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ATLAS SUSY Searches™ - 95% CL Lower Limits
May 2017

ATLAS Preliminary
V5=7,813TeV

Model €Ty Jots EYF [Laqm™ Mass limit VE=7.8Tev [WE=daTev] Reference
—
MSUGRACMSSM Ddcpdlr 20j0si 4 Yos 203 18TV i 150708525
3 g" o 2hjels  Yes 361 miE 20 GaV, Ml gen. =miz™ gen. g ATLAS-CONF-2017-022
i, i}«)@xy I’Oﬂmpmﬂ} mono-jet  1-3jets  Yes 32 mighmii) 160407773
E B, o 26jets  Yes a6.1 miF, ATLAS-CONF-2017-022
. ki «-ww"h o 2fjels  Yes 381 it ATLAS-CONF-2017-022
5 B oatttim) Fen  djals 364 it ATLAS CONF 2017 030
. daqw o Ttk vee  38d n ATLAS CONF 2017433
Sen nLeh 12ra01f G2es ves 02 180705973
GGM {oino NLSP) Yos az or(NLSR< 1 rmm 1606.09150
GEM (higgsino-bino NLSP) 7 15 Yes 203 miF;) <060 Gel. erINLER)=0.1 mm, p+D 150705483
= GGM {iggsino-biro NLSP} 2jes ves 138 12680 GV c1{HLSP}<0.1 . s ATLAS CONF-2016.056
GGM thiggsino NLSP) 2emt? Ziels  Yes 203 miNLSP)>43208V 150303260
Graviting LEP o mone-jet  Yes 0z mIC)=1.8x 107 eV, migi=migi=15TaW 150201518
é 1 o 35 Yes 381 miF})<600 GV ATLAS-CONF-2017-021
E # O1ep 3b Yes 381 miF{1<200 GV ATLAS-CONF-2017-021
B e g E—biky Olep 3b Yes 204 <300 GeV 1407.0500
by, By bt o Yes 361 <420 oV ATLAS-CONF-2017-008
Babr, Byt 2ep(88] 1 Yes 361 | b . 275T00GeY mif]<20n Gev, Md‘:-mmnuusw
T, Tkt 02ey 126 Yos 47433 | & 117-A70Gev NN 200-720 GeV| mp(.) 2, mid] =55 e 1209.2102, ATLAS-CONF-2016-477
i nﬂWquufR‘ OZey 0-2jels1-25 Yos 30,336, 80-198GeY | 205850 GeV -1 G 150608615, Al LAS-CONF-2017-020
§ ail, 0 menojet Yo 3.2 m[i}-n(){ftscg\d 160407775
Painas v 'amise) 2ewts)  1b Yes 203 150-600 GeV i 1500y 103 5222
B® bbo-i+Z dewls)  1h Yes 61 ATLAS-CONF-2017-013
Bh hof +h 1-2ep ah Yes 361 . 320880GeV. ATLAS-CONF-2017-019
[ 20, 0 Yes 561 AILAS-CONF-2017-008
irfr x' Bies) 2ep o Yes 361 ATLAS-CONF-2017-008
x, A" L BT ), Fa st 27 - Yes 384 ATLAS-CONF-2017-005
= VE L, G 1) P 0 Yes 31 ATLAS CONF 2017 939
I ;z, o 23ep D2l e 361 [ mm_«.ﬂ ATLAS CONF 201739
’f«“f ThEL, hooBB W Wty Y o2s Yoo 203 |EnA; 270 GeV . mpz.l.wﬂ] muf;.n & decoupied 150107170
L o Yes 203 x',, 635 GeV M) -mgEL, miE )0, miE, P05 {miE i) 1405.5086
GOM {wino NLSP} weak prod - Yes 205 | W 115-970 Ge¥ st 150705483
GG {oino NLSP) weak prod. Yes 205 |W 590 GeV et 150708083
Diract prad., long-lived €7 Dw:uapp. ko 1jet Yes emiE 1180 MeV, rfTI=0.2 s ATLAS-CONF-2017-017
Diroc ¥,y poc. ong Ivad 7 dEikrk - Yes T80 MV, w7115 nE
g Stable, stopped & R-hadron o 16jets  Yes [1=100 GV, 10 us<elp< 10005
2 § Sieble f A-hadron e - -
2 Melastable § R-hagron dEsd irk - - 1100 GeV, 10 ms
%‘g GMSB, stable 7.4, »rig. ghrte. ) 12 - - 10<tang<50
= GMSB, ¥ 7, long lived 7] 2 - Yes 1r{E) s, SPSD model
EEA eerieso disgl. ecteuiye - S 203 |# 10TV 7 et 740 ML {311 5TV
GGM g3, £ 2G displ vie 4 jets - B 2035 |4 10TeV. & ezt 480 M migi=1.1 TeV
LAV pp 0%, X5 epfenipr aneryr - B 22
Bmmm RPV CHISSHY 2ep(85)  ©ak  Yes 203
B dep - Yes 133 M ADBEEY, A=l = 1,21
A)!~rrv‘.mr Fmprr - Yes 203 mUE 0BG, A0
n>_ 0 4-Slage-Rijsts - 148 BRl=BRIEBic=0% ATLAS-CONF-2018-087
3 B g 0 4ElageRjls - 148 Wlma GV ATLAS-CONF-2016-057
—qqa tep B-iDjetsi04b - 6.1 - 1 TV, Aug k0 ATLAS CONF 2017 013
Foii by Tep 8106045 - 381 )= 1 Teb, dured ATLAS CONF 2017013
o 2jels+26 - 154 ATLAS-CONF 2016-022, ATLAS-GONF-2016-084
G, it 2ep 25 - s BAG. L2 ATLAS GONF 2017008
Other Scalar charm, é-ct] o 2c Yes 203 i) <200 Gev 150101325

A A A A A A A A A A A A A A A AN

*Only a selection of the available mass limits on new siates or
shénomena is shown. Many of the limits are based on

i Mass scale [TeV]
simplified modefs, c.f. refs. for the assumptions made.
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Experimental Efforts

