Heavy Quark(s) Flavored
Scalar Dark Matter
with
a Vector-like Fermion Mediator

Peiwen Wu
Korea Institute for Advanced Study (KIAS)

Collaborated with Pyungwon Ko, Seungwon Baek
based on arXiv: 1606.00072 and 1703.*****



Outline

« Motivation
« Why heavy quark flavored DM?

* Model description

* Properties
« Thermal relic density
 Direct/Indirect detection
« Collider search

e Conclusion



Observational Hints of DM

» galactic rotation curve
* bullet cluster collision

Observations

o
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Credit: Stefania.deluca
https://en.wikipedia.org/wiki/File:M33_rotation_curve_Hl.gif

Credit: NASA/CXC/CfA/ M.Markevitch et al.
https://apod.nasa.gov/apod/ap060824.html
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Detection Methods of DM

thermal freeze-out (early Univ.)

* Direct D_etectlon indirect detection (now)
* scattering between DM and nucleons —_—
* Indirect Detection - DM SM
- DM annihilation/decay today in the sky =
_ )
* Collider Searches s
* missing energy/momentum carried by DM S
S DM SM
e —

production at colliders

https://www.mpi-hd.mpg.de/lin/research_DM.en.html
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No confirmed DD signal yet

 WIMP may couple weakly to light quarks

* |[f DM couple dominantly to heavy quark(s)
 what are the main properties?
e can It be tested in future experiments?

WIMP-nucleon cross section [zb]
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Model: Top-flavored Scalar DM

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

 Higgs portal, strongly constrained _
* Aoy S?|H|? turned off [1306.4710, J. Cline et al] = —(ySTSTtR + h. C.)

; . a
» top partner: Vector-like (VL) fermion T £; = Cs, (ysr, ms, my) ?SSZG“V Gy
(T, ty) same quantum number

L:LSM‘l‘Ls‘l‘LT‘l‘ +LG

* no chiral anomaly 1 , -
7, parity to stabilize DM: S, T are odd Ls = 5(‘2#5) —5mss
* N0 mass mixing (S, H), (T, t) Ly =T{DP —my)T

* Br(T - St®) = 100%
« LHC searches for VL (T, B) do not apply



Thermal Relic

 pair annihilation (¢-channel) ~ * 100p coupling Csg4
e SS 5t o * [1502.02244, Junji Hisano et al]
ST

S * 55 > g9
» co-annihilation (s /t-channel) e (ov),, & GEgt
« ST >t* > bWT an S

* can be sizable when y¢~0(10)
: ST—>t+{g,)/,Z,h}, (UU>ST OC%TD ¢ ¢

T;"i"q . ‘ * ~ q

— SM + SM® A A
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mr
=
S mg

for fixed mg
Real (Complex) Scalar DM: look at how m, matters

s/p (S) -wave chiral suppression

Thermal Relic

3 2 1 — 21\3/2
ov(SS = th)y = |y r =)

drms? (rp2 —r2 +1)°
0(SS = 1), = |[ys'] e

Arms? (re? — 12 + 1)

X (9rT4m2 — 27“T2 (97}4 — 257}2 + 16) + (7}2 — 1)2 (97“t2 — 16))
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Thermal Relic Tt

for fixed mg
. 3/2
ov(SS — t1)s = |[ys*] 3 @— L)Y look at how m¢ matters
? _ddmm? rg3(rg?(rp? + 1) — 1)2

1 ?‘52 —1
2mme? rsd(rg?(re? + 1) — 1)*
x(=16rs°(2rp? + 1) + rs*(rr? + 1)(9r7* + 41) — 2rg*(9rp* + 17) + 9)

o0(SS = 1), = [lus"

I 1 TSQ(TT—|—1)2_1
167m2 rre(rp + 1)°
1 1
ST — gt — 2 82
x(rg" (rr(16ry — 13) — 1)(rp + 1)

—27“52(4(7"[7 — S)TT — 1)(7“T + 1)2 + TT(S?”T — ]_].) — ].)

oo(ST = gt), = |lys29.’]
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S$Sgg Loop coupling

* no valence top quark in nucleon

* gy & y.SZ'T X floop (ms, mr, my) L ﬁeﬁ:p;wcgog:;g%%
« sizable when ysr~0(10) 8 & % 08 = g
* can be suppressed by large - = my/mg ' 04 = LG,
§ 0%, = <0110 600,
0f, = ﬁ@-@@%vwﬁy

[arXiv: 1502.02244, ). Hisano et al]
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(OV)sT X J’SzT

Bt pan 10 (ov)po~3pb - C
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(O-v>gg X ygT g;‘L

