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Dark Matter exists in the Universe

2 constitutes ~25% of the Universe

Dark Matter

? behaves like matter (p~0)

2 plays a crucial role in cosmological structure formation

? needs BSM!!! Dark Energy




Dark Matter exists in the Universe

General properties
2 stable (or lifetime longer than the age of the universe)

Dark Matter

2 collision-less (— no electric charge)

2 non-relativistic

Dark Energy

P abundant in the universe (Qh2=0.12)



We know almost nhothing about dark matter

QCD axion WDM limit unitarity limit
» mass scale? 102eV %k keV GeV 10Ty My 10 Mg
— g t | | | -

“Ultralight” DM “Light” DM WIMP  Composite DM Primordial

(Q-balls, nuggets,etc)  Hlack holes

P elementary or composite!

» non-gravitational interactions? poonic felds ety

can be thermal
9 Single Component or mOre? figure from 1904.07915
P ...

Huge parameter space for viable candidates,
so what guiding principle is there?



What if dark matter has flavonr?

of matter fermions

| consider a framework where DM fields are charged under SM flavor groups

and show dark matter can naturally be

stable

multi-component

Also discuss some phenomenological implications of such multiple dark states



Flavor symmetry and dark matter



Flavor symmetry in the Standard Model

A large global flavor symmetry in the gauge sector

G=U(3), XUB)up X UB)ay x UB)y, x U3),

dr,, Up, R, £1,, €R (¢ =1,2,3)

> The matter fermions comprise five different gauge representations of Weyl fermions

> There exist three species, or flavors in each representation



Flavor symmetry in the Standard Model

A large global flavor symmetry in the gauge sector

S

x U(3)

L

ORI

X U(3)a, x U3),

UR R €ER

g = U(S)qL X U(S)
broken by Yukawa interactions

Lok = —G;YoHup — G, YgHdr — 1 Y.Hep + h.c.

1‘ U(l)Y7 U(l)B 9 U(l)L ; U(l)Le—Lu ’ U(l)L”_LT

broken spontaneously  broken to U(1) {B-L} by anomaly



Flavor structure in physics Beyond the SM

Zz SM—-EFT =

What is the flavor structure in BSM?

If flavor symmetry maximally broken in BSM,

we find
SM field 1
SM field => stringent bounds on heavy dynamics

=> BSM is not directly accessible?



Minimal Flavor Violation (M FV) hypothesis [Chivukula, Georgi *87; Hall, Randall *90; D’Ambrosio et al.’02]

All flavor violation are caused solely by the Yukawa matrices

* Promote the Yukawa matrices to spurious fields transforming like

Y, ~(3,3,1,1,1), Y,~(3,1,3,1,1), Y,~(1,1,1,3,3).

u

under U(3),, X U(3),, x U@B)q, x U@B),, x U(3)

L UR R L €R



Minimal Flavor Violation (M FV) hypothesis [Chivukula, Georgi *87; Hall, Randall *90; D’Ambrosio et al.’02]

All flavor violation are caused solely by the Yukawa matrices

* Promote the Yukawa matrices to spurious fields transforming like

Y, ~(3,3,1,1,1), Y,;~(3,1,3,1,1), Y,~(1,1,1,3,3).

u

under  U(3)g, X U(3),,, x UB)q, x U3),, xU@B),,

* This makes Yukawa Lagrangian flavor singlet: L., = —QLYufluR —q;YqHdRp — ¢;Y.Hepr + h.c.



Minimal Flavor Violation (M FV) hypothesis [Chivukula, Georgi *87; Hall, Randall *90; D’Ambrosio et al.’02]

All flavor violation are caused solely by the Yukawa matrices

* Promote the Yukawa matrices to spurious fields transforming like

Y, ~(3,3,1,1,1), Y,;~(3,1,3,1,1), Y,~(1,1,1,3,3).

u

under U(3),, X U(3),, x U@B)q, x U@B),, x U(3)

L UR R L €R

* This makes Yukawa Lagrangian flavor singlet: L., = —QLYufluR —q;YqHdRp — ¢;Y.Hepr + h.c.