ATLAS SUSY Searches™ - 95% CL Lower Limits
May 2017

ATLAS Exotics Searches* - 95% CL Exclusion

e —
—— e N T T TR A it

ATLAS Preliminary

ATLAS Preliminary

Model
Status: August 2016 -1 =
MSUGRACMSSH fL dt =(3.2-20.3) b 5=8 13TeV
L aen! Medel ENS [raif-'] Limit Ref
g el T imi eference
A u
E P ADD G + g/ - 21 ves 32 6.58 TeV' 160407773
E & ol ADD non-resonant £ Zeop - 203 14072410
oyl ADDQBH - (q e 1j - 203 2008
é GMSB (¢ NLSP) ADD QBH - 2j - 157 8.7TeV ATLAS-COMF-201 6063
GG tbino NLSP) ADD BH high 3. pr slew 212 - 32 8.2TeV 608 0228s
B GOM {higgsino-dino NLSP) ADD BH multjel - 23j - 36 9,55 TeV 1512.00586
= GGM {higgsino-bino NLSF} RS1 Gw — 2eu - - 203 14054123
GGM thiggsino NLSP) RS1 G — 77 2y - - 32 1608 D3
Gravitin LGP Bulk RS G — WW = qaly e 14 Yes 132 ATLAS-CONF-201 6062
B9 ik Bulk RS Gy — HH — bbbb - 4b - 133 ATLAS-CONF-201 E-043
SE g gy Bulk AS gy — 21 Tes z1bz142 ves 203 1508.07018
'E,, = 3 p—bik] ZUED [ RPP Teu =2b 4] Yos 32 Tier (1,73, BRIAMY =1 ATLAS CONF-2015-013
By, By b SSM Z7 — (F 2ep - - 138 | 2 mass 4.05 TeV ATLAS-CONF-201 6045
§ Ribbioidl SSM 77— o7 2 - - 195 1502.07177
T, Tkt Leptophobic Z' —+ bb - 2b - 32 |2 mass 1.5Te¥ 1603.08791
- fﬁ‘gﬂﬂ or et SSM W — (v 1ep - Yes 133 | W mass 474 TeV ATLAS-CONF-201 6061
B oiniodi HVT W+ WZ — qquvmodel A 0 e, T4 Yes 182 |Wemsss 24TeV =1 ATLAS GONF 2016052
& g A natural GMSB) HVT W — WZ — qqqgmodel B — = 155 | wrmess a0 =3 ATLAS-CONF-201 6055
#8 BhioLeZ HVT V' — WH{ZH madel B multi-channel 32 |V mase 2.51 TeV v =3 160705521
Bh Bof 4R LASM W}, — ib Tew  2b01] Yes 203 14104108
Baden, b0 LRSH W/ — th Oep  =lbi1J - 208 406,088
P B Claqaq - 2j - 157 [& 10.0TeV . =-1 ATLAS-CONF-201 6-08
x“ﬁ’ﬂdfi‘ B qg 5@;;% Clitaq o - - EER T 252TeV 1 =-1 1607.09869
Eg %}?g;w%&zé, - Cl wutt 2(5§)xdep 10211 Yos 203 ICre =1 1504.0¢505
E b o WEIRRLL hoBBIWH Axial-vector mediator [Dirac DM) 02,y z1] Yes g2 [ma 1.0 TeV 8:=0.25, £,=1.0, m{) < 250 GoV 160407773
Ey Ko —lyd Axial-vector mediator (Dirac DM) O e, g, 1y 1j Yos 32 |ma 710 GeV 8025, g, =1.0, m{y) < 150 GeV 1604.01308
GOM {wino NLSP} weak pri ZZyy EFT {Dirac DK} Oep 14 £1] Ve 32 M, 550 GeV' enlx) < 150 GaV/ ATLAS-CONF-201 5080
GG fino NLSP) wezk prc
T Sealar LQ 1% gen 2e 22j - 32 |Lamss 1.4 Tev o 1605 D605S
Diract. long-livee H
D;mnlf{:‘x; m m;;:’m Scalar LQ 2™ gen 2u =2 - 3z =1 1605.06035
B Dol mmme § Rnadron Scalar LO 3" gen Teu 21b 23| Yes 203 poa 1508 0e735
2 g Stable  R-hadran NLQTT o HE+ X Tep =2b,23] Yes 203 Tin (T8 daubist 150504306
@E Metastadl § R:";‘,"“[‘ - VLYY — Wb X Tes =1b=3] Yes 203 ¥ in 1B.Y) doubiel 1505 04308
§ & Guss s il mesn VLQBE - b X Tew =2623] Yoo 208 easpin singlet 1505.0¢508
GMSE. £ 9G. long lived NLQBE »Zb- X Dixdey 2221b - 208 B in (B,Y) doubiel 1408,5500
& ";‘d'“[',i,?“" VL QQ — WaWg e 4] Yes 203 150900261
Lk VLA T3 Tojs — Weldie 2SS)Bep b2 Yes 32 | Tyumass ATLAS-CONF-201 6.032
LFV pp % 1 X5 septens n n . - .
Biinear RPV CMISSM Excited cpiark g™ —» qy- 1y 1 32 |@mass 4.4 TeV only o and " A= i’} 151205510
BURT BT = WEDL Enxclted quark 9" — qg - 2j - 15.7 56 TeV only ot and o A miq') ATLAS-GONF-201 6-089
3 £ Excited guark b° -+ bg - 1B - 88 ATLAS-GONF-2016-060
2 Excited quark b - Wt forzen 16,20 Yes 203 R=fi=fi=1 654
& Exciled laptan 1 deu - - =03 A=30TeY 4112021
Excited leptan »* Beur - - 203 A 16Tey 4112321
i s, §y b
ﬁi‘aﬂ ! LSTC ar — Wy 1ep iy - Yes 203 407,750
i, it LASM Majorana v ey 2j - 203 ml Wa) = 2.4 TeV, no mixing 140606020
—_— Higgs trplet H-- = ce 2e(S5) - - 139 DV prcuction, BR{HE* —» eej=1 | ATLAS-CONF-2016-051
Other Scalarcharm, &t Higgs triplet H™= — ir et - - 203 DV production, BR(MZ* — fx)=1 1417.2921
“Only a selection of the availa WMonotop (non-res prod) Tew 1 Yes 203 a1 02 105101
phanamena is shown. Many Mult-charged particles - - - 203 DY procuction, ] = 5e 150406100
simptified modefs, c.f. refs. & Magnetic monopales — — 70 DV production, |gl = 1go. spn 142 1500.08060
Ll L P P | . PR
- LR 10! 1 10
Mass scale [TeV]

Doojin Kim, CERN Theory Department

“Oniy a selection of the available mass fimils on new states or phenamena is showrn. Lower bounds are specified oniy when explicitly not excluded.
+Small-radivs (large-radius) jets are denoted by the letter j (J).

