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Weinberg 3HDM potential (1976) in notation of lvanov and Nishi:
Vi=Vo+Vy, with Vy=Vo+ Vi,

Insensitive to relative phases of fields ¢1, ¢, ¢3:

Vo = —[mun(¢1¢1) + mas(dhda) + mas(¢les)],

Vo = A1(001)” + M2(¢1d1) (5d2) + Mis(d1d1) (65ds) + Aoz (dhh2)’
+ a3 (0h2) (D3003) + Ass(@s)’
+ Ni2(0]62)(0361) + N3 (0] 63) (d361) + N3 (033) (d3652),

Sensitive to phases:




Weinberg:

Natural flavour conservation and CPV can be arranged by complex potential

Branco (1980) showed that this could also be achieved with a real potential
(and complex vevs). Case studied

Vo = —[ma1(¢1¢1) + maz(dhda) + mas(dles)],

Vo = A1 (1 01)% + a1 01) (0hda) + Ais(@] 1) (9hos) + Aaa(dhhs)?
+ a3 (dhdo) (01 ds) + Aas(dhs)?

+ Nio (01 02) (B561) + Nz (01 3) (B561) + Nog(dhps) (B o),
Voh = )‘1(@%)2 T )\2(¢;¢1)2 + Ag(ngg)Q + h.c.

Important element: Zy X Zy-symmetry (only even powers of fields)

¢; — —¢; for all three ¢;.



Observation 1:
CP violation (good for baryogenesis) generated by

Von = )‘1(@953)2 T )\2(@%)2 + )\3(¢§§b2)2 + h.c.
Want CPV to be small, in view of SM-like Higgs boson at 125 GeV

Study limit:
Vin — 0, {1, A, A3} — 0
Observation 2: U(1) x U(1) x U(1) symmetry
Va = —[mai(61d1) + maa(¢he) + mas(is)],
Vo = A1(0101)” + M2(¢]d1) (562) + Mis(d1d1) (5ds) + Aoz (dhe2)?
+ A3 (9h02) (9503) + Ass(Bhs)’
+ Nia(0162) (8h61) + Xi5(9103) (9301) + Ao (9303) (0362),



Observation 2 cont:
V5 + Vp is invariant under
O1 — NP1, Py — € PPa, P35 — €3

Observation 3:
Actually, one U(1) factor is combined with the hypercharge,
when the U(1) x U(1) symmetry is broken by the vacuum,

we are left with two Goldstone bosons

Conjecture:




Minimization

Notation:
i0. ¢:r = 1.2.3
bi=e (v; +m; +ivs)/V2 ) T T

{wla wa, ”UJS} — {vla U2 67;927 U3 ewg}

Three minimization conditions with respect to moduli

2, 1y .2, 1y 2 2 .
Mt = Anvy + 3203 + 3A1305 + AaCags U3 + A3Cag, Vs,

2 1y 2 1\ 2 2 2
Moo = )\227}2 + 5)\12?}1 + §>\23'U3 + )\1C(293_292)U3 + )\36292’01,
2 1y 2 1y 2 2 2
™Ms3s — )\33?}3 -+ 5)\13’01 + 5)\23’02 + )\16(203—202)1}2 + )\26293’01,

Cy; = COS T

5\12 = Ao + )\/127 5\13 = A3 + )\’137 5\23 = A3 + )\/23



Minimization

Minimize with respect to phases:

A1z sin(205 — 203) + A3v? sin 205 = 0,

A\1v3 sin(205 — 205) + Aov7 sin 205 = 0.
Phases are related:
)\303 sin 205 + )\Qv§ sin 2605 = 0.
Relative sign of sin 26, and sin 263 is opposite of that of Ay /As.

