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BSM

After LHC Run-1

Atoms
4.6%

Dark
Energy

71.4%
' Dark °

Matter

q — T

DM appears at various astrophysical scales
But particle nature unclear - we don’t know what it is!
Search with Direct Detection + Indirect Detection + LHC!



Experiment & theory

R L ] R e e
experiments, he says, "dominated CERN physics, perhaps the world's,
for a dozen or more years, with crucial precise measurements that
confirmed the Standard Model of the unified electroweak and strong
interactions”.

These days, Jack still comes to CERN with the same curiosity for the
field that he always h

ad. He says he is "trying to learn astrophysics, in

tal d KS C O teres

question today is dark matter. "You have a Standard Model which does
not predict everything and it does not predict dark matter, but you can
conceive of mechanisms for making dark matter in the Standard
Model," he says. "You don't know if you really understand it, but you
can imagine it. And | am not the only one who doesn't know."
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Jack Steinberger photographed in his office at CERN in 2016.

and clear: take the SM, extended to include Majorana neutrinos, which can
explain the smallness of active neutrino masses by the see-saw mechanism and
baryogenesis through leptogenesis, plus some form of DM, as valid up to some

very high energy. Indeed at present in particle physics the most crucial exper-
imental problem is the nature of DM. In this case a vast variety of possible
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Dark Matter

Astronomy

Observation in Space
Gravitational evidence
Galaxy rotation curves

‘Roftation curves

Observed

LHC @ 13 TeV

Production at Collider

No interaction with detector
Search for energy imbalance

,ATL

EXPERIMENT

http://atlas. th"
V.
” //
./

\

Run: 204763
Event: 49333326
Date: 2012-06-09
Time: 16:08:25 CEST

LHC SUSY searches: C.Rogan [yesterday]
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Monojet event

CMS Experiment at LHC, CERN

C ] Data recorded: Tue Oct 4 02:50:32 2011 CEST
Run/Event: 177783 / 442962676

! Lumi section: 273
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Monojet signal

[ N
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Main backgrounds: V+jets

ﬁMﬁet

f

\
1
Y DM

~

(Z(vv)+jet




Selection

MET
» Raw PFMet > 200 GeV
» Pass standard MET/noise filters

» Plus recoil corrections
(more details later)

Event topology
Ad(j,,MET) > 2.0
AD(j,,j,) <2.0

If #jets=2
For ISR [boosted+mono]

CR (u+ty)
> M n|<2.1 & p:>10
& POGTightID

> v:|nl<2.5 & pr > 160
& EGammalD medium

CMS PAS EXO-12-055

Jets
» Large jets: CA8 CHS PF Jets

- Substructure - boosted V
» Default jets: AKS PF jets
> |n|l <2.5 & p;>30
» Require PFJetld loose & PUJetID loose

19.7 b (8 TeV)

Event categorization
Monojet
Boosted V
Resolved V

Events / 5 GeV

dataMC

R R T N
e = = g 5 @ 8 & 8 §
o b b 8 8 8 8 8 S 3

ooooooooooo

0 150 200
Pruned Jet Mass [GeV]

Vetoes (j+u+y+e+r)

> #Hjets > 2

> M:n<2.4 & p;>10 GeV & Global+Tracker

> ¥:n<3.0 & pr>10 GeV & EGammalD medium
> e:n<2.5 & pr>10 GeV & EGammalD veto

> 1:nN<2.5 & p:>15 GeV & HPSPFTaulD loose

EVENT MET+JET

CONTROL
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Selection

Event topology
> A®(j,,MET) > 2.0

> A®(j,,j;) < 2.0
> If #jets=2
> For IS

“if you want to see nothing,
you have to reconstruct everything”

> Pass standar
> Plus recoil corrections > Default jets: AKS PF je
(more details later) > |n| <2.5 & p;>30

> Require PFJetld loose & PUJetID loose

CR (uty) Vetoes (j+ut+y+etr)
> M n|<2.1 & p:>10 > #Hjets > 2
& POGTightID

> p:nN<2.4 & p:>10 GeV & Global+Tracker

> y:[n|<2.5 & py > 160 > y:n<3.0 & p;>10 GeV & EGammalD medium
& EGammalD medium > e:n<2.5 & p>10 GeV & EGammalD veto