Korea-CERN Workshop



ATLAS SUSY Searches™ - 95% CL Lower Limits
ATLAS Exotics Searches* - 95% CL Exclusion

May 2017
Model

MSUGRACMSSH

i)

Status: August 2016
Model

i, g1
i W
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By S etk
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=
E&

EW
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e

e o bW
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LFV pp %y X, T eufeny
Biat Py cisSi
WE B v

!

RPV

Other Scalar charm, é-ct]
*Only a selection of the availa
phenomena is shown. Many

simptified modefs, c.f. refs. &

Claqqq
Clifaq
Cl wutt

Axial-vestar mediator (Di
Axial-vector mediator (Di
ZZy.y EFT (Dirac D]
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Scalar L 2™ gen
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Excited quark ¢* — qg
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Excited leptan »*
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LASM Majorana »

Higgs trplet H-- = ce
Higgs trplet H™= — ¢+
WMonotop (non-res prod)
Mult-charged particles

Magnetic monopales

*Oniy a selection of the a
+8mall-radius {large-radiu

gluino production

squark

stop

shottom
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RPV

[EL
e
Al
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00
"Observed limits, theory uncertainties not included
Only a selection of available mass limits
Probe *up to* the quoted mass limit

Doojin Kim, CERN Theory Department
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ICHEP 2014

CMS Preliminary
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- Experimental Efforts

ATLAS SUSY Searches™ - 95% CL Lower Limits
ATLAS Exotics Searches* - 95% CL Exclusion ATLAS Preliminary

HVT W WZ s qqnn
HVT W — WZ — g4

May 2017
Model
Status: August 2016
WMSUGRAGHSSH
i i—t]
% i ﬁw)y‘d Model
# -
ij{‘ e ! I ADD Gre + &fg
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e ADDQBH - (q
% GNISB (7 NLSP) % ADD QBH
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E S SSM 27— T
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i
B
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EW
direct
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iR

0 AL Sy
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P
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Gauge bosons

Claqqq
Clifaq
Cl wutt
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ATLAS Preliminary

Summarv nf CMS SIISY Resiilts* in SMS framewnrk ICHFP 2014
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- Experimental Efforts

ATLAS SUSY Searches™ - 95% CL Lower Limits ATLAS Preliminary
May 2017 . .
Model ATLAS Exotics Searches* - 95% CL Exclusion ATLAS Preliminary
———————  Slalus: Augusi 2016 Peem s s e Tom e
MSUGRNCMSSM
: Model Summarv nf CMS S1ISY Resulte* in SMS framawnrk ICHFP 2014
3 ADD o raomnant ¢ - [rimol = stopped ghuio idoud] N
3. gaggWzk! 2 | ADDQBH - iq =
2 ousainish § ADD GBH E sus13 -39
2 GGM tino NLSP) 2 ADD BH high ¥ p7 3 SUS-14 ]_ 0 T T T { T T T
2 06 npgsnooinoNLSPY | B ADD BH multjet 5 SUS-13 i ! ‘_
= GOM (hggsinobiro NLSP) | | RSt G — /F o [y \ \ y CoGeNT
GEN {higgsino NLSP) E | RS1 Gox = ggg}g \ o )
Graviting LGP F | DukRS Goe o ww - 2 —40 T2 Ve AR (2012)
£5 BUIK RS Gioc —» HH — 10 i QN \ \ COMS S |
2 BUK RS g — 1t = — v
!afu LD A El SUS-13 b \ 904 7 :
= 2 — \ . (2013) @12
SSMZ" -
25 M7 —41 MPLE
é% § Is;y,:\;\);l;cb_\f rzv + bb 3 SUS-13 ]_ 0 DAMA =) P 201?—
§J.§ @ HVT W' WZ — gqn o 5US-13 -
=5 § o — —42
e SUS- ]. 0

13 >
T R
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Doojin Kim, CERN Theory Department -8- Korea-CERN Workshop
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%Further

Q “Attacking” every single corner of parameter space in new physics models and/or probing

unexplored territories

‘0

% Filling missing gaps (e.g., compressed mass spectra)

X/

% Displaced vertex searches (e.g., MATSULA), disappearing tracks

‘0

% Exotic final states (e.g., tri-boson searches, “dark” showering)

R/

% SM precision studies (e.g., top quark sector, higgs sector)

R

% Improving signal sensitivity in DM direct detection experiments

X/

% Light mediators (e.g., dark photon) and their “relatives” searches

R

% Ultra-light dark matter searches (e.g., CCD, semi-conductors)

R

» New satellites with better energy resolution

J/

% Many more part of which will be covered at this workshop!

e
Doojin Kim, CERN Theory Department -10- Korea-CERN Workshop



%Further

Q “Attacking” every single corner of parameter space in new physics models and/or probing

unexplored territories

‘0

% Filling missing gaps (e.g., compressed mass spectra)

% Displaced vertex searches (e.g., MATSULA), disappearing tracks
% Exotic final states (e.g., tri-boson searches, “dark” showering)

% SM precision studies (e.g., top quark sector, higgs sector)

% Improving signal sensitivity in DM direct detection experiments
% Light mediators (e.g., dark photon) and their “relatives” searches
% Ultra-light dark matter searches (e.g., CCD, semi-conductors)

» New satellites with better energy resolution

% Many more part of which will be covered at this workshop!

