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Why Flavored DM?

* No confirmed DD signal yet

 small/vanishing direct coupling of DM to u/d quarks

* Favored channels when fitting astro- anomalies
* bb, 1T are favored, up to astro- uncertainties

[see Hooper et al]

* Theoretical model building
* flavor symmetry in dark sector, MFV...

[see Agrawal, Kilic et al]
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If: small/vanishing direct coupling of DM to u/d

® CAuscs
* DM is heavy quarks/lepton-philic

* loop diagrams can still generate DM couplings to u/d/gluon

* one can start from effective operators, then specify details
* DM/mediator spin, real/complex...



A. Scalar DM

Mediators inside EFT

« Complex Scalar
* Dirac/Majorana Fermion

(a)
r {be 0 X 0y x F* (complex scalar DM)
charge radius — _ . .
b Y 0, FHY D fi DM
« XX O, (Dirac fermion ) B Fermion DM
_ Fox —x [0 % : :
- . . \—fJ

Lanapole moment = X 7V57uX 8,,F‘“’. (Majorana Fermion DM) \/

[Markus Luty et al, 1402.7358] , %
h Y, Z

(c)
[Can Kilic et al, 1410.3030]
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Mediators inside EFT

* Vector DM, more complex gauge structures are needed
* we do not address here, sce e.g. Hisano et al 1012.5455

* Real scalar DM: simplest case, also simplest BSM model




First step: Top Flavored
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Why Top quark for Real scalar DM?

* Real Scalar DM: both s/p-wave are chirally suppressed

» wide mass range below tt threshold: m¢ < m;

* co-annihilation, constrained mass spectrum

* sensitive regions in many DD results, e.g. ~30 GeV for LUX
* 1f Higgs portal 1s negligible

* is it possible to detect the loop suppressed DD rate in future?
* no qq fusion in direct DM pair production at collider



Existing Top-flavored DM studies

* Most on Complex scalar, Dirac/Majorana DM

» Kilic, C., Klimek, M. D., & Yu, J.-H. (2015). Signatures of Top Flavored Dark Matter.
http://doi.org/10.1103/PhysRevD.91.054036

* Arina, C., Backovi¢, M., Conte, E., Fuks, B., Guo, J., Heisig, J., ... Vryonidou, E. (2016). A comprehensive approach
to dark matter studies: exploration of simplified top-philic models. http://arxiv.org/abs/1605.09242

* Gomez, M. A., Jackson, C. B., & Shaughnessy, G. (2014). Dark Matter on Top. http://doi.org/10.1088/1475-
7516/2014/12/025

* Kumar, A., & Tulin, S. (2013). Top-flavored dark matter and the forward-backward asymmetry.
http://doi.org/10.1103/PhysRevD.87.095006

* Blanke, M., & Kast, S. (2017). Top-Flavoured Dark Matter in Dark Minimal Flavour Violation.
http://arxiv.org/abs/1702.08457

* We focus on real scalar DM which has simpler interaction forms.
However, special attention 1s needed, e.g. in RGE effects in the direct
detection.



Model: Top-flavored Real Scalar DM s___ yan

e DM: real scalar S

- L=Loy+Ls+Lp+Ly+L
* SM singlet, couple only to tg SMoT =S T ~T G

* Vector-like (VL) fermion T = —(ysySTtg + h.c.)

* (T, ty) same quantum number L = Csy(ys,mg, my) %SZGW Gy
* no chiral anomaly

1 1
LS = E(GMS)Z — imez
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Higgs portal

....... £
. . S e __H
* also generated via loop in our model SRR ISR U
* strongly constrained by current experiments s___ 1 . 1 __H
....... t e
ren. — — . .
* We set ASH ('uEFT _ mZ) = 0 1n this work [1512.06458, Beniwal et al]
1 Scalar DM 1 _ .S?a.lar. DMI -
—  Qg/Qpy =1 L
- LUX (2013) 0
XENONIT
n
< -1

- QS/ Qpy =1
--- LUX (2013)
-------- XENONIT

45 50 55 60 65 70 2.0 2.5 3.0 3.5
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Model: Top-flavored Real Scalar DM s___ ot

e DM: real scalar S

- L=Loy+Ls+Lp+Ly+L
* SM singlet, couple only to tg SMoT =S T ~T G

* Vector-like (VL) fermion T = —(ysySTtg + h.c.)

