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Why DM at the LHC?
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e Different experiments probe different (DM) parameter space

* Colliders: low masses (~ 10 MeV?), Spin O/1 (P +1/-1)
* Direct Detection (DD): high masses (~10 GeV), Spin O (P +1),Spin | (P +1/-1)
* Indirect Detection (ID): large range (100 GeV -..TeV), Spin 0 (P -1)

* A possible discovery will have to be cross checked in more

than one experiment
* different experiments are sensitive to different DM properties (ie: nature of the mediator)
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* Typical signatures:

DM searches at the LHC

MET + X Resonances
r p N 4 N
q X
q or g q or g
MED
9q Ix
MED
qorg qorg

e Rely on simplified models (arXiv: 1507.00966)
to interpret the results

Pair-produced DM Dirac fermions, X

DM is stable on collider timescales

DM is non-interacting with the detector
Couplings: vector/axial/scalar/pseudo-scalar
Minimal Flavor violation

Minimal Decay width: couples only to SM and X

>
>
>
>
>
>

* Minimal set of parameters: gq, gy, MMeD, My
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~  Mono-Jet/Mono-W/Z "0,

%(é
® Selection: MET>200 GeV, >= | jet, lepton/b/y veto
® (Categorization:
® mono-W/Z: MET, pm*®> 250 GeV, jet mass [65,105] GeV, T2 /T| < 0.6
° Tn are indicative of a N-prong decay
® mono-jet:all other events w/ pt*> 100 GeV, MET>200 GeV
® Background and Signal predictions are fitted to data in MET
® 5x2 control regions (CRs) plus 1x2 signal regions (SR) simultaneously fitted
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Mono-Z KN
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® Selection: MET>100 GeV, pre¢/M¥>60 GeV, Ap(ee/
UUY,MET)>2.8, [pree/sl -MET]|/pree/M < 0.4, > jet/b/>2 lep veto
® Background and signal predictions are fitted to data in MET
® background shapes from MC @ NLO
® (pre-fit) normalization for :
>  WZ/ZZ:from MC @ NNLO-QCD, NLO-EWK
>  non-resonant background (WWY, tt, tWV, Z+jets) from ey CR
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" Compact Muon Solenoid

Mono-Z

* No observed excess: MMep <~400 GeV excluded (vector/axial)
e Recast to limits on SI/SD DM nucleon cross sections
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® (Categorization

Mono-H(bb)

® Selection: MET>150 GeV, lepton veto

® resolved: MET<500, at least two R=0.4 jets;
® boosted: MET>500, at least one R=1.0 jets w/ at least two track-jets (R=0.2)

° substructure variables (e.g: T2 /T1) use to further reject multijet/top background

® Background and signal predictions are fitted to data in di-jet mass
® W/LZ+jets, multi-jet backgrounds initially estimated from dedicated CRs

® Other backgrounds from simulation

® No observed excess: MMep <~ 0.7 TeV excluded (vector)
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¥ATLAS  Mono-H(YY)

o Selection: MET>150 GeV, pr" > 25 GeV, Myy in [105,160] GeV

® 4 Categories defined based on ptYYand MET significance
® Background predictions are fitted to data in Myy

® one fit per region
® major backgrounds: SM Yy, Y+jet, WY/YY, Higgs

® normalization/shape of Higgs myy from MC
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® Direct probe for Yukawa couplings of spin-0

mediators

® Selection:

all-hadronicc MET>200

di-leptonic:

requirements

semi-leptonic: MET>160 GeV
MET>50 GeV
all channels: b-tag and min A (jet,MET)

tt+DM

® |eptonic channels: leptons are identified is pT>30

GeV

® All-hadronic/semi-leptonic (Exo-16-005)

® Dominant background: SM ttbar with one less

hadronic top

® Categorization: employ a resolved top tagger (RTT)

to improve the significance of the search

® Di-leptonic (ExO-16-028):