> 1:nN<2.5 & p>15 GeV & HPSPFTaulD loose
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Data vs sim

Out-o/t-box

» 3 categories combined

19.7 fb™' (8 TeV)

Events/GeV
3 & 3

[y
o

—

10"

102

CMS
Preliminary

—+— Data

[ Z(— vv)+jets
B W(— v)+jets
B top

[ Dibosons
B QCD

B Z(- ll)+jets
Higgs m =125 GeV

1.5—

1

05—

200

300 400 500

600

700 800 900 1000

ET™ (GeV)

» Default simulation of Z+jets & MET resolution
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Strategy

Main challenges

- Reconstruction
»>MET

- Theory
»NLO

- Control statistics
> Z(uM):Z(vv) = 1:6

Other exp. eff. corr
- Trigger
- Vetoes

» Electron & Muon
> Tau [largest veto unc]

—

/Solution

- V+jets CRs: 1-p + 2-p +y
- W+jets + Z+jets and y+jets
- Fake MET = recoil

- Sum over visible leptons
\ » Use as a proxy for MET

~

/

CMS MET reconstruction performance: http://arxiv.org/abs/1502.05207
First recoil corrections in CMS MET paper: http://arxiv.org/abs/1012.2466
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SR vs CR

Z(ppu)+jets

= Recoll
I 7’/
I

But uu/vv = 1/6

/single
lepton

~
v
\ W(uv)+tjets
| - -
y
~
v

yt+jets

= ZIly
Y
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V+jets fit

- Control regions with correction factor R

W—lv
szt|')’ _ I"iZ—WV W __ I‘li
i o RZ|'Y Ni — W
,- R!

»Simultaneous fit in SR and CR — yielda pj
» BR & eff per bin/category

» [theo/exp nuisances (3,¢)]
> Differential NLO k-factor for pAV)]

c,Z—vv
L2,y 9, ) = HPoisson (df'7|Bf’7(¢) + ’129/7(9))
i 1

Z\pcZ I‘F'Z_)W
x | [ Poisson | d54|B¢ + =
11 ( ) Rf’z(e))

c,W—lv

« T Poi df’w Bf'w n Hi )
1:[ msson( |BS™ (@) —Rf’w(e)
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V+jets fit

- Control regions, correction factor R

W—lv
N_Zm«|')’ _ in—)vv NW _ :ui
i A =
Ri 47 1 R:'V

»Simultaneous fit in SR and CR

» BR & eff per bin/category
» [yield u, theo/exp nuisances (3,¢)]

» Differential /NLO k-factor for p(V)]

&, sF arXivhep-ph/0508253)

15% in the high pT region

1.12F

c,Z—vv
L2, uW = g, p) = ] [ Poisson (df'”Bf 7(¢) + };ic,'r(e) )

2 , yg,Z—wv
x | | Poisson | d$“|B% AL S
[{roseen (41570)+ g

c,W—lv

x [ ] Poi aW B () + K
1:[ msson(l |B;"" (¢) Rf’W(O)

1. Z+jets QCD NLO
» Using aMC@NLO

2. EWK NLO correction

» Using ratio Z+jet/y+jet
»Uncertainty:

> EWK dominant at high MET
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Control

photon / dimu / single mu

marcje catagory 1Wre (8 Tew) 1071 (0 TeV) 107 8 Tew
; —+ Data - Prowosjer i =+ Dan - Dimwon = Cutn - Woals viomt
] — Expeciod {post-81) z‘ — Expeciod {post Sl —Enpected (poad1)
regions S e
— Espectod (gre-11) w— Expeciod {predl)

- Recoil
after fits

» All final states

| S—

Ly VET (GoV) fake VET (GoV) fake VET (GoV)
197t BTew) 197 BTV reschvod category 1971 8 Tew)
2 W
~In agreement o T | 3 e
— Expactod {post4) — Expactod {post4n) : — Expectnd ipoet11)
[ vacegrownas [ vacegromnas [ ascipoumss
= Eapacted (pro-1t) = Eapactod (pro-1t) — Expected (pre-t)
1
I
. o L,
| 9
l 1
t +
BN
Ak NET (CaV) Scs NET [CaV) e NET (GaV)
197 (8TeV) 107" (8 Tev) 1071 (8 Tew