% Dark sector particle (including DM) searches at dark matter “colliders”

e
Doojin Kim, CERN Theory Department 1 Korea-CERN Workshop



- Dark Matter Models

Various DM models

R-parity INMSSM
MSSM violating

A\\\@ Supersymmetry

S
S

\)
e

nnnnnnnnn

from the talk by Tim Tait

O Many dark matter simplified

models or new physics models
including a dark matter candidate
proposed

% Supersymmetric

% Extra-dimensional

% Low-energy effective

% Many others ...

O Many of them constructed under

the minimality assumption (as

we know very little about DM)

Doojin Kim, CERN Theory Department 42
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— “Minimal” Dark Sector

i

U “Minimal” phenomenological implications in the context of dark matter detection under

minimal dark matter scenarios

~
| DM -~ -
DM indirect search | it A0 DM production

v’ (Non-relativistic) DM SM SM

annihilation/decay to at colliders
DM direct search |

v' Active DM production

v,et,p, etc. v Mono-X searches

/ o o . .
v {ov)~10726 cm3/s (Non-relativistic)

v' Expected rate inferred

DM scattering off from/related to

target nuclei ooy 1028 ont s

V' Erocoii~1 — 100 keV

Doojin Kim, CERN Theory Department -13- Korea-CERN Workshop
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Current status

Dark Matter Searches

U No “unambiguous” observation of DM signatures via non-gravitational interactions

(many searches/interpretations designed under minimal dark-sector scenarios)

WIMP Mass [GeV/c?]
[P. Cushman, C. Calbiati and D. N.
McKinsey, (2013); L. Baudis (2014)]
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- Dark Matter Direct Detection

Current status

-39
10 T
PR\ CoGeNT
\ A A=
- 2 AN (2012)
10~} RN\
& 10741} X 2
£ PP
) cQ 012
— _42 L\N—“\ 2
= ]'0 i 'ZEP ou
2 ~ i
g 104 O s
b5t cupelG= o ]
@ _ e de 2.
2 1074} Dac> Zo--7]
e N ey LU"Q =
o _45 | Neutrinos BB R T e — N m=E= T P /__9::.:-:;.7-'-
g 107%F Neutrinos ﬁ\ Ry =77 _— }';%;.t-“\;é;\x\" .
o} L NN apae00 ot RSP
TJ _46 . T~ W __D'EP‘ ) "-. el
a 10 I .'0‘. N ::—_-_"" anst® _ﬂ‘\s\des 5 L ’_
" LI wansnt® B st -
Ql_, 10—47 L [ Asymmetric DM r“. - . ‘,.--"" ’.‘-" ‘
S ol EFmamre R\ xewonnT ARV oA,
S I "ﬁ dUSNB
— — I o
10749t \ - parmos
10—50 . 0 S| 1 crfll o
1 10 100 1000 10%

WIMP Mass [GeV/c?]

[P. Cushman, C. Calbiati and D. N. McKinsey, (2013); L. Baudis (2014)]
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U Weakly Interacting Massive Particles
(WIMPs): a well-motivated DM
candidate (motivated by DM relic
measurement and weak-scale new
physics models)

U Different exp. — Different tech. —

Different sensitivity

O A wide range of parameter space

probed already and facing eventually

irreducible neutrino backgrounds

Korea-CERN Workshop



- Dark Matter Direct Detection

Current status

U Weakly Interacting Massive Particles
(WIMPs): a well-motivated DM
candidate (motivated by DM relic

measurement and weak-scale new

U Different exp. — Different tech. —

O A wide range of parameter space

probed already and facing eventually
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— “Minimal”’ vs. “Non-minimal”

“Vanilla” vs. “Flavorful”

e
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— “Minimal”’ vs. “Non-minimal”

“Vanilla” vs. “Flavorful”

Doojin Kim, CERN Theory Department -18- Korea-CERN Workshop
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“Flavorful” Dark Sector

® Why flavorful? Flavorful SM!

ot
Elementary COMPOSHte’ 1) Vavious particles in the SM sector
iy
8
it
% A
: e
i
[ ] n =
T G
Z -
3 =
g t
D,

t: here meaning the particles made of elementary ones
s

Doojin Kim, CERN Theory Department -19- Korea-CERN Workshop



~ “Flavorful” Dark Sector

Why flavorful? Flavorful SM!

et
Eleme_nmy Composite U Various particles in the SM sector
Y
L v+ v Multiple stable particles — interesting
= 0
18] ~ 3
= } physics from other stable members which are
+
U= i : :
. (s not difficult to detect albeit not dominant
. 4l (proton is dominant in the visible sector)
p
. n ”
e e ° .
Z [ ]
= o .
5 '3
E —

t: here meaning the particles made of elementary ones
s

Doojin Kim, CERN Theory Department -20- Korea-CERN Workshop



~ “Flavorful” Dark Sector

Why flavorful? Flavorful SM!

Elementary Composite™
—
maE
e
ut
° YA
: 7
i
[ ] n ”
e e ° .
Z [ ]
= - '
5 t
: —

t: here meaning the particles made of elementary ones

U Various particles in the SM sector

v Multiple stable particles — interesting
physics from other stable members which are
not difficult to detect albeit not dominant

(proton is dominant in the visible sector)

v' Many heavier (unstable) states —
interesting signatures/phenomenology
stemming from their decays (e.g., at

lepton/hadron colliders)

Doojin Kim, CERN Theory Department

-21- Korea-CERN Workshop



— “Flavorful” Dark-sector Scenarios

In what sense?

_ Q Jxa (as in the minimal setup)

1 More members in the dark sector
v' Unstable members, say ¢, ¢, X, ... (e.g,,
cosmic ray excess interpretations [DK and J.-C.
Park (2015
(2015)])
&’ v Moredark matter species, say xz, xc ... (e.g.,

dynamical dark matter models [K. Dienes and B.

Thomas, (2011)])

Doojin Kim, CERN Theory Department -22- Korea-CERN Workshop



— “Flavorful” Dark-sector Scenarios

In what sense?

