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Outline

* Motivation: why heavy quark flavored DM?
* Model description

* Properties:
* Direct detection, RGE effects
* Indirect detection
 Thermal relic abundance
* Top FCNC
» Collider Signals

e Summary



[LUX, 1608.07648]
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Why Flavored DM?

* No confirmed DD signal yet
« small/vanishing direct coupling of DM to u/d quarks
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 Favored channels when fitting astro- anomalies . _[FCaloreetal 14114647

* bb, T are favored, up to astro- uncertainties T I

[see Hooper et al] : cc }—lh\)\r* /

¢ TheOreticaI mOdel bUiIding [see Agrawal, Kilic et al] célo_% ]
« flavor symmetry in dark sector, MFV... t

my [GeV]

WIMP—nucleon Cross section [cm?]



Top-flavored DM ARERES” AES

 DM: real scalar S
« SM singlet, couple only to tp

 Vector-like (VL) fermion T = —(ygrSTtg + h.c.)
. 1 1
(T, tr) same quantum number Lo == (aMS)Z _ 2 m2s2
* no chiral anomaly ; 2 7l 2 -
» Z, parity to stabilize DM: S, T are odd r =T3P —mr)
e no mass mixing (S, H), (T, t)
* Br(T - St®) = 100%
« LHC searches for VL (T, B) do not apply

L:LSM-I_LS-I_LT-I_



Higgs portal set to be negligible

....... t .
_ S e _ __H.
* generated via tree/loop SRR IR PR
« strongly constrained by current experiments I R R TS
« We set Agle-InI(HEFT — mz) = 0 in this work
1 Scalar DM
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Top + Charm Flavored ,

— _(ygflﬁtR + yZS]l-:ECR + h. C.)
2
Ls = (?”S) — 5 msS?
Ly = P(il —my )



Realization in M(inimal) F(lavor) V(iolation) \

> 0

 Ug-flavored DM: £ > U1 1]/ (DM);(med.) X
* expansion of /|, mpy, in terms of SM Yukawa Y larXiv: 11093516 Can Kilic et ]
*UB)pm = UGBy

* ij= (ay -1+ Py V.Y, )ij, ij = (mO,U 14+ Amy VY, )l_j
* U)oy =UQB)p |

c = Bp (VY)Y J = (mgp -1+ Amy Y} Y, )i’
* UB)pm = UQB)yg |

« 117 = Bo (), = (mgg - 14 Amgy Y, Yy + Amgy Yde+)i]
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Direct Detection : EFT  wswea s

Of = ¢*mydq ,
_ P P o d
* Ugpr~My Leff = Z C5O0s; 09, = %5 g2 Am A
P=4,9 oo o
e RGE €400 = (o) ~ 40§ (10) 50 (3 (1) = m0))
ar \_ Blas(p)) a; (o)
¥ - S
* Quark thresholds CO(1wp) | v y=4 = CL (1) |, =5

1 11
‘ CS ()| N =1 = T [1 + E%(Mb)] CS ()N, =5 + CS (1) | N ;=5
¢ :uQCD~1 GeV
(N) 2NN l M
= IWO'NN o= (5

Nov 6th, 2nd KEK-NCTS-KIAS workshop,

seoul, South Korea Peiwen Wu, KIAS, Heavy Quark Flavored Scalar DM

2
) |npfp + nnfn|2



Direct Detection : EFT  wswea s

b Oh=dMmdg . top: integrated -> 92 G*2
* Ugpr~mz Leg = E : CsOg; 09 = 22 grgAm A charm: active d.o.f
— o i . .
P=49 g no contribution to ¢p2G2?