Branco (1980)
1 -D23D31 D31 D23-

20, — ~ _ L .
= o 1T D, T Dy Da
COSQQ . 1 D23D12 D12 D23
L - D1y Dy

2 D%l D23 D12

Do = >\3(’01’U2)2, Dys = >\1(U2U3)2; D3y = >\2(‘U3”01)2



Other (our) approach (retains sign information)
Free input: vq, v, v3, 05, 03
)\1?}% sin(26’2 — 2(93)
’U% Sin 2(93

A\ 03 sin (26, — 265)
U% sin 262

Next: masses



Neutral sector (5 x 5):
It is instructive to study the determinant:
A7 sin® (26, — 26
1> ( 2 3) 17((92,83,...)1

Dsxs =
v20f (v2 + v2)? sin® 260, sin® 204

F(0y,0s,...) = 64X3 vS0i%w? sin® 20, sin® 205 F g
+ A2u308 sin® 260, sin” 205 Fy
+ Mool sin® 20 sin® 2605 F ¢
+ V505 sin® 26, sin® 204 Fy 5
+ {(02, v2, Aoz, Ad12) <> (03,03, Az, Ais))}

Two powers of \; for two light masses



Neutral sector (5 x 5):

general case 0, = 05
X X X 00 B X X X 00
X X X 0z niB X X X 00
M., =1X X X 2 0 niiB X X X 00
0 0 = x =z B 0 0 0 0 O
0O = 0 z x AP 0 0 0 0 =z

where x denotes a term vanishing with \;

HB .
hi = Oyjp; O only known numerically
m1 < Mo < Mgz < My < Mg

Which one is 125 GeV?



Neutral sector (5 x 5):

general case 0, = 05 simple case

X X X 0 0\ |[np® X X X 00 X X 00 0\ |p®

X X X 0 z| |p° X X X 00 X X X 00 >
Mo = | X X X = 0 [p3® X X X 00 0 X = 0 0] [(B —

0z 0 z z/ |y® 0 0 0 0 z \oooxX) L] p—

where x denotes a term vanishing with \;
simple case: Ay = A3, O3 = Fl3, va = v3, \ij = \jj, 5\7;]- = i3

HB .
hi = Oyjp; O only known numerically
m1 < Mo < Mgz < My < Mg

Which one is 125 GeV?



Gauge couplings

Cubic gauge-gauge-scalar part:

5
m

Lyyy = (ngWJW“’_ + 23082 ZMZ“’) Z Oirh;

W .

Cubic gauge-scalar-scalar terms:

<~

5 5
g
Lvin = =5 s b ; ;(Oﬂ()ﬂ + 0i30;5)(hiOuh;) 2"

5 2 2
+ 2 Z Z[@Oij—kl + O;j13) Z Ujk(hi%hz’)W“_ +h.c|




Gauge couplings

The h,WW (and h;ZZ) coupling is given by Oj
How to measure different CP content?
Z 1s odd under CP, study the trilinear coupling h;h;Z

Pi; = (0204 + O30;5) — (1 <> J)

In the 2HDM, allowing for CP violation, the h;h;Z couplings are essentially
the same as the h,ZZ couplings, with ¢, 5, £ all different
Not the case in a SHDM.



Scan

Scan over model parameters:
Want the Higgs-gauge coupling hgyW W to be close to unity

01| ~ 1, for some j

v; € [0,v], 1 =1,2,3, with v%+v§+v§=v2,
0; € |—m, 7|, i = 2,3,
)\’iia)\ija)\;ja)\l & :—47'(',47'('], Z,] — 1,2,3.




Scan

Scan over model parameters:
For each 5 =1 to b:

1. check if the coupling Oj; to WW (or ZZ) is compatible with LHC measurements,
30 (0 = 0.12) tolerance,

2. rescale all As such that m; = mgy = 125.25 GeV [footnote]

3. check if all rescaled As (including Ay and A3) are within the perturbative range,

4. check if the lightest charged scalar is above 80 GeV.

[footnote] masses squared are linear in As

Distribution [in %] of SM-like h;

hl hg hg h4 h5
0.32 | 38.05 | 28.22 | 22.83 | 10.58




Z affinity

The quantity
P;; = (0204 + 0;30;5) — (i <+ j)

measures how “different” two states h; and h; are in terms of CP.

Recall the CP-conserving 2HDM: full-strength HAZ coupling, no hH Z coupling
Because of alignment, no hAZ coupling either

As a reference, we analysed parameter points that were not subject to the experimental
SM-like Higgs constraints

For this study, we define a “near U(1) x U(1) symmetry” condition

max(| M, al, [As]) = 0.01



Z affinity

r.m.s. Z affinity r.m.s. Z affinity

“near U(1) x U(1) symmetry”:

hy and hy have low Z-affinity: No particular constraints on Aj, Ag, A3
similar CP. Likewise,

hs, hy and hs have similar CP

Near the U(1) x U(1) limit we have two neutral states that are approrimately odd under
CP, and three that are approrimately even.