* All new physics interactions should also be flavor invariant

ZLNp = Czj (ﬁRi }’””Rj) @ﬂ

u-u—u

Cii=cob;+ec (YY) + € _cz(Y; Y, YY)+ (Y Y, Y Yu),j_




Minimal Flavor Violation (M FV) hypothesis [Chivukula, Georgi '87; Hall, Randall *90; D’Ambrosio et al.’02]

All flavor violation are caused solely by the Yukawa matrices

* Promote the Yukawa matrices to spurious fields transforming like

Y, ~(3,3,1,1,1), Y,~(3,1,3,1,1), Y,~(1,1,1,3,3).

u

under U(3),, X U(3),, x U@B)q, x U@B),, x U(3)

L UR R L €R

* This makes Yukawa Lagrangian flavor singlet: L., = —QLYuﬁuR —q;YqHdRp — ¢;Y.Hepr + h.c.

* All new physics interactions should also be flavor invariant

ZLNp = Czj (ﬁRi 7””Rj> @ﬂ

u-u—u

Cii=cob;+ec (YY) + € _cz(Y; Y, YY)+ (Y Y, Y Yu)lj_

YD vVt 107
A2 A2 A2 A2

1 u 2 .

orders of magnitude lower BSM scale is allowed!



MFV stabilizes dark matter [Batell, Pradler, Spannowsky "11]

« Consider a new QCD singlet in a non-trivial representation of SU(S)qL X SU(B)MR X SU(S)dR

X (quL, qu) X (nuR, muR) X (ndR, de) n's,m's are Dynkin coefficients; (1,0)=triplet, (1,])=octet



MFV stabilizes dark matter [Batell, Pradler, Spannowsky "11]

« Consider a new QCD singlet in a non-trivial representation of SU(S)C]L X SU(3)MR X SU(B)dR
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A+B+C—-A-B-C)mod3 =0 4— only gG, qqq can be QCD singlet
SU(3).. invariant



MFV stabilizes dark matter [Batell, Pradler, Spannowsky "11]

« Consider a new QCD singlet in a non-trivial representation of SU(3)qL X SU(S)MR X SU(B)dR

X (nqL, qu) X (I/luR, muR) X (ndR, de) n's,m's are Dynkin coefficients; (1,0)=triplet, (1,])=octet
* General decay opeartors

Odeca,y:X(]L---CYL---UR---T_LR---CZR---CZR---XYu---YJ---Yd---YdT--- Oweak

A A B B C C D D E i)

flavor invariant (n —m 4+ A—A+D-D+E—E)mod3 =0
(n, —m, +B—B—D+D)ymod3 =0

X

m)( — qu + muR + de

(n, —m,) mod3 =0



MFV stabilizes dark matter [Batell, Pradler, Spannowsky "11]

« Consider a new QCD singlet in a non-trivial representation of SU(S)C]L X SU(3)MR X SU(B)dR

X (nqL, qu) X (I/luR, muR) X (ndR, de) n's,m's are Dynkin coefficients; (1,0)=triplet, (1,])=octet
* General decay opeartors

Odecay:X(]L---CYL-”UR---ﬂR---dR---JR---XYu---YJ---Yd---YdT---Oweak
NSNS N N

A A B B C C D D E E

SU(3), and (A+B+C—K—E—€)m0d3:()
flavor invariant (o —m_+A—A+D—D+E—E)mod3 =0

B D — d3#0
(n,, —m, +B—B~D+D)mod3 =0 (n, —m,)mod 3 #

n, —m C—C-E+E)mod3=0 _
(ng, —my + + E) n,=n, +n, +n,
m, = qu+muR+de

For y to be stable, at least one of four equations should NOT be satisfied



Why flavored DM stabilized within MFV?

There is an unbroken Z3 symmetry < SU(3). X% SU@3), xSU@3), xSU@A), [Batell, Lin, Wang *13]
> Z3 charge: w — Uy with U = (0?)"< - (0)" " - (@) " (@) where @3 =1

> All SM fields and Yukawa spurions are singlet

- quarks: 0 — (@?>- @) 0 =0
- other SM fields: ¢ — ¢

> Flavored DM: y — (w)" "y
- ) is Z3 non-singlet if (n, — m,)mod 3 # 0 — stabilized