_ Q Jxa (as in the minimal setup)

d More members in the dark sector

v' Unstable members, say ¢, ¢, X, ... (e.g,,
cosmic ray excess interpretations [DK and J.-C.
Park (2015)])

A
‘%/ v" More dark matter species, say yz, x5 - (e.g.,

dynamical dark matter models [K. Dienes and B.
Thomas, (2011)])
U Rising interest

+»» Boosted dark matter scenarios [K. Agashe et al., (2014); K. Kong, G. Mohlabeng, J.-C. Park (2014)]

Il

% Assisted freeze-out mechanism [G. Belanger and J.-C. Park (2011)] Chuls 6

. ¥ [ (8 wy
See Jons

% Dark matter “transporting” mechanism [DK, J.-C. Park and S. Shin (2017)]

Doojin Kim, CERN Theory Department -23- Korea-CERN Workshop



~ “Non-conventional” Implications?

Big question

U Existence of more members in the dark sector
— are there any non-trivial/non-
conventional implications not available in

the minimal setup?

Doojin Kim, CERN Theory Department -24- Korea-CERN Workshop



~ “Non-conventional” Implications!

Big question

U Existence of more members in the dark sector
— are there any non-trivial/non-
conventional implications not available in

the minimal setup?

v" New dark matter search strategies: dark

matter “colliders” [DK, J.-C. Park and S. Shin

(2016)]

Doojin Kim, CERN Theory Department -25- Korea-CERN Workshop



- Dark Matter Direct Detection

Basic idea

U Conventional DM direct detection experiments are considering the situation in which

x: non-relativistic DM
-------------- Detector [Zanssnsamsmsnnnag

v' Existence of DM inferred

: undetected
A from a target recoiling (1 —

100 keV)

Fixed target:

e ,p, etc.

Target recoiling:

1
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
visible -

o et e e et e e

Doojin Kim, CERN Theory Department -26- Korea-CERN Workshop
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Dark Matter “Colliders”

® Basic idea [DK, J.-C. Park and S. Shin (2016)]

0 We are imagining the situation in which

xp: "boosted"t DM

e Detector [Frrzrmemsnmnnean S

1

. Y: heavier :

i dark sector state: i

: unstable :

: ;

1 1

1 1

1 1

1 1

: ;

Fixed target: :
e”,p,etc. | :
1 1

I 0 I

: Target recoiling: :

l\ visible ,,'

t: Production of boosted DM will be discussed in a couple of slides.

Doojin Kim, CERN Theory Department 2 Korea-CERN Workshop



~ Dark Matter “Colliders”

Basic idea [DK, J.-C. Park and S. Shin (2016)]

0 We are imagining the situation in which
xg: undetected

xp: "boosted"t DM
S e Detector [FErzrmemafrmnan s

Y: heavier
dark sector state:
unstable

|
|
|
|
|
|
|
|
|
|
I
: Secondary signatures:
Fixed target: some are visible
e”,p,etc. |

|

|

: Target recoiling:

: visible

N . S S S S S S S N R R S

t: Production of boosted DM will be discussed in a couple of slides.

Doojin Kim, CERN Theory Department -28- Korea-CERN Workshop



~ Dark Matter “Colliders”

Basic idea [DK, J.-C. Park and S. Shin (2016)]

L We are imagining the situation in which v" Probing heavier dark/

: undetected ;
X8 hidden-sector states

xp: "boosted"t DM
o e e Detector o o s s s e % Target I‘ecoi 1 ( h ke - typica 1
: heavi f : ;
W: neavier DM direct detection exp.) +
dark sector state:
unstable secondary visible signatures

= more handles, (relatively)

Secondary signatures: background-free (no

Fixed target: some are visible i secondary signatures in usual
e ,p,etc. :

backgrounds)
Target iling: ,
V?SzielereCOl i v' Complementary to standard

DM direct searches

t: Production of boosted DM will be discussed in a couple of slides.

Doojin Kim, CERN Theory Department -29- Korea-CERN Workshop
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Dark Matter “Colliders”

® Collider as a heavy-state probe

9 e

Conventional colliders

U Head-on collision of light SM-sector
(stable) particles
U to produce heavier states

U and study resulting phenomenology

Doojin Kim, CERN Theory Department -30- Korea-CERN Workshop



~ Dark Matter “Colliders”

Collider as a heavy-state probe

&v secondary
K @) é

”*

A%P primary
Conventional colliders Dark matter colliders
U Head-on collision of light SM-sector 0 Collision of light hidden-sector (stable)
(stable) particles particles onto a target
O to produce heavier states O to produce heavier hidden-sector states
U and study resulting phenomenology O and study resulting phenomenology

e
Doojin Kim, CERN Theory Department -31- Korea-CERN Workshop



- Boosted Dark Matter

Sources

U Boosted DM needed ! \\f\// ’

v" The cosmic frontier: Boosted Dark Matter R
(BDM) scenarios (in a couple of slides) [K. j N .
Agashe et al., (2014); K. Kong, G. Mohlabeng, J.-C. Park (GO)

(2014)]

v' The intensity frontier: fixed target

Proton beam

experiments [Bjorken et al. (2009); Batell, Pospelov, Rit; ——= [l-------------

Target

(2009); Izaquirre et al. (2014)]

e

e

[Lab)

Shielding V Detector

Doojin Kim, CERN Theory Department -32-

Korea-CERN Workshop



’Sigﬁetection

Detection strategy

O Null observation of DM signatures may suggest small interaction strengths between SM

particles and dark-sector particles (including DM).

