + v3 + v = v?,

)\z'jla ’)‘z‘ < {0747T}7 (92,3 < {_7-‘-777-}

e Diagonalize mass-squared matrix, determine h;

o Identify SM candidate by h;WW coupling
(only one possible solution for h;)

e Rescale all As such that hqy at 125.25 GeV
(mixing matrix unchanged)
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Aij 1s a measure of Zh;h; interaction )}zy/ v

Z affinity, h, = SM

to be non-zero, h;h; can not have the same CP

hs aligned

2209.06499
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AU/U
/

Z affinity, h, = SM

hs aligned

for example:

A2A2g A1 7 0

2209.06499



Z affinity Z affinity

max(|41], [12], |43]) = 0.01

hl hg ~ odd h h4 hs ~ even Figure from parameter scan in 2209.06499
) ) 3 y 165
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CP-violating invariants

J1 = ImA{VaeVie Zeadr Zearg Zgvhn } »
Jo = Im {VoeVie Zeads Zeapg Zghhn}
V =Y (9l d0) + 3 Zavea(dL0n) (9L0a) I3 = I 1VacVoeZeadr ZeggaZgonn
00 il Jo = Im {VocVoaZeeag ZeasnZgbns }
v, = 2af  D° Js = 1m0 {VaeViaZeedg Zen paZapro}
v v Jo = I {VieVoaZeear Zea g Zgvin }
J7 = Im {VaagVeeVer Zaaeh Z sogi Zheig }
Js = Im {VaigVie Ve Zaaen Z figh Zingic}
Jo = Im {VoaVee Ve Zaaeg Z pogh Zneii }
Jio = Im {VoaVie Ver Zaaeg Z thgi Zhbic }
Ji1 = Im {VoacVoe Zeadg Zedr £ Z ginh Zingj }
J12 = Im {VacVie Zeadg Ze f faZghhi Zijo }
. J13 = Im {VocVie Zeads Zedtg Zging Zivih } »
It all J; vanish, then Jis = 10 {VecVoaZeeds Zeaty Zging Zinin }
CP is conserved WO Js = Im {VioViaYer Yo YeaZ ge }- 15
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Measures of CP-violation:

15
2 2
Asum = logyg E Jiy Amax = 10g1o(miax Ji)-
(grey) i=1 (blue)

Related to phases of vevs? Type Z

o Akt 28 M L apdae
more CPV }Jﬁ’{%g;&;l, "‘1'5,:-, .R;, éu

Yellow: masses > 45 GeV I 0 ' -~
Yellow: no mass below 45 GeV _5
less CPV




Basic:

Further:

Weinberg 3HDM constraints

e perturbativity, unitarity, bounded from below
e coupling WW hgy within 3o
e hgy77T CP constraint (LHC)

S, T, U (electroweak precision observables)
hsym — vy signal strength, modified by charged scalars in loop
B — X,v, two charged scalars, complex Wilson coefficients

electron EDM, violates CP

pruning low-mass states
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15 CPV invariants:
different colours:

scatter plot of points surviving constraints different range of eEDM

Type Z

5
more CPV

conclusion?
e systematics?

_20 1 | L | !
less CPV 0 5 10 15
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maxima of 15 CPV invariants vs eEDM
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more CPV o !_
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QUESTION: Why do all 15 invariants correlate with eEDM?
maxima of 15 CPV invariants vs eEDM
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more CPV o !_
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MASSES: h, = h,, - Type Z
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e Additional states are light

e /f an extra light state below hgy = 125 GeV is discovered, and
If this has a considerable coupling to hgyZ,
then a model based on the Weinberg potential
would be in a stronger position than the 2HDM

e light states (hi, ha) would predominantly decay to bb,
to bbrT or bb + invisible (from hy — h2)

e Weinberg potential can accommodate neutral scalar at 95 GeV
(and charged one at 130 GeV)



e but does not contribute (significantly) to (g —2),

sorry