052
e RGE €400 = (o) ~ 40§ (10) 50 (3 (1) = m0))

$ -t

* Quark thresholds C(pp) | ny=1 = C&(1) | N;=5 »

‘ 1 11
CS ()| N =1 = T [1 + E%(M’)] CS ()N, =5 + CS (1) | N ;=5
¢ :uQCD~1 GeV
(N) 2NN l M ’ 2
f ¢ y 0 = <M+MT |npfp+nnfn|

Nov 6th, 2nd KEK-NCTS-KIAS workshop,

Seoul, South Korea Peiwen Wu, KIAS, Heavy Quark Flavored Scalar DM 9



Loop momentum: SD & LD

» SD: d~Mmediator LD: q~Mqg={c,p,

t} g

AA§

- top, fully integrated out, generates {0} L[)Nmt SD~m¢
» charm, active d.o.f, generates {07, 0¢}

' 4

Cllt =

oy’

c —

' 4

=
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LD~mt>mZ

SD ~m¢

(1 ?J3>(f(a) f(b) f(c))(ms,mtamw)

SD SD

4 2

(—12) (32) 7).

4 2
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(19_2) (ff) + ff)) (mis3 e, my)

d Scalar DM

~12 G G 5 mQQQ

LD
fo = (—12)f; ‘Q
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RGE toploop > {07}
charm loop -> {07, 0§
*UgpT~MgZ
- top, fully integrated out, generates {03} U~m,
- charm, active d.o.f, generates {07, 05}

» RGE evolution: {07, 0} are different

ag (140)
B(as (o

Cg(#o) :

Cd(p) = Cd(uo) — ACS (1o)

Blas(p)) _az(po)
ag(p)  Blos(po))

- reaching charm threshold, 0§ is absorbed into 07 u~m,| [ <=

) (Ym (1) — Ym(1o))

CS (n) =
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Direct Detection: RGE effects

DM-nucleon coupling: fy =C, y5 +C5 y3, m, =300 GeV

L) = fySPNN | fn = Cays + Cays w7

3 - CZ
. 1o -- (,,no RGE

fn : DM-nucleon coupling @ 1 GeV 10'H — ¢
107 C5, no RGE

C, with RGE

When meg — 0

2

- w/o RGE, C, 5 x n"z—i -0
- w/ RGE, C, - constant, C; - 0

* C, » (3, charm contribution dominates
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Thermal Relic / Indirect Detection

S
5 t,c S
N\ s \\\ X o
% A
/N ¥
0 Tz,
t,c
S _ _ _ _ < ’ Y 9
t (G
- = - < 100000 < (0000
@/) 4 “t t L 7 A 1/) _ — —_ —
_ —— 00—~ - ~—0000"
(a) (D)

[arXiv: 1502.02244, ). Hisano et al]
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« FCNC of Top Quark ,”, _ - R

t > V4 > L > c t > [ > > | >

* Collider search (ATLAS 36 fb~1 @ 13 TeV) éﬁ,.g.z
pp =YY — tt/cc + MET

a(pp — Y = B + tf) = 0(pp — W) Br?(y — St)
0(pp — Y = +J’j) = 0<pp — 1@) Br?(¢ — Sc)
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Combined results
y3 = 0.5

(GeV)

Combined results, y, =0.5, y, =0.5
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_ m m
y; = 0.5 m5~7t me~500 GeV m5~7t mg~500 GeV
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— m m
Y3 = 0.5 m5~7t ms~500 GeV m5~7t mg~500 GeV

1.0 ' ’ '
— |
yz T - I : I :
I | | :
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I
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= 0.5 . ~
& ms~m; | Thermal relic DM s~

Combined results I =0.5, y, =3.0 iS aImOSt eXCIUded
(GeV) ' — T %

|
FCNC Brs of top quark, y; =0.3, y, =1.0 with Qh* =0.12

10° |
: — t—=cy |]
— t—cZ ||
— t—=cg
t — ¢SS ||
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| ! [P E—
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Scalars 2017, Dec 2nd, 2017, Warsaw S Peiwen Wu, KIAS, Heavy Quark Flavored Scalar DM 18



Summary

* No confirmed DD signal yet, DM may couple dominantly to heavy quarks
* We considered a real scalar DM coupling dominantly to right handed top and

charm quark, via a colored fermion mediator.