Large-volume (neutrino) detectors | Intensity-frontier experiments

DUNE

Hidden Sector
decay volume

Spectrometer
-. Particle ID

Target/

hadron absorbe v detector

Super-K/
Hyper-K

ctive muon shield

SHiP

“Passive” searches “Active” searches: more generic [G. Giudice, DK,

I.—C. Parki S. Shini s in Brogress|

Doojin Kim, CERN Theory Department A% Korea-CERN Workshop



DM “Colliders” at
the Cosmic Frontier



~

Boosted DM Source: Cosmic Frontier

Boosted DM source

0 Boosted DM scenarios [K. Agashe et al., (2014); K. Kong, G. Mohlabeng, J.-C. Park (2014)]
Z, ® 74, U(1) ® U(1), etc.

XA XB

XA XB
~1/N?
(Galactic Center) (Laboratory)

% xa: heavier DM, dominant relic, non-relativistic, not directly communicating with SM
% xg: lighter DM, subdominant relic, relativistic at the current universe (non-relativistic
at the early universe), directly communicating with SM
< Typical flux of y5: ~1077cm 2571 for O (10 — 100) GeV x4
O (NOT the only way of having boosted DM particles)

Doojin Kim, CERN Theory Department -35- Korea-CERN Workshop



~ Dark Sector Model

Vector portal

Lint @ gpYy* xpX, + h.c.

Y X |8
O Vector portal (e.g., dark “photon” scenario) [Holdom % ’VVVVV;®’VVVVV‘ ::
(1986)] T
0 Fermionic DM
% Flavor-changing neutral current [e.g, J.-E. Kim, Y
M. S. Seo, and S. Shin (2012)] x
% (Relevant models may have flavor-conserving g5
currents as well, py*yYX,, izy*xsX,) .
B

O (NOT restricted to vector portal scenarios)

Doojin Kim, CERN Theory Department =302 Korea-CERN Workshop



~ Discovery Potential

Typical signal features: e-scattering

XB Y N

7N

s

X B

e

+ 1

/

—
b primary T
=7
secondary

U GeV/sub-GeV mass and sizable boost factor of hidden-sector particles preferred by kinematics
O e-scattering preferred « smaller threshold energy, e~ as a fundamental particle

O e*e™ from the secondary: highly collimated (not separable in most favored parameter region)

U e~ from the primary: collimated, but separable with detectors of good angular resolution

U High chance to observe two separable charged tracks

Doojin Kim, CERN Theory Department o i Korea-CERN Workshop
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Discovery Potential

Typical signal features: p-scattering

XB Y N

,—

Y GO,
X i
Loy
+ 1
U

PN : \e S

‘_
p 2 primary .f
=7
secondary

U GeV/sub-GeV mass and decent boost factor of hidden-sector particles preferred by kinematics
Q (Typically) Larger threshold energy, p could be broken apart, atomic form factor

O et*e” from the secondary: separated

U p from the primary: separated from the secondary particles

O High chance to observe three separable charged tracks

Doojin Kim, CERN Theory Department =38 Korea-CERN Workshop



~ Discovery Potential

Results and outlook

Exp. Run time e-ref.1 e-ref2 p-ref.1 p-ref.2 My, My my Yxg
SK 136yr 170 7.1 3500 5200 erefl | 04 05 006 250
HK 1yr 38 37 1900 2800 e-ref2 | 0.1 014 0.03 200
HK  13.6 yr 6.7  0.28 140 210 p-refl | 04 09 0.2 15
DUNE 1yr 190 9.0 150 1600 p-ref2 | 0.1 1.0 0.5 50
DUNE 13.6 yr 14 0.69 11 120 el = (3 x 10—4)2 and gp = 0.5 forall

reference points

TABLE II: Required fluxes in unit of 1077 em™2 s~! with % Yxs? boost factor of boosted DM 5

. . e . % “Zero” background assumed
which our reference points become sensitive in various exper- :
. ¢ Every mass in GeV
1ments.

[DK, J.-C. Park and S. Shin (2016)]

e
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~ Discovery Potential

Results and outlook

Exp. Run time e-ref.1 e-ref2 p-ref.1 p-ref.2 My, My my Yxg
SK  136yr 170 7.1 3500 5200 erefl | 04 05 0.06 250
HK 1yr 38 37 1900 2800 e-ref2 | 0.1 0.14 0.03 200
HK 136yr 6.7  0.28 140 210 p-refl | 04 09 02 15
DUNE 1yr 190 9.0 150 1600 p-ref2 | 0.1 1.0 0.5 50
DUNE 13.6 yr 14 0.69 11 120 & €2 = (3x10%)2%and g = 0.5 forall

reference points

TABLE II: Required fluxes in unit of 1077 em™2 s™! with * Yxs*boost factor of boosted DM y;

. . ce . % “Zero” background assumed
which our reference points become sensitive in various exper- :
. ¢ Every mass in GeV
1ments.

[DK, J.-C. Park and S. Shin (2016)]

O Remind, in a minimal boosted DM scenario, if flux over the whole sky is 0(10~7) cm™2s™1,

it is promising and achievable!

e
Doojin Kim, CERN Theory Department -40- Korea-CERN Workshop



~ Discovery Potential

Results and outlook

Exp. Run time e-ref.1 e-ref2 p-ref.1 p-ref.2 My, My my Yxg
SK 136yr 170 7.1 3500 5200 erefl | 04 05 006 250
HK 1yr 38 37 1900 2800 e-ref2 | 0.1 014 0.03 200
HK 136yr 6.7  0.28 140 210 p-refl | 04 09 02 15

DUNE 1yr 190 9.0 150 1600 p-ref2 | 0.1 1.0 0.5 50
DUNE 13.6 yr 14 0.69 I i 120 I el = (3 x 10—4)2 and gp = 0.5 forall

reference points

TABLE II: Required fluxes in unit of 1077 em™2 s™! with * Yxs*boost factor of boosted DM y;

. . ce . % “Zero” background assumed
which our reference points become sensitive in various exper- :
. ¢ Every mass in GeV
1ments.

[DK, J.-C. Park and S. Shin (2016)]
—2.—1
)

O Remind, in a minimal boosted DM scenario, if flux over the whole sky is 0(10~7) cm™2s

it is promising and achievable!

U p-scattering improved at DUNE due to smaller threshold energy

e
Doojin Kim, CERN Theory Department A1 Korea-CERN Workshop



DM “Colliders” at
the Intensity Frontier



" New Particles at Cosmic Frontier

Cloud chamber:
et,u ..

