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THE AIM/MOTIVATION

e SM has a very nontrivial flavor
structure

® hierarchical fermion masses

® small flavor violation in quark sector,
large in lepton sector

e can this have implications for dark
matter searches?
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OUTLINE

e three examples

* all based on continuous flavor symmetries in
the quark sector

® dark matter stability
® gauged flavor model+DM
® metastable asymmetric DM
e flavor breaking and DM searches

® mono-tops at the LHC
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DM STABILITY &

CONTINUOUS
SYMMETRIES




SM FLAVOR GROUP

e the breaking of flavor group may leave an
exact discrete group exact

® this is true in the SM

e if zero Yukawas large flavor group:
U(3)q xU(3)u xU(3)p xU(3)r xU(3)E

e we consider quark subgroup, SU(3) tactors
GFZSU(S)Q XSU(S)U XSU(3)D

Qr~(3,1,1) Ug~(1,3,1)] D%~ (1,1,3)
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Batell, Pradler, Spannowsky, 1105.1781
Batell, Lin, Wang,1309.4462
Bishara, Greljo,Kamenik, Stamou, JZ, 1505.03862

SM FLAVOR BREAKING

e the SM Yukawas break Gy—Z;%"""
Ly = QrHy,Ur + QrHyaDg + h.c. .

2Q/D SU(3)y

Z3QUD

{UR7 DR7 QL} — 6i27r/3{UR7 DRa QL}

SU3)q

A

z9/U

SU(3)p

o 7,°""is an accidental symmetry of the SM
® preserved in presence of any MFV NP
e in the SM is a subgroup of U(1)g (not in general NP)
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DARK MATTER STABILITY

QuUD

e all SM fields: neutral under diag. subgroup Z'CZ5 <EN

e color neutral dark matter charged under Z;" is automatically
stable

e suitable Grrepresentations have nonzero flavor triality

X (nvaQ)Q X (nuamu)un X (ndamd)dn

(n —m) mod 3 # 0. m = mq + My + mq.

n=nNQ + Ny + Ng

e in contrast the flavor breaking vevs should have zero flavor
triality: (11,,, —1,,,)mod 3=0 so that Z;" unbroken

® an example: SM Yukawas which are in bi-fundamental
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MFV DM

e an example is DM with MFV interactions

e EFT analysis

e structure of DM-SM
interactions in MFV DM

dictated by MFV power counting
e example: SM singlet S ~ (3, 1, 1)5¢

e for inverted spectrum

annihilation dominated by

)(3)(3%191_9
e does it have to be MFV?

® dynamical origin of interactions?

e will show a non-MFV example
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see also

Lopez Honorez, Merlo, 1303.1087
Batell, Lin, Wang,1309.4462

Agrawal, Blanke & Gemmler, 1405.6709

Bishara, Greljo,Kamenik, Stamou, JZ, to appear

e not being in EFT limit will be numerically beneficial
Invisibles 15 workshop, Madrid, Jun 26 2015
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GENERAL FLAVORED DM

Grinstein, Redi, Villadoro, 1009.2049
Bishara, Greljo,Kamenik, Stamou, JZ, 1505.03862

e an important requirement is that Gy is a good symmetry
in the UV

* easiest to achieve by gauging Gy=SU(3), xSU(3)y; xSU(3)p
e for thermal relic DM want flavored gauge bosons ~TeV
e FCNC constraints are nontrivial in this case

e possible to avoid FCNCs with inverted hierarchy
® extra fermions to cancel anomaly

e flavor violating flavored gauge bosons (FGBs) heavier
if coupling to lighter quarks
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e flavor violating flavored gauge bosons (FGBs) heavier
if coupling to lighter quarks
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THE INCLUSION OF DM

e take DM triplet of SU(3)y, so Z5* odd

e fermionic DM (vectorlike fermions)

® thermalizes through FGB exchanges

. SCa:_ar DM \\\C) ”