= Data - Prosen-jet

= Expectod {gost-§) = Espectod {postS1) S Expected (peat-41)
D Bacegounds D Bacegrounds D Hachgoands
— Eapacted (pro-tt) — Eapactod {pro-tt) — Expected (pre-it)

=4= Dan - Dimuon

e Gt - Wosla v}oet

boosted / resolved / monojet




Backgrounds

CMS PAS EX0-12-055 Before - After

19.7 b7 (8 TeV)

monojet category

CMS —+— Data
= | Preliminary [ Z(— vv)+ets
B W(— W)+jets
I top )
[ Dibosons 10°
I QCD
B Z(— ll)+ets 10
Higgs m =125 GeV

CMS
Preliminary

Events/GeV

Events/GeV
=)

107

] o 14—
) l
| i gl == 1
1 ————— ; T + 1"""0’“”*77 ’ %
I | 0.9f—
05—
200 300 400 500 /00 700 /00 900 1000 200 300 400 500 600 700 800 ) 900 1000
. miss
ET™* (GeV) ET™® (GeV)

~Key ingredient: background modeling
~ NLO effects modeling & Recoil reconstruction

See also LPCC seminar: https://indico.cern.ch/event/388149/
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Run-1 combined interpretation

- Mono-jet + mono-V, CMS PAS EXO-12-055
arXiv/1607.05764

—
monojet category 19.7 o' (8 TeV)
3
v 8
X H
&
19.7 fb™' (8 TeV)
X %.1000....,....,....,....,. 8
(0] cMs ... Median expected (/‘up=1) $
= 9o 9™t - +/- Scale+PDF uncertainty 2
ED 800 —— Observed 1 o
Axial vector, Dirac DM [777) Q_h? < 0.12 g-
5
00 300 400 500 600 700 800 900 1000 q
EF™ (GeV) 10 %
3
pi— g
resolved category 19.7 b (8 TeV) o
% ~
< g -
X 5
&
LN M -3
X 1000 1500 2000 10
Myep [GeV]
300 400 500 600 700 800 900 1000
ET™ (GeV)
—

- Constrain S&P&V&A mediators, Mg, vs M,
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Run-1 combined interpretation

. Mono.jet + mono.vhad CMS PAS EXO-12-055
arXiv/1607.05764
—
19.7 o' (8 TeV)
s 1000 o
§ i cMs e Median expected (1, =1) §
p L 9,791 /- Scale+PDF uncertainty 2
g 8o~ . —— Observed L)
r Axial vector, Dirac DM [777) _h? < 0.12 g’
3
3
S
S— K2
1000 1500 . 2000
My,ep [GeV]
» Selection: No overlap
» Combination: Correlations
—

»Challenges: trigger, MET/recoil, boosted reconstruction, NLO
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Run-2 mono-jet

- Atlas 2015 dataset

22

ATLAS EXOT-2015-03
PRD94(2016)032005

~Mono-jet exclusion
with 3.2/fb at 13 TeV
up to My,.q ~ 1 TeV

% "ATI A ' "y batazots ! m— T 1 1 1 | I B B | | I B B | L L T
& 10k ATLAS * Dmmis S I I I
Ul . .
8 o E-1E=13Tev, 321" - ) +jets [0} ATLAS S Ewected limit (= 10,,) |
@ Signal Region W(= ) + jets B A e o
§  10° | p »250 GeV, E>250 GeV — e ot O, ls=13Tev,321b" ——— Observed limit (= 1000 ")
w0t B Z(- 1) + jets - Axial Vector Mediator o -
B Dibosons . . Perturbativity Limit
103 I ti + single top Dirac Fermion DM
-~ m(B, 7) = (350, 345) Ge - " . —
10° oo v 400~ g,-025g =10 Relic Density
""" APD: =3, M,=5600 GeV 95% CL limits
10" B o N i
= s \
1072 = /;" s :
(% 1.5 E ! [3 — K £ —
E ] — . e
& M A e e 2 o b, S } """"""""""" . — . i
5 et | \E 200 =
o 0.5 { 1 I r Wi 1 { — =
400 600 800 1000 1200 '1400 = :
ET* [GeV] = . _