Passive searches

e
Doojin Kim, CERN Theory Department -43- Korea-CERN Workshop



New Particles at Energy Frontier

\\ / Collider: controlled environment

Cloud chamber:
;,u ]

Passive searches Active searches

e
Doojin Kim, CERN Theory Department -44- Korea-CERN Workshop



~ Exploring the Visible Sector

— ~5% visible sector

; : 2N
\\ / Collider: controlled environment

Cloud chamber:
et,u ..

Passive searches Active searches

e
Doojin Kim, CERN Theory Department -45- Korea-CERN Workshop



-~ DM Searches at Cosmic Frontier

— ~5% visible sector

; : 2N
\ / Collider: controlled environment

Cloud chamber:
et,u ..

Passive searches Active searches

\vé

Direct detection:
(hopefully) DM?
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~ DM Colliders at Intensity Frontier

— ~5% visible sector

W/

Cloud chamber:
et,u ..

; : 2N
Collider: controlled environment

."O®

Passive searches

\vé

Direct detection:
(hopefully) DM?

Doojin Kim, CERN Theory Department -47-

S

Active searches

DM “Collider” (e.g. fixed target exp.)
: controlled environment

Hidden Sector
decay volume I|

Spectrometer
- Particle ID

Target/

hadron absorbe; v, detector

ctive muon shield

Korea-CERN Workshop




~ Exploring the Dark Sector

— ~5% visible sector

; : 2N
\\ / Collider: controlled environment

Cloud chamber:

et,u ..
\_ )
Passive searches Active searches
~25% dark sector N
DM “Collider” (e.g. fixed target exp.)
: controlled environment
i decay volume ]‘3
Direct detection: = FaiceD
(hoperIIY) DM? ::?riﬁabsorbe f s . detector
\_ _J

Doojin Kim, CERN Theory Department -48- Korea-CERN Workshop
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~ Candidate Experiments

Exp. DUNE SHiPT SK/HK*
Near-far detector Yes Yes (Yes)
Distance b/w detectors 1,300 km 50 m (700 - 1,000) km
Volume* 8t/40 kt 9.6 t/NA (190/190) kt
22.5 kt for SK
Detector type LArTPC Emulsion/Calorimeter Cherenkov
Particle identification Very good Very good Good
Beam energy 120 GeV 400 GeV 30 GeV
PoT 11 x 102%/year 0.4 x 1029 /year 48 x 10%%/year
Power 1.2 MW (> 0.15 MW) 1.3 MW
Angular resolution (e/p) 1°/5° (Good) 3°/3°
Threshold energy (e/p) | 30/50 MeV (Equally small) 0.1/1 GeV*
Position resolution 1-2cm 0.1 - 1 mm Not good

t: Numbers in parentheses are our estimation.
+: Numbers in parentheses are relevant to T2ZHKK.
*: Red-font numbers are fiducial volume.

x: Threshold energy for the “good” angular resolution above

O DUNE/SHiP/Kamiokande ideal for sub-GeV to GeV hidden sector particle searches: different

exps. require different strategies optimized to the production mechanism and associated detectors.

Doojin Kim, CERN Theory Department -49-

Korea-CERN Workshop



- Boosted DM Source: Intensity Frontier

Physics opportunities at fixed target exps.

0 Production by target collision (e.g., in Mo
vector portal scenarios)
» Meson decay: pp — m/n + others,
m/n = X'y = XpxgV; /M > X7y -
xpy;m/n = X7y - Py

» Drell-Yan: pp = X" = xpxp, Xs¥, Y9
> Boost of yp given by a distribution

intensity
proton

Shielding

Boosted
dark-sector
particles

Doojin Kim, CERN Theory Department -50-

Korea-CERN Workshop



~ Signal Detection

Physics opportunities at fixed target exps.

0 Production by target collision (e.g., in

High- Boosted
vector portal scenarios) Inrensiy. dark-sector
proton particles
» Meson decay: pp — m/n + others,
n/n = Xy = xpxpV; /N = X'y =
XYY;T/n = Xy - Yy Target Shielding Detector

material /filtering complex

» Drell-Yan: pp = X" = xpxp, Xs¥, Y9
> Boost of yp given by a distribution
O Detection by detector complex (e.g., DM “colliders”) [G. Giudice, DK, J.-C. Park, S. Shin, ..., in progress]

> Detector-specific strategies required

» Far/near detector system at e.g., DUNE, T2ZHKK: ratio of N stenal ¢ o N8 available/useful for

near far

further DM signal confirmation

> Signal events with displaced secondary vertex: better signal identification (e.g., SHiP)
———

Doojin Kim, CERN Theory Department Zhod Korea-CERN Workshop



Dark Matter “Colliders” and Beyond

Monte Carlo

The intensity
frontier

The cosmic Simulation
frontier . -
‘.\W’;‘ ' -‘, y ."_,_’.';.I.

>

The DM “collider”

Conventional o
DM direct detection J—(’%

-

A L

S——— 3 Collider
New physics/DM phenomenology
model building

Doojin Kim, CERN Theory Department o Korea-CERN Workshop
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~ Research Opportunities

U Physics opportunities at the =l (] Monte Carlo simulation for DM
intensity frontier “colliders”
v The DUNE experiment (in progress) v' “Pre-calculated” boosted DM generator
v' The SHiP experiment (in progress) v" Developing MC simulation packages for fixed
v The T2HKK experiment target experiments in collaboration with MC-
v" Other existing/prospective fixed tool authors

target experiments

4 “Collider” phenomenology

O Physics opportunities at DM direct v’ Signal detection prospects at standard colliders

detection experiments v' Applying collider variables to DM colliders

v Signal (coming from the sky) v" Developing optimized variables for DM colliders
detection by a displaced vertex (e.g.
SuperCDMS)

¥ New experiment proposal mmmlp ] Constructing new physics models probable

at DM colliders
O Physics opportunities at the v’ Light KK graviton model (in progress)
cosmic frontier / v' UV-completed/effective hidden-sector models

v' Potential of cosmic ray excesses
v Cosmology: relic abundance, impact
on the evolution of the universe