® Major background: SM ttbar

Events / Bin

Data/ MC

1600

1400

1200

1000

800

600

400

200

1.2
1.0
0.8

1.4 —

Preliminary

T | T T T |
—e— Data
- tt(11) Hadronic Matched

- tt(11) Combinatorial
- Other Background

Characterization Region

RTT

t Vo
.|. ........ +++++ ........ + +++++ ..... +++++++++++¢+’¢‘¢¢.o‘¢ ..... _

06—

0.0 05 1.0
resolved top tagger discriminant

Friday, March 24, 17

11


http://cds.cern.ch/record/2204933?ln=en
http://cds.cern.ch/record/2204933?ln=en
http://cds.cern.ch/record/2226566?ln=en
http://cds.cern.ch/record/2226566?ln=en

tt+DM %,

® Signal and background fitted to data in MET

® All-hadronic/semi-leptonic: simultaneously fitting 3 SRs + 9 CRs,
® di-leptonic: simultaneously fitting 3 SRs
Drell-Yan and fake-lepton backgrounds estimated from CRs,
»  other backgrounds from MC
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® Observed exclusion for MMep=10 GeV, My=1 GeV (gsm=gpm=1) in all-hadronic/

semi-leptonic only

tt+DM

® First expected exclusion of low-mass scalar mediators

® Expected/Observed exclusion improved/worsened when adding di-leptonic
> cause: upward data fluctuations in low-MET region

all-hadronic+semi-leptonic
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¥artas  Dijet searches (high mass) ™,

® Selection: two energetic jets (Pt>440, 60 GeV) w/ small
rapidity separation, veto on extra jets

® Background and signal predictions fitted to data in di-jet mass

® a proper functional form (cross-checked in simulation) is used for the SM background

® Exclusions down to Mz ~ .5 TeV
>  w/ trigger level analyses (““TLA”) mass reach extended down to ~0.5 TeV (aTLAS-CONF-2016-030)

ATLAS Preliminary

: |
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(2N )
yartas  Dijet searches (low mass) ™,
EXPERIMENT /6'
<
%
[ ] [ ] [ ] [ ] [ ] &
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® X+Y:ErY > 150 GeV, two jets w/ Pt>25 GeV and small rapidity separation :-----ooooeeevviiiiiiiiiiiinn,
o X+j: Py > 430 GeV, two extra jets w/ P1>25 GeV and small rapidity x
separation
® Exclusions down to: q W !
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§ATLAS  ATLAS DM Summary *

® |epto-phobic Z’ dijet results reinterpreted in terms of

DM Mass [TeV]

DM spin-1 mediators

>

Z’ width depends on (Mmep, My)

® and compared to complementary MET+X results
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Dijet limits are very strong for (relatively) large g,
complementary to MET+X limits at lower g,
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CMS DM Summary ™,

® Mono-Jet and tt+DM (all-hadronic/semileptonic) %
compared in term of scalar/pseudo-scalar models

® Recast of (MET+X) Mmep Vs My limits in terms of DM-
nucleon cross sections
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; CMS Preliminary ICHEP 2016 o 107
=10 E o -
§ = Observed exclusion 95% CL Scalar mediator O, 10-%6L- CMS Preliminary .
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- - n A =0.25, = .
O ~ 10tk DM + bb (2.2 fb™) B2G-15-007 9q=19p =1 © 1097 L- ) % Tom i CMS DMV
g © = DM + tt (2.2 fb™) EXO-16-005 [EXO-16-057]
~ . -1 g CMS DMy
— - DM + ]qu (12.91b7) 1 0—38 ;gmnm [EXO-16-039]
o 10° = fermion only EXO-16-037
(q\] ; ............ _39 @ CMS DM+Z,
DI_ - Otneory (LHC DM WG) 10 Il [EXO-16-038]
2 102 = 1074 i
U) = DD/ID observed exclusion 90% CL
= N 1074 - 4R — PiCO2L
@) [ — Pl SRR
o = R
= 107 [Pic)?'sgsm 07754]
- arXiv: .
B 1 0—43 S — S — SuperK t*t
1 L e w T ——— CMS DM+quq[EXO—16-037] [arXiv:1503.04858]
- 1 0—44 - IceCube t*1°
- = [arXiv:1601.00653]
1 0—1 I | | | | | 1 1 | | |
2 45 Lol 1 Lol 1 Lol
10 10 10 > .
M, oy [GEV] 10 10 10

Mpy [GeV]

Collider results provide the most stringent limits up to MX ~100 GeV
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https://cds.cern.ch/record/2208044/files/DP2016_057.pdf
https://cds.cern.ch/record/2208044/files/DP2016_057.pdf

Conclusions

® Remarkable amount of results at colliders:

[see backup for more]
® from MET+X searches

® and recast of resonance searches

® Results explored new phase space

® Multi-TeV spin-|1 mediators
® [ow-Mass spin-0 mediators

® Re-interpretation in terms of DM-nucleon cross sections
confirmed the complementarity between colliders and DD(/
ID) experiments

® Unfortunately no signs of DM yet... :-(

® Hunt continues with way more data :-)
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® backup
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List of CMS/ATLAS DM searches

S.Schramm 2016 Moriond talk

K. Hahn Aspen 2017 talk

ey
K ATLAS
jet or hadronic V 2016, 12.9 fb-1 EXO-16-037, Analysis summary table  ONIVERSITE
1703.01651 DE GENEVE
photon 2016, 12.9 fb-1 EX0O-16-039 Analysis. Dataset Public link
Production search:
Z(Il) 2016, 12.9 fb-1 EXO-16-038 EF'*s+jet 2015 Paper: EXOT-2015-03
Higgs (yy) 2015, 2.3 fb-1 EXO-16-011 ET™ 4+ 2015 Paper: EXOT-2015-05
. . ETS+Z(— 1) 2015+2016 | Note: ATLAS-CONF-2016-056 new!
Higgs (bb), with yy combo 2015, 2.3 fb-1 EXO-16-012 EZs+W/Z(— qq) 2015 Paper: EXOT-2015-08 new!
tt (hadronic, semileptonic) 2015, 2.2 fb-1 EXO-16-005 ET'**+H(— bb) 2015 Note: ATLAS-CONF-2016-019
ET™+H(— vv) 201542016 | Note: ATLAS-CONF-2016-087 new!
_ _ o Emiss  H(— 0060) 2015 Note: ATLAS-CONF-2015-059
tt (dileptonic + tt combination) 2016, 2.2 fb-1 EXO-16-028 E}Fiss_Jr_b_jets 201542016 | Note: ATLAS-CONF-2016-086 new!
Efiss+tt (00) 2015+2016 | Note: ATLAS-CONF-2016-077 new!
t hadronic 2016, 12.9 fb-1 EXO-16-040 E??SS—F@ (1¢) 201542016 | Note: ATLAS-CONF-2016-050 new!
ET™5+tt (20) 2015+2016 | Note: ATLAS-CONF-2016-076 new!
bb 2015, 2.2 fb-1 B2G-15-007 .
Mediator search:
Dijet 201542016 | Note: ATLAS-CONF-2016-069 new!
» Trigger-level dijet 2015 Note: ATLAS-CONF-2016-030
dijets 2016, 12.9 fb-1 EX0-16-032, Dijet+ISR 2015+2016 | Note: ATLAS-CONF-2016-070 new!
1611.03568
B Summary plots:
boosted dijets 2016, 2.7 fb-1 EXO-16-030 Mediator searches 2015+2016 | Plot: Summary plot page new!
dijets 2016, 27+36 fb-1 EXO-16-056 Search combination | 201542016 | Plot: Summary plot page new!
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https://indico.cern.ch/event/550030/contributions/2430650/attachments/1431182/2200608/aspen17_DM_CMS_kristian.pdf
https://indico.cern.ch/event/550030/contributions/2430650/attachments/1431182/2200608/aspen17_DM_CMS_kristian.pdf
https://indico.cern.ch/event/432527/contributions/2207063/attachments/1321078/1981172/StevenSchramm-ATLAS-DM.pdf
https://indico.cern.ch/event/432527/contributions/2207063/attachments/1321078/1981172/StevenSchramm-ATLAS-DM.pdf

® Selection: MET>170 GeV, pt¥> 175
GeV, A@(Y,MET)>2, veto e/l

® Major backgrounds:
® /(vv)tjets,W(Iv)tjets:

® estimated from simulations with NNLO QCD
+NLO corrections

® cross-checked in Z(Il)/W(pv) CRs

® (e/jets->)y MisID and non collisional
background:

® estimated from CRs or SR sidebands

—
o
N

T Il{lll [ IIIIII| I

1

Events/GeV
)

Data/SM
N

Mono-Photon

CMS Pre//m/nary

129fb (13 TeV

~—

[ Beam halo
] jet— y MisID
N Wy— vy

Bkg. uncertainty

............

