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GATLAS

LHC vs Direct & Indirect Searches
0L EXPERIMENT

thermal freeze-out (early Univ.)
Indirect detection (now)

s
» Momentum Transfer

- DM SM
% » Direct Detection: |0keV - |MeV
% » Indirect Detection: ~DM mass
O > LHC: up to ~TeV
O
= > Effective Field Theory validity
© DM SM , , ,

| Q < Mmed — gquJA

production at colliders

Interpretation of Dark Matter searches
at LHC is model dependent

I September 22,2016 Dark Matter @LHC, Dmytro Kovalskyi 2 I



SATLAS

N EXPERIMENT

Theoretical Frameworks

/9 » Effective Field Theory

q X > Small parameter space

» Not adequate for LHC - momentum transfer is
A too large

» Simplified Models

> Minimal number of extra degrees of freedom

> A mediator particle is needed to connect SM

Slmpllﬁed Model and DM sectors

»  For heavy mediator EFT is a good

v/9 approximation
q X >  Direct searches for mediators (di-jet search at
M colliders)
» Complete Models
q X > Large parameter space

> SUSY, Composite Higgs

I September 22,2016 Dark Matter @LHC, Dmytro Kovalskyi 3 I



AlLAS

2L EXPERIMENT

DM Search Strategy

> Dark Matter particle nature is unknown

» Need to cover all possibilities

P

LHC DM Strategy: searches in different final states

>  ATLAS-CMS Dark Matter Forum (LHC-DMF)
> https://twiki.cern.ch/twiki/bin/view/LHCDMF

» Publications

P

arXiv:1507.00966 [hep-ex] - Dark Matter Benchmark Models for Early
LHC Run-2 Searches

arXiv:1506.031 16 [hep-ph] - Simplified Models for Dark Matter Searches
at the LHC

arXiv:1603.04156 [hep-ex] - Recommendations on presenting LHC
searches for missing transverse energy signals using simplified s-channel
models of dark matter

"~ September 22,2016
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MET = 1467 GeV

Jet pr = 1467 GeV



MET + X Searches

LLFAPEKIMENI

Signature ATLAS CMS
MET + Jets EXOT-2015-03 PAS EXO-16-037
MET + vy EXOT-2015-05 PAS EXO-16-039 S%

MET + Z(1) ATLAS-CONF-2016-056 PAS EXO-16-010, PAS EXO-16-038 '\

MET +W/Z(qq) EXOT-2015-08 PAS EXO-16-037

, EXOT.2015-23, ATLAS-CONEF-2016-08
MET + Higgs ATLAS-CONF-2015-059

PAS EXO-16-011, PAS EXO-16-012

ATLAS-CONF-2016-077, ATLAS-

MET + ttbar CONF-2016-050, ATLAS-CONF-2016-076 PAS EXO-16-005
MET + top PAS EXO-16-040
MET + b-jets ATLAS-CONF-2016-086 PAS B2G-15-007

Vol alaloa

I September 22,2016 Dark Matter @LHC, Dmytro Kovalskyi 6


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2015-03/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-16-037
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2015-05/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-16-039/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-056/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-16-010
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-16-038
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2015-08/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-16-037
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-019/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-087/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2015-059/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-16-011
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-16-012
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-077/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-050/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-076/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-16-005
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-16-040
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-086/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/B2G-15-007

Experimental Challenges

GAILAS

[ EXPERIMENT

Gamma Jets W (ev)Jets
‘ 1 Wolv — fx(o) - Z—wvv ‘
lzmmm . w W (Iv) Jets
, 5 Control Regions (Zee, Wen, Zmm, Wmn, GJets) to .
estimate major backgrounds. Fit performed
simultaneously in different categories. \
Z (mm) Jets Z (ee) Jets W (mwv) Jets
12.9 b (13 TeV)
> 105 55NL LAY L Y I N B I B B B I . .
o . om | » Primary backgrounds in most Dark Matter
O 104 CMS Preliminary o .
-'g 103 ) wwizzwz _ ) )
z I rop e ; > Z(v) + X and W(LV) + X (charged lepton is lost in W case)
102 [ 20y > 1, yjets .
; e n-mee 1 P Methods to estimate the backgrounds:
1 0 g Axial-vector, MmedH= 1.6 TeV 3
15 » Low MET: use visible Z(f£)+X and W({Vv)+X
15 > Dominant systematics: lepton reconstruction efficiency
107k
: > High MET: use Y+X and theoretically predicted ratio of
2
107 1 = l processes