¢ thermalizes through Higgs portal

/ ! OT ”'

e note: flavons are taken to be heavy

e in principle also possible that they are the
dominant mediators, e.g. in U(1) horizontal

models
Calibbi, Crivellin, Zaldivar, 1501.07268
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e note: flavons are taken to be heavy

e in principle also possible that they are the
dominant mediators, e.g. in U(1) horizontal

models
Calibbi, Crivellin, Zaldivar, 1501.07268
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FERMIONIC FLAVORED DM

e phenomenology depends on whether DM

mass splitting due to VL 4o, Ay, Ap
> 2

® radiative corrections alone X

e additional source of flavor breaking

e for radiative splitting: long lived states,
BBN constraints apply

e an aside: this model is non-MFV

® x, and X3 degenerate, mass gap with
(lighter) x4
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\VORED DM

1s on whether DM
107 i typical radiati litti i
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e additional source of flavor breaking

e for radiative splitting: long lived states,
BBN constraints apply

e an aside: this model is non-MFV

® x, and X3 degenerate, mass gap with
(lighter) x4
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Nonperturbative

Nonperturbative
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\VORED DM

1s on whether DM
107 i typical radiati litti i
| | | | yp‘ ¢ 1V.e Sp lv 1ngl: ;\A/\/L%A(}AL'-AD
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e additional source of flavor breaking

e for radiative splitting: long lived states,
BBN constraints apply

e an aside: this model is non-MFV

® x, and X3 degenerate, mass gap with
(lighter) x4
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RELIC ABUNDANCE AND
DIRECT SEARCHES

e only the lightest gauge boson relevant for the
DM interactions

® approximately Tg diagonal in SU(3);

e DM annihilates to t't’, tt, 7]

e viable set of benchmarks seem to require
M~ 4/2

e there is a lower bound on m, due to flavor and
collider constraints on flavored gauge bosons

e direct detection mostly below the bounds
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RELIC ABUNDANCE AND
DIRECT SEARCHES
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* there is a lower bound on m, due to flavor and
collider constraints on flavored gauge bosons

e direct detection mostly below the bounds
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OTHER SEARCHES

e at colliders can search for extra states of the
model

e lightest FGB from di-jets

e searches for exotic quarks from " —  cus 176
bW, tZ,th

e can search for deviations in FCNCs
® meson mixing from lightest FCB exchange

e b —sy from loops with exotic quarks

J. Zupan Dark Matter and Continuous Flavor... 2 Invisibles 15 workshop, Madrid, Jun 26 2015
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e searches for exotic quarks from " — s 3117667
bW, tZ,th

e can search for deviations in FCNCs
e meson mixing from lightest FCB exchange

e b —sy from loops with exotic quarks
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RECAPITULATING DM FROM
FLAVOR TRIALITY

e the flavor symmetry of the quark sector
can be the origin of DM stability

® DM needs to be part of a flavor
multiplet

e one can search for extra states at
colliders and through FCNCs
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ASYMMETRIC DM &

FLAVOR




ASYMMETRIC DM

e asymmetric DM addresses the coincidence problem

Nussinov 1985; Barr 1991; Kaplan 1992;
® Opm~5 Qparyon Kaplan, Luty, Zurek, 0901.4117;
+many refs.

e is there a link between the two abundances?
* could be explained if mpy~5 M,y
® exact relation depends on thermal history and B-L charge of x

: : Bishara, JZ, 1408.3852
e for y Dirac fermion, no other states below EW scale

m, = {6.2,3.1,2.1}GeV, for (B— L), ={1,2,3},

® requires asymmetric interactions that freeze out above EW
phase transition
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ASYMMETRIC OPERATORS

Bishara, JZ, 1408.3852 fixed by flavor symmetries
e such asymmetric operators could be linear in x W
: : C
e for instance for B=2 DM, schematically O,mm ~ A6 x(qq)?,

e also lead to DM decay
* isit possible O,,,,, is suppressed enough that DM metastable?

e i.e. we have accidental Z,?

e the required scale depends on the origin of flavor

: : 26
e the suppression scales that give t=10 s

_ without flavor Az7 TeV
ADM model MFV FN
B Dim. m, [GeV] decay T[s] A [TeV] ’de(:ay T[s] A [TeV]
1 6 6.2 x — bus 1026 4.0 x 106‘ ‘ x — bus 106 8.1 x 10®
2 10 31 X — udsuds 10% 0.63 x — udsuds 10*° 2.5 £’
3 15 2.1 forbidden 00 forbidden 00
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SEARCHES

e colored mediators

inevitable :

® can be searched *
for at the LHC :
through pair prod.

or single product.
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e the lowering of scale using flavor model crucial
that they can be in LHC reach

e also searches through low energy FCNCs
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FLAVOR VIOLATION &

DM SEARCHES




THE AIM

Kamenik, JZ, 1107.0623

e most of the time flavor breaking
irrelevant in DM searches

® is there an instant where it is
important?

