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Flavor of matter fermions

_ <
Eharde Generation
ALY I II 11|
Q| @‘b (L5 “;Q;" Flavor = species of fermions
| 5
gé -1/3 » 6 flavor quarks, 6 flavor leptons
1/2
» Fermions with the same charge have similar
. -1 properties — repetition of the basic fermion family
I )
_L§ 1/2
RE
1/2 :
electron neutrino

replica replica

picture from higgstan.com



http://higgstan.com

Flavor symmetry in the Standard Model

In the gauge sector, there is a global flavor symmetry:

G =U(3),, xUB)y, xUB)g, xUB),, xUB),,

dr, Up, AR, L1, €Rp (2=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

In the gauge sector, there is a global flavor symmetry:

S

< UB)e, |

- (3)€ _

G =U(3),, xU®B),, xU®B3)qy, L

broken by Yukawa interactions

Lok = —G;YoHup — G, YgHdr — ;Y. Hep + h.c.
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broken spontaneously broken to U(1)_{B-L} by anomaly



Flavor symmetry in the Standard Model

Flavor dynamics in the SM is governed by

- G=U(3),, xUE)

;‘; Symmetry breaklng by Yu, Yd, Y,



Minimal Flavor Violation hypothesis

All flavor violation is caused solely by the Yukawa matrices

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

All flavor violation is caused solely by the Yukawa matrices
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Minimal Flavor Violation hypothesis

All flavor violation is caused solely by the Yukawa matrices

[Chivukula, Georgi '87; Hall, Randall '90; D’Ambrosio et al. '02]

Formally, MFV is achieved by promoting 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(3)y, x U(3),, x U(3)

L UR R L €R

» This makes Yukawa Lagrangian flavor singlet L,k = —qLYuﬁuR —q;YqHdR — ¢;Y.Hep + h.c.

» For new physics interactions, e.g. Lxp = C;;(Uriv"ur;)O,

Cij = co0ij +ec1 (YY) + € |V Y, YY) i 4+ (Y YYIY)ii| + ...




DM stability under MFV

Flavored dark matter can naturally be stabilized within MFV [Batell, Pradler, Spannowsky "11]



DM stability under MFV

Flavored dark matter can naturally be stabilized within MFV [Batell, Pradler, Spannowsky "11]
» Consider a new field y that has no color but a flavor charge
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DM stability under MFV

Flavored dark matter can naturally be stabilized within MFV [Batell, Pradler, Spannowsky "11]
» Consider a new field y that has no color but a flavor charge

X ™~ (nququ) X (nuRamuR) X (ndR7de) under gF — SU(g)qL X SU(3)’LLR X SU(g)d

R

Dynkin coefficients: (1,0)=triplet, (1,1)=0ctet

» A general decay operator is formally expressed by

Odecay:X(]L---Q_L---UR---@_LR---dR---CZR---

VYT T Ty Ty Y Ty a flavor-singlet operator to maintain

A A b b ¢ C A/ the EW and Lorentz invariance
X Y’LL o o YJ ¢ o o Yd . YT Oweak
e e



DM stability under MFV

Flavored dark matter can naturally be stabilized within MFV [Batell, Pradler, Spannowsky "11]

> This decay operator must be QCD and flavor singlet if present

SUB)¢: (A+B+C—-A—-B—-C)mod3 =0,

SUQR),, + (ng, —my + A — A+D—-D+FE—-FE)mod3=0,
SU@),, : (T, — My, + B — B— D+ D)mod3 =0,

SUQB),, : (na, —mg, +C — C—-FE+FE)mod3 =0,
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» This decay operator must be QCD and flavor singlet if present
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DM stability under MFV

Flavored dark matter can naturally be stabilized within MFV [Batell, Pradler, Spannowsky "11]

> This decay operator must be QCD and flavor singlet if present

SUB)¢: (A+B+C—-A—-B—-C)mod3 =0,

SUBR),,: (ng, —my, +A—A+D—-D+E—FE)mod3=0, (ny —m,)mod3 =0
Su@®),,: (ny, —my, +B—B—D+D)mod3 =0, Ny =g, + Ny, + Ny,
SUQB),, : (na, —mg, +C — C—-FE+FE)mod3 =0, T = Mas ¥ Mug T Mdg

