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Direct DM production

DM Simplified Model Exclusions ATLAS Preliminary April 2016
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Indirect DM production

DM stability usually from parity symmetry

o Other parity odd states might be easier to produce
at collider

« DM is produced Iin cascade decays

diagram from
1604.07773



SUSY DM Searches

ATLAS SUSY Searches* - 95% CL Lower Limits ATLAS Preliminary

Status: August 2016 \Vs=7,8,13TeV
Model &u T,y Jets ET™ [Ladm™) Mass limit Vs=7,8TeV | Ys5=13TeV Reference
L] L] L] L] L] L] L] L] I L] L] L] L] L] L]
MSUGRA/CMSSM 0-3e,u/1-27 2-10jets/3b Yes 20.3 9.2 1.85 TeV m(q)=m(g) 1507.05525
i, G—q%) 0 2-6jets  Yes 13.3 m(&) )<2oo GeV, m(1* gen. §)=m(2™ gen. §) ATLAS-CONF-2016-078
@ 44 G—g¥) (compressed) mono-jet  1-3jets  Yes 32 m(a)- mE?)<5 GeV 1604.07773
S 888-q9 " 0 2-6jets  Yes 133 miT=0Gev . ATLAS-CONF-2016-078
& 88 8—agti—agWir 0 2-6jets  Yes 133 m(¥?)<400 GeV, m(¥*)=0.5(m(¥")+m(z)) ATLAS-CONF-2016-078
D g8, 8—qqll/vv)X 3e,pu 4 jets - 13.2 m(¥})<400 GeV ATLAS-CONF-2016-037
% 28, g—>ngZX? 26,u(SS) 0-3jets  Yes 132 m(¥}) <500 GeV ATLAS-CONF-2016-037
>  GMSB (Z NLSP) 127+0-1¢ 02jets  Yes 3.2 1607.05979
ﬁ GGM (bino NLSP) 2y - Yes 3.2 ¢7(NLSP)<0.1 mm 1606.09150
e  GGM (higgsino-bino NLSP) b 1b Yes 203 |z 1.37 TeV m(¥})<950 GeV, ct(NLSP)<0.1 mm, <0 1507.05493
—  GGM (higgsino-bino NLSP) Y 2jets  Yes 133 m(¥})>680 GeV, cr(NLSP)<0.1 mm, x>0 ATLAS-CONF-2016-066
GGM (higgsino NLSP) 2eu(Z) 2jets  Yes 203 |2 900 GeV m(NLSP)>430 GeV 1503.03290
Gravitino LSP 0 mono-jet  Yes  20.3 | FU2 scale m(G)>1.8 x 10~ eV, m(z)=m(5)=1.5 TeV 1502.01518
'0:)'8' 28, g—bbY) 0 3b Yes  14.8 m(¥})=0 GeV ATLAS-CONF-2016-052
O gz 0-1en 3b Yes 1438 m(?)=0 GeV ATLAS-CONF-2016-052
SN0 23, gobit| 0-1epu 3b Yes  20.1 1.37 TeV m(¥})<300 GeV 1407.0600
o bibi, bi—bi) 0 2b Yes 32 _ m(¥1)<100 GeV 1606.08772
*% S biby, bi—iy 2. (SS) 1b Yes  13.2 325685 GeV m(¥})<150 GeV, m(Xl) m(¥})+100 GeV ATLAS-CONF-2016-037
2 § i, il—>b/\?f~0 Y 0-2e,pu 1-2b  Yes 4.7/133 5117-170 GeV .~ 200-720 GeV m z) 2m(¥}), m(¥))=55 GeV 1209.2102, ATLAS-CONF-2016-077
&8 in, fl—>W{gX1 or ¥} 02e,u 0-2jets/1-2b Yes 4.7/13.3 | & 90-198 GeV . 205-850 GeV 0)=1GeV 1506.08616, ATLAS-CONF-2016-077
§ 2 an,h—d 0 mono-jet  Yes 3.2 m( )-m(¥})=5GeV 1604.07773
o Q fifi(natural GMSB) 2e.u(2) 1b Yes 203 & 150-600 GeV m(¥})>150 GeV 1403.5222
25 hhh-oh+Z Seu(2) 1b Yes 133 |& ~ 290-700 GeV m(¥})<300 GeV ATLAS-CONF-2016-038