J. Zupan Dark Matter and Continuous Flavor... 20 Invisibles 15 workshop, Madrid, Jun 26 2015



FV AND DM

e FV couplings can be important
e when DM couplings to quarks are chirality
flipping
e since then couplings to two different EW
representations

e typically in two different flavor
representations as well

e numerically, the FV couplings can dominate in
mono tops

J. Zupan Dark Matter and Continuous Flavor... 21 Invisibles 15 workshop, Madrid, Jun 26 2015



DIRECT PRODUCTION

e use EFT for DM interactions with quarks
Ca
[ﬁint — Za: Ana Oa}

* only interested in interactions with quarks
on =(@ueay, a0y
O;Ja = (ﬂ%fyuu%) JTa O:Z’,Ja =( _3%7;1‘1%2) Vi
Ofo =(QpHup)Ja,  Of, =(QLHdR) T,
(Ts.p = x{1,75}x]

\_

e full set includes other ops.

J. Zupan Dark Matter and Continuous Flavor... 22 Invisibles 15 workshop, Madrid, Jun 26 2015



X
* use "< ~ ! ;
X
h y

t

N
® Only ITTCCT CUOCCOCTU ITT ITTCTC T U CTIUITO TVTU‘FC]‘U[‘UCL%[(S

( .. . )
09 =(Q4,Q0)T",
O3, = (v, uly) T,

Ojn =(QHup) Ja

\_

(T4 = xr*{17}x]

OF, =(digv,dy) T
0F =(QLHd%) T,

e full set includes other ops.

J. Zupan Dark Matter and Continuous Flavor... 22
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I u, C X 7 CL> S/Zi(——
~ X U, C tX
* use "<_ ;
; b> < X
TR
{

* onlymrercorca mrmrrerecaroro e geraKS
y - Tva = >‘<7“{1,75}x]
Oéja :( —EVMdzz) Ta
0 =(QLHd}R) T,
(Ts.p = x{1,75}x]

e full set mcludes other ops.
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HORIZONTAL SYMMETRIES
EXAMPLE

e an example: abelian horizontal symm.
Leurer, Nir, Seiberg hep-ph/9212278; hep-ph /9310320

e the yukawas are given by

[(yu)z.j  NH@HE@) (), ~ A|H(Jg>+H(Qi>|]

* in the same way the couplings to DM

chirality ( h biralite fHiop]
preserving 1 )2 )3 A6 24 )3 chira ity THD P
NHCen (X1 X, G~ [N 22
‘ A A A2 A1
- J

e note: c-+-DM coupling parametrically larger

e even larger effects if DM charged under flavor

J. Zupan Dark Matter and Continuous Flavor... 23 Invisibles 15 workshop, Madrid, Jun 26 2015



HOT |
a) X
u? C X 4 S/L —<—><—
7 X u,C t
® an ex
. \ b) P d X 8; hep-ph /9310320
* the
: t LT S X
(Yu)ij t
\ J
* in the same way the couplings to DM
chirality ( N
preserving 1 )2 )3 A6 24 )3 chlrahty flipping
NSO~ [A2 1 A, G~ [N XN g
‘ A1 A1
\_ W,

e note: c-+-DM coupling parametrically larger

e even larger effects if DM charged under flavor

J. Zupan Dark Matter and Continuous Flavor...
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MONOTOP EXPERIMENTAL

RESULTS

e CMS results on monotop searches
® couplings set to 0.1

® uses hadronic tops: 3j+MET channel

CMS 1410.1149;
improves CDF 1202.5653;
see also ATLAS 1410.5404

5 CMS Preliminary 19.7 pb™ at Vs=8 TeV CMS Preliminary 19.7 pb™ at Vs=8 TeV
_— ] T T | T T T T | T T _— T T 14 14 | T T 1 T T
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PN L 04
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o o