SS — ggissmai (large) for yor < (=) 0(1)

Bt pan 10 (ov)po~3pb - C
¢ QDMhZ(ySTJ ms,mT)NO.lz
* given {ysr, mg}, my and Br are fixed
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ov(SS — tt),

Thermal Relic ~es-m =

mr
* mass spectrum {mg, rpr = —
ms
* when IS open, rs > 1

* relaxed
* larger y¢r, even larger r;

[934]

327mm,2 7‘53(7‘5@+ 1)—1)4
X (—167rs(2rr? + 1) + rs* (rp? + 1)(9r7? + 41) — 2rs*(9rp® + 17) + 9)

5_ T T | ' | 1 T r rrrrrre
topVL
A= IC

0 |

SSggI

I ! 1 ' 1 ' I ' 1 ! | L L
160 200 300 400 500 600 700 800 9001000
(GeV)
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L SS —>tt,SS - gg

Thermal Relic ©
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Direct detection

« for mg > m;, where SS — tt and ry = %f
S

* generally heavier m;
* suppressed Cs, and ag; ¢ ?
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Direct detection

* Vsr > (0.5

* light mg¢ < m, can be tested at LZ

March 6th, 2017, RISE, Toyama, Japan
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Indirect detection (y-ray)

e current ID bounds are approaching canonical {(ocv)~1 pb - c

Dwarf continuous y-spectrum

(ov) (em3s™1) (ov) (em®s71)

(ov) (em®s™1)
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Indirect detection (y-ray)

[1604.00014, Jennifer Gaskins]

Y prompt spectra

e continuous spectrum 10.0000

* no tt ? ) 1.0000f -~
« rescale from others, e.g. bb
* (ov)4, Obtained from uu
[1511.04452 F. Giacchino et al]

0.1000

x>dN/dx

0.0100

m~ dIN
N%f — fEt;( d_Ede'

(ov) = (UU>bE Nﬂ/:bE/ny,tt_

0.0010

0.0001

0.001 0.010 0.100 1.00
X:E/m)C
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] ys;a;:oﬁf . ,:=\:::\\\ /\ﬂ—____\"_“\‘\:
Indirect detection (y-ray)  _ "15% | ssate
SGERT P N ]
Ne 3 TStI-tI
- s-wave component in {(ov) S o A ]
« only SS — tt, SS — gg in today’s Universe g [ — gg -------- ]
* no co-annihilation é 0'01? Egg 3
* For a channel in Fermi's plots, when its s-wave é _ e ]
dominates in producing Qpsh%~0.1 :
It 1S about to be constrained L : 1
Sggvave o 3 (rg 2 _ 1)3/2 /)
(SS — tt), =
O'@( jS [y‘3 ]4W'mt2 753( (TT n 1) - 1)
1 re? — 1
ov(SS — tt), = (3] ]
p-Wave 32mm? rs3(rs?(rr? +1) — 1)

x(=16rs°(2rr* + 1) + rs*(rr? + 1) (9% + 41) — 2rs* (9772 + 17) + 9)
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Dwarf continuous y-spectrum

Indirect detection (y-ray) .
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e current bounds are about to be able to constrain
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« complementary to DD
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Collider search (ATLAS 13.2 fb~1 @ 13 TeV)

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

ATLAS-CONF-2016-050

—r— . —~ ~0
tt, production, t —>t+y

— 700_ 1T T°1 LI L T .I T T I-I--I.-I-.I LI I L I L I T _l 600
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Quick 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

ysr = 0.5 yst =1
Ysr = 0.5 Ysp = 1.0
— QK =0. ™ HE = an’ =012 ' ' '
ermi d Fermi dwarf <qv>,,
101 [ ermi d 1 Fermi dwarf <ov> /10 assumed
eeeeeeeeeeeeee 107} mum XENON-1T expected i
\TLAS LUX-ZP expected
ATLAS 13 TeV, 13.2 /o', 14 4 jets
N - 100— [_\ |
v—I¢ i
L L
10-1 — — 10-1 I D
10-2 ' L L L 10-2 L L L L
40 300 500 700 900 40 100 300 500 700 900
mg (GeV) mg (GeV)
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Generalization: Top+Charm Flavored

‘C:LSM_I_LS_I_LT-I_ +LG

— —(Y3STtR h.c. )

L¢ = Cgy (3’3@"15» mT)?SSZGW Gy

1 1
LS = E (GMS)Z — EmgSz

Lr=T(D — m)T
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Before calculation, Quick Thoughts

Top FCNC decays

e t > ST* > ¢SS x y5y7
s toc+{y,9,Z} xysy;