10

107}

104}

 RGE are importantin DM-nucleon scattering. ol
1C, withRGE _~

10
10°

108

When y,, y3~0(1):

DM-nucleon coupling: fy =C, y; +C5 y3 , m, =300 GeV

J— 02
- (,, no RGE
Cy, no RGE

- Thermal relic DM with mg < m, is almost excluded *;| 7~
- Top FCNC Brs < 1077, still allowed in current bounds "’

 Future data would further test this model.
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DA(ark) M(atter) P(article) E(xplorer) ete™ peak @ 1.4 TeV

LETTER

doi:10.1038/nature24475

Direct detection of a break in the teraelectronvolt
cosmic-ray spectrum of electrons and p051trons

DAMPE Collaboratlon*

Scalars 2017, Dec 2nd, 2017, Warsaw Peiwen Wu, KIAS, Heavy Quark Flavored Scalar DM 20



Sca

E3 x Flux (m2 s71 sr! GeV?)
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doi:10.1038/nature24475

?

10 100

Energy (GeV)

21



DM fitting with ov~ 3X10~%%cm? /s

Q. Yuanetal, 1711.10989

channel 1.0 kpc 0.3 kpc 0.1 kpc

m,[TeV | Maw/Me  L/GeViem™ | m,/TeV| Maw/Mo L/GeVZem™ | m,/TeV| Mgw/My L/GeVZem™

ete” 22 |3.8x10° 1.0 x 10% 1.5 |8.0x107 3.8x10% 15 |5.0x10° 3.5x10%
eut 22 [1.0x 10" 2.3 x10% 1.5 |2.6x10° 1.0x10° 15 |1.9%x107 1.1 x10%
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Scalar DM with Ggayr X U(1)y

Name | Spin | Gen. | SU3)¢c | SU2)r | Uy || U(1)y~
H 0 1 1 2 -1 0
Q 1/2 | 3 3 2 5 y
% 1/2 | 3 3 1 5 -1
uh, 1/2 | 3 3 1 -2 -3
Ly 1/2 | 1 1 2 -3 3
Lipgy | 1/2 | 2 1 2 -3 -3
lhy | 1/2 | 1 1 1 1 -3
lrpos) | 1 /2 | 2 1 1 1 3
[ vp T12] 1 1 1 0 3
Vhos | 1/2 | 2 1 1 0 3
Ps 0 1 1 1 0 6
D 0 1 1 1 0 6

Scalars 2017, Dec 2nd, 2017, Warsaw

Cao, Feng, Guo, Shang, Wang, Wu, 1711.11452

(TeV)

mg ~ 2 X 1.5

Peiwen Wu, KIAS, Heavy Quark Flavored Scalar DM
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Scalar DM with Ggayr X U(1)y
Excluded by LHC Z’ search
- ‘;‘" Cao, Feng, Guo, Shang, Wang, Wu, 1711.11452

3.5

(TeV)
mg ~ 2 X 1.5

0.22

X +
S, =
</ § |
Q / !
&/ !
r~0.2 ¢
vy’ Y 7 5
»
@] !
/ . 1

020 mm oo om o = ===

3 2.5
S) X
0.18 | EXC|Ud€d
I III” L
: ‘Allowed
I ’," Ve
0.16 v I / X
/ | !
[ ‘;" 1.5
m,~3 TeV
I !
AT 3x10° X100 5x10° (0vlolcm’s™)
mz(GeV)
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Scalar DM with Ggas X

U(l)yl X U(l)y//

(TeV) /
mg ~ 2 x 1.5 Ey~1
X \\ Z// Z

Mz ~ 2 X 1.5

Cao, Feng, Guo, Shang, Wang, Wu, 1711.11452

5 1

1 € v
LD ~5IFLP = FIFm)2 - S E

(x — [gynY"] — Z”) — [e] - (Z'

Scalars 2017, Dec 2nd, 2017, Warsaw Peiwen Wu, KIAS, Heavy Quark Flavored Scalar DM
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Scalar DM with Ggsar x|U(1)yr x U(1)y