b, h—h +h leu 6Bjets+2b Yes 203 |& 320-620 GeV m(¥))=0 GeV 1506.08616
0, RZ’LR, AN 2e,pu 0 Yes 20.3 7 90-335 GeV m(¥})=0 GeV 1403.5294
TIXT X > Ev(tw) 2epn 0 Yes  13.3 m(¥})=0 GeV, m(t’, )=0.5(m(¥5 )+m(tY)) ATLAS-CONF-2016-096
XTXT, XT >#v(19) 27 - Yes 14.8 m()z,) 0GeV, m(#, 7)=0.5(m(X} )+m()z,)) ATLAS-CONF-2016-093
= B Nl lviL ), G1L) Sen 0 Yes 133 Lol m(E)=m(2), m(E1)=0, m(éb 7)=0.5(m(¥} ) +m(f1) ATLAS-CONF-2016-096
T X1X8—>WX zv 2-3eu  0-2jets  Yes 203 s 425 GeV m(E; )_m()fz), 1)=0, 7 decoupled 1403.5294, 1402.7029
= XU WRIR T, hobb/WW[TTlyy  ©H-Y 026 Yes 203 |F.A; 270 GeV m(T)=m(&3), m ?) 0, 7 decoupled 1501.07110
XS, 035 Ikt depu 0 Yes 203 |X;; 635 GeV mEE9)=m(¥3), m(¥})=0, m(Z, )=0.5(m(¥3)+m(¥})) 1405.5086
GGM (wino NLSP) weak prod. Teu+y - Yes 203 |w 115-370 GeV er<imm 1507.05493
GGM (bino NLSP) weak prod. 2y - Yes 20.3 \ 4 590 GeV cr<imm 1507.05493
Direct X{ X7 prod., long-lived ¥7 ~ Disapp. trk 1 jet Yes 203 | 270 GeV mFT)-m(¥)~160 MeV, 7(¥)=0.2 ns 1310.3675
Direct X1 X7 prod., long-lived ¥7  dE/dx trk - Yes 184 | ¥ 495 GeV m¥T)-m(E))~160 MeV, (¥})<15 ns 1506.05332
Q o Stable, stopped g R-hadron 0 1-5jets  Yes 279 |z 850 GeV m(¥})=100 GeV, 10 us<7(3)<1000 s 1310.6584
oE Metastable g R-hadron dE/dx trk - - 3.2 m(¥})=100 GeV, r>10 ns 1604.04520
S 8 GMSB, stable 7, 1] 7@ p+r(e.n) 121 - - 19.1 537 GeV 10<tanB<50 1411.6795
= GMSB, )??—>yc”; long-lived X} 2y - Yes 20.3 440 GeV 1<r()21)<3 ns, SPS8 model 1409.5542
28, X?—)eew{/e,uv/,u,uv displ. ee/ep/pp - - 20.3 1.0 TeV 7 <c‘r()(|)< 740 mm, m(3)=1.3 TeV 1504.05162
GGM 33, X, —»ZG displ. vtx + jets - - 20.3 1.0 TeV 6 <ct(¥))< 480 mm, m(z)=1.1 TeV 1504.05162
LFV pp—v: + X, V‘r_’e/l/e‘r//”' EpLeT,HT - - 3.2 A51,=0.11, A132/133/233=0.07 1607.08079
g TS VISSY, 2¢,u(SS) 03b  Yes 203 1.45 TeV m(@)=m(@), crsp<1 mm Ve
R, X - Wi, X6—>eev euv, Jift - 13.3 m(P))>400GeV, ;%0 (k= ATLAS-CONF-2016-075
= XIXT, X =W X —>11ve, eTvy e u+t o S ), 13320 1405.5086
2 & §—>qqq 0 4-5large-R jets 14.8 BR(1)=BR(b)=BR(c)=0% ATLAS-CONF-2016-057
o g §—>qu1 5 qqq 0 4-5large-Rjets - 14.8 m(¥1)=800 GeV ATLAS-CONF-2016-057
2z, g—mxl,xl - qqq 1eu 8-10jets/0-40 g entaGs ATLAS-CONF-2016-094
88, g—’lll fi—bs ges/0-46 - 14.8 625 GeV<m(7;)<850 GeV ATLAS-CONF-2016-094
e - 0 2jets +2b - 15.4 [450-510 GeV ATLAS-CONF-20 T mmmmtaaG Q=20 16-084
fif, i —bt 2e,u 2b - 20.3 0.4-1.0 TeV BR(7 —be/u)>20% ATLAS-CONF-2015-015
Other Scalar charm, E—m)?? 0 2¢ Yes 20.3 & 510 GeV m(¥})<200 GeV 1501.01325
L L L L L L L L I L L L L L L