0409342, J.A.Aguilar-Saavedra

Process SM QS 2HDM FC2HDM MSSM R SUSY TC2
t—uy 38.7x1071% 75x107° — — 2x107% 1x107° —
t—-uZ 8x10717 1.1x107* — — 2x107% 38x107° —
t—-ug 3.7x107"% 15x1077 — — 8x10™° 2x107* —
t—cy 46x1071% 75x10™° ~10% ~107° 2x10® 1x10® ~107°
t—cZ 1x107* 11x10™* ~1077 ~1071 2x10% 3x10° ~107*
t—-cg 46x1072 15x1077 ~107% ~108 8x10° 2x107* ~107*




Before calculation, Quick Thoughts

Top FCNC decays
e t > ST* > ¢SS x y5y7
s toc+{y,9. 2} xyiy;

Thermal relic TOIO Charm

2
o v~y (D + 1378 G+ i () e + (s, ]
* 5 (...).c takes over for mg < m; /2
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Before calculation

Top FCNC decays
e t > ST* > ¢SS x y5y7

e toc+{y, g7} x yiy?

, Quick Thoughts

Thermal relic TOIO Charm

2
o v~y (D + 1378 G+ i () e + (s, ]

« 5 (...). takes over for mg <

Direct Detection: e

I [P S A G A N G

* larger rate for light mg

March 6th, 2017, RISE, Toyama, Japan

m;/2
oop dominates over t-loop
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Before calculation, Quick Thoughts

Top FCNC decays Indirect Detection:
e t > ST* > ¢SS x y5y7 * more s-wave components for mg < m; /2
st e+ {y, g Zy x yiy; cotlider st
ollider signa
Thermal relic TOP Charm | . mer+ te, tj,jj |
2 O )
* ov~y3 () +v3v7 G + 7 G +[Cs ] SN

* y5 (...) . takes over for mg < my/2 i}j—_{% i}j:{%
c-loop dominates over t-loop q

Direct Detection: f\ g 7

2 -
c G~ DE GO+ 7 G
* larger rate for light mg
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Preliminary Results



Exotic Top decay

Nt - ST) = |31~ 72+ 73)y/ T — (s — )3~ (s 7))

t%CSS —Mm/d?”gs/d’rsc

(TSC — TSQTT2)2(?“SS + Tsge + ?“SQTT2 — 2’}“32 — ].)2
X {TSS(STSCS — 7“362(207“32 +9) + ?“gc(16?“34 + 7“32(47"T2 +6)+1)

—?“32(47"54 + TS2(?”T4 —+ QTT2 — 2) — 2)) —+ 4“]“Sc4 — STSCS(QTS2 —+ ].)
‘|—?"3337"SC —+ T332(5T362 — 6?"367"32 — 27’36 -+ T’S4 — 7“32)
—|—4?”SC2 (67"54 + ?"SQ(TT2 -+ 4) -+ 1) — 47"8&"52(27"82 -+ 1)(2?”32 -+ ’I"T2)

+7°32(4r36 + drgtre? + rgg(rT‘l + 2rp? — 3)—1)}
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Mg (GeV)

Br(t > TS) «y3

* I sy~1.5 GeV, current measurements still allow sizable deviation
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Br(t > T*S - ¢SS) < y5v;
* 3-body decay, smaller than 2-body t - TS

500 -
|Brt->cS S) 3.
Cyw= |
m<2m_+m
t S -
100—E .-...f
1 "Hlem :.
_ o E— ]
_ R — ]
,4,)) T S
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)
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Mg (GeV)

Br(t » cg) «ysy;
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Mg (Gev)

Br(t > cZ) < y5v;

1000_.,.....4.. - . -
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New Annihilation Channels Mtop ms

) 3 (1—4rg?)”
SS — ¢t L s — ‘ ’ 2|
ov( ¢+ ct) 2 Y3 ]|167rmt2 rs*(1 —2rg*(rr* + 1))
I 1 1 — 47"32

SS —tc+ct), = ‘ s
ov( c+ct)y = [ly27ys ]|327rmt2 ret(1—2rg?(re? 4+ 1))

x (64rs°(2rp? + 1) — 4rg*(3rp* + 16742 + 17) + 2rs*(Try® + 11) — 3)
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Thermal Relic

Top Flavored Top+Charm Flavored

topVL, Qh* =0.12, gy =|Cgg,,l =0 tcDM, Qh* =0.12 %(14+10%)
5 T T T T ~ T T T T 10 T T T

— 5 =0.b, 95 =1.0
— y3 :0.5, y2 :0.5

— 3 =0.1, y5 =0.5

1 I I I I I I I L =] . .
160 200 300 400 500 600 700 800 900 10 10 102
mg (GeV)
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Thermal Relic