Flavored DM candidates

(n,m)|| SU(3)g X SU(3)u, X SU(3)a, | Stable?
(0,0) (1,1,1)
(1,0) (3,1,1), (1,3,1), (1,1,3) Yes
(0,1) (3,1,1), (1,3,1), (1,1,3) Yes
(2,0) (6,1,1), (1,6,1), (1,1,6) Vo
(3,3,1), (3,1,3), (1,3,3)
o] @PDOBDELD T
(3,3,1), (3,1,3), (1,3, 3)
(8,1,1), (1,8,1), (1,1, 8)
(1,1) (3,3,1), (3,1,3), (1,3,3)
(3,3,1), (3,1,3), (1,3,3)

[Batell, Pradler, Spannowsky '11]

independent of spin and EWV representation of y
Only the lightest flavored state is stabilized due to MFV

- All heavy flavors quickly decay, and only the lightest
flavor is DM (Batell+ ’| |; Lopez-Honorez+ ' 3)

- Some heavy flavors are decaying but long-lived enough
to serve as DM — multi-component DM scenario

[Mescia, SO, Wu, 2408.16812]



A benchmark study of a dark matter family 2408.16812 with Mescia, Wu

» A gauge singlet, SU(3), triplet scalar S ~ (1,3,1)

* Both mass and interactions controlled by the Yukawa couplings



A benchmark study of a dark matter family M, 4

» A gauge singlet, SU(3), triplet scalar S ~ (1,3,1) M -

0’.
e
.0
CRES
*
‘e
3

* Both mass and interactions controlled by the Yukawa couplings

Scalar potential

V(H,S) = {m3+em?(yi)?} ;5.
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X Y;

V3 y?

M3 — M; =emi ()" — (y,)”]

flavor diagonal, so doesn’t lead heavy scalar decay



A benchmark study of a dark matter family M, 4

S3
""""""""" = _
- A gauge singlet, SU(3), triplet scalar S ~ (1,3,1) Ml S x 32
R [
.................... 5
. . . g P oy’
* Both mass and interactions controlled by the Yukawa couplings 9] v c

Scalar potential

V(H,S) = {m3+em?(yi)?} ;5.

M3 — M; =emi ()" — (y,)”]

(bo + €b1(yl,)?) (2vh + h*)S; S,

2

Dim-6 operators

C T7 *
A Sg — Sltﬂ, SQtE
Co _ . .
Nt —— 1 ’ P J P S*SZ
A2 (e, Pr+ i, Pru; ( J ) Heavy scalar decay is triggered!

flavor diagonal, so doesn’t lead heavy scalar decay



Decay of heavy states

* Dominant mode depends on the mass splitting AM = M; — M,

AMth thAMZmW—I—mQ mW+mZZAM2mu—I—mZ—I—mf+mf/
S, S, S,
’// /{/ /{/
A IS Sl N NN
 miAM) L (AM)IY? L (AM)YP
48073 A M3 4147275 A2 MEmzv? 1161216077 A* M2Emzv*




A |GeV]

Parameter spaces for multi-component DM

1014_

104_

107

all 81, 52, S3
are DM

MZ_MI

M5 — M,
B ngl

Y%Ml

e =102 ~

-1,/ S1, S2 are DM

A =0 (no coupling to Higgs)

l: TSQ<tU
_/\f freeze-out l:
f<\ , ‘/.','
| w’/ /"
. . . . b . .
10" 10 10° 10* 10° 10° 10" 10° 10°

+ 73 > 7y — DM

e T < 7; — not DM and has to decay prior to
the BBN (we require 73 < 1 sec)

* DM is composed of two or three components
in the white region



Signatures from this dark matter family?

l. Indirect searches for heavy decaying dark matter with Dondarini, Landini, Mescia

1 4 . A .
)(2,3 —> )(1}/}/ [Dienes+ 1406.4868; Ghosh+ 1909.13292; Herms, Ibarra 1912.09458]

DM halo 4 °
)(1 b€ X3 > > X1
/ t u 1.0
X3 —> _ §
d, c 1
Earth
W
v
Y 1073

dwarf

galaxy
We can also extend to

> other hadronic decay modes y, 5 — x99, %19999. - -
» cosmology (CMB, BBN, Lyman-a, 21cm line, etc.)



2. Flavored DM from rare meson decays

with Mescia, Swallow, Toni

* Apparent flavor violating decays can naturally occur

e.g) b = sysj,and s = dy, ¥, => mimic B - Kvv and K — 7nvv processes!