*Only a selection of the available mass limits on new 10-1 1 R T



Indirect DM production

 Sometimes need to go beyond the usual “energetic
SM states + MET” searches, e.Q.

* Squeezed spectra
» minimal models, co-annihilation

» freeze-in scenarios

e Extended dark sectors, with states below Mpwm
» dark photons

» confining hidden sectors



Higgsino/Wino DM

Minimal SU(2) doublet or triplet DM (Wino/Higgsino)

DM state accompanied with nearly degenerate
charged state (chargino)

. %1* decaying into X *+m*

Lifetime few cm
— disappearing
charged track

high-p, charged particle
interacting with TRT material

low-p charged particle scattered
in materials resulting in badly
measured track py

Strongest limit on
Wino DM

reconstructed track
true particle track

Pixel SCT TRT from ATLAS 1202.4847
Fig. 2 Origins of disappearing high-pr tracks.



H1ggsino DM

LHC SGHSlthlty at high lummosﬂ:y

ATLAS 8 TeV Wmo exclusmn VAv 20 hmlt
- Ho limit

100 F20b=t B e _—

| Higgsino
L BT e e
[ A S S S S S S
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Weak doublet mass m,, (GeV) i

* Assumption: 100% track efficiency at 10cm
Moriond a week later: 12 cm Is possible!

Mahbubani, PS, Zurita, 2017



Example of lifetime frontier!

Explore with simplified models



Simplitied models for LLPs

* Successful way to present collider searches in a
less model dependent way

» Two masses (DM & mediator) and two couplings

o Minimal extension to include displaced decays
» Add second “dark” state with mass mes > mpum
» Lifetime T'(x2 — x1X)

* Underlying models e.g. “"GMSB SUSY”, freeze-in
DM, twin Higgs dark sectors

Buchmuller, De Roeck, Hahn,
McCullough, PS, Sung, Yu, 2017
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Signatures

(a) )A(l (D) )Aél
= \>X /,1',,\>:|'X
X9 @ X2 X2 .@ X2
L"’/]L L"/:]/K
X1 X1 QY
X X

o X can be any set of SM particles

* Can also imagine SM charged x2  fouee Madge, 7S, Shepherd

In progress

e UFOQO files available in Buchmuller, De Roeck, Hahn,

McCullough, PS, Sung, Yu, 2017

11



Freeze-in DM connection

Log,olct/m]

1\ - IOkeV

I mp=1keVy
_2__
. - 2.(m)=100 Oh?=0.1
100 200 300 400 500

Centimetre to metre lifetimes consistent with freeze-
in DM relic abundance (solid lines)

Buchmuller, De Roeck, Hahn,
McCullough, PS, Sung, Yu, 2017
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Composite dark sectors

13



QCD

TeV ——

T™D 5« ..
GeV p,n %

m, K,...