Top Flavored Top+Charm Flavored

topVL, Qh* =0.12, gy =|Cgg,,l =0 tcDM, Qh* =0.12 %(14+10%)

Ys7=0.3

b

1 1 I 1 ] I I I L
160 200 300 400 500 600 700 800 900
mg (GeV)
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ov ~y5 (Dee + Vv ()ee + 75 () ee + - Y2

Annihtlation Contribution

Top Flavored

ysy = 10 X
10°F
10°F
[ —
—
(@]
S >
=~ 10} _
‘_l' 10
—~ N
e~ o]
= 100} =
- S
~— o
(@)
.8 1 +~ 10
107 =~ Tsgt
- _
o - - TSWb o
S - - TStH =
S g2l - TSzt S
_.g - - TSat ®)
o —  SStt ‘C 10t
= =
O 10°Y  TTad @)
@) e+ TTgg @)
- TTag
4 - Tlaa
10' 1 1 1 1 | -2
40 100 300 500 700 900 L
mS (GGV)
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Top+Charm Flavored
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o
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SLS >cec | SS > tc
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— SStt

H — - TSgt

— SScc
SSqgg

- - TSgc

- - TSWhb
- Tlcc
- TTgg
- TTqq
< TTtt
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ov ~y3 (e +y377 C)ee + 5 () + o vz = 0.5

Contribution to (2% )" (%)

Annihtlation Contribution

Top Flavored

Ysr = 1

Y3

Top+Charm Flavored

Yy =0.5, y, =0.5
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Contribution to (%)™ (%)

ov ~y3 (e + 577 G + v ()ee + 0 Y2
Annihilation Contribution Y3

Top Flavored

Top+Charm Flavored
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Contribution to (Qr% )™ (%)

ov ~ Y5 () Y575 G )ee + 5 G )ee + Vs
Annihilation Contribution Y3

Top Flavored

0.1
0.1

small couplings, need co-annihilation

Top+Charm Flavored
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Direct Detection

Top Flavored

1]

Uy

10°¢ : : : .
3 — yer=0.3
10‘7; — y.‘;TZO'5 ]
i — yu=10
8 Ysp=10
10 i — LUX-2015
of — - XENON-1T expected
107 -+ LUX-ZP expected 4

40 100 300
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<OV g, (em?® /s)

Indirect Detection SS > cé

Top Flavored

-25

s-wave In

Top+Charm Flavored

-25

10
10%°}
10}
103tL
- Ysr—0.3
1077 F — =05
Ysr—1.0
107 F vy =10
Fermi dwarf
1074} Fermi dwarf
— - Fermi dwarf
107 : :
40 100 300 “
mg (GeV)
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— y?) :0.5’ y2 :1.0
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I — — — y; =05, 5, =05
y3 0. 1, y2 O 5 — ;3 or ;2 s
— y; =0.1, y, =0.
— y3 — 0' 19 y? — 0' 1 Iiermi dvfrarf <lav >0
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- I_U X' 2 O 1 5 — - Fermi dwarf ;@ ;Q/ID assumed
_— - XENON_lT expected 4I0 16% 360 56076960
S
LUX-ZP expected
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Conclusion

* No confirmed DD signal, DM may couple dominantly to heavy quark(s)
» Top flavored real scalar DM S, a colored fermion mediator T

* Yukawa interaction L = -y, STty + h.c.
* (ov) benefits from m;,,,  co-annihilations are important
- DD via SSG*V Gy, ; ID viaSS - gg, tt; future DD and 1D can test mg < (>) myqy
e tt + EMSS exclude wider my range than £ in SUSY
* Top+Charm flavored L=—y;ST,tp — y,ST,cr + h.c.
s t->c+{55,v,9 72}
* easier to get (ov)~1pb - ¢ for mg < mg, better projections in future DD/ID

» more collider signals
 Future experiments are promising in testing heavy quark flavored DM



hank you for your attention
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Back up
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H |ggs PO rta | - Re | | C D ens |ty [arXiv: 1306.4710, James Cline et al]
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H |ggs PO rta |— Re | |C De NS |ty [arXiv: 1306.4710, James Cline et all

Branching Fraction SS — SM
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H iggs PO rta | - D D [arXiv: 1306.4710, James Cline et al]
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H iggs PO rta | - D D [arXiv: 1306.4710, James Cline et al]
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Scalar / Fermionic / Vector DM: Annih iIation

* velocity averaged cross section
* s/p-wave contribution

* mass ratio: 1, = my/m,

o(xX — qq)v = a + bv* + O(v*)