0.2
XL 1 NP . . . W . 4
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) <000 —_
¢ | Andrea, Fuks, Maltoni, 1106.6199 9 t
nd Continuous Flavor... 24 Invisibles 15 workshog, -



CONCLUSIONS

e have shown three examples where
flavor important for understanding DM

® (meta-)stability of DM

® monotop signals

J. Zupan Dark Matter and Continuous Flavor... 315 Invisibles 15 workshop, Madrid, Jun 26 2015
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GENERAL FLAVORED DM

Bishara, Greljo,Kamenik, Stamou, JZ, 1505.03862

* basic requirement for flavored DM stable due to Z =

® Gris a good symmetry in the UV

® broken by spurions ¢,,, in representations with
zero flavor triality

® (N —Mye,)mod 3=0
e.g., any vev in adjoint or bi-fundamental ok

® stable color singlet(s) in representations with
nonzero flavor triality

* (n,—m,)mod 3=0

J. Zupan Dark Matter and Continuous Flavor... 327 Invisibles 15 workshop, Madrid, Jun 26 2015



GAUGED FLAVOR SYMMETRY

Grinstein, Redi, Villadoro, 1009.2049
PY fully gauged GF Bishara, Greljo,Kamenik, Stamou, JZ, 1505.03862

® spontaneously broken by vevs
Y, ~(3,3,1) Y; ~ (3,1,3)

® to ensure anomaly cancellation a set of chiral fermions

Var ~ (1,1,3)] Wur ~ (1,3,1)] U5~ (3,1,1) ¥ir~(3,1,1)

[

® mass term (after EWSB and flavor breaking)
ACmass 2 /\uQLIjI\I’uR + )‘:L\IjuLYu\IJuR + Mu\IjuLUR
-+ AdQLH\IJdR + )‘Zi\deLYd‘deR -+ Md\deDR + h.C.,

IA\ IA\ IA\

breaks flavor
after SSB

J. Zupan Dark Matter and Continuous Flavor... 28 Invisibles 15 workshop, Madrid, Jun 26 2015
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SM YUKAWAS

e the SM Yukawas are generated after Y, ; obtain vevs
and W, integrated out

A M, AgM 4
U — ’( — r
SN Y= N(Y)

e note that the SM Yukawas are non-analytic in
spurions <Y/,

e the model is not of the usual MFV-type
e FGBs inverse mass hierarchy 4’ ~(y,1/,;)"

® low energy observables have MFV structure

J. Zupan Dark Matter and Continuous Flavor... 29 Invisibles 15 workshop, Madrid, Jun 26 2015



RADIATIVE SPLITTING

* if mass degeneracy broken only by

radiative corrections o
‘4(2 AAU, A D

® in the limit of m,« ma T

DM _ _"Lxg?] A% (log M2 /%) N\
break 1672 X &MalH X5

e typical splitting ~few GeV to ~few 10GeV

® long enough lifetimes that problems with
BBN

e xi the lightest state

J. Zupan Dark Matter and Continuous Flavor... 30 Invisibles 15 workshop, Madrid, Jun 26 2015



HIGGS PORTAL

e the scalar ﬂavored DM behaves exactly hke Higgs
portal DM |

0.001
| |
10—4 |
50 100 500 1000 5000

m¢l [GCV]

e the DM multlplet spht at tree level
L D K( *)T/\“O)Tl(YTX’Y,,)
e the only remnant of gauged flavor symmetrles at low
eng. is the stability of DM

J. Zupan Dark Matter and Continuous Flavor... 31 Invisibles 15 workshop, Madrid, Jun 26 2015



SCALAR FLAVORED DM

e introduce a scalar in fundamental of SU(3)y;
¢~ (1,3,1)
e dominant interaction with the SM through
Higgs portal

LM — M (ohg) (H'H)

Int

® FGB exchanges are sub-leading
® no longer required m,~ma/2

J. Zupan Dark Matter and Continuous Flavor... S0 Invisibles 15 workshop, Madrid, Jun 26 2015



ASYMMETRIC DM

e cosmological history of the ADM

Asymmetric operators in equilibrium.