* (T, ty) same quantum number L = Csy(ys,mg, my) %SZGW Gy
* no chiral anomaly

* Z, parity to stabilize DM: S, T are odd 1 , 1
) iy Ls ==(0,S)" —5méS?
no mass mixing (S, H), (T, t) 2\ H 2
* Br(T - St®) = 100% Lr=T@{p —mp)T
* LHC searches for VL (T, B) do not apply



Thermal Relic

ov(SS — tt)s

ov(SS — tt),

ov(ST — gt)s

ov(ST — gt),
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= [ys]

Ts = rr =—
mtop’ ms
2 3/2 s ......... :: . . . t
3 re2 —1)3/2
[y34 5 . 3 1(251 5 ) 5 T - - . . ..
drm?rgd(rg?*(re*+1) -1
1 f,»SQ —1 .s ...............
R2mm2 rs3(rs?(rp?2 +1) — 1)4 S ' S .t .

X (=16rs®(2rp? + 1) + rs*(rp? + 1)(9rp? + 41) — 2rg* (977 + 17) + 9)
1 rs?(rp+1)2—1 Az ..
[y32982] 2 ZE ) 5 C e e AE g .
6mmy? rstrr(re +1) S s
2 2 1 1 . ‘\ ........ . . . . .
[y3 gS ] 2 4 7 P T . -'.h
36mmy* rstrr(re + 1) (rsrr +rs = )(rsrr +rs+1) 0 2O 000 ©F S
x (r*(rp(16rp — 13) — 1) (rp + 1) /“ i \ o
—2rs*(4(rr — 3)re — 1)(re + 1)* + r9(8rp — 11) — 1) P
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Thermal Relic

g T. ... g

2 T T T —{000000000" ¢

* sy X YsrXfroop(Ms, my, my) o,
4_ ....................
.<0v>ggocyST S oLl bvssoooes 9
* can be sizable when y¢r~0O(10) o

64 g T

ov(SS = g9)s = —(—Cssgq)’m3 Euinhe D (e crOT
17T67T SRR 2 S S LA

aS .......................

ov(SS = gg9)p = —(— CSSgg)2m% 9 T~ s
Tr /1 &#T. . . . .

[arXiv: 1502.02244, ). Hisano et al]
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Thermal Relic: Cs,,
L = S¥(ag + boy°)Q + h.c.

[Hisano et al, 1502.02244]

a’Q:bQ:? s T ;
1 : - T e
9| _ 2 2\ p() ) 2 2\ ¢() i
Cdlg = 1 E [(GQ+5Q) V(Mymeg,my,) + (ag — bg) f2/ (M;me, my,) s
i=ab,c T T T T 00000000
. m2m4 M2—}—m2—m2 .......................
fi)(M;ml,mﬁE— U i~ 1 Q)L PERRERN TA - .
(M2 4+ mi A+ 2m3)A 4 6mima(M? — mi +m3) Tl T
6AZ ’ R I I
3 2002 _ 12 2 9 OO0— 4 ———— 5.
ffa)(M; My, ms) = mimy{ A + ml% mi + m2)}L ........... #T. .
~ ma{(=2M° + mf 4+ 2m3)A — 6mim;(M? +mi — m3)}
6m1A2 ’
(b) . — ¢(a) .
f2(Mimy,me) = f7(Mymg,ma) A(M;my,msy) = M4—2M2(m%—|—mg) T (m% —m%)2 7
fEb)(M;mlij)Efﬁa)(M;m%ml)’ 2,2 ar2
(c) —M2+m2+m2 m2m3 \/hln (m;imz ]]\\jQ+\/%) (A> 0)
f+ (]\4;7711,7,”/2)E 2A1 2 . IAQLv L(M;mth) — miTmg \/m
Ymymy  myma(—M2 +m? +m2) —QA arctan (—rhm -~ _MQ) (A <0)
fEC)(M;ml,WQ)E - L 2L, VA 11my