200 400 600 800 1000 1200
E™sS [GeV]

>  Dominant systematics: NLO EWK effects

September 22,2016 Dark Matter @LHC, Dmytro Kovalskyi 7



MET + Jets QAILAS

EAPERIMENT

CMS 12.9/fb@13TeV

1200 CMS Preliminary 12.9fb" (13 TeV)

CMS Preliminary 12.9 o™ (13 TeV)

1200

O 104t CMS Preliminary : :af
; o Vlv ---------- Median Expected 95% CL
T 108 R wwizzwz 1000 1000~ Expected = 1o uparimen ]
() I oo e ——— Observed 95% CL ]
Lﬁ 2 - Z/y — I, y+jets T " theory :I
10 [ Joaco = 800 — — 800 Y auh? >0.12
() Median Expected 95% CL j > -
1 0 Higgs Invisible, m, = 125 GeV Expected + 16 ment ] q.) -
Axial-vector, M__ =1.6 TeV (D ——— Observed 95% 6"' (D —
= 600 e - =2 600 -
1 g Queh? >0.12 j] g ______ |
£ | € :
‘o 400 | 400} 1
J .
102 |
N 200 200F¢ -
E 15 I [....] Li ..... I..... | I.... | ..... [....] I.... | } ..... | I R I..... |.J ..... | [....] | ..... 4 I I I l I I | 1 | | | I | ’ » 1 I | \\ \\: \
E 1#:W»§.:§:¥%:%:---:{:- - 500 1000 1500 2000 500 1000 1500 2000 .
[1]
9‘ 05 R [ r{ """ [ [ T | """ [ | 1 } """ | I [ |'+I B | """ mm d [GeV] m [GeV]
200 400 600 800 1000 1200 © NS Profimi med
i reliminar 129" (13 TeV
E[IT-]ISS [Gev] ; T T T T I T T T T I T T T T I T T T T | T 250 T TTT | T T 1T I 1T 1T | T ¥I | T 1T | T 1T I T TT | T TT I(l T |e I)
ATLAS - - - - Expected limit (= 10,,,) : Pseudoscalar med, Dirac DM, 9,= 1, 9= 1
- ATLAS 32/ fb@ | 3TeV (.2, /s =13 TeV, 3.2 fb™ ——_ Observed limit (= 1o;Z§ws°a'e) - —— Observed 95% CL
o 7 ¥ Data 2075 = - ial di - B
& E erore oz iy = Orac Fomon | Peavatty L 2001 opsarves ® Ve
P 10 Sig;m Region W(— ) +jets 400~ g,=0.25,g =10 — Relic Density — L Qxh? >0.12
§  10° £7p>250 GeV, E™'>250 GeV i )it 95% CL limits | = - - ,
@ 10* = ‘z':(—» ) +)jetls‘ % 150 & 7 S N \\
I Dibosons —
10° I i+ single top n (D - _
----- m(, 7°) = (350, 345) GeV — L _
102 E - WSS . L (m_,,M__)= (150, 1000) GeV 4 = n _
N TR TR ADD, n=3, M_=5600 GeV ED 1 OO I -]
1 200 — B ]
10 1 ]
1072 i S0 .
E 15 __N'. ..... S | U UURUR VUSRS VRSN U SRR RUURLEP UL TSR U } ....................................... H ‘|l — t =
@ o ) ] . : - - = _
4\(5 1 E.- /f//‘/,‘/é/./é/ﬁz///%/ ‘é%/// / % //////////‘ //////// f"_: O g E é Il | | 1 1 | L1 11 | L1011 | 1111 | | | | [T 1L | [ (LIl L] 1 I | Ill_
® C )| 1 1 L 1 1 1 1 | 1 1
a 05 __. """" 4(I)(). """ PR 6 00800 """""""" 1000 """" AR 1 200 """""" 1400": O 500 1 000 1 500 2000 1 OO 1 50 200 250 300 350 400 450
% Gov m, [GeV] Mineg [GEV]
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MET + Jets @ATI.AS

EXPERIMENT

> 10° CMS 12.9/b@13TeV 1200 ueeCMS Preliminary 12.9 fb" (13 TeV) CMS Preliminary 12.9 " (13 TeV)
& CMS Prelimi "