(Te\/) g Cao, Fenqg, Guo, Shang, Wanqg, Wu, 1711.11452

mg ~ 2 % 1.5 Ey~15

10742 2.4

., passing DD & Collider bounds

2.2

- 10 4 |
X N Z// 1 | g PandaX-Il bound at mpy = 3 TeV
N .
N - = 10 "T 2.0
AN = W
(©)]
A 0 §
Mmon ~ 2 X 1.0 ! 2
/ bq ) 1.8
/ 10
/

10749 4

1.4

10750 — : ; ; ; ;
0.02 0.04 0.06 0.08 0.10 0.12
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Summary

* No confirmed DD signal yet, DM may couple dominantly to heavy quarks
* We considered a real scalar DM coupling dominantly to right handed top and

charm quark, via a colored fermion mediator.
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104}

 RGE are importantin DM-nucleon scattering. ol
1C, withRGE _~

10
10°

108

When y,, y3~0(1):

DM-nucleon coupling: fy =C, y; +C5 y3 , m, =300 GeV

J— 02
- (,, no RGE
Cy, no RGE

- Thermal relic DM with mg < m, is almost excluded *;| 7~
- Top FCNC Brs < 1077, still allowed in current bounds "’

 Future data would further test this model.
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Thank you for your attention



Back up slides

Scalars 2017, Dec 2nd, 2017, Warsaw
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SUSY case 0= 23057°64 g i

L = qlag+by5)Xq + h.c. \
SD LD ()
Jc ga:ufG 4 +Q;)7th e 1= m ( By
SD . (a2 + b2 a2 — b2 == mg 381’4)’
Ploo= (U S ) 2 e (R B
[ (“3+63M1+a3—62mqfi> foo= B 4w B
ar \~ 4 1

SD is characterized by q;40,~m; i (p+ q)2 — m2)"(q —m2)™

LD is characterized by q;40,~m, / Uy

higher energy @ shorter distance

Scalars 2017, Dec 2nd, 2017, Warsaw Peiwen Wu, KIAS, Heavy Quark Flavored Scalar DM

((p+q)* —mz)"(q> —mg)™

/o S S =
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LG )

3 % 566‘%

fiaﬁ

—

£ Loz

Perturbative QCD requires q;,0p > Agcp

» SD (p~my) is integrated out into f;, since mg~ugpr~m;

_
f G — g T G 1Q
Q=c,bt

LD (QZoomeq) of ¢ ={u,d,s}
« non-perturbative QCD, must NOT be included in f;
- belongs to quark mass fractions in nucleons fr, = (N|m,gq|N)/my

* LD (q100p~mq) 0f Q = {c, b, t} LD of Heavy Quark in DM-Gluon f:°|,
* ifmg > pgpr, integrated out into f; | js used to calculate
« if mg < pgpr, Q is active d.o.f, DM-Heavy Quark coupling f

Scalars 2017, Dec 2nd, 2017, Warsaw Peiwen Wu, KIAS, Heavy Quark Flavored Scalar DM 31



LD of Heavy Quark in DM-Gluon fi"|,

is used to calculate fQ PO'G remOVaI
DM-Heavy Quark coupling f,

* Tree-level matching of f, contains pole at mg = m, + my

[Gondolo et al, 1307.4481]

>-9.< : >< PR S S N
. 0 o o O TdmgmZI—(m+mg)? 8 [mZ = (my+mg)P
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LD of Heavy Quark in DM-Gluon fi"|,

is used to calculate fQ PO'G remOVaI
DM-Heavy Quark coupling f,

[Gondolo et al, 1307.4481]

* One can use LD in f;(loop calculation) to obtain f,, which is regular
atmg = m,, + my,.