[arXiv: 1307.8120, S. Chang et al]

Model .
i N 5 Relic Abundance Direct Detection
* s/p-wave different whenr — 0 : .
‘ _ a4~ m uppressed
Majorana fermion| | Complex scalar o maZmy mi
A~05-2 as1 _;.%Jann
o4 r—0 3'n1iT'A4 . ‘ Unsuppressed
r—0 31‘01 A a =~ - Dirac fermion Complex scalar A~02-1 mQ>my m2
2 232 -r
a ~ 32m(mg) +m3) oSt o Oann
(TTIQ +m ) a.b ~ m? Suppressed if m, > my
Real scalar Dirac fermion \ ' 05 4 mQ>my  mi
~Uda—0o a ~ Tann
r—0 m? (2 nQ +m ) 24 S1 m2m?
b ~ —p—X a C 1 1 Dirac formi a ~ 12 Unsuppressed
s 9 'omplex scalar irac fermion 4 mg>my m2
o7 (mQ +m2) A 0.5—2 o " T
o\d 9 ‘ ' Suppressed
r—0 3\ -mX'r Real vector Dirac fermion A~ 0.05—-0.5 m>my ml
a =~ 3 212 Js1 ~ md Tann
167 (m2 + m?2) >
Q X Unsuppressed
Complex vector Dirac fermion A~0.07-0.7 mQ>my m2
ga1 _gaann
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Scalar / Fermionic / Vector DM: Direct Detection

* Different low energy effective operators

 Scalar: no SD scattering

¢ I\/Iajorana: no vector current term

Real Scalar
Lg= )Y CROL+ Y ChoOb
P=4.9 P=q.9
O = ¢*myqq ,

S
9 = s 2GARY (1A
g = Q T .T.uy )
T
1
q — W v q
O, = UQQZd 10”90},

?@Zdu"&d QOﬂV

0%2 = 3

March 6th, 2017, RISE, Toyama, Japan

Majorana

Lg=) CROL+> Y CrOEL +chvogv

i=1,2p=q,9
0% = XOX"myqq .
0% = ~TRGi, G
— ]-N_ v0
Or = 7\ Vit XTOR,
1
Of, = r —Y0i0"0 ?OEV :

0%y = X0, X 0" 754 -

Peiwen Wu, KIAS, Heavy Quark Flavored Scalar DM

[arXiv: 1502.02244, ). Hisano et al]

Real Vector
Log= Y CROL+ Y ChO% + Z cl, 0%,
pP=q.,9 pP=4,9

O% = B"B,myqq ,
0% = %B"B eaten

pv o
04, = i 12 io"io” B,01,, .
04 = %szd“deBpOﬂy :
Oy = %EWPJB“?J@”B"Q’}-’”W5Q :
53



Heavy top partner / Vector-like Fermion

D. Yamaguchi, ATLAS H. Tholen, CMS

vector-like quarks
(VLQ)

quarks! colored, charged, spin 1/2
vector-like: same coupling to |h and rh currents

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

not constrained through Higgs discovery

B e.g. Little Higgs, Composite Higgs, Extra-dimensions, etc simplest colored extra-fermions allowed by data

common in SM-extensions:
e.g. little Higgs, composite Higgs,
warped/extra dimensions

® VLQ: spin 1/2, color-triplet, L&R-handed components under SU(3)xSU(2)xU(1)
[JHEP 08 (2015) 105]

B Mix with SM quarks by Yukawa coupling, and allowed from experimental constraints solve the Hierarchy problem a8 = —
(EW/Higgs measurement) unlike 4th generation of quarks . . VP £ i ]
stabilize the Higgs mass e (TByor
= L SU(2) Singlet (X,T) Doublet
- —To5Wb =TS Wb ]
SM SuU P : S —T-Z Tzt
(2) Singlet SU(2) Doublet SU(2) Triplet . T T
5/3 (X) X neutral currents only . b
EM - 2/3. U)(C)(t) ..... R LA (T) ....................... LI T QoS S S ——
charge -1/3 NAAs/ARA .. B B/ .. (B) ........... B/...L. Bl T oW T H T 2 ey e .
-4/3 Y Y b i A .
\t \: Too2- //‘_—
Mass from e.g.) generateq by Yukawa coupling to a scalar singlet B’ ,0’\.N B’ ...T_' B’ ...2 : I PROTOS ]
Higgs with VEV v’ >> v(=246 GeV) R . * * i oo
\ K \ \ g GI‘JO 4l‘)0 51‘30 6l‘)0 780 8(‘30 980 10|00
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LOOp COUpliﬂg CSg [arXiv: 1502.02244, Junji Hisano et al]

diagrams, we compute the contribution of a heavy quark @ to the coefficient of the gluon
scalar-type operator CY as