Z affinity

Consider the CP-conserving 2HDM: H and A have opposite CP (Z affinity = 1),
as do h and A (but Z affinity = 0). Alignment!

It is instructive to consider how the Z affinity is affected by alignment.
Let h; be “aligned”, meaning its coupling to WW is maximal, O,; = 1.
By orthogonality, it follows that Or; = 0 for k # j and O, = 0, for £ # 1. Then

Pz'j:Pji:O for all ¢



Z affinity

Alignment examples

Z affinity, h2 =SM Z affinity, h3 =SM

Scan points where hy (left) and hs (right) satisfy LHC SM constraint



Z affinity

Attempt to circumvent the “alignment problem”

Normalized to the squared sum of even and odd couplings
B

\/ min(0;,, O5,) + P}

with O;; representing the CP-even ZZh; coupling



Complex vevs vye2 /v and v3e™ /v, for hy = hgy.
Yellow is high, dark blue is low. Arbitrary normalization.



h, = hgy,

0.6~

0.4

Relative strength of the hoh;Z couplings, in units of g/(2 cos Oy )
(root-mean-square, averaged over the scan).



Complex vevs v9e2 /v and v3e?3 /v, for hy = hgy.
Yellow is high, dark blue is low. Arbitrary normalization.



0.6~

0.4

0.2~

Relative strength of the hgh;Z couplings, in units of g/(2cos 8y ).



Yukawa couplings

Example Zo X Zs9 charges:

¢1 : (+17+1) ¢2 : (_1>+1) ¢3 : (_|_17 _1)
ug : (+1,4+1) dgr: (—1,41) er : (+1,—1)

Yukawa Lagrangian

Ly =Y"Qroiur + YQrodr + YErdser + h.c.
neutral interactions
1 | 1 - | 1 |
Ly = —uM"(m +ixa7s)u+ U—de(m +ix2y5)d + —eM* (1 + ixsys)e.
1 2 3

The n; and y; fields will mix.
Neutral physical scalar h; and a fermion f:

m rr b T
Loigy = —Lhi("I ff + i fys f)
(V)



Yukawa couplings

m - T
Lh.tf= —th;(/ihz‘ffff + mhszf%f)
v

For 77 final states, CMS has constrained mixing

l’%hSMTT
tan oSMTT —

K/hSMTT

Rotate from 7, and y;, via Higgs basis fields to physical fields:

7" = RuxOit + Ro(Os2 + i044) + Ra(Oiz + i0;5)

QM = arg(Zi(B))



Yukawa couplings

having imposed
cut on a for hsm

0.8

o

.4

0.2

RMS Yukawa coupling angle

0.8

0.6

0.4

0.2

RMS Yukawa coupling angle




EXPERIMENTAL ISSUE
If ho or hs plays the role of hsmat 125 GeV

Why have not h1 or ho been observed?

1. Reduced coupling for Bjorken process (LEP)

2. Reduced gamma-gamma BR

However, note suggestions by Heinemeyer et al, 96 GeV
2105.11189, 2203.13180, 2204.05975



CONCLUSIONS

We have reviewed the Weinberg 3HDM potential

e accommodates CP violation and NFC

e consequence: light states with a significant CP-
odd content (below 125 GeV)

* Plea for LHC: keep searching!



BACKUP



In special cases, no CP violation. Study CP-odd invariants
At the lowest non-trivial order, the invariants can be expanded in terms of
S = Sin(292 — 2(93)

and Xo = AM1( A2 — A13) + Aaa( Aoz — A12) + Azz( A1z — Aaog)
Xy = M1( Mg — Aiz) + A2 (Ags — Alp) + Azz(Aj3 — Aos)
X, = >‘12(X13 - )‘/23) T >‘13(>\/23 - )‘/12> + >‘23(X12 - )‘/13)

Wa = (Maz — A13)vjvs sin® 205 + (A3 — A12)v;vs sin® (260, — 265)
+ (A1g — Ag3)vivs sin® 205,
Wy = (N3 — Ni3)vivy sin® 205 + (N5 — Ny )vavs sin® (205 — 2653)
+ (Ny — Moz )vTvs sin® 205,
W, = (A1 — Xa2)v vy sin® 205 + (Agg — A33)vavs sin® (205 — 265)
+ (s = duJuieg sin”36), must all vanish...