1 1 1 l 1

-

H E

1

il

1

H

H -

F |
1
1

1 1 1 Fgl 1 1 1 I 1 | 1 1 I 1

500

1000 1500 2000
m, [GeV]
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Benchmarks

Vector
] —
gpmZ, XVHX
EWK style coupling

Atlas/CMS

Dark Matter Forum
Simplified models
arXiv/1507.00966

LHC DM WG
Recommendations
AXI aI arXiv/1603.04156

gomZ, XYY X
EWK style coupling

Scalar

gDMS XX
Yukawa style coupling
(Mass based coupling)

» More signatures than mono-jet

Pseudoscalar

= A0
gomP X7°x
Yukawa style coupling
(Mass based coupling)
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Mono-V models

Benchmark models with (enhanced) MET+V production

Vector & Axial Scalar

q DM q

DM

Alternative models f ;

- N\ v Ty ? T"ivfz—x o T
>EWK Dlm'7 q \7‘ . v 4 ;"w ; T"“ ) ;/vzv\’
s 7 ! X 7 " X

»And t-channel ;




Mono-V challenges

Mono-V(gQ) ATLAS-CONF-2015-080
Boosted reconstruction

Main syst:
large-R jets

Mono-Z(ll) arXiv:1404.0051
Very clean
Low BR

Mono-y ATLAS-EXOT-2015-05

Challenge: fake rate
Constrain My,.4 ~ 700 GeV

J

\")

m, [GeV]

%100:"-1"'|"-|-"|'Hl“'D|‘2'°'|"'|'H|H 3
& onF_ATLAS Preliminary —> Dala20ts =
5 CE B-13Tev|lot=32m! = et E
$ 80=Signal region [ ti + Single Top —
@ . E Allreqgs. but mass [E===1 Diboson =
70? 455455 o (stat. + syst.) =
= ---------- vector mediator, scaled by 10000
60— Mp,=1000 GeV, m =1995 GeV ™
50 . [ =
j 40 5 =
v 30 —=
20 é
g = 3
ot \—’) 10; : _;
g 15[ 1 | . "

3 1

0 20 40 60 80 100 120 140 160 180 200

m(large-R) [GeV]
I_I IIAITILIAISIPI I|: l.l L] I L I T T T T I L L L l L I L I L I_
C relimina ]
350 r1y — Observed 95% CL =
F s=13TeV, 3.2 fb° B Observed = 10, ]
300 - e Expected 95% CL =
- . " += 10 .
C Axial-vector mediator Exgected . ! -
o50- Relic density =
= Dirac DM Perturbative limit ]
200F g = = —
- g, O.25,gDM 1 .
150 —
100 —
50 —
e I I B | Ly R

IIII I
100 200 300 400
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V&A Summary

: | MET+y | MET+jet
CMS Preliminary Dark Matter Summary /ICHEP 2016
< -
[0}] [ Axial-vector mediator, Dirac DM
g 700 = Observed exclusion 95% CL 9= 0.25 o, - p
Z = % DM + IV, [EXO-16-037]
E e00f— ~
- % DM +y [EXO-16-039)
S00 = Ciiii DM +Z,[EXO-16-038]
400{—
300f—
200—
100
0 - l/l l i L L I// 1 1 1 I 1 1 l 1 1 1 I L 1 L l 1 L 1 I 1 1 1 I 1 1 1 I L 1 L
0 200 400 600 800 1000 1200 1400 1600 1800 2000
M, o [GEV]

» Mono-jet most stringent - all channels contribute to interpretation
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Mono-H models

Models

1. Simplified Z’ q

2. Heavy scalar

3. 2HDM (incl. Z')




