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The search for dark matter
T - Existence of dark matter is well established

from cosmological observations
- Exact nature of it is unknown

« Ways to look for (particle) DM
 Direct searches via DM-nucleon scattering
* |Indirect searches via DM annihilation

Bullet Clustgr (Image: NASA): % -

indirect detection - Search for production of DM at colliders
= DM sm * LHC provides a prime laboratory for production
3 of DM
% « Search for evidence of DM production along
O with (visible) SM particles
_é % - Can characterize DM interaction as function
© DM SM of spin/parity, coupling, etc

e

production at colliders
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Benchmark signatures for LHC DM searches

- Searches for DM at the LHC look for Ey™Miss+X
- X=jet, W, Z, vy, H, tt, bb, t, etc.
- Run 2: Adopt simplified models to interpret results (arXiv:1507.00966)
- Assume new massive particle which mediates DM-SM interaction
« DM particle is a Dirac fermion ¥
- Keep to a minimal set of parameters

* Mmed, My, gsm, gom, [ med

LHCP2016, 17-Jdun-2016 3 Bo Jayatilaka



General strategy

1. Select events

Large Eq™miss

“Tag” with recolling
object

LHCP2016, 17-Jun-2016

Single muon W CR 231" (13 TeV)
> JTITTTT‘TTTT{TTTT‘TTTT{TTTT{TTTTNTTTT,
0)102? +Dala E
(O] E CMS Preliminary N
~ b —— SM backgrounds (pre-fit) ]
_'(L) r —— SM backgrounds (post-fit) 1
S 10r Jaco 5
2k Cw f
W )z ]

1 :]Singletop 3

;E . L f

S Wosly

10-1;._ n E
E hd
[
102 =
10'31\\\\\‘\\\\\\\\‘\\\\‘\\\\‘\\\\‘\\\\
T e
© 5 #-pre-fit 4 post-fit
g IR 3
~ et +
£ os
o) OH\HH\HH\HH\HH\HH\HH\HH
300 400 500 600 700 800 900 1000
Recoil [GeV]

Single muon tt CR 2.3 (13 TeV)
> ’TTITTTTNTTTTNTTTTNTTTT‘TTTT{TTTTNTTTT’
Q10%F ¢ .
(O} CMS Preliminary Data E
~ —— SM backgrounds (pre-fit) ]
-fé) 10k — SM backgrounds (post-fit);
G>.) 3 [z E
w [ Jaco ]

1B [ Jw E

3 Single top ]

' [ 1

10'E E
i ® :
10-22 E
10-311|1111HH\H\\\HH\\H\\\\H\H\\
-qo)' o e L e 3 B
o pre:
a 15 ;
i T T T (S
£ os
N o b b b b b b b

2. Constrain
backgrounds

300 400 500 600 700 800 900
Recoil [GeV]

1000

Data / Pred.

Events / GeV

3. Search high Ermiss

Signal region 2.3fb" (13 TeV)
T I T 1T I T 1T I T 1T | T 1T | L L | T 1T | T TT
102 3 —&— Data E
E CMS P reliminary —— SM backgrounds (pre-fit) E
r —— SM backgrounds (post-fit)
10 [Jaco -
2 [ Tw 3
i [ single top ]
1L : W-lv |
B [«
:— ] :| Z—vv ]
R PP PRy FCNC M,=0.9 TeV T
10 3 E
102E i =
10-3-|1|||||l||||1...!1...!.1..!....!.11._
2 T | T 1T | LI I LI I T TT I T 1T If‘l T I T If.l
15 k_' 'I'pre" |t "DOS'[- |t
Inas = == +
05 ....................................................
0 11 I | | | | | I | | | | | | 111 | L1 11 | L1 11
300 400 500 600 700 800 900 1000

Recoil [GeV]

4. Find excess

5.7?77?7
6. Profit!

OR 4.

Upper limit [o] [pb]

23" (13 TeV)
— e

10?

