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Philosophy

Identify DM in 3HDMs with continuous symmetries.

The scalar doublets are decomposed as

) ht
h,' = e'"" ~ ! . .
5 (0 +mi +ixi)

Assume that DM is associated with (h;) = 0.
We are interested in vacua (\A/lei”, »,0) and permutations.
Neutral masses: My = diag (M3ciives M) -

Allow for spontaneous symmetry breaking, complex couplings, soft terms.
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Approach

Classification: (1. de Medeiros Varzielas, 1. lvanov, 2019) and (N. Darvishi, A. Pilaftsis, 2019).
Brute-forcing Vaupm Lﬁ) Vs.
Choice of g: no gCP, no USp(n).
Redundant couplings in Vg? Try R C SU(3) (e.g., CP2 — Da).
Different symmetries may lead to the same Vg (but likely not Ly),
eg.,

S3®Zr = De

[U1)® U(1)] x S3

Qs (g1 € Za)

{O(2), D4, CP2, CPs} x Z3

0(2) ® U(1).


https://inspirehep.net/literature/1726904
https://inspirehep.net/literature/1768056
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Considered Symmetries

_ 2HDM-like SU(3)

! : /

i SU(2)—hsz

! ! [U(1)® U(1)] % S3

' | i

E SO(2)—hs3 E\ U(‘Z) S0(3)

P

bl 0(2)© U(1) ~ o)

U(1) x Zo — SO(2) x Zg]




Implementations within U(1) ® U(1)-3HDM

U(1) ® U(1)-3HDM:

Vo = Z ,u,?,-h,-,- + Z )\,‘,’,’,‘h,-Z,- =+ Z /\,','jjh,‘,'hjj —+ Z A,'ﬂ",'h,'jhj,', where h,‘j = h:rhj

i<j i<j
Mixing of the

Vacuum SYM % Comments
neutral states

(01, ¥, 0) — Vo {m m2}={ns} Mng = Mg

—{x1}—{x2}—{xs} My, = my, =0

(\717 ‘727 0) _ VO 4 {(lﬁz)“} {m, "72}—{)(17 XZ} My, = My,
—{m}—{xs}

(v, 0,0) v Vo diagonal Mz = Mxz:

IT'I',I3 = ITIX3




Pitfalls: Example of O(2)-3HDM

Consider two bases of O(2):
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Pitfalls: Example of O(2)-3HDM

Consider two bases of O(2):

cosf# sinf 0 0 e o
Vso@)uz, : sin@ —cosf O and Vi), xz, oif 0 0
0 o 1 0 0 1

SO(2) % Zo : (e, o, 0) and U(1)1 % Zs : (w1, va, 0) require
2X\1111 — M122 — A1z21 = 0 and there are 3 x m3 = 0. Symmetry increase!?

SO(2) x Zz : (0, 2€", U3) — Voeu(), o redundant .. inconsistent vacuum.
CPV in SO(2) x Zy : (0, 0», 03) + 135 (soft term) but no CPV in U(1); x Zo.
DM might be hidden within (h;) # 0.



The Dark Matter Candidates

Cases without spontaneous symmetry breaking:

o U)® U®) (v, 0, 0)

e U(1) (v,0,0) (0,0, v)
o U()®Z (v,0,0) (0,0, v)
e U(1): (v,0,0) (0,0,v) (w1, v2,0)
e O(2)® U(1) (0,0, v)
e 0(2) (0,0, v)
o U)®Ds (0, 0, v)
. U(2) (0, 0, v)
o U(l)—hs (v,0,0) (0,0, v)
o SO(2)—hs (0, 0, v)
o SU(2)—hs (0, 0, v)

[U(1) ® U(1)] % S3, SO(3), SU(3) result in spontaneous symmetry breaking.



The Dark Matter Candidates: Mass Degeneracies

‘Modol‘ Vacuum ‘ Symmetry ‘ hsm ‘

My = My

I-a (v, 0, 0) U(1) ® Zs m

I-b (v, 0, 0) U(1)s {m, M. x2}
I-c (v, 0, 0) U(1)=hss h

d | (8, 0, 0) U(1)s {ms mas xa, xe}
Te | (916", 0y, 0) U(1), {ms 12, X1, Xa}

My, = my,, for (h;) =0

1l-a (v, 0, 0) U(l)eU(1) m

1I-b (v, 0, 0) U(1), M

1I-c (0,0, v) U(1) @ Zy 3

Minyma} = Mixixe}> M and x; mix separately
II-d (0,0, v) U(l), 3
Il-e (0,0, v) 0(2) 73

Mmoo xe} s All states mix together

L1t | (0,0,0) U@, | 7
My = Mgy = My = My

II-g (0,0, v) 0(2)2U(1) 3

II-h (0,0, v) U(l)® Dy 73

‘ ) ‘ 0,0, v) ‘ UE) ‘ s ‘ [See P. Osland'’s talk.]