Mono-H searches

Mono-H,, @ 13 TeV

4 signal regions

Interpretation: Z'
Challenge: statistics

ATLAS-CONF-2016-087

10— T 1 T ]
3 [ATLAS (5= 13 Tey o= Due
o 10 Preliminary L=3.2fb" [ tt + Single top
Te} +
~ 10°E2 b-tags % ‘glbf;in
% 10* Resolved T Merged = ;‘:,':::{d Model VH
Ll>J {iiii: Background Uncertainty
1 03 — :lr:r-:cl:-::;:::gt:orlm:dlator
102 Mz=2TeV,M_/=1GeV
10
1
107
1072
31.5
< 1
‘60'5_ N T [ Hl
Q 600 800 1000 1200

ET [GeV]

10 ] |
g’ 9 é_[ High SE?'“: high P:y ] ATLAS Preliminary =
* 82— s =13 TeV, 13.3 fb"
OC) 73— + g:::iground —f
e
5;_ —— Total E
4F =
3H]
1
e L T T L e T T e e
0* 10 120 130 140 50 160
m,, [GeV]
Mono-H,,. @ 13 Te\/ = ATLAS-CONF-2016-019
Boosted & resolved _
Challenge: high p- B,
Reconstruction: > b

Boosted H->bb!
Limits Myq ~ 0.7 TeV



D M +t CMS PAS EXO-16-040

‘Monotop’ ‘,
One top recoiling against MET ,
Boosted & resolved selections: p;~ 2*M, '
Challenge: boosted hadronic top-tagging! "
Limits on resonant & non-resonant FC models

CMS Preliminary 12.9 b (13 TeV & X '
% ||||_¢|_|| Seea
O [ S ] . Data ] /, .
SACE Controlregionony it —— emeeea L | N %9, /14
"aé; '.'lt [Jaco ¢ ogen 7529
L|>.| 105 %;glelop _" e‘Sis’
L o CIWaIv ] Jj t
1& N (s 3
o S
10_1§' || -_ U X
: * _ y
107F =
) A I P DU P Levinloiiiliin] t X
BT L B B B B B S T
o 2 4pre-fit 4 post-fit
% 1‘?“_._5.:?:.#4;# .................................. =
“305} 1 1 |1|||| 2 :
O e

300 400 500 600 700 800 900 1000
Recoil [GeV]
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V&A Summary

- MET+X incl Mono-top (100% FC)

CMS Preliminary
> -
() - Observed exclusion 95% CL
S 70— .
= = &z DM+, [EXO-16-037]
Ep 600[— <<= DM+y [EXO-16-039]
B DM + Z, [EXO-16-038]
500 — 7 A
= <% DM +1(100% FC) [EXO-16-040] 5
400 — 7 %
- Z
~ 7
300 — ’//'a
%
2
200 A
//f
/a
100 3
s 7
4
0 l i L 1 I} 1 l L L 1 l 1 1 1 l 1 1 1 l 1 /l. L l 1 L 1 l L 1 L
0 200 400 600 800 1000 1800 2000
MMed [GeV]

- Limits: Myeq ~ 2 TeV, mp, ~ 700 GeV (g, = 0.25, gpy=1)
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S&P in Run-2

- Expand Run-1 mediator interpretation strategy
> Mono-jet + mono-V + mono-HF + ...

mono-j: top loop mono-V: Higgs strahlung mono-b: a la Z+bb

- E.g. Higgs & other (Pseudo)Scalar mediators!
» Yukawa coupling to SM HF quarks

» COMPLETING THE INTERPRETATION!



DM+bb strategy

8 £(D)
DM+bb and DM+tt CMS PAS B2G-15-007

Sensitive to scalar & _
) X

pseudoscalar mediators ¢/a

- e

Yukawa couplings! X
A 8 t(b)

N # btag

Categorization
, G According to #jets and #b-tags

1 2 3 #jet
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DM+bb sensitivity

Main challenge: DM+bb soft signal!