A
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ov(SS — tt)s = [y34

Thermal Relic =5~ = v

R2mm2 rs3(rs?(rp? +1) — 1)4
X (—167‘56(27’T2 -+ 1) -+ '7‘54('7‘T2 -+ 1)(9‘7‘T2 -+ 41) — 2‘7‘52 (97‘T2 -+ 17) -+ 9)

mT : | ' Ll v 1 v | v LI L L
* mass spectrum {mg, 1 = — topVL

mg 4-5 A~ IC
e when S5 — tt is open, ¢ > 1
* relaxed 7

:0_.

SSggl

* larger y¢r, €ven larger 1

T T T T T 1 T rrrr
160 200 300 400 500 600 700 800 9001000

(GeV)
Mg
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Direct detection

EU)
El—
1
— mT =
* for mg > m;, where SS — tt and rp = —
mgs
 generally heavier myp B o e oo o mm doroo
* suppressed Cs, and og; T T s
1E-7 4 y, =05 '
1E-8-; _VST=16° 3
3 Y10 |
1E'9'é 777777 LUX-2015 _
1E-10 _; LUX-ZF’- ]
) 1E-11-;””‘ ”””””””””
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Direct detection

1
00!‘

Csg € V51X fro0p (Ms, M7, M) s
- for mg < mg,large ysp~0(10) TR
* 55 — gg dominate in light mg 591 J |

—y,03 |1

. 1E-7 cos 1

* gs; locked by canonical (ocv)~1pb - c o — i
e excluded by LUX-2015 1E-9 -./ — |— iZTx-zms :
1E-10 4 v |

* light mg < m; can be tested at LZ B 112, ) W :

4
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Indirect detection (y-ray)

e current bounds are about to be able to constrain

* sensitivities X10 can cover wide regions in mg > m;
e complementary to DD

yst = 10
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Dwarf continuous y-spectrum
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Collider search (ATLAS 13.2 fb~1 @ 13 TeV)

pp > TT - tt + MET
* exclude my from 300 (650)-1150 (1100) GeV for mg = 40 (400) GeV
« SUSY stop t search: 200 - 850 GeV (smaller production cross section)

200 Haproduction Ttz ATLAS-CONF-2016-050 . ATLAS 13 TeV, 13.2 /b, 10 4 jets ou
— _I IIIIIIIII .I T T I-I--I--I IIIIII I LI I LI I LI I_ T T T T T —exclude
> - ?_Tf‘?g TP:?“%'”;;%_1 ——= Observed limit (+1c,,) ] i aowea || 15
O, GO0 S e A ---- Expected limit (1 -
= FLimit at 95% CL xpected limit (+10,,,) — 500
[ - |:| ATLAS stopiL 3 16
e 5005 8 TeV +13 TeV (3.2 fb) ] "
- ' . > 400
400 - - g 12
s ] n
- N A RS . £ 300 10
300F o . = 8
r ’((\/?\V\ 3 'o . 3 ‘\\ .
200 A L\ T = 200} 6
u 3 ," . 4
100 .~ ﬂ i ]
e W ] 100} 5
0 C q 11 1 1 I 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 11 I 11 .t\ 1 D’.I;I 11 1 I_ 40 0
200 300 400 500 600 700 800 900 1 000 200 300 400 500 600 700 800 900 1000 1100 1200 1300
m- [Gev] mp (GeV)
t1
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Summary for Top-flavored Scalar DM

* perturbative yor > 0.5: just about to be tested in future
« complementarity between DD/ID for mg < (>)m;