] v+et, W(u ) Z(llyy, W(W) tty I:I Wz, ZZ WWY

0 Spikes

[ electron— y MisID
1 Zy-> vvy

------ ADD, MD=2TeV, n=5

[ {i

||I\\1||| I

Ot s T T WW

200 300 400 500 600 700 800 900 1000

Er [GeV]

® Counting experiment to extract a potential excess
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Mono-Photon

® No excess observed
® Mmep</760 GeV, My<200 GeV excluded (vector/axial)

® Results used also to set limits on various ADD extra dimension scenarios

® Recast limits on SI/SD of DM-nucleon cross sections and
compare to DD results

500 CMS Preliminary ls =13 TeV, 12.9 fb-1_ CMS Preliminary \s =13 TeV, 12.9 fb"
;‘ : T | T'TTT | FTTT | T 1T | T T | T T | T'TTT | FTTT | T 1T | T 3 i O (\'j_| : A
8 4502_ Axial Vector, Dirac, g,= 0.25, 9o = 1 E g g 10736 = PICO-2L
— n Observed 95% CL 1 10° c_<|2 — - —— PICO-60
E 400 | " Theoretical uncertainty 9 3 ) S 1 0_37 :_ IceCube t*1
S - Median expected 95% CL 4 Qo % = Super-K 1
350 | - - Expected 1o = gq B -
u 1 N C 107
300 — —10 9\ g -
- == Q. L0l
250 -3 = A9
u 4 o, 1 7 a0l —~———
200 ™ - - 107
_ % 7 = )
150 "=_ o 1 T ’_,,'
= i E 107 S -
1005_ _E 4 :_— ----- Axial vector, Dirac,g = 0.25, 9ou= 1
50 = 10 B Observed 90% CL
- 4 1 - e Median expected 90% CL
- ,|,i_,,,|,,,,-_|- 10_ 10—43 1 Lol 1 Lol 1 I N I A
100 200 300 400 500 600 700 800 9001000 1 10 10°
M__, [GeV] Mpy [GeV]

Friday, March 24, 17



A
?
Q
0 CMS Preliminary 12.9fb" (13 TeV
_I TTT I TTTT I TTTT I TTTT I TTTT I TTTT I TTTT I TTTT I TTTT I TTT I_
9E- 4,.§9§'.?!..’.??99..9!@9_9!‘4’.'4.49 -19-1 444444444444444 S
g‘ E — Observed 95% CL : ' ' '
g 8 :_ ' Median Expected 95% CL
\b 7 :_ - Expected £ 1o
_E E Expected + ?G
E 6F o m
(T) 5 :_ ><
o r
K O
o R i
J E —
O 3k o
S C ]
i of o
o2 . W
1f ~N
EI 11 I 1111 I 1111 I | I | I 1111 I 1111 I 1111 I | I | I 1111 I 111 1-
0 50 100 150 200 250 300 350 400 450 500
m_.4 [GeV]
couplings to fermions and bosons
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http://cds.cern.ch/record/2205746?ln=en
http://cds.cern.ch/record/2205746?ln=en

mono-photon

Limits for vector/axial mediator of 760 GeV

\ “'—
.-1"
Also: \ :
Dacans @ : e
. ! SavN
« Dim-7 EFT scale up to 620 GeV /! ! - | ~
« ADDLED M, >2.4410 2.60 TeV forng, =310 6 N /f
/""/ .l ; -
CMS Preliminary Vs =13 TeV, 12.9 fb’ CMS Preliminary s =13 TeV, 129 fb'
= 500 ! 1 S == 500 : o
o Vector, Dirac, 9,.= 025,g =1 1 8 @ F Axial Vector, Dirac, g = 0.25,g =1 ™ 3
% i Observed 95% CL - 102 S 2 450 Observed 95% CL ERERT §
3 400E |- Theoretical uncertainty 2 o) z 400:”- ...... Theoretical uncertainty ERE P
S ——— Median expected 95% CL ] o (S £ | —— Median expected 95% CL N =
35088 ------ Expected t1o : § 350'.;_ ...... Expected +io - 8Q
& F - 7 2
<10 95 300 =4 d10 2
B | A
- 200 3
1 150 a0 1
100 —E
4 107 il o
100 200 300 400 500 600 700 800 9001000 100 200 300 400 500 600 700 800 900 1000
M, .4 [GeV] M, . [GeV]
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Update: DM Mediator Search w/ Dijets