T > Tewer B Av
> Ax Baryon asymmetry transferred to DM.
Te > T B A Asymmetric operators freezeout.
f EWPT % X DM number separately conserved.

Symmetric component of DM is

T <m XX — SM, va7v4, - .. o
: XX  VdVds efficiently annihilated away.

~J

from a slide by F. Bishara, talk at Notre Dame

e note: more complicated cosmological histories
see e.g., Falkowski, Ruderman, Volansky, 1101.4936

possible

J. Zupan Dark Matter and Continuous Flavor... 33 Invisibles 15 workshop, Madrid, Jun 26 2015



OUR AIM

Bishara, JZ, 1408.3852

e for a subset of ADM models

o the Z, that ensures the stability is accidental and
approximate

® as aresult
e DM is metastable

® decay times potentially close to its present
observational bound 7210

e the mediators can be below TeV

® realistic flavor structure essential

J. Zupan Dark Matter and Continuous Flavor... 34 Invisibles 15 workshop, Madrid, Jun 26 2015



DM MASS

e the relation Qpy~5.4 Qbaryon fixes the DM masg  Bishara 1, 14083852

® assuming SM visible sector

Q, B B-L 1
MG BT Ay — (25 +08)CeV g Fy

my

(B—L)y™=> §.(B-L)

* for instance, for a Dirac fermion g,=2

1
(B_L)x’

my = {6.2,3.1,2.1}GeV, for (B— L), ={1,2,3},
e note: for B=3 DM cannot decay

my = (6.2 £0.4)GeV

® accidental Z, (which is exact if B is exact)

J. Zupan Dark Matter and Continuous Flavor... 1 Invisibles 15 workshop, Madrid, Jun 26 2015



ASYMMETRIC DM
e cosmological history of the ADM

Asymmetric operators in equilibrium.

B X Baryon asymmetry transferred to DM.

Asymmetric operators freezeout.
DM number separately conserved.

Symmetric component of DM is

T <m XX — SM, vavd, - - - .. .y
X XX » Yd7d: efficiently annihilated away:.

e symmetric annihilation needs to be efficient

e have nothing new to say, a number of scenarios proposed

see e.g., Bhattacherjee, Matsumoto, Mukhopadhyay, Nojiri, 1306.5878;
March-Russell, McCullough, 1106.4319; Lin, Yu, Zurek, 1111.0293
J. Zupan Dark Matter and Continuous Flavor... 36 Invisibles 15 workshop, Madrid, Jun 26 2015



FREEZE-OUT OF
ASYMMETRIC INTERACTIONS

e asymmetric operators, schematic form for B=2

C .
O asymm. ~ Fx(qq)‘*,

e leads to asymmetric 2—5 interactions in the early universe
e the freeze-out should be above EW phase transition
® gives lower bounds:
* A>730 GeV (Froggatt-Nielsen flavor model)
® A>400 GeV (MFV breaking)
e naively expect that asymmetric mediators not much heavier
® then self-consistent framework (need small m - for metastable DM)
® at very high A the direct relation between m  and m, is lost

p
® however, easy to think of models with very massive mediators

J. Zupan Dark Matter and Continuous Flavor... 7. Invisibles 15 workshop, Madrid, Jun 26 2015



ADM AND MFV

e take as an example B=1 fermionic ADM

® two types of asymm. operators
O(B 1) _ (XU YUYD) ( c gdc A)CKNA/IGQ,B*/

— (X u:tAeqdlagTWK\inldg) ([d uws]N@ [ iiASS]M7)6KNM€ag’Y?

:(X q}az) ([dBYD]NqRJ‘yJ)GU EK NM 013’7

diz ’
— ( MASSVCTKM) ([dMASSY ]dgT]NB [ MASS]M“) KNMEQB,Y,

Ongl)

e from here an NDA estimate for decay width

F(l) ~ (ytyb)2 (mX)4 ( 1 mt,AQCD)2 mX' = 6.6 - IO_SIGCV( Yb )2 (4-0 * IOGTGV)4 ’

X 87 A 1672 m¥, 1672 0.024 A
. : 4 m i 2 (4.3-107TeV"

@ . |9Vl (mx) X _ g 1051 ( Y )
5O~ T (A ) 16m2 =00 10776V (5004 A ’
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ADM AND

e take as an example B=] fer:

® two types of asymm. ope

O(B 1) (XU YUYD) ( c Bdc i )GKNMGQ;B'V
c dia, dia, dc (o
— (X UMA%Y gTVcTK\iY g) ([d 1Aqs]N/3[ .\mss]M’r)eKNMe ,87,
B=1) * c * i «
057 =(X Gicai) (d5YBINGiras )€ 7V M e

diz
— ( MASSVCTKM) ([dMASSY ldgT] Np [dMASS M~ )GKNMfaﬁva

e from here an NDA estimate for decay width

) ~ (yeyo)® (mX)4( 1 m‘AQCD)2 X =6.6.10—51G0V( Yo )2(4-0-106TeV)4

X 87 A 1672 m¥, 1672 0.024 A
. 2 4 2 /4.3-10"TeV\*

@ . |9Vl (mx) My oo 10-51 ( Y )
L gr \A ) 162~ 061077 GeV (g A ’
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FN MODELS

e U(1) Froggatt-Nielsen (FN) models of spontaneously broken
horizontal symmetries

e quarks carry horizontal charges H(g,), ...

e the two B=1 operators

01V = (xd) (W dsy) = (X [duss) i) (USinss) N [dEsuss)ar), -y -G
0"~ = (i) [@aius)e” — (X iunslie) (Bipsl v [Binslan) AP
e have Wilson coefficients .
O ~ AH(dg)+HH (ug)+H(d5 )] Cy ~ N—Hlax)+H(dy)—H(am)l

1 l2 3

® expansion parameters A ~ (0.2

q (3 2 ()\

H(q,d°,u’) = d°| 3 2 2

uc\3 1 0)’

e we use the phenomenologically

viable assignments:
Leurer, Nir, Seiberg hep-ph /9212278; hep-ph /9310320
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INDIRECT DETECTION
CONSTRAINTS

e the most relevant indirect constraints from
antiproton flux and gamma ray spectra

10% e T T T T T

o | Avpy =1 TeV
[ Apn =3 TeV ]
103() - S 3
= 1020 E ) 3
- g 1__ ]
15 f —— MFV — 3
W F N fmme- -eo--
1010 E — FERMI x — bb NFW 3
; FERMI x — pp~ NFW
105 F Ibarra et al. x — p° éz A\Ib 02 data)
0 3 Covi et al. x — vv (Super- E
N Zhao & Zurek - UDDy i | i i

2 3 B) 7 10 15 20 30 40 50
my [GeV| Bishara, JZ, 1408.3852

e for 3.1GeV B=2 DM the bounds are
AMFV > 0.49 TeV AFN > 1. 9 TeV
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MEDIATOR MASS

 these bounds imply for the mass of asymmetric
mediators

® MFV: m,,p4iat0r >490 (210, 90)GeV
® EN: m,e4iat0, >1900 (830, 360)GeV

e if asymmetric operators are generated at
tree(1-loop,2-loop)-level

e these mediators can be searched for at the LHC

e note: without flavor structure the bound would
be A>7.3 TeV

e out of LHC reach
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MEDIATOR MODELS

e for LHC pheno. consider two toy-model completions
® MFV model with scalar mediators

e FN model with fermionic and scalar mediators
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e typical FCNC bounds

FLAVOR BOUNDS

me, = my, = 500 GeV 5 me = 200 GeV; my, = 20 GeV
l T T T T T e \‘ '\ — KO — I-{O
- \- —
T --- B; - B,
Rl e e oot et A S ' b == B.— B,
0.6 } ] — D°-D°
S gs 1 : -
0.4 k SN SO S—
— K'-K° | | 0.5 ]
0.2 ¢ -== B;—B; 1 |
— - By—B, |
0 2 1 \ z 2 I i 0 A l—
0 025 05075 1 125 1.5 1.75 2 | 0 1 1.5 2
K1 } 9q
qi q; i ([; l[’,.‘ y (1}".“
——————— —— —— ——
(-‘)I,/y:l./(-‘)i ‘(:)l./‘r?L/(;) (-"l,i w (0] l i o
— - : - i - — - : - — - : . -
q; q! q; q; d d¢
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