Doojin Kim, CERN Theory Department -53- Korea-CERN Workshop



- DM Collider Physics: Take-home Message

Collider physics vs. DM collider physics

v

My, LHC Higgs LHC
My, MGv4 kink in operation discovery Run2
| | | | | |
| | | | | |
1999 2006 2007 2010 2012 2016

e
Doojin Kim, CERN Theory Department =il Korea-CERN Workshop



- DM Collider Physics: Take-home Message

Collider physics vs. DM collider physics

v

Mr, LHC Higgs LHC
My, MGv4  kink in operation discovery Run2
| | | | | |
I I I I I I
1999 2006 2007 2010 2012 2016
BDX DM collider DUNE SHiP DM/NP
in operation proposal in operation in operation discovery?
2014 2016 2024 2025 20277

.
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- DM Collider Physics: Take-home Message

Collider physics vs. DM collider physics

v

M, LHC Higgs LHC
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~ Conclusions

O What’s going on at the weak scale? = our Nature might be
“shy” so hide herself

L The more, the messier? The more, the merrier!
% Don't be shy to explore “flavorful” hidden/dark sector scenarios
— Peeping into the hidden/dark sector through them

% Rising interest in “flavorful” dark sector physics

O Physics opportunities at dark matter “colliders”

% Orthogonal: (relatively) background-free due to

secondary signatures — new direct DM search paradigm!

% Inexpensive: exclusion limit/detection prospects at
neutrino detectors such as Super/Hyper-K, DUNE, SHiP, etc. without extra apparatus
% Complementary: constraining parameters for various DM scenarios/models
% Interdisciplinary: if this scenario is the truth, many ideas in collider phenomenology
directly apply!

s
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~ Boosted DM from the Sky

Semi-annihilation

U0 In DM models where relevant DM is stabilized by e.g., Z; symmetry, one may have a process

like

XA XA

Xa SM

O Under the circumstance in which the mass of SM here is lighter (i.e., my > mgy), the

outgoing x4 can be boosted and its boost factor is given by

_ 5mj — méy
Jedve

2
4m;

e
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~ Signal Attributes

Comparison b/w e- and p-scatterings

XB Y ﬂ\ XB
Ep = ygmg ¥
et e”
e/p e/p

p-scattering

Exp. e-scattering
Energy for primary scattering
Threshold energy Small
Form factor suppression N/A
Deep inelastic scattering N/A

Peaking towards smaller momentum transfer

Large for Cherenkov
(Small for DUNE/SHiP detectors)

Yes
Yes

Energy for secondary process

Highly collimated

Object identification

DUNE/SHiP)

(Typically) highly boosted

(in preferred mass spectra)
Recoil electron + single
object-like e*e™ pair
(assuming 8,..;~3°, better at

(Typically) less boosted

Reasonably separated
(in preferred mass spectra)
Recoil proton + well-separated e*e™
pair
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- Signal Attribut
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~ Signal Attributes

Comparison b/w e- and p-scatterings

XB Y ﬂ\ XB
Ep = ygmg ¥
et e”
e/p e/p

p-scattering

Exp. e-scattering
Energy for primary scattering
Threshold energy Small
Form factor suppression N/A
Deep inelastic scattering N/A

Peaking towards smaller momentum transfer

Large for Cherenkov
(Small for DUNE/SHiP detectors)

Yes
Yes

Energy for secondary process

Highly collimated

Object identification

DUNE/SHiP)

(Typically) highly boosted

(in preferred mass spectra)
Recoil electron + single
object-like e*e™ pair
(assuming 8,..;~3°, better at

(Typically) less boosted

Reasonably separated
(in preferred mass spectra)
Recoil proton + well-separated e*e™
pair
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~ Signal Attributes

Comparison b/w e- and p-scatterings
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~ Signal Attributes

XB Y ﬂ\ XB
Eg = ygm
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Comparison b/w e- and p-scatterings
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~ Background Considerations

Potential sources

O Cherenkov radiation (CR) by electron/muon is distinguished from that by proton.

U Electron-preferred scenarios:
Vp Vp Vp 4 Vyp Vy Vp 4
e e e Ve D p n p
: CR byan N.C. : CRbyaC.C. : CR byan N.C. : CR by at least, a C.C.
electron electron/muon/tau proton unless broken  proton unless broken

U Proton-preferred scenarios: opening angles among recoil proton, decayed electrons are large

enough to resolve

Doojin Kim, CERN Theory Department -66- Korea-CERN Workshop
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/ Bckground Considerations

® More challenging cases: broken nuclei

Vo £
; T T T T T T T T T T [T T T T T T T T T T T]
w 0o } ﬂ.zéu..r .
= ;
T 0 0.4 71 el =
n ) S
p/ T B B
- =02 4 ok
nt > utv->etvvy 0 g i 05—

number of decay electrons

Super-K (2012)

U Similar expectations for neutral currents

0 (Dedicated study in progress)

e
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Background Considerations

® More challenging cases: broken nuclei

p/n
T

T

Particle tracks created by a neutrino interaction in liquid argon in
the ArgoNeuT

e.g mt - utv - etvvy

0 Expecting again that (quality) track-based particle identification allows us to
distinguish multi-track background events from signal ones

U A dedicated study is needed

e
Doojin Kim, CERN Theory Department -68- Korea-CERN Workshop



- Flux of Neutrino

Neutrino as a background

1 I LI L II T I rrTn I L] LI II 1 ] L LI
10" P w7 4 Relevant neutrino fluxes to the
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[Ruppin et al., (2014)]
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" Flux of Atmospheric Neutrino

® Neutrino as a background
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~ Accessible Parameter Region

Parameter scanning

e: DUNE, m, =0.03 GeV, e=3 x10~!, g,,=0.5

Z asol O e-scattering (upper panels)
- 0m, =02 GeV

and p-scattering (lower panels)

O Black solid lines: kinematically

allowed maximum mass of
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~ Current Status of Dark Photon Searches

Kinetic mixing parameter choice

[Ilten et al., (2015)]
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