CMS PAS B2G-15-007

Arbitrary units
3 3

=)
b

107

1075

DM + heavy ﬂavour

| S I I UL I I I I ILRLL IR |
= oM 5
. smisin  DM+bb vs DM+tt
|
Scalar mediator 3
[ m,=10 GeV, ml=1 GeV ]

g, =g =1
E E
13 E|
- mg =10 GeV
E 3

0 50 100 150 200 250 300 350 40(% 4%0 500
P

. (GeV)

c/a(gz 1)

1 0000

3000
2000

1000

300
200

100

30
20

10

DM + heavy ﬂavour 217" (13 TeV)

3 T T T T RT3
- CMS | DM+bb  95% CL fimits A 4T
[ Preliminary Observed ]
— >- -+-: Expected i 4 —
1+ 2 b-tag categories [ Expected o .. /- i

= Scalar m;ediato [ Expected :20 3
N =1, m=1GeV i 5
B x : ]
i ] hmits |
10 20 1000
m, (GeV)

~Sensitive to relatively light (pseudo)scalar mediator!
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10°

D M I I ATLAS-CONF-2016-086
- New! Atlas DM+bb

Pseudoscalar

s = ! ! T =

3 ATLAS Preliminar " . Data | 2 [ Exp e ATLAS Preliminary =

G 4 Voo S Total MC 1 I Exp.t20 ;

2 Vs=13TeV;L =133fb" " wijets ® 105k Expécted 95% Gl (s=13TeV,L =133 fb i

2 RY = g':}g:: Top 5k Observed 95% CL E

£ tt " Pseudoscalar ' il

i}  others 104 E bb+a, a— %y =

cig=1.0, mx=1Ge§V 3

TTTTT

me

% o -
: m\\\\{\\\\\%\\\\;\\&\\\\\\ w - o :

0 140 160 180 200 220 240 10 20 30 40 50 100 200 300
E$“ss [GeV] m, [GeV]

- DM+bb signature challenging: sensitivity c~100



Tristan du Pree (CERN), ICTP (6 Sep 2016)

D M +tt CMS PAS EXO-16-005

- DM+tt: new CMS search (hadronic & semileptonic)

~ Resolved hadronic top tagger
~ Categorize #t, #b, AD(j,MET)

- Limits on Scalar & Pseudoscalar mediators (c2>1!)

221" (13 TeV) 2.9 ! (13 TeV)
% 1600 F=T CMS L L L L s bo T T T T T T T T T —T
E 1400 E_ Preliminary — [-)ata _E B |~ Scalar, Dirac, gq=1. gDM=1, mDM=1 GeV CMs
§ 1200 :_ - (1)) Hadronic Matched + _: c 1 02 - Median expected 95% CL Preliminary =
w - B 1) combinatorial B 2 C B eoected: 0 ]
1000 :— - Other Background —: E - Expected + 26 .
800 qh) - —— Observed -
- Q
600 F g 10k -
400 - .
200 F B 7
O 14 T g 1 |
= 12 . E
=~ 1.0 411+++| ‘*++L 4. 1d4¢ ¢ 4 'y o o2 -
g AR SR 3 AR AR S ARK I AT A .
g os| t ]
0650 05 0.0 05 10 10 10?
resolved top tagger discriminant MMED [GeV]
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DM+t

- DM+tt: new Atlas searches ATLAS CONE-2016-050

~ Leptonic + semi-leptonic + hadronic ATLAS CONF-2016-076
ATLAS CONF-2016-077

- Atlas limits on Scalar & Pseudoscalar mediators

50/ eproducton ¢ 3 1 - DM-+tt scalar mediator,g =g =g
(E : — Observed |>im.il. 9=35 gz::r-lr-:e\g;a":ra o ? — L Ny L iy I L I. T 'I ll T :1 LI I T I T ' T I l'l LIl I LB l_l
§200:_ £ Expected limit, g=3.5 (+10,5,) e - > 200 —_ATLAS Prellh"naljy . "’o -~ [e))
" ATLAS Poimnary = 7|8 FVs =13 TeV, 132 fb” AV 16
r N c - - ’ . . -
150 ? o — 1 80—_ ((\a"« =
5 = 4@QOE— Observed limit 0y qE
0 S - - =+ Expected limit (+16,,) e 33
140 Contours for g=3.5 0 "‘ —
50 - -
7, , 1 . .7 i 1 20 - ‘: =
50 100 150 200 250 300 350 400 450 500 : LY :
m(g) [GeV] 1 00 :— 7% \ s —:
C . - ' -
= 800 [ p|°d T - T T T T T T Jo 80 __ "‘. " __
& [ 2== Expected limit,g =35 (+10,,,) L=1331b", {s=13 TeV 1 C ;' o" A .
§ 250 :_ — Observed limit, g = 3.5 Scalar Mediator _: c"!; 60 -------- 0"‘” : 3
200 E_ ATLAS Preliminary . _E§ 40 = 8 25 “ 3
c 257 1 - J E
ok 24 3 20 - N ]
o - i E — ] ]
100~ =i i‘\ E 4 12 ; 12; 214 3l2 - .
o i ]
F ! ]
2V 2 i E 0 50 100150200250 300350400450500
a ]
R TR TR T = =N m¢ [GeV]
m(o) [GeV]