1 . .
Cllo=7 D [} + W) (Mimg.myg) + (a W)/ (M;mg,myg)| , (53)

i=a,b,c

where ff) and fﬁi) (2 = a,b,c) correspond to the contribution of the diagram () in Fig.
They are given as follows:

2,4 "L[? 2 9
J(ra)(ﬂf; my,my) = ,mlmz( +ms mQ)L

A2
B (—M?+m? +2md)A + 6mImi(M? — m2 + m3) (54)
6A2 '
@ mam3{A + m2(M?2 — m2 +m2
FOM:my,my) = — i 122 1 2)}L
~ map{(=2M? +m? + 2m35)A — 6mimz(M® + mi — m3)} (55)
Gmy A2 ’
fg_b)(ﬂf; my,my) = E_ﬂ)(;if;ivlg,ml) , (56)
FOM;my,ma) = £ (M;mg,my) (57)
O —M?+mi+md  mim} )
i)(rlfgrrzl.mg)z 2A1 z_ IA iL, (58)
2 —M? 4+ m? + m?
1O (M:my, ma) = 7127722 _ myma( A+ mi + 7712)L ’ (59)
with
A(M;my,mg) = M* —2M?*(m? +m3) + (m3 —m?)? | (60)
A (mz+m§—ﬂ42+ \A|) (A > 0)
L(M;my,mo) = Vial miemmA /1A (61)

N
ﬁ arctan (Hﬁ_mlr‘w) (A<0)
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Ssgg I—OOp COUp“ng La=Y cror+ Y cpon

p=q,9 P=q.9
= e‘hgmqq_q
1E““5 E T T LA | ¥ LI | T LI | T Y 'E Og = Tr QCYAMVCY;?.V ,
Eed rEmM/m r=10] : .
-0 3 3 OF = de’“zc)v()@q
] ] T, M2
1E-7 = g _ 1 L
] . OTQ = 1[2Q2d 'Ed QO
i .
. 1E-85 E
© ] ]
c:|.>)<f) 1E"9—: 3 0] o]
L : { Q‘s‘ ﬁ"q 'l" ~\\\ q 11/
% 1E-10 = >
g"’ E E A ) A ) Y
n_ 1E-114 - q by
e ; FN
O 1E-12- .
1E-13—; =
1E-14 ] L) L] L] L) l L) L) L} l L} LJ L} I L] LJ |-
1 10 100 1000 10000
mS

[arXiv: 1502.02244, ). Hisano et al]
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Direct detection

* parton effective coupling
* Leff = Xp=q,qCs Os
« 0 =m,S2%qq
+ 0f = =S2GH G,
* nucleon effective coupling
N —_—
+ L) = fyS?NN
* fn/Mmy = Xg=uas qungV) - gngfT(gN)

* nucleus scattering

2
1 m

mge+meqr




Direct detection

3 Formalism: real scalar boson DM

. L]
General forma I ISM Next we briefly show the results for the case of real scalar boson DM. We may use a
° refer to 1502.02244 iﬁz%&%ﬁ \I:?Irgeedure to that given in the previous section to formulate effective theories for

3.1 Effective Lagrangian

° Effe Ct|Ve La N gra g|a N The effective interactions of the real scalar ¢ with quarks and gluon are expressed by
L= Y CROL+ Y CHOL . (29)
P=q.9 P=4.9
. with
* DM-parton coupling
P D O = ¢*myqq ,
[ J CS m— CS (yST, mS, r) OgE%GbQGAMVGﬁV :
Lo
Og‘lz = ﬁ@Zd’u%d @OEV P
|
07, = quzd‘“zd 07, . (30)

Note that there is no spin-dependent interactions in the case of scalar boson DM.
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Direct detection

¢ DM—I’]UC'EOI’] Coupling 3.3 Scattering cross sections

o f _ f ( CCI Cg) We now ready to evaluate the scattering cross section of the real scalar boson with a
N —JN »~S target nucleus. The spin-independent coupling of the real scalar boson with a nucleon
defined by

£y = [n¢®NN (36)
* scattering cross section .
T 0= O-(fN' mS) fn/my =" Cllimaa)fy, — gcg(ﬂhad)fg)
q=u,d,s
3 Ny 3
+ 52 Ch(Wla(2 ) +7(2 w)] = 52, (g (2 p) (37)

In the scalar boson case, there is no spin-dependent coupling with a nucleon. By using
the effective coupling, we calculate the scattering cross section of the real scalar boson

with a target nucleus as follows:

oo (A 1nf+nfﬁ (38)
~ o\ M+ Mp) PP )
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Direct detection