Dark QCD

dark QCD
X
sharing
PD -
annihilation | .

SU(N) dark sector
with neutral
“dark quarks”

Confinement scale

AdarkQcD

DM is composite
“dark proton”

“Dark pions”
unstable, long
lived

14



Dark Pion Lifetime

* |ntegrate out mediator, match to dark pion current

7 0, ~
\/ q

fr.m Decay in LHC
detectors!




Emerging Jets at the LHC

* Production of
mediator, decay
to dark quarks

 Characteristic:

» few/no tracks
IN INner tracker

* New "emerging”
jet signature

* Smoking gun of
composite hidden
sectors

PS, Stolarski, Weiler, 2015



PS, Stolarski, Weiler, 2015

Strategy

calo
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Veto tracks
here!

(More refined) searches
ongoing at ATLAS/CMS
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Adding flavour

* SO far, assumed universal lifetime for dark pions

. Actually )
MRQLP = NijdriQr; P

* Not all pions are equal:

q

X Z |)\q2)\2’] |2
q,q’

S. Renner, PS, in progress

18



S. Renner, PS, in progress 19

Flavour matters

di \\// Qn q G > —> q/
\ AF =1 : :
\ = X X
| Cm  AF=2 ;&
<\/ constraints 9 \ — 4
d

NijdriQr;®

fixed target experiments

‘>< NAG2 { ava

Qs

dark pion properties o SHiP

Q; Search for Hidden Part
Ay




Rare decays

* Allows rare decays

dl. \// Qn
B — (K, ) + invisible \

K — 7 + 1nvisible \\ C_?m
» Strongest close to <
thresholds: ) dJ

K — mmp winsover K — 7w QQ)

 Don’t vanish in flavour symmetric limit!

great resource:

_ Kamenik, Smith, 2011
S. Renner, PS, in progress
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Bounds from rare decays

e Best bound
on couplings
for very
ight dark

pIoNS

* Dark pion
production
N fixed
target expts!

S. Renner, PS, in progress

0.1

1 I

invisible

\

Belle Il projection

—_ NAB2 projection

1
MzD [GGV]

10
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~ixed target

. My simplified NAG2/SHiP:

p mp — SM
* .................... <
K7 R

decay
arget volume

10® 10!t 10 10"
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-ixed target reach

|nC|Uding 1~\“~s X §§§ Eém
bound RN 2z |
ounas . i‘g 5ig Emerging
i\ 21 i
cou AN i
cosmology o1 ) g
K —
0 | N - * ,~--\l~\~ s‘~~= NA62
e §- ........ 5\- J ......
. .01 \-,.~'--:I.= ...... e,
Belle |l ~J SHiP
reach
BBN
0.001
0.1 1 10

m;p [GeV]



summary

e Search for the dark matter is ongoing, activity on
many fronts

» Direct/indirect production at colliders well covered
» New(er) frontier: Long lived particle searches
* New signatures from richer dark sectors:

» Emerging jets at ATLAS/CMS (searched for!)

» Long lived mediators at NA62/SHIP

24



Thank You



Particles and symmetries

Loak D 1QidQ; + M?Q;Q; + \; Q;Prd;i X
Ansatz: 3 dark quark flavours Q;

U(3), x U@B)r — SU3)y x U(1)g

—> 8 DARK PIONS

Ko S K
. _1_§u X Lightest baryon “dark proton”
| -d/-m \ﬂzad/g(;ll Charged under U(1)g = stable
- R g,
)izs —_]—\Els/
K™ K°

Dark quark flavour symmetry broken only by A

26



Dark Pion Lifetime

2m2

7 fﬂ'd d
F(ﬂ'd — dd) ~ 327‘(‘M§(d Iz

(1 Gev>2<
CT =~ Hcm X 7

100 MeV \? /1 GeV
maq iz

Decay In

HC detectors!