* collider signals are also promising
ver = 0.5 yor = 1

ysr = 0.5 ysp = 1.0

T T T T

— =012 ] B B4 — o ooz
Fermi dwarf <ov>,, Fermi dwarf <ov>,,

101 | Fermi dwarf <ov>,,/10 assumed || 1| Fermi dwarf <ov>,,/10 assumed ||
LUX-ZP expected 10 m XENON-1T expected
ATLAS 13 TeV, 13.2 o', 10+ jels LUX-ZP expected
ATLAS 13 TeV, 132 57", 104 jets

10°} ] 10°}
T‘ —
|

ID

1 -2 L ! L | | - ! ! L L
%40 100 300 500 700 900 40 100 300 500 700 900
Mg (GeV) Mg (GeV)
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Top+Charm Flavored

L=LSM+LS+LT+ +LG

— —(y3STtR h. C.)

T

L¢ = Cgy (Y3@ mg, my) — S2GHY Gy

July 13, DSU2017, IBS, Daejeon, Korea

= (3,5)° —5m3s
LT =T(iD — mT)T

Peiwen Wu, KIAS, Heavy Quark(s) Flavored Scalar DM

22



Quick Thoughts

* 4 parameters: couplings {ys, y,}, masses {mg, mr}.

* One can

« fix benchmark {ys, y,}, to see {mg, m}
* DD bounds cover wide DM mass range

e fix benchmark {mg, mr}, to see {ys, y,}
* as a guideline for MFV construction of {y3, v,}

* In calculating DD scattering rate, DM-Charm interaction requires
more careful treatment of RGE ettects from pugpr~my to pocp~1

GeV.
* Top quark FCNC can be generated at both tree and loop level.
* More collider signals, MET + tt, tj, jj




Quick Thoughts

Thermal relic
* ov~y3 (e +y5ys G+ 5 G)ee +

Direct Detection:
2
o oyl o |Coy|T ~ 5 (e 47 ()]

Top FCNC
e t > ST* > ¢SS x y5y5

s toc+{y, 9. ZYxyiy;
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Preliminary Results
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Thermal Relic meop’ T mg

New pair-annihilation channels

3 (1 47"5)

SS —t t), =

( c+03 ‘y2 y3 |16 o2 e (1—2r5 (7“T +1))
1 1-47“5

ov(SS — te+ ct), —‘yg U3 |32

mmg2 rs*(1 — 2rg?(rp? +1))4
x (64rs®(2rp? + 1) — 4rs*(3rp® + 16772 + 17) + 2rs?(Try® + 11) — 3)

ov ~y5 (Der V595 (o )ee + 5 ()ee +
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Thermal Relic: fix {y;3, y,}, find {m¢, m}

Top Flavored Top+Charm Flavored
topVL, Qh? =0.12, A =|Cqq,| =0 tcDM, Qh? =0.12 %(1 +£10%
SH SSgg
5 T T T T T T T T 101 T T T
— ysr=0.3 — y3=0.5, y,=1.0
4t —  Ygr=0.5] —  y3 =0.5, y, =0.5
Ysr=1.0 — y3=0.1, y, =0.5
3_
)
g
=
10%k
S !
| 2f
~
1 | | | ! ! | 1 1 -1 | )
160 200 300 400 500 600 700 800 900 10 1o 0

mS (GeV)
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ov ~ V5 (g + V55 (e + 5 ()ee +

Thermal Relic: fix {mg, m¢}, find {y3, y,}

m_med =1000, m_DM={50,150,250}, Omegah2 ==0.12

1.0

0.8

ySQéJ

0.4

0.2

0.0

V3"

m_med =300, m_DM={50,150,250}, Omegah2 ==0.12

T

T
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1.0
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0.6 |-
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T
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Direct Detection

Top Flavored Top+Charm Flavored
* UErT~MZ Lon = 3 0505, O3 =6"myq {Q%} — {Qg ; QCS}
‘ p=q,9 O% — %qﬁzGA“”Gﬁy
e RGE G = C&(po) — 4CS (o) 5?58(&))) (Ym (1) = ym(p0))
a v Blas(w) of(m)
\ O el
* Quark thresholds C&(u)In;=1 = C§ (1) |ny=s5 .
1 11
3 O (=1 = 15 [1+ grers )| Y, =5 + C§ )y,