@Belle-ll @NAG62
BaBar KOTO

* Mild excesses are reported by the Belle-Il and NA62

Bt - Kt vp

& i J ¢ 4 f Ldt =362 b ] BORO :Q 10* =

N - I B B- >

L 1500 [ ¢ Bl Continuum O ,0? B

O ¢ Data 8 E

N ¢ S [

@ 1000 F H S 102k

D) ¢ ~ —

~+ 7)) L

aw e -

T . © 10

— 000 = =

% _‘_I__._ N

O | Ter
0 -

— ] 107 -

Q:f O:r ------------------------------------------------------------- :||||||||| | Y I s Y ST AT I AU N T WO MU
5; | | o L -0.04 -0.02 0 0.02 0.04 0.06 0.08 O.; .

— m2... [GeV “/c
0 5 10 15 20 miss | !



2. Flavored DM from rare meson decays with Mescia, Swallow, Toni

* Apparent flavor violating decays can naturally occur

e.g) b = sysj,and s = dy, ¥, => mimic B - Kvv and K — 7nvv processes!

@Belle-ll @NAG62
BaBar KOTO

* Mild excesses are reported by the Belle-Il and NA62

Bt - Kt vp

& ) Belle II BN 3K g2 distribution is modified
. 2000 ele : -
~_ : t =3621b ] BOBO
= mm BB QM
© 1500 F B Cout N _
O ¢ DZ?:nuum + 200 1 ? o Sl\il re-scaled
— & V%4
7 1000 F | — V, hy Need more data, but future
< - ) o) .
= H_‘—L . 51001 update might confirm some
= 500 *I—L = j L
= L P =N deviation in these decay modes
O , S (- T
0 =
5 i
e ,
QA _5: ] | | ] O 5




Summary

* The existence of DM requires BSM

* Non-trivial flavor structures in BSM may provide a new avenue for theories of dark
matter

 quark flavored DM + MFV — multicomponent dark matter
* very rich phenomenology and cosmology
* still many questions

* relation to the !

* extension to lepton flavor?
* U(3)>, U(2)>, or others!?

Thanks for listening!



Back up



A benchmark study of a dark matter family 2408.16812 with Mescia, Wu

» A gauge singlet, SUQ3), triplet scalar S ~ (1,3,1)

* Scalar potential within MFV (¢ <« 1)

V(H,S) = m% S;:k (ao 52'3' + €ay (YJYu)z’j + .. ) Sj mass term
+ A S: (bO 52-]- +€by (YJYu)U + .. ) Sj (HTH) coupling to the Higgs doublet

=+ (/\() 5ij6kl + € /\l(sij(YJYu)kl + .. ) S:S]SZSl self-interaction



A benchmark study of a dark matter family 2408.16812 with Mescia, Wu

» A gauge singlet, SUQ3), triplet scalar S ~ (1,3,1)

* Scalar potential within MFV (¢ <« 1)

V(H7 S) — m% S;,k (a'() 5@3 + 6&1 (YJYu)zJ ‘|‘ . o ) SJ mass term
+ A S: (bO 52’_7’ +€by (YJYu)zy + .. ) Sj (HTH) coupling to the Higgs doublet

=+ (/\0 5z'j5kl + € Aléij(YJYu)kl + .. ) S:S]SZSl self-interaction

V(H,S) = {mg +emi(y,)*} S; S

up to O(g) A .
+§ (bo + €b1(yl,)?) (2vh + h?)S;S;

+ self-interaction



A benchmark study of a dark matter family 2408.16812 with Mescia, Wu

» A gauge singlet, SUQ3), triplet scalar S ~ (1,3,1)

* Scalar potential within MFV (¢ <« 1)

V(Ha S) — m?S‘ S;:k (a() 52'3' + €ay (YJYu)z’j + .. ) Sj mass term

+ A S: (bO 52-]- +€by (YJYu)z] + .. ) Sj (HTH) coupling to the Higgs doublet

=+ (/\0 5ij5kl + € /\léij(YJYu)kl + .. ) S:S]SZSZ self-interaction

D VIH,S) = {mg +emi(y,)”} ST

up to O(g) A .
+§ (bo + (,Z)Q) (2vh + h*)SFS;

" Gl s

flavor independent flavor dependent



A benchmark study of a dark matter family 2408.16812 with Mescia, Wu

» A gauge singlet, SUQ3), triplet scalar S ~ (1,3,1)