Mx,

1 TeV

;
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Flavour constraints

28

Parameterisation from

 Parameterise / unitary Agrawal, Blanke,

o o, 2014
A=UDV
\

* For degenerate dark quark masses, can absorb V

diagonal

e It D ocl, SM flavour symmetry unbroken

e Write D = (Ao -1 + diag(A1, Ao, — (A1 + >\2))>

S. Renner, PS, in progress



k
¢ ¢
I Q; I
/ | y |
q e < Y q
q'j qJ

e Absentin D = Xy -1 Ilimit!

(23: AinZ’i) | — ([UD(UD)T]qq’)

S. Renner, PS, in progress

2 2
=\ (00Ty) =0
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AF=2

e Otherwise 0.7
bounds on 0
MIXIiNg
matrix 0-5
04 53
U _ U U U sin@ij L,]=4,
12013023 03 i,j:1,2
- . ii=13
0.1
0.0

0.0 0.2 0.4 0.6 0.8 1.0
A::
Y A 1,2

Y

S. Renner, PS, in progress



e Best bound
on couplings
for very
ight dark

pIoNS

S. Renner, PS, in progress

0.1

invisible

\

Belle Il projection

—_ NAB2 projection

0.1 1
MzD [GeV]
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PS, Stolarski, Weiler, in progress

| HCb opportunities

o /'’ mediator is difficult to trigger at ATLAS/CMS
Same if dominant production is off-shell

q>«/a< v q\ / "

q 4D q/ \ 4D

 Reconstruct individual dark pions, ditferentiate
using lifetime, mass, decay products

 Emerging jets without (hard) trigger requirements?

32



PS, Stolarski, Weiler, in progress

Off- shell producthn

~ 1 A2(”¢WU)(QDW“QD) |

A=5TeV

A =10 TeV

1078 - ]
0 1000 2000 3000 4000
M nv [G@V]

_ TeV
e Total rate: o(pp — QpQp) = 8.2 pb X (T) XNg X Np




PS, Stolarski, Weiler, in progress
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Forward reg|on

127 L ““““““““““““““““““ E
10" Model A -
. I Model B ]
= 8 ]
QO r i
5 6 |
ey 6f |
o) i ]
X 4l ]
2
OF ——

Ny, with 2 <np <5

Fraction of all signal
events with N dark
pionsin 2 <n <5

0.10}

0.08"

0.06

0.04"

0.02

000 . . . .

Py | [GeV]

« Momentum (not pT)
distribution of dark
pions in 2 <n <5




PS, Stolarski, Weiler, in progress

Decay characteristics

O.Sj

i Model B
04+

0.3

02
I Model A
0.1
0-0;F . N H H . 1- |
2 4 6 3 10 12 14

H charged tracks per mp

 Number of charged tracks from dark pion decays

* Also depend on tlavour structure - some more work!



PS, Stolarski, Weiler, in progress

Very very (very) rough estimate

e 20 inverse tb

 Assume that events with 3 or more reconstructed
dark pions are significantly different from QCD (i.e.
no background)

 10% reconstruction efficiency

= Sensitivity to o = 8 b, corresponds to A = 5 TeV

36



Reach ATLAS/CMS

Model A, 14 TeV, 100 fb~!

1000

300

100

30

CTo [mm]

10

30

1 O I T T T T S (S S SO (U SO S OSSN N B
400 600 800 1000 1200 1400 1600
My [GeV]

Model B, 14 TeV, 100 fb!
1000*‘“““““““‘\\ww\\‘i

300

100

30

CTo [mm]

10

30

1 O T T O S S S S S R SRR RN
400 600 800 1000 1200 1400 1600
My [GeV]

o Optimistic scenario (no non-collisional BGs)

e Also sensitive to some RPV SUSY models etc

PS, Stolarski, Weiler, 2015
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