* mass fraction fg

e guantum mechanics
e expectation value

March 6th, 2017, RISE, Toyama, Japan

As for the scalar-type quark operators O%, we use the results from the lattice QCD
simulations. The expectation values of the scalar bilinear operators of light quarks be-
tween the nucleon states at rest, |N) (N = p,n), are parametrized as

N o = AT
fr) = (N|mgqg| N) /my (4)

which are called the mass fractions. These values are shown in Table [I} Here, my is the
nucleon mass. They are taken from Ref. [12], in which the mass fractions are computed
by using the results from Refs. [13]14].

up to the leading order in a,. The relation beyond the leading order in ay is also readily
obtained from the trace-anomaly formula. By evaluating the operator in the nucleon
states |N), from (N|©" |N) = my we then obtain

Qg L 8 N
(‘Z\'Il?c;':ilr,‘(;}l1 |N) - _g'meigﬂG) ) (6)
with f}g) =1- Eq:u,d.s %V) Notice that the r.h.s. of Eq. is the order of the typical

hadronic scale, O(my). That is, although we include a factor of a /7 in the definition
of O%, its nucleon matrix element is not suppressed by «a,/m. This is the reason why we
have defined Of to contain a,/m.
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Direct detection

The anomaly of the trace of energy-momentum tensor in QCD implies [77]

My (N|N) = (N[> mgth, iy

g<ny

Y |N) (44)

where 7 is the anomalous dimension of the quark field operator, a, the strong coupling
constant, G,,,, the gluon field tensor and 37 = —a? /47 (11—2n;/34a,/4m(102—38n;/3)).
In the leading order approximation for three flavours, Eq.([@d]) is simplified to

My(NIN) = (N| 3" mgbgb, - 7Tagc;#,,c;w\N) (45)

q=u,d,s

Comparing Eq. B4] for ny and ny + 1 one finds the contribution of one heavy quark
flavour to the nucleon mass, relating the heavy quark content of the nucleon to the gluon
condensate

Aj

C2a2(1+7)
where A3 is a contribution of one quark flavor to the QCD S-function. This formula
agrees with the effective HG ,, G" vertex at small ¢* [96]. Up to order a?,

(N|mgigig|N) = (N[ G G| N (46)

- 11y,
(NimatiqiglN) = ——=(1 + 2}

)(N|asG G |N) (47)
Keeping only the leading order and combining with Eq. @5 will lead to the usual relation
Eq. 0. Note that the NLO terms in Eq. @4 partially cancel the effect of the NLO
corrections in Eq. 7] so that the QCD corrections to Eq. [20] are small. See also [97] for
an alternative estimate of the heavy quark content of the nucleon.

[0803.2360, G. Belanger et al]
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Direct detection

The simplest way to take into account dominant QCD corrections to Higgs exchange is
then to consider WIMP heavy quark interactions through Higgs exchange and introduce
an effective vertex for heavy quarks in the nucleon with Eq. 26l modified to include one-
loop QCD corrections, Eq. 7l The equivalence of this approach with the description of
the Higgs coupling to the nucleon through gluons is confirmed by a direct computation
of the triangle diagram of Fig[ll in the limit where Q? < Mg. Recall that the typical
transfer momentum is @ ~ 100 MeV, Eq. [l Note that for light quarks the corrections
that would arise from their contribution to the triangle diagram that couples a Higgs to
gluon are all absorbed into the definition of the light quark content of the nucleon.

While triangle diagrams can be treated using effective heavy quark nucleon condensate
instead of performing an explicit one-loop calculation, such a simple treatment is not
justified in general for box diagrams. Such an approximation would be wvalid only when
mg/(Mz — M,) < 1 as shown explicitly in [57] for the MSSM. In that case the tree-level
approach works well for ¢ and b quarks but would fail for t-quarks unless the associated
squark is much heavier. Nevertheless this is the approximation we use by default in
micrOMEGAs, the main reason being that in many models the contribution of the Higgs
exchange diagram is much larger than the one from the box diagrams. The user can
always ignore this simple treatment and implement a more complete calculation of the
box diagrams. For example in the case of MSSM-like we have implemented the one-loop
computation of the neutralino nucleon scattering of Ref. [57], see Section [4 and Appendix