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

. stability condition
(nx Mx Jmod3 # 0 (flavor triality condition)



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) Ves
(3,3,1), (3,1,3), (1,3,3)

0.2) (6,1,1), (1,6,1), (1,1,6) Ve

(3,3,1), (3,1,3), (1, 3,3)

(8,1,1), (1,8,1), (1,1,8)
(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 EW 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+ '11; Lopez-Honorez+ '13)

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

[Mescia, SO, Wu, 2408.16812]



A benchmark model M2 4

S, -
. Yy
B Agauge singlet scalar S ~ (1,3,1) SU(@3), triplet
. S
> Scalar potential o L 1 oy?
1

V(H.S) = {m3 + em3(yi)?} 575,

A |
+5 (bo + €b1(yl,)?) (2vh + h?)S;S;

MG - M = emi [(y)" — (ya)”]

- flavor diagonal -> no heavy scalar decay
(€: MFV expansion parameter << 1)

> DIm-6 operators

¢

Ld:G ~ F (Q_LZ (Yu)w SJ> ﬁ (SZ&]CZURZ) -+ h.c.

s

A2

S3 — Situ, Sstc

u (mu R T My, L)uj ( J ) heavy scalar decay triggered at the eV order



Decay of heavy components

Example S3 decay (*Dominant mode depends on the mass splitting AM = M, — M,)




Decay of heavy components

Example S3 decay (*Dominant mode depends on the mass splitting AM = M, — M,)

51 S S1
« 4// /1//
! 7 17,74
S3 ----- >\i t Sg ----- >\¥\ \\ w S3 ----- >’\< Y\m\i f
u u dz u dz ?
N mZ(AM)® N (AM)M V|2 N (AM )|V |7
48073 A4 M2 4147275 A4 M2m2o? 11612160! 7 A*M 2m2v4

Smaller AM or weaker interaction (~1/A) leads to longer lifetime



Decay at higher orders

Three-body decay into light particles is induced at higher orders or via loop
> appears at €2 order or two-loop level
> can surpass four or five-body e%-order processes

|

~e*YIY,YTY,




Parameter spaces for multi-component DM

all S1, S2, S3
are DM

- ; TRH g
[ freezein(IR——""7" 7
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| =10 2|

1 =0
S1, S2 are DM

> Tg > Ty — DM

M3 " I\/IlI Mo " M1

yEM 1 M 1

no coupling to Higgs

> Tg < Ty — not DM and has to decay prior to

the BBN (we require Tg < 1 sec)

> DM is composed of two or three components in

the white region



Implications

Phenomenological
- indirect search: 5; — 577, 5,44, ...
- inelastic scattering: S; N — 5; N

. flavor physics: b — 555 S; and s — d S, S;r

Theoretical

- other spin and EW representation
- extension to lepton sector

- connection to UV theory



Summary

Flavor symmetry in the SM might determine the nature of dark matter

Within MFV, dark matter naturally has a family!

Dark Matter

Thanks for your attention!



Back up



Why flavored DM stabilized within MFV?

There is an unbroken Zs symmetry c SuU@3).xSU@3), x SU@3), xSUB3),, [Batell, Lin, Wang *13]

7 /3 Charge (W —> UW) U = (a)z)nc_mc . (a))”q_mq . (a))”u_mu . (a))”d_md where @’ =1

» All SM fields are singlet

- quarks: 0 = (@° - 0)0 =0
. other SM fields: ¢ — ¢

> Flavored DM: y — (@) "y
- Y is Zg non-singlet if (n, — m,) mod 3 # 0 -> stabilized!