Higgs basis



Higgs basis

. 1 w 0 0
R:R% 0 vy g in fact real.



Higgs basis

0 1 [ wge™ 2 pge s [
(O R1> , Ry = " (—vgew? Ve~ 03 ) W = 4/V; + U3
( v w O) H, ¢1 ®1

1 ~ .
Ro=—|-w v 0 Hy| =R | 2| =R [ e ¢y
0 0 v —i0
Hs O3 e "3
. AL 0 0
R = 722; 0 vy w3 in fact real.




Charged sector:

A2 sin? (205 — 203)v303 v?

M2 = _ A ,
(Men)u sin 265 sin 203v3w? ~ (Mgv) + 131}3)2 2

VV1UV20V3

A in(20, — 26 : :
_ _MUU1vats sin(20, 3) (’U% sin 20,2193 4 v% sin 29362202) + 2 (Mg — /13)7
w

sin 2605 sin 20507 w?
(Men)21 = (M),
A1

EETY Ry, - (2sin 26, sin 205 cos(262 — 2603)v3v5 + sin® 26,05 + sin® 205v5)
sin 2609 sin 203w

1
T o2 [( 1903 + N3v35)v} + Ajqw }

terms proportional to A\; and to A},

hi = Uij w?fﬁ U

1

COS 7Y sin 7y e
—sinye ™  cosvy



Neutral sector (5 x 5):

AN v202
2 1Y 03
(Mneu‘c)ll — 5 1— 6292—20262020203]
UV=520,52604
2 _ _ _
4 4 4 2 9 ) 2 9
—2[)\11@1 + A22Uy + A33v3 + A120705 + A3viv3 + )\23’02’03],
—2\ V202
2 o 1Y2V3 2 2 2 2
(Mieut)12 = T T—— 536, 26, (2w — V) — 2¢29, 20,520, 5265 V7]
2 3

v — — _
— U 10[2)\111)1’(0 — 2)\22’02 — 2)\33’03 ()\12’0% -+ )\13’0%)(’02 — 2’(1)2) — 2)\231}%’032)]

2)\1’021)3

2 9
M2 Vi3 = 2 V35S
( neut) vw32923293[ 292605 Y3 203]
v2U3W 2 2 Y 2,37 2.7 2 2
2 [—2)\221)2 + 2X33v5 — A\120] + A13v] + )\23(2)2 — U3)],
AN v302
2 o 1YV5 V3 2 2 2
(Mieut)22 = T F—— (V1 C260, 205520, 520; — W S50, 2g.]
2 3
21)1

[)\1121) + )\221)2 + )\331)3 )\121)210 — 5\13?)%102 + 5\231}%1)%]



Neutral sector (5 x 5):

2)\12)21)3
2 2 2 2/ 2 2
(Mneut) = 2 —W 520,—263 (U25292C293 + U33293C292) + U1 (UQ - U3)6292—293 52925293]
U?le 82928293
U10203 2 2 3 X 23 2 2
+ 2 [—2)\221}2 + 2)\33@3 + ()\12 — 13)w + 23(?}2 — U3)],
2\ 10UV
2 1VV203
(Mneut)25 — 5205 —203
U1
— 4\ 03202 21)2 2
2 1UoU3
(Mieut )33 = — 57— 20,265 + -2 [A22 + Asg — Aas),
—2X 10000
2 1VV2V3
(Mneut)34 — 5205 —203
U1
2.2
(Miout)aa = —2vTugy; $36,—20
neut - 92 3
viw?sog,S00, 2 P
— 210UV
2 100203 2 2
(Mieut)15 = — 520,205 [V3 520, C205 + V35205020, ],
V1W*820, 5204
—2)
2 . 1 4 2
(Mieut)55 [2U2U30202 20352055203 + 2’252a2 + U35293]

w28292 5205

(Mneut) (Mieut)l'f) - (M?leut) (Mneut) =0