A.
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[0803.2360, G. Belanger et al]

In a generic new physics model, new heavy coloured particles can also contribute to
the WIMP gluon amplitude, for instance squarks in the MSSM. For heavy quarks. the
computation of the triangle diagrams involving squarks, or any other scalar colour triplet,
also reduces to a calculation of WIMP-squark scattering with an estimation of the squark
content in the nucleon. The latter can be obtained by calculating the contribution of
squarks to the QCD S-function just as was done for heavy quarks, Eq. 40l Note however
that the contribution of scalars to the trace anomaly has an additional factor of 2 due to
the different dimension of scalar and fermion fields. After substituting A and v we get
at order aj,

1 25c¢
N[2M2¢td5|N) = — 1 -
(N[2M50500]N) 487 ( *on
Thus the contribution of scalars is expected to be small because of small scalar content
in the nucleon. This relation is also known to order a2 [95]. On the other hand other new

particles such as a heavy Majorana fermion or a real scalar which belong to adjoint color
representation have very large nucleon densities

(N|mqiqie|N) =

) Nl Guu 1) (18)

(N|t,G,u G| N) (49)

1
27

) T 1 v| AT
(N|2MZ6506IN) = —g7 (NVlasGu G |N) (50)

In summary, in micrOMEGAs we check the list of coloured particles in the model and
according to their spin and colour define the nucleon content for each particle using Eq. AT+
B0l We then compute the contributions from all WIMP-coloured particles processes. The
coeflicients of the operators for such interactions are calculated automatically in the same
manner as the coefficients for WIMP-quarks interactions as described in Section 3.1. The
case of of a color octet vector particle is not treated.
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Indirect detection

[arXiv: 1108.2914 A.G. Sameth et al]

* General formalism, two factors 41 (Ppp) = (A Tops) Ppp J,
* astrophysical J 5/ /[p(& D)2 dedQ(d),
AQ() Je
* particle physics (o 4v) /mx dNy
dpp = By———dF,
or 87rm§ B zf: Iap ™
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Indirect detection (gamma-ray)

* line: galactic region
e [arXiv: 1506.00013, Fermi]

* conversion from gg to yy

9 em _
ol _ 9 g3 @emyp 3551073,

(0v)gg 2 (s
1] )
\~ ’l \‘ 'l
\\ :t:‘q l' ‘\ ‘-q I'
A Y A A
q § Wq
g g
~ ,
~ 4
- ’
~ 4

March 6th, 2017, RISE, Toyama, Japan

107

-t

=1
n
@

<ov>,, 95% CL Limit (cm’s™)
)
8

3
8

—h

o
[
=

-h

Q
n
o

1 0-26

10%

95% CL Limit (cm®s™)

>4 0-28

<OoV>,

102

1 0-30

- NFWc(y=1.3) R3

= == Obs Limit P8 (5.8 yr stat+syst)

= ----- Expected Limit

- [ Expected 68% Containment

[ Expected 95% Containment
E — Obs Limit P7REP (3.7 yr, stat-only)
E
10° 10* 10° 10°

m, (MeV)

E NFW R41 =

o —=— Obs Limit P8 (5.8 yr stat+syst) =

E- ----- Expected Limit =]

E  [] Expected 68% Containment 3

~ [ Expected 95% Containment S

—— Obs Limit P7REP (3.7 yr, stat-only)

E —— Obs Limit P7REP (5.2 yr, stat+syst) 3

3 E

E 3

10° 10°* 10° 10°

m, (MeV)

Peiwen Wu, KIAS, Heavy Quark Flavored Scalar DM

Y

]
)
>

10%

1028

<ov>,, 95% CL Limit (cm’s)
3

1 0-30

-t

<
n
o

-y

Q
[
)

<ov>,, 95% CL Limit (cm’s)

T |l”llll T llll|||| T lllll"‘ T T TTT

ll"l

T T T T T T T T T T T T TTTTT

Einasto R16

—e— Obs Limit P8 (5.8 yr stat+syst)

----- Expected Limit

[ Expected 68% Containment

[ Expected 95% Containment

—— Obs Limit P7REP (3.7 yr, stat-only)
—— Obs Limit P7REP (5.2 yr, stat+syst)

”106
m, (MeV)

10° 10* 10°

T T 1T

T lllll"l T Illl"ll

T l”l"l

"III

T T T T T T T T T T T T T T TTTTT

Isothermal R90

—=— Obs Limit P8 (5.8 yr stat+syst)
----- Expected Limit

[ Expected 68% Containment

[ Expected 95% Containment

—— Obs Limit P7REP (3.7 yr, stat-only)
—— Obs Limit P7REP (5.2 yr, stat+syst)

1 11111

1 1 lllllll

11 lllllll

I | lllllll

Jlll

10° 10* 10° o°
m, (MeV)



Indirect detection (y-ray)

[1604.00014, Jennifer Gaskins]

VA4V, +V, prompt spectra
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