4 reiiminar
— 10 : y ove L Y Sy 4 b e Median Expected 95% CL
*@ ‘ vl 1 000 ---------- Expected + ‘ks“pmmm
C 10% I wwizzwz
(O] E B oo cuarc —— Observed 95% CL
= i P ) —— Observed + 1o
LIJ 1 02 - Zhy = I, y+jets - s theory

[ Jaco 800 Y Qoxh? >0.12

—
% Median Expected 95% CL
(D Expected * 1o,
[

=
ED

Higgs Invisible, m, = 125 GeV

——— Observed 95% 6"‘

Axial-vector, M__ =1.6 TeV
med

At
,,,,,

10_2 | | | | | | | Ll 200 |
-d 15 I . I....] l.{ ..... I, L] I.... | ..... [ L. | | ..... | R . I....] |.J ..... T..... [....] | ..... { : i : ::
;% | _ L | ; e N \k\\\\\\\
3 %ﬁ« """""" 500 1000 1500 2000 500 1000 1500 2000 ,
8 0.5fpopefp g g L 2 = [GeV]
200 400 600 med
Most S Channel for DM searches
ost Sensitive annel 1or searcnes .-
X ATLAS :
& 10 ATCAS °
in a large class of models
AL L SOV E— . - - R
O =t J 3 150 %
10° -n_ M .+ single top o WS'\:," j‘ X . (2. B
102 - ?;f:;,x;)mjisgyszﬁ)oﬁ;\/eev Si | ¥ ] g B
o e, ADD, n=3, M_=5600 GeV : E 100 - ,
200 | ] C _
1 Y il
107 = ' '.‘ . \\ .
10 : 7 50—_ 1=
% 1_5 ..................................................................................................... T ] _: = ‘l| - e ."
SR Y ] S L 1000 """"""" - 200 """""" 1400": OO 500 1000 1500 2000 100 150 200 250 300 350 400 450
E™° [GeV] m, [GeV] m_.4[GeV]
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MET+Y

JAILA)

i EAPERIMENT

) o' (13 TeV L
> CMS |2'9/fb@ 13TeV > (137 _) . 500 CMS Preliminary 's =13 TeV, 12.9 fb1 CMS Preliminary s =13 TeV, 12.9 fb1
8102__ |:|’é‘f’]et,v\hl(:l,v),z(”)y,W(W),tt’Y |:|\éVZI;ZZ,WW’Y _ % :lllIIlllIlIIIIIIIIIlIIIIIIIIIIIIIIIIIIIIIIIIII_ | g;500_||||]Illllllll]]]lllllllllll|||||IIII|IIII|III C
E [ Beam halo I Spikes = C | Axial V , Di _025 ] C — 4 7 O
o B B e | 8 aso [PV eI, 1 lip 8 Sum [Ty o e
c - - Wy—bvy 3 Zyovvy T 2 4005 | - Theoretical uncertainty 4 7 o 2 o Theoretical uncertainty ERE S
O 10 Bkg. uncertainty ADD, MD=2TeV,n=5_| & = Medi ted 95% CL 1 1 Q g 400p : . = o
> =, ,M__=200GeV, m  =50GeV —e— Data 3 C edian expecie ° = 9 = Median expected 95% CL 4 A q
L EoC 3 350;— """ Expected 16 —; |8 350 | - Expected +1o 4 ] ¢
’ _ 300/ 4 J102.  300F 4 102
= 3 - 1 3 Q u 1 3 Q
e — e I = 250 - 1 f 250F - 4 =
107 V = 2002— — i 2002— — !
- :gf 150 =) 150F- =k
1 0-2 = _;:_ 100§_ —z 100;— —g
- E 501 = 50F E
3L F ] B ; 107
107 ¢ e S e # 100 200 300 400 500 600 700 800 900 1000 " 100 200 300 400 500 600 700 800 9001000
= S0 7 M., [GeV] M eq [GEV]
=~ 2— —
© L
g T e gractds27 A b’///f//‘//WW
0% 500 300 400 500 600 700 800 900 1000
E [Gev] LI LI LI UL LI LI T LI LIl
8 —EF Amas SignalRegon " oarisomsoo J O 350F ATHAS o4 B Clean signature
- — - T -
B 10° = Vs=13TeV, 321" 66(—)“}?:/)%( J1¢g ok [s=13Tev,32fp" - et 5t e :
8 B $rmmsees | — i ] " Aval-vector mediator 1 Expected £ o 1 P Fake photons can be an
c 10 ' = T e Relic density .
” = — . o [ . °
i S8 0 Diraoom Pertutatie it " issue at higher luminosity
108 200F 970259, =1 -
1 ol : > Fake from noise or
: ] beam-halo create fake
10~ 100~ -
£ 158 /////// 50F -
= E 7/ - —
% 0 51 %j/ ’ " /‘/// , 111 | 1 I"l 1 I 1111 | 1111 | 1111 | 1 :
o R L 100 200 300 400 500 600 700 800
150 200 250 300 350 400 450 550 600
E? s [GeV] Moeq [GEV]
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MET+ Z(£4) SAILAS