A combination of :
 Low-mass (0.6-1.6 TeV) search with 26 fb-1 using data scouting
* High-mass (> 1.6 TeV) search with 36 fb-1

Model-independent search for excess in dijet mass spectrum

« Sensitive to wide range of BSM, including DM
AV mediators excluded between 0.6 — 2.6 TeV

CMS Preliminary 27fb'& 36 b (13 TeV)

; - ] L] L] L] I 1] 1 L] l ] ] | 1 ! lllll I ] 1] L] L] I L] ] 1] L] l .') - ’l’,"| I L] —
@ 1600— , —
S r ]
= 1400 — —
[ 2 N
3 1200 - 12 ]
[ Qeu 47 ]
1000 — Axial ———
£ ¢ mr:‘l')u ] = S
800 |— ;- ]
C b %k X £ Qf\?« "gq-0.25 -
600 :__ ‘:1{ ) ',' gDM = 1.0 _—_
= G ~ Dijet95% CL ]
400 . ]
- — Observed -
- /| ----Expected J
0 o P | P PR T ST WY W W N U SN N T ! PURET RN R T S W W | n
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CMS Preliminary

Dijet (low
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] e .
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-16-030/index.html
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-16-030/index.html

ATLAS Mono-Jet/Mono-W/Z 2,

%4‘9
® Selection: MET>200 GeV, >= | jet, lepton veto
® additional cut to remove events with instrumental MET
® (Categorization in several inclusivetexclusive SRs by
varying the MET cut from 250 GeV to 700 GeV
® No observed excess:
® axial-vector model: Mmed< | TeV, Mchi<250 GeV excluded @ 95% CL
® data used for exclusion limits of other models (extra spatial dimensions, SUSY)
I T e e = e
(o.') 10 Standard Mode! [ | ATLAS - - - - Expected limit (= 10,,) |
g 10° (§ = 1|I:?T6.V, 32"’  m— 3‘ -.x‘\;)'o’):; 9 ls=13TeV,3.21b" U Observed fimit (= 10:;2;yscale)
g 10° kg ;S)g;aso Gegsnﬁ:"”>250 GeV E ::_. ::)):’:? Ex i g;i:l\;:c::i;“:g;amr Perturbativity Limit
w 4 SRTION | . . _
10__‘ - EXOT.2015-03 =l°‘:m"“' 400 gqs;OéiS;-gﬁ:LO Relic Density
10° B t + single top A imits
| ‘E&- ----- m(B, ) = (350, 345) GeV
10 e (mu,M.‘)IUSOJWO)GOV
10 T EXOT-2015-03 1
1 .
10" 200 n
10
. MR
(L) 1le ,,0,,0,,0,,, ,,,,,,,, +++T ........ [. .......... L SIS %
g e O ¢ |
O oSk L. .........
400 600 800 1000 1200 1400 0 R N I ST B
ET* [GeV] 0 1500 2000
m, [GeV]
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2015-03/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2015-03/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2015-03/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2015-03/

Recast (MMED, MX) to nucleon-DM xsec (arXiv:1603.04156)

2 2 2
ogp = f (gq)gDMp'nx
— — :

Ja) = 37q -
f(9q) 9q .
' =
og1 =~ 6.9 X 1074 cm? - (gquM)2 LleV ( Fnx )2 8
- 025 ) \Mpea) \1GeV/ L

f(g,) =1.16-10"g,,
and therefore the size of a typical cross section is (&
<
N2 [(125GeV* 2 3
~ 6.9 x 10743 ¢m? - ( 229PM Fnx )"

= 8 e ( 1 ) Med (lGeV) A
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https://arxiv.org/pdf/1603.04156.pdf
https://arxiv.org/pdf/1603.04156.pdf

Recast (MMED, MX) to nucleon-DM xsec (arXiv:1603.04156)

o £2 2 2
3f (gq)gDM/"nx | fp,n(gq) _ A&p,n) Gy + A((ip,n) gq + Agp,n) Js
7Tﬂjfned

OSD =

Under the assumption that the coupling g, is equal for all quarks, one finds

f(gq) — 0329q~

and thus

Axial-vector

4
SD 49 o2 (9q9pm\2 [ 1TeV Pny \2
~ 924 % 10742 cn ( ) ( ) |
7 025 ( Moea ) \1GeV
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https://arxiv.org/pdf/1603.04156.pdf
https://arxiv.org/pdf/1603.04156.pdf