¢ ‘UQCD""’l GeV

N N N) 8 N

L(SI )= fN¢2NN ,  fw/my = Z C4(Hhaa) :(Fq - §Cg(ﬂhad)fé’a)
1 My 2 q=u,d,s

7= T (M + MT) npfp + nnfn\2 [Hisano et al, 1502.02244]
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N = Caytrg + C3yirs
Direct Detection: RGE effects

2
E(SI ) = fN¢2NN ) fN/mN — Z Cq Mhad)fT C ('uhad)fTG 0-_%(—M+MT) ‘npfp+nnfn|
q=u,d,s
m_med =300 m_med =1000
-1
coefficients of {y_SU2"2, y_SU3"2} 10
10=%  in DM -nucleon coupling f_N )
1077 ¢
solid: y_SU2 7
107° -~ dashed: y_SU2 no RGE by 10-7 -
1079 - 10-10 -
’ solid : y_SU3 f
13 |
10-12 - dashed :y_SU3noRGE '
m_S *

1 10 100 1 10 100 1000
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FOM;my,my) =

S . rvemouoow g
O Y O L
Loop coupling C RO R S
Sg AAAAAAAAAA 7,
- 5)Q TR
p— § - == - - g
L Sw(aQ T bQ7 + h.c. (1502.02244, Hisanoetall .~ | | 00000000 9
444444 t/-r L. . . .. Tﬁ PN . . .
1 . . A
9| _ E 2 2y £(2) . 2 2y £(%) v o N
CS|Q_Z [(aQ+bQ) - (Mva7m¢Q)+(aQ_bQ)f— (M7mQ7m"¢Q) g OO0 —— Py ———— 8
B
1E-5 5 T T v T ™
) m2mA (M2 +m2 — m2 ]
fJ(r)(M;ml,mg) = a( A2 1 2)L 1E6] r=m_/mg
(M2 4+ mi A+ 2m3)A 4 6mima(M? — mi +m3) 1E7 ]
6A2 ’ f
_ mumd{A + md(0M — £ )} P
2 = 1
A P 1E9 4
maf{(=2M? + m? + 2m3)A — 6m3im3(M?* + m? — m3)} . ]
_ T : 8 1E-10
O ]
f—(i—b)(M;mlamQ) = —g—a)(M; m27m1) ) "g 1E-11 5
fﬁb)(M;mlamQ) EfEG)(Mv m27m1)7 .O 1E_12_;
. —M?+m3+m3  m3imi 1E-13 - 3
fi)(M;ml,mg)E 2A1 2 _ IAQL, 3
1E-14 —— — — —
FOM:my,my) = 2mymy _ muma(=M? +mi + m%)L , 1 10 100 1000 10000
A A m.
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Direct Detection: fix {m¢, m}, find {y3, y,}

£y = (ne® NN, fv = Coyiry + Csyirs

LUX2015Bounds , m_med =300

T T T T

T T T

10 - .
m_med =300 8; |

coefficients of {y_SU2*2, y_SU3"2} '

10=3 - in DM -nucleon coupling f_N '
Y3, " |

solid: y_SU2 3 |

107~ dashed: y_SU2 no RGE 7 T
i 4+ i

1079 - ‘mS=250

2+ -

_ solid : y_SU3 »

10-12 - dashed :y_SU3no RGE |
o ‘ ‘ e m_S‘ : e : : — 0 jxns‘id‘e ‘al‘lO\xNe‘d‘ N B T T B B
1 10 100 0.0 0.5 1.0 1.5 2.0 25 3.0

ySU2
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Conclusion

* No confirmed DD signal, DM may small direct coupling to u/d quarks

* Top flavored real scalar DM S, a colored fermion mediator T

* Yukawa interaction L = —y, ST, t, + h.c.
* (ov) benefits from m;,,,  co-annihilations are important
* DD via SSG*V G, ; ID via §S — gg, tt; future DD and ID can test mg < (>) Moy
o tt + EMSS exclude wider my range than £ in SUSY
e Top+Charm flavored L =—y;8T; tp —y,ST,cr + h.c.
s t—>c+{5S,v,9 72}
* casier to get (ov)~1pb - ¢ for mg < my, better projections in future DD/ID

* more collider signals

* Future experiments are promising in testing heavy quark flavored DM



Thank you for your attention
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Why Top quark for Real scalar DM?