EAPERIMENT

- CMS I2.9/fb@I3TeV B TeV) 400 12.9 Ifbl'1 (13 TeV i 100 12.9fb" (13 TeV 3
3 - -@- data o vw CMS 3 3 T ] bg s bg
Z+jets/ WW 4+ K P O — < @) <
Lé-, 10° ;-W Z|ets Y _ZH(12t‘;;"q“a’ Preliminary e —E } 350 Expected Limit 7 b§ E 350 Expected Limit bé
@ F . zz <= m,(150)m (500) x 3 i1 = £ 0 e Expected 1o ] c - B Expeced 10 c
GC) i 1 B ThessrrvTJncg]:tI;int _ E 108 Thss:v%ncz:tl;int = 102
o 10° E o 300 ; 4 3 300 ’ el 1] E
= = 4 4 = 4 4 =
- - _ ° _ ke)
- ] 1 1 o 1 1 @
10° & — 250 Vector mediator — - & 250 Axial-vector mediator—| 4 £
= = _ %) — N
— = ] o ] Rt
u ] 200 U Dirac fermiony 4 3 j 200 Dirac fermiony 4 3 j
102 = A _1 1 3 o 1, g= R
E gx—1,gq—0.25 1 1 = gx-1,gq-0.25 1 1 =
Y S R 150 - 1 3 150 = | 3
10 g Sl m
100 = 10 100 N = g0
o 15 : Y 2
% 50 o 50 i
= , . . - N :
0O 0.5 g ) | TR R B o 10-2 O_I c oy g ES 1 102
PR P
160 25 560 550 300 S5, 0 200 40 600 800 1000 1200 0 200 400 600 800 1000 1200
ET'* [GeV] m, [GeV] m, [GeV]
%) 1(: ATLAS I3.3/m@ I 3Tev ;‘ 180 __I LI | L I T 1T | T 1771 | L | L | LI I__
(O] R \s=13 TeV. 133 o' — \7VLZ ";\vkwlll_—\vf[*l'*'jets 8 C ATLAS Pre”minary - Expected limit (11 0) .
= , 13. - mm Fake Lepton Y, C ]
© "E lush comp - Oferigs casiisys g 100 [etaTel 1as —osnesit 7 2 Clean channel especially at
B 10? — ZHinv. = Vector, Dirac,g =0.25,¢ =1.0 ] P y
=] _mx=1GeV,mmed=1OGeV 140__ q X 7 .
q>) 10 —— m, =50 GeV, m .= 300 GeV C ‘ 7 h |gh M ET
L 120 -
1o 100 & = > Low MET region gets a contribution
102 80 e from fake MET in Z+jets events
1073 C ]
60 O 1 . . .
I : S— : 1 P Comparable sensitivity
D {5 S S— PPN TS SRS S S 40 - —
% 1?{%)7,(?/7/#;#'#//-5/////- - /'/f/'Ai”///////QEV//////E‘////)?‘/*/i///}%’//}%//f C N between AT LAS and CMS
Soos e b g :
o £ 5 i i i : i i — , 0 oo v b b | ]
10 Emiss G \}O‘ 0 100 200 300 400 500 600 700
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> Different production mechanism

> ISR-like production is Yukawa-suppressed

> H—bb - highest cross-section

7
= 10 I + Data I o
(O] 1 06 s = 13 Tey [ Z+jets
o L=3.2fb [ tt + Single top
Yo [ W+jets
(\D 1 [ Diboson
— [ Standard Model VH
CICJ 104 Merged - Multijet
> it Background Uncertainty
w. 35, I e Pre-fit Background