» Flavored states @ can develop VEVs if (ng — mg) mod3 =0  [Bishara+ "15]
- extendable to a broader framework



A benchmark model

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

» Scalar potential within MFV (e: MFV expansion parameter < 1)

] mass term

+AS; (bo 0,5 + €by (YJYu)z’j L ) S; (HTH) coupling to the Higgs doublet

+ (AO 5:i0m + € M0:; (Y Yo ) +) S;S;SES,  selfinteraction

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

up to O(e) A .
+§ (bo + €b1(yy,)?) (2vh + h*) S} S,

+ self-interaction



A benchmark model

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

» Scalar potential within MFV  (e: MFV expansion parameter < 1)

V(H,S) = m} 5 (a90y +ea,(VV,); +-..) 5,

LS (bo 5 + €by (YY) + .. ) S,(H'H)

V(H,S) = {mg + emi(y,)"} 5i S

to O(g) A .
T +5 (0o + €1 (y:,)?) (2vh + h*)S}S;

flavor independent  flavor dependent




A benchmark model

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

» Scalar potential within MFV (e: MFV expansion parameter < 1)
+AS (bo 5 + €by (YY) + .. ) S,(H'H)

+ (Mo 80 + M0 (Yi V) +...) 78808

V(H,S) = {mg + emi(y,)"} 5i S

up to O(e) A o 9N s
+§ Q(LJFM) (2vh 4+ h*)S; S,

flavor independent  flavor dependent

2
M; A
S3 A Sl 2
X
Sz $ yC
2
X Y,
S,
s I !
1 3
normal inverted

- MP— M7 =emi [(v))° — (y),)?]

- flavor diagonal int. doesn’t lead heavy scalar decay



Higher dimensional operators

» Dim-6 operators

< <
zykl = (G017 q1,;)(Sk10,5)) , Oz'zjkl = (upY"uR;)(Ski0,S5))
1 .o 4 — 17 *
Ly = 2 (Z wklOzjkl +¢,05; + ¢ (’)7) Ojit = (driy"dg;)(Skid,S), O = (QLz'HuRj) (SkS) »
! zykl (QLszR]) (SZSZ) ) O% — (S:S]) G/u/lea
O}, = (8;S;) F,F*" .



Higher dimensional operators

» Dim-6 operators

1 —  I7 *
Lic=—5 (Z c;;rjkl(’){jkl +cl.O07. + 07.(’)7-) Okt = (QLz'HuRj) (SkS1) 5

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

The coefficients are determined by the Yukawa matrices
4 4 4
Cijkl = €1(Yy)ij0k1 + c2(Yy) a0k,
4 4 4
T € [Cg(YuYJYu)ijékl T C4(YuYJYu)z’15kj T CS(Yu)ij (YJYu)kl + Cg (Yu)zl (YJYu)]l]

+...



Higher dimensional operators

» Dim-6 operators

Ld:6 — i (Z C;;Ijkl(l){jkl + CgOg + 6707) O;ljkl — (qu‘ﬁuRj) (SZSZ) 9

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

Heavy scalar decays are triggered even at the €0 order

5

Lig—g ~ F (QLz (Yu)’&] S]) ﬁ (S;’;(Sklum) + h.c.

c5 o . | S3 — Situ, Sotc



log(I'/GeV)

Partial decay widths for heavy scalars

3

]

LS

4
l 90"
g
| #"

[ [ [
| o g |
s s o =
E' S'E' ||l Eu
| o E: :
| p | r”
: ! :’a : &
. ,IT’: | :
el : :
1 1 1 .I
: /”;—
: et
1 |,’
, o
1 ,’l
. - '
".’

-
-
- =
- =
- =

-
—"
1 - =
- =
1 ”
- =
- =

-m.
- =

!II # !II $ !II % !Il & !II l

M, |GeV]

!III (

!III )

Sy — Situ

Sy — Sid;uW

Sy — Sid;uff
S3 — Si(uu + cu)
S3 — Sy

Sy — Sy

SQ — Slcl_b
Soy — Slsﬂff'
SQ — S1UZ_L
So — 5177y

Sy — Sy



Impact of Higgs portal coupling (1/2)

all S1, S2, S3 are DM

I 19 |

8 GeN
x freeze-10 Tru = B
_10*GeY)

TSy < ty

| =10 2|

|51, 52 are DM

| =10" H

M3 " I\/IlI Mo " M1

Yt2M1 yéM 1

o Heavy components are also DM if 7 > 7y,

o White region is allowed

- two-component between orange and blue regions

- three-component above the orange region



| =10 2|
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Impact of Higgs portal coupling (2/2)
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A |GeV]

Closer look at WIMP region

61262:1

e = 1072

direct detection

freeze-out

M3|| Mll lel Ml
yeM1 yZM;

| =10 2|

l =0 no coupling to Higgs

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

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