_ — T L ~ ~
O%E%NOX’OG;XVGAMV »‘—g—;GzyGaW_)mQQQ‘ » L& = meQXXQQ

LD
5 /9N 3 q/Q fQ — (_12)fG ‘Q

\ a 7 N —0 0
& 9 S, ' '

(a) (b)

q @

Y
N v v y [Shifman et al, 1978] Q Q
5 (c) (d)
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S S

Scalar DM case E[% A gi
[Hisano et al, 1502.02244] f t l/)'
g (a) g (b) (C>

» Taking top loop as an example

LD~m, SD~m,,

L = S@(CLQ + bQ”}/5)Q + h.c.

ag = bg = 4 in our model for top quark

1 i i
Cili=5 32 (@ +03) 1 (mssma,my) + (0 — 03) 1 (ms; ma, my)|

summation over {a,b,c} diagrams.

d. LD~mt b,C: SD~m¢

Scalars 2017, Dec 2nd, 2017, Warsaw Peiwen Wu, KIAS, Heavy Quark Flavored Scalar DM 34



S

Charm threshold matching @f{ f A §

» Without RGE:
C? (te)|Np=3 = <1y2)(f —|—f -|-f >(m5 My, M )LDNm D~m¢
IR S e toploop  -> {07}
* same coefficients in front of f¢ and f2:¢} charm loop -> {02, 05}
* LD/SD splitting of charm loop at ygrr~mj is recovered.

* With RGE: residual terms appear
* running a;(w), B(as), ym(as)
« different coefficients in front of f¢ and f ¢} -

* LD/SD splitting at ugpr~m; is not fully recovered at u.~m,

Scalars 2017, Dec 2nd, 2017, Warsaw Peiwen Wu, KIAS, Heavy Quark Flavored Scalar DM 35



S

Loop function behavior f{ f A §

(b) ms; Me, M
(£ + 70+ £17) (msime, my) LD~mc SD~m¢

* When m, K mg,my, i.e. me~0(10) GeV toploop > {07

charm loop > {07, 05}

2 2
f_(i_a) o~ Qmw — Mg | f(b) 1 | f(c) ~ 1
6(mi — m%)? 6(mfb — m%) * 2(m%b —m%)
(@ © .
A7+ 10+ “o(m2 2)2°

Scalars 2017, Dec 2nd, 2017, Warsaw Peiwen Wu, KIAS, Heavy Quark Flavored Scalar DM




Thermal Relic: y; = 0.5, y, ={0.5, 1, 3}

=0

2 (1 +10%),

y3 :0.5

(GeV)

10

I
I
h
1
I
I
I
I
I

T

=
10° I |
A
P |
, 7 - :
e |
. ~ i I I y2 20.5
P ‘7 I - y2 :1.0
7 : — Y, =3.0
10 _— —
101 | 102 103 (GGV)
| mS
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2 =0.12, Bryonmers Y3 =0.5, y2 =0.5

10

BTchannel ( % )
=
OO

H — SS—cc

SS—gg

[| — SS—tc
I — SS—tt
| —- ¥S—gc

- - YS—gt

- - ws—w

Pih—cc
P—gg
Ph—qq

10

Yy—tt

A

10*
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Scalar DM with Ggy x U(1)y+

X U(l)y//

Scalars 2017, Dec 2nd, 2017, Warsaw

Name | Spin | Gen. | SU(3)¢ | SU2)r, | Uy || U(1)y+ | U(1)y» || Cao, Feng, Guo, Shang, Wang, Wu, 1711.11452
H 0 1 1 2 -3 0 0
Q |12 3 3 2 L I 0 (TeV) 14
dp | 1/2| 3 | 3 1 T [ 0 mg ~ 2 x 1.5 E)~ 15
up, | 1/2 ] 3 3 1 -2 -3 0
Ly 1/2 | 1 1 2 -3 3 0 0% 0
Lpsy | 1/2 | 2 1 2 -3 -3 0 N AU
Uy | 1/2 ] 1 1 1 1 -3 0 AN
v 1/2 | 2 1 1 1 3 0 N
12T S8 B S S S S | B S Mg ~2 % 1.5
vhy | 1/2 | 1 1 1 0 -3 0 e
Vs | /2| 2 1 1 0 3 0 I g i /
s 0 1 1 1 0 6 0 X —
Dy 0 1 1 1 0 0 Yy
bd 0 1 1 1 0 0 Y/
g/
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