- mono-H Vector Mediator
M, =2TeV, M =1GeV
=0.1 pb

USlgnal

1 ‘ 1 1 1 1 7;
800 1000 1200

m|
* [GeV]
23fb (13 TeV)
x L L B B B B L B
= B CMS Preliminary ° Data - Mz _600
O 50z pMm + H(bb) mzj -M,=800
= - SR(resolved) mWwj --M,=1000
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MET+ Higgs(YY)

AILAS

EAPERIMENT

S

» H—YY - clean Higgs signal

2.3t (13 TeV)

. 31035' T [ r ot IE %:102§_HIIIIIlli\ll-ll-l-lllIIIiIEI\IVIKI+|YHIIIHH_E
> Dominant backgrounds are non-resonant & S | CoMs  COsMH oy Cvjets E
~ [ —e— Observed - Mo  F preimngy MREWK+ vy @ vy ]
; i ATLAS Preliminary MNe Y BB DY +Jets []MC Uncertainty (Stat)
. . C =l Y] ssmamas ) — ——D N
? Flt In MYY SPeCtrum to ﬁnd Slgnal T B ExpeCted [ -1 7] "2 2HDM :it;nalswith o*BR = 1fb
IO Expected £16 \s=13TeV, 1331 3 ot g o B =  a0cev
> LA L L BN L B LI AL B BRI PO N g . — m, =1000 GeV 3
S 108 —4— Data Q T 10" [ ] Expected £ 20 ] . i ]
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S 10° Is=13TeV, 133 fb" B v jet = X i i
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MET + b-jets GAILAS

b

> For Spin-0 mediator coupling to SM is
most likely of Yukawa type

> Proportional to SM mass

> MET + heavy flavor quark — better sensitivity

ie}

DM + heavy flavour 217" (13 TeV) DM + heavy flavour 217 fo' (13 TeV)
2 :ICMS |III"II'I'HH'IDHI‘IH:‘2 EICMS IHHll”ll”llllDHIIHHE |.o40 l'I' 13 E +5_
C —e— Dat: . = —e— Dat: . - N - ]
L%SOOO L Preliminary 1 b-tag category -z(i\l/i) +jets | |_u>|j 300 L Preliminary 2 b-tag category -Z(a\lr\a/\) +jets S asE- - ATLAS Prel|m|nar¥ Dgtt: (‘{_C— 13 eV) 3 S 70— ATLAS Prel|m|nar¥ 'IQgttgl |\‘£|_C 3 TeV —
V) + - v) + j 1 o —] - ]
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1000 single t — single t @ F mm Single Top 1 60 mmm Single Top -
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44 m;=1000 GeV 20 %44 My=1000 GeV | = —— bb® (20,1) GeV (6x60) 1 C —— bb® (20,1) GeV (ox60) J
1008 7} DM+bb/tt, m =1 GeV "= DM+bb/tt, m, =1 GeV 20 > i 40— — > ]
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30 . ] 15— 5 0E \ E
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Kl 7 20 e _l = ] C \§ ] T
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2 5? —_ 107 A |
5 . i S e W B e s R R
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om 1'5;? . 3 o 1'515_ YR S 0k | 0w E
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MET + Single Top
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Dijet Searches
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nvisible Higgs
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Expand limits set by DD searches at low DM mass
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Comparison with DD and ID searches
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Simplified Models allow for comparisons

with Direct and Indirect Detection
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Relict density is not used in the

Results strongly depend on the choice of
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QAILAS

N EXPERIMENT

Summary

» Dark Matter searches at LHC is a complementary
approach to Direct and Indirect Searches

> Dark Matter particle nature is unknown

» Need to explore all possible final states

» ATLAS and CMS are moving toward a common
theoretical framework based on Simplified Models

» No evidence of Dark Matter is observed so far, but
the efforts are growing with more channels added
each year
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SAILAY

" EXPERIMENT

EFT vs Simplified Model

» Compare EFT and Z’ mediator model

» Cases
> EFT is valid

Q2 < Mr%ed — gqg,{AQ
» Resonance enhancement - limits are conservative
Q" = Mpq
> EFT is invalid - EFT limits are stronger
Q" > Mpeq
> arXiv:1603.08002
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