» More details on stop searches by I.Low [yesterday]
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Scalar summary

- DM+bb & DM+tt & mono-jet (f-only)

. CMS Preliminary ICHEP 2016
10°g
_g = Observed exclusion 95% CL Scalar mediator 8
o} u Expected exclusion 95% CL Dirac DM, my,, = 1 GeV
= 10t Feiiit DM +bb (2.2 b7 B2G-15-007 9,=1.9p,=1 X
o) = s/ . ¢/a
= “siss DM+ tt (2.2 f0") EXO-16-005 o
~ bl DM + v, (129 fo™) X
10° = fermion only EXO-16-037
E O Oypoory (LHC DM WG)
- fheo 8 t(b)
10%

107"
10°

\
~ Similar sensitivities at low M, 4
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H->inv

1. Higgs boson ‘gives mass’
2. Dark Matter is massive
~Higgs coupling to DM?
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H->inv

1. Higgs boson ‘gives mass’
2. Dark Matter is massive
~Higgs coupling to DM?

VBF

Signal VBF + H>inv

> Invisible Higgs decays!
> Most sensitive: VBF H.




H 9 i nv CMS PAS HIG-16-016

- (Left) VH: V H & Z,H

23" (13 TeV) 237 (13 TeV)

>104 'l“'lI""l""l""]‘ll'l""l"'l >105 ll'l“'lllll"'l""E
o P —4— Data ] [0 .. —4— Data ;
% 10° \c/:(m_f taPrigmlnary [ Z(—vv)Hets 1 % 10* crz ng”mmary [ Z(—vv)+ets 2
€ g9 B W(-!v)+ets ] € ggri-tagg I W(—/v)+ets 3
9 10 (] Dibosons 3 10° [ Dibosons 1
W [ Top quark : W [ Top quark :
L W Zv(iyHets 1 102 B zv(—>i)+iets .
(] QcD multijet : (] QcD multijet :

= H, B(H — inv.)=100% = H, B(H — inv.)=100%

10
1
1072
10
1073
102
10#
°
1.5 1.5 | ”
é 1 T, T £ 1 Ak %
Wﬂ%% i A %
T 05 505 ' S
300 400 500 600 700 800 900 1000 200 400 600 800 1000 1200
miss miss
ET [GeV] ET [GeV]

- (Right) ggH: mono-jet



Tristan du Pree (CERN), ICTP (6 Sep 2016)

H 9 i nv CMS PAS HIG-16-016

~CMS combination 497" (7 TeV)+<19.7fb" (8 TeV) + 2.3 fb™' (13 TeV)

o
~

> Run-1 + Run-2 a °F T -
~Production  ref o Observed CMS -
_ VBE + VH + gaH % e T Median expected Preliminary =
ad EE . -
~New CMS result! g 14 (0 68% expected E
2 12| 95% expected -
R f
~Hin, <24% (23%) | E,,F :
» obs(exp) =
.
m -
x
o

Combined VBF-tagged VH-tagged ggH-tagged
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Vs=7TeV, 4.5-4.7 b

HYinv

|

8~ \s=8Tev, 203" 7

ATLAS run-1 - Obs.: A
com bl nation 61 — Vis. & inv. decay channels B
S Inv. decay channels .

> H%inv considers I ----Vis. decay channels /- ]
constraints from S /A +

visible channels

o
.
.