-
e
a

P "
| CMS Preliminary
F Flavor-changing
[ neutral current

S

Expected
Observed

1o

20

Theory 3 =Dpe=0-1

n
o
oL

N R R N R
400 600 800 1000 1200 1400 1600

M, [GeV]

CMS

Compact Muon Solenoid

Bo Jayatilaka



CMS searches for dark matter

* Focus will be on 13 TeV (2015 dataset) preliminary results

X Dataset Available
Jets,W/Z(qq) eV, 2.3/tb EXO-16-013 April 2016
\"; 13 TeV, 2.3/tb EXO-16-014 June 2016
o] o) 13 TeV, 2.2/tb B2G-15-007 March 2016
t (hadronic) 13 TeV, 2.3/tb EXO-16-017 June 2016

« Other CMS dark matter results

X Dataset CMS Doc Published
Dijet eV, 20/fbo EXO-14-004 Submitted to JHEP
7A(l) TeV, 20/tb EXO-12-054 PRD 93, 052011 (2016)

tt(l+jets) TeV, 20/fb B2G-14-004 JHEP 06 (2015) 121
t (hadronic) TeV, 20/fb EXO-12-022 PRL 114, 101801 (2015)
TeV, 20/tb EXO-12-047 PLB 755 (2016) 102
TeV, 20/tb EXO-12-060 PRD 91, 092005 (2015)

Y
W(lv)
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Mono-jet/jets/W//
« Search for large ET™ss and =1 high-pr jets
Encompasses both monojet and mono-W/Z (decaying hadronically)
After basic ID, separate into two categories for each
- Mono-V: large-radius jets for highly boosted W/Z: [Et™ss,p1i']> 250 GeV
- Mono-jet: remaining events with Et™iss > 200 GeV, pri'> 100 GeV
Backgrounds dominated by Z(vv)+jets and W(lv)+jets
* Veto events with isolated leptons or b-tags
Fit background and signal predictions to Et™ss in data

1 .
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Mono-jet/jets/\W/Z: results

* No excess observed: set limits on cross section in simplified model
* Fix gg= gom = 1 (direct comparison with 8 TeV) and scan in Mmed and my
Mmeda>1.3 TeV @90%CL

CMS Preliminary 2.3fb" (13 TeV)
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Mono-jet/jets/\W/Z: interpretation

* Results can be recast in terms of nucleon-DM scattering cross section
- Compare to direct detection search limits
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Monophoton

- Search for large ET™ss and a photon
» Dark matter production with an ISR photon

- Large extra dimension models with graviton production and a recoiling
photon

- Select events with one fiducial photon with pt > 175 GeV and Et™s$> 170 GeV
- Angular separation between photon and Ey™Miss
* Primary background is Z(vv)+y
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Monophoton results

* No excess observed: set limits on cross section in simplified model
* Fix gq=0.25, gom = 1 and scan in Mmed and my
* Mmed> 600 GeV @95%CL

 Place limits on EFT model with contact interaction of type yyxx
- Suppression scale A > 542 GeV @95%CL

* Exclude ADD Graviton production up to 2.35 TeV for n=6
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DM-+b/bb/1t

» Search for DM recoiling against jets with b quarks
+ Sensitive to tt+DM production as well
+ 1-tag: ET™ss> 200 GeV, tagged jet pt > 50 GeV, up to 1 additional jet
 2-tag: Et™ss> 200 GeV, two tagged jets pt > 50 GeV, up to 1 additional jet
* Recovers efficiency of tt+DM
* In both cases, veto events with isolated leptons
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DM+b/bb/tt results

No excess seen: set limits combining both tag categories
Interpret as a function of scalar and pseudoscalar mediator masses
Fix my=1 GeV
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Monotop

« Search for single top quark and large Et™'ss
 Sensitive to models producing DM+top via FCNC
* Analogous to monojet but with FCNC

- Select events with ET™ss>250 GeV
 Top decay products in boosted events merged into “fat jet”, pr > 250 GeV
* b-tagged subjet, Jet mass: [110, 210] GeV, and t3/T2to ID top quarks
 Veto leptons and additional b-tags

Signal region 2.3 (13 TeV)
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Monotop results

* No excess seen: set limits on FCNC model
» Exclude mediator masses up to 1.1 TeV @95%CL
- Evaluated for arc=brc=0.1 (roughly gsm=0.1, gpm=1), my=100 GeV
» Extends previous monotop limits
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CMS dark matter search summary

CMS Preliminary Dark Matter Summary* - June 2016
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Conclusions

- CMS dark matter searches aim to leave no (collider-based) stone unturned
- Standardized interpretation scheme and models
* Allows for straightforward comparison of results between experiments
* Interpretations that compare to direct searches
* First set of Run 2 results now available

* No signs of excess yet

 Expect further results (including with 2016 data) in the coming months
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Monophoton: interpretation
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