The Dark Matter Candidates: Scalar Couplings

Symmetry (v, 0,0) ‘ (0,0, v) (va, v2, 0)
u() ® UQ1) 7 + 32 (5 + 10)
u(i) 15440 (8 + 13) | 9 + 53 (6 + 24)
U(1) ® Zs 74+32(6+11) | 7+38(5+ 16)
U1, | 2845520+ 40) | 12473 (8136 | o0 T ALY
C: 24 + 55 (20 + 40)
0(2) ® U(1) 74+32(3+7)
0(2) 7 4+ 39 (4 + 12)
U(1) ® Dy 7434 (3 + 11)
u(2) 7432 (3 + 6)
U(1)—hs3 4416 (3+5) 1+ 26 (1+6)
S0(2)—hs3 1+ 26 (1+5)
SU(2)—hs3 1426 (1+4)




Dark Matter in U(1) ® U(1)-3HDM

There are 4 (2) DM candidates, Qpah® = Qoh® + Qs h%.

10°; . 10°;

50 100 500 1000 50 100 500 1000
My, [GeV] My, [GeV]

e No points when my, € [100; 300] GeV and mpy, € [100; 450] GeV;
e In [50; 80] U [300; 2000] GeV comparable mj;, and Q;h?;
e Regions where Qh? is dominated by a single mass scale,
mu, = [45; 80] U [330; 2000] GeV and mu, = [52; 80] U [470; 2000] GeV;



Dark Matter in U(1) ® U(1)-3HDM




Updated Stock of Dark Matter in 3HDMs

SCALAR DM MASS RANGES
- IDM (2HDM)

- IDM2 (real)
- Z 3HDM
Z,®Z,- 3HDM (2DM)
- Za-BHDM(éDM)
.R Al-1a (0 ‘I SS—SHDI:V[
- i C-Ill-a

UuMmeu()- 3HDM (4DM)

-.I|>"""""-""I-"I"I"l"""""

| H
5GeV 10 GeVv 20 GeV 50 Gev 100 GeV 200 GeV 500 GeV 1000 GeV

IDM: (A. Belyaev, G. Cacciapaglia, I. P. lvanov, F. Rojas-Abatte, M. Thomas, 2016),
(J. Kalinowski, W. Kotlarski, T. Robens, D. Sokolowska, A. F. Zarnecki, 2018);

IDM2: (M. Merchand, M. Sher, 2019);
Zn-3HDM: (A. Cordero-Cid, J. Hernandez-Sanchez, V. Keus, S. F. King, S. Moretti, D. Rojas, D. Sokotowska, 2014-2022);
Zo ® Zr-3HDM: (R. Boto, P. N. Figueiredo, J. C. Romdo, J. Silva, 2024);

S53-3HDM: (A. Kuntinas, O. M. @greid, P. Osland, M. N. Rebelo, 2021-2023);



Conclusions

e We classified and identified models, embedding U(1)-stabilised DM in
3HDMs. These models contain mass-degenerate pairs of DM candidates,
due to the unbroken U(1). Such classification and identification of models
is useful for model builders interested in three-Higgs-doublet models
stabilised by continuous symmetries;

e We performed a numerical scan of the U(1) ® U(1)-3HDM. Within the
model there is a multi-component DM sector, with two different mass
scales. We found that there are possible solutions throughout a broad DM
mass range, 45-2000 GeV;
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Appendix: on CP, — D,

CPy: {hl — h;, hy — 7h>1k, hs — h;}

Vep, = M%(hu + h»o) + 1333z + )\1111(h%1 + th) + A3333h33
+ Ar22 1 hoz + A1133(hi1hss + hoahaz) + Ai2o1hizhor

+ Misa1(hishsy + hashs2) + Ai2io (s + h3y) + {)\1313(hf3 + h33) + h.c.}
+ A112(hihi2 + hithor — hiohos — horha).

h i 1 0 K,
Perform a basis transformation | hy | = % 1 /7 0 h
hs 0 0 V2/ \K

Vi, = pi1(hin + hoa) + 133h33 + Mana(h3y 4 h32) + As333h3s 4+ Ao highoo
+ A1133(h11h3s + hoohss) + Ai2o1hi2hor + Aissi(hishs: + hozhs)

+ Apia(hSy + h3r) + {)\1313(/1%3 + h33) + h.c.} )

CP3-symmetric 3HDM has a redundant quartic coupling A1112.



Appendix: 0(2) ® U(1)

Invariant under:

hy 0 €% 0\ /K
h| =1[e% o o] [h
hs 0 0 1/ \h

V= ,uil(hll + h») + ,U§3h33 + )\1111(/7%1 + h§2) + >\3333h§3 + A1122h11h22
+ A1133(h11hss + hoohss) + A221hi2hor + Aissi(hishs: + hoshso).

S35 ® Zo ~ Dg. However, D,, with n > 5 result in identical V.