* Real Scalar DM: both s/p-wave are chirally suppressed
o(xX — Gq)v = a + bv* + O(v")

* mass ratio: 1, = my/m,

[N.F. Bell et al, 0805.3423]

[Markus Luty et al, 1307.8120]
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Model .
. Q Relic Abundance Direct Detection
2 Suppressed
. . an~m
Majorana fermion | Complex scalar q mo>my mi
A~ 0.5—=2 0s1 ~ #Uann
Q
Y r—0 3‘771.?(7‘/\4 . . Unsuppressed
r—0 3771‘)(/\ a =~ 29 ( 5 g ) 3 Dirac fermion Complex scalar A~02-1 mQ>my m2
a ~ r m(m m st ~ " —E0am
2 Q X X
4 (771%2 + 772.)2() ) ' a.b~m2 Suppressed if m, > my,
Real scalar Dirac fermion \ ' 0.5 7 me>my  md
~ Uo—9 Js1 ~ g,
r—s0 mi (2772,2Q + mi) 4 mgmy _amn
b ~ —p 1 Comn] l D ; a~m? Unsuppressed
2 a2 'omplex scalar irac fermion > 2
o (mQ + mx) I A~ 0.5—2 g5t o~ T G
X
o4 2 . . ' Suppressed
=0 3A m, 7 Real vector Dirac fermion A~0.05-0.5 m>my mi
a =~ Js1 ~ —10ann
16m(m2 + m2)?2 my
( Q X) . . Unsuppressed
Complex vector Dirac fermion A~ 0.07-0.7 mo>my m2
Q —_P
Js1 ~ mi Tann

Peiwen Wu, KIAS, Heavy Quark(s) Flavored Scalar DM

40



Heavy top partner / Vector-like Fermion

D. Yamaguchi, ATLAS

Vector-Like Quarks

® Many models beyond the Standard Model predict the existence of vector-like
quarks (VLQ) to cancel the quadratic divergences arising from radiative
corrections of Higgs mass

B e.g. Little Higgs, Composite Higgs, Extra-dimensions, etc
® VLQ: spin 1/2, color-triplet, L&R-handed components under SU(3)xSU(2)xU(1)

B Mix with SM quarks by Yukawa coupling, and allowed from experimental constraints
(EW/Higgs measurement) unlike 4th generation of quarks

SM SU(2) Singlet SU(2) Doublet SU(2) Triplet

SNV T FR I S <X) .................
a8 V£ M N— T@(B) ..... T (; ......

e.g.) generated by Yukawa coupling to a scalar singlet

Mass with VEV V' >> v(=246 GeV)
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® quarks! colored, charged, spin 1/2
® vector-like: same coupling to |h and rh currents

not constrained through Higgs discovery

simplest colored extra-fermions allowed by data

common in SM-extensions:

o e.g little Higgs, composite Higgs,
warped/extra dimensions

® solve the Hierarchy problem

e stabilize the Higgs mass

neutral currents only

................................
.
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Branching Ratio

H. Tholen, CMS

vector-like quarks

(VLQ)

[JHEP 08 (2015) 105]

0.2

0.6

PROTOS ]

LA L

(T,B) or -
SU(2) Singlet (X,T) Doublet ]
—T5Wb =TS Wb |

TS I WS WS NN SRR SR N
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Contribution to (QA% )™ (%)
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Contribution to (Qn* )™ (%)
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Contribution to (Qr% )™ (%)
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