0O 01 02 03 04 05

ATLAS arXiv/1509.00672 BR;,,

Decay channels Coupling parameterisation k; assumption | Upper limit on BRj,,
Obs. Exp.
Invisible decays [kw, Kz, Kt, Kby Kry Kus Kg Ky, KZy, BRiny] Kkwzg =1 0.25 0.27
Visible decays [Kw, Kz, Key Kby Ky Ky Kg Kys K7y, BRipy] kwz <1 0.49 0.48
Inv. & vis. decays | [Kw, Kz, K¢y Kpy Kry Kus Kg Kys KZys BRiny] None 0.23 0.24
Inv. & vis. decays [Kw, Kz, K¢y Kby Kry Kuy Kg Kyy K7y, BRigy] kwz <1 0.23 0.23
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H->inv systematics

VBF

Systematic uncertainty Impact
Common Back d
W to Z ratio in QCD produced V+jets ackgroun
W to Z ratio in EW produced V+jets 6.3% theory

el energy scale+resoiutio U7
QCD multijet normalisation 4.3%
PU mis-modelling 4.2%
Lepton efficiencies 2.5%
Luminosity 2.2%
Signal specific
ggH acceptance 3.8%
QCD scale + PDF (qqH) 1.8%
QCD scale + PDF (ggH) < 0.2%
Total statistical only —27/ +28%
Total uncertainty —33/ +32%
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H->inv systematics

VBF
Systematic uncertainty Impact
mmon
W to Z ratio in QCD produced V+jets 13% — BaCKg round
W to Z ratio in EW produced V+jets 6.3% theory
=~ gg—=>H
QCD multijet normalisation Svstematic uncertai
PU mis-modelling ystematic uncertainty
Eﬁloigilyaenaes Muon efficiency 24%
Sional 73 Electron efficiency 22%
1ghal Specilic Lepton veto efficiency 16% L

ggH acceptance hh‘fﬂ.k'-'ﬂiifd(ﬂnYn' 'qu eptons
QCD scale + PDF (qqH) W (lv)+ets/Z(vv)+jets ratio theory 16% (C R)
QCD scale + PDF (ggH) y+jets/Z(vv)+jets ratio theory 5.8%
Total statistical only BT eTIeTEY SCale TTesOIUTo 0%
Total uncertainty Eiss scale 1.8%

Luminosity 3.0%

Diboson background normalisation 2.7%

Top quark background normalisation < 1%

Signal specific

ggH pr-spectrum 15%

QCD scale + PDF (ggH) 5.8%

Total statistical only —22/ +25%

Total uncertainty —55/ 4+ 62%
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H->inv systematics

VBF

Systematic uncertainty

Common
W to Z ratio in QCD produced V+je
W to Z ratio in EW produced V+jets

Systematlc uncertainty
Common

gg~->H

QCD mulh]et normalisation

PU mis-modelling 4.2%
Lepton efficiencies 2.5%
Luminosity 2.2%
Slgnal spectﬁc

Background
theory

CMS PAS HIG-16-016

\ quH

viuo C C1€]

y+jets/ Z(vv)+jets ratio theory

Electron efficiency

Lepton veto efficiency 16%
»..lﬁ-'-l".‘lll.lv‘ll"

W (lv)+jets/Z(vv)+jets ratio theory 16%

EMiss scale

Luminosity 3.0%
Diboson background normalisation 2.7%
Top quark background normalisation < 1%
Signal specific

ggH pr-spectrum 15%
QCD scale + PDF (ggH) 5.8%
Total statistical only —22/ +25%
Total uncertainty —55/ 4+ 62%

Jets

Leptons

Systematic uncertainty

Y+ets/Z(vv)+jets ratio theory
W lv + ets/Z vv)+jets ratio theo

Electron efﬁmency
Muon efficienc

P1]10tongeff1c1ency 3.1%
EsS scale 4.6%
Top quark background normalisation 6.0%
Diboson background normalisation <1%
Luminosity < 1%
Signal specific

ggH pr-spectrum 12%
QCD scale + PDF (ggH) 3.0%
QCD scale + PDF (VH) 1.4%
Total statistical only —46/