Perform a basis change:

h 1 [~ =T o0 n,
hy ef"f 7e"% 0 hé
hs V2 \ Vv2) \h,

V= N%l(hll + h») + M§3h33 + Aa(hfl + h§2) + )\3333/733 + Aphi2hoy

1
+ A331(h13hs1 + hoshs) + Achiihos 4+ A113s(hiihss + haohss) — 5/\(/7%2 + hgl)‘

Invariance under g = | —e=™ 0 0



Appendix: [U(1) ® U(1)] x S3

Invariant under:

hy 0 €% 0 n,
h]|=[(0 o0 e H,
hs 1 0 0 hj

V = g3y (b1 + haa + h3z) + Maaa (k3 + b3, + h33)
+ A1122(h11ho2 + haohas + haghi1) + A1221(hi2h21 + hashzz + hzihiz)
=3 Z hii + A111 Z h2 + A122 Z hithj + 1221 Z hijhj;.
i i i<j i<j
0 et 0

g= 0 0 €%
e—i(01+62) 0 0



Appendix: U(1) ® D,

Vg(hl)®22 = )\1212/‘!%2 =+ h.C.,

V= u%l(hn + h») + pi3shss + /\1111(hf1 + h§2) + A3333h33 + Anizohiihoo
+ A1133(h11hss + hoohss) 4+ A221hi2hor + Aissi(hishs: + hozhso)
+ >\1212(th + h§1)~

hy 0 —e* 0\ [h
Invariance under | hy | = | ™ 0 o0 h,
hs o o 1/ \m
suggests that {A1112 (hi1hi2 — ho1h) + h.c.} is allowed. Change of basis
h1 e’ e 0 hi
h| = % 7€7in\- ef% 0 hé yields A2 € C .
hs 0 0 Vv2) \m

As pointed out by I. lvanov, this should better be denoted as a quotient group.



Appendix: Different Models

Underlying . Indep. Allowed couplings and
Reference . X
symmetry couplings | necessary relations
Zs Table 16 4417 Vo, /&21 /\Ljf]' 112, Ai2o2, Ai2sss
Agzs, Aissz
Vo, , A1z, Atniz, Ao,
U(1), Table 4 1114 05 f12, A1212, Az, Ai2zz,
)\|2X3-, )\IK.‘{Z
Zs Table 17 | 3 + 12 | Vi, Ais2s, Ai21s, Ao
U(1) Table 2 3410 | Vo, Aises
U(1) ® Zsy Table 3 3410 | Vo, A2
U)o U(1) Table 1 3+9 | W
0(2)[5@(1»52 Table 8 247 Vb(zmv(l), A2z = A, Mgz = Aagos
O2) i1y Table 9 2+ 7 | Vouua), Mz
U(1) ® Dy Table 10 247 | Vosun), M2
O(2) 50020 @ U(1) | Table 5 2+6 | Voeva, Mziz =A
O(2)1u1ynzy @ U(1) | Table 6 2+6 Vosu()
Hi = Hiae 33, Anin = Aoazz, Asaas,
U(2) Table 11 24+5 | A=0, Az = Aazzs, A
Auzar = Azazz
M= 135 = g At = Aazy = A
U@Q)®U(1)] = S; | Table 7 143 | Mz = Augs = Asoss,
Ai221 = Auggr = Asgsz
iy = Hiy 33 At = Aaaze = Agaas,
S0(3) Table 12 143 | Aiz2 = Aiiss = Aaass,
Ar221 = Mgzt = Aagae, Aygij = A
Hi1 = 13 = 33 At = Aszzs = Agazs,
SU(3) Table 13 1+2 A2z = Az = Azoss,

Aijji = 2Mn — Az




Appendix: Dark Matter in U(1) ® U(1)-3HDM

Vipm = M%lhu + u§2h22 + M1k + Aozoa by + A12ohi1hoo + A1oor hiohor
+ Aw212 (hfz + h§1) .

1 1
Vumeua) = 5#%1’711 + paaho + 5)\1111h%1 + A2222h3; + A122h11hae + Ai2o1 hizhon

1 1
+ Eﬂilhll + M§3h33 + §>\1111h§1 + )\3333/7%3 + A1z hi1hs3 + A1z hizhsy

+ A2233h22h33 4 A2332h23hsa.

Masses:

1
mif = ,u,,?,- + 5)\11,’,‘V27 for i = {273}7

1 .
my, = m, = miy, =+ 5 (i + Awin) V2, for = {2, 3}
<>
Z interactions: Lypy = —ﬁZ“n;OHX;.

Higgs portal: g(n7h) = g(x7h) = v (A + Auin).



Appendix: U(1) ® U(1) Scan

e All of the additional scalars can be as heavy as 2 TeV;

e The DM candidates are associated with the neutral states of the hy and hs3
doublets, my, < mpy;;

e LEP constraints. We allow for m,,+ > 70 GeV and assume my, > %mz;
e Perturbativity, Unitarity (87), Stal;ility conditions;

e Electroweak precision observables S and T;

e Br(h — invisible) < 0.1;

e LHC searches implemented in HiggsTools;

e DM relic density is evaluated as QoM h? = 2Q.h% + 2Q3 H;

e Direct DM searches based on XENONNT and LUX-ZEPLIN;

e Indirect DM searches.



Appendix: Mass Scatter Plots of U(1) ® U(1)-3HDM

My, [GeV]
my, [GeV]

500 1000 1500 2000 500 1000 1500 2000
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