M; 4
* Scalar potential within MFV (¢« (. 2 —
Si “““““““““““ i
V(H7 S) — m% S: (a’O 5’ij Tea (YJYu)zJ T - ) Sj M &':""11:.';1 ....... =
FAST (body +ebi (YY) +.) ;) | S, :
T - S VI

V(H,S) = {mg +emi(y,)*} S; S

up to O A .
P10 0) +2 (bo + ba(u)?) (20h + h2)S; 5,

M3 — M; =emi [(y2)" — (y,,)”]

flavor diagonal, so doesn’t lead heavy scalar decay



A benchmark study of a dark matter family 2408.16812 with Mescia, Wu

* We can also consider higher dimensional operators

Dim-6 operators 1 e < 5 2 " 5
P Okt = (QriY q1;)(Ski0,5;) Oiiki = (UryY ug;)(Sk10,5]),
—3 * .(_) — T7 %
1 I 9 NG Ogjkl = (dgriy"dg;)(Ski0,5)) O:;ljkl = (QLiHuRj) (SES)) ,
Li—6 = A2 Z CijkiOijr + ;055 +¢,,0; . ) ) v
I Oijkl = (qu‘Hde) (SkSl) ; Oz-gj = (Sz' Sj) GWG“ ,
02; — (S:SJ) FMVFMV .



A benchmark study of a dark matter family 2408.16812 with Mescia, Wu

* We can also consider higher dimensional operators

Dim-6 operators

Li—e = i (Z ngklOz‘Ijkl +c2.09. + 07.(97.) Oijky = (qLiHuRj) (SkSl) )

2 17 1 17 1
A - J 1] J 1)

* Coefficients are determined by the Yukawa matrices
C::ljkl = C%(Yu)ijfskz + C%(Yu)ildkj
T € [Cg(YuYJYu)zydkl T Ci(YuYJYu)zldkg T Cg(Yu)ij (YJYu)kl T Cé(Yu)il (Y’JYU)jl]

+ ...,



A benchmark study of a dark matter family 2408.16812 with Mescia, Wu

* We can also consider higher dimensional operators

Dim-6 operators

1
£d:6 — T o (Z C’{jklOinkl e Cgog e C’YOW

4 — T7 *
Oiikl = (QLiHuRj) (SES)) ,
A2 17 1) 17 1]
I

* Coefficients are determined by the Yukawa matrices
4 4 4
Cijkl = €1(Y)ii0k + c2(Yy)it0k;

4

C ~
Li—e ~ —22 (Q_Li (Yu),; Sj) H (S, 0rur) + h.c. S3 — Sytu, Sotc
4
~ % u;(my, Pr +mi, Pr)u; (S7S;) Heavy scalar decay is triggered!



Decay at higher orders

Three-body decay into light particles is induced at higher orders or via loop diagrams
> appears at €2 order or two-loop level

> can surpass four or five-body €%-order processes
S1

Sy

|

~e* Y Y,YTY,




log(I'/GeV)

-20

-60

Partial decay widths for heavy scalars
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So — 5177y

Sy — Sy
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Impact of Higgs portal coupling (1/2)

all S1, S2, S3 are DM

_ 108 Ge\f

freeze-11) Te =

x freeze-1D Tru =

o > "
! Ts, <ty
/}(f freeze-out :,'
\ g, /,:
N./ /'
E Ctjon .,///
10" 104 10° 10* 10° 10° 10" 10° 10°

~|S1, S2 are DM

» Heavy components are also DM if 73 > 7y

* White region is allowed

- two-component between orange and blue regions

- three-component above the orange region



Impact of Higgs portal coupling (2/2)

Ms — M,
y; My
: &
i il \/QQ
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~< 0.001: 75, < tu:

mbOOI -

| — freeze-in
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5x10%

1x104;
5000}

A |GeV]

1000
500

100

Closer look at the WIMP region

direct detection

3

freeze-out

A<M1

M, |GeV]

100

1000

104

o Mz —M; My — M
e =10 ° ~ 5 ~
yy My ygA41

A = (0 (no coupling to Higgs)

* Only a limited mass range M1~180-210GeYV is allowed
in the freeze-out scenario

* EFT is not justified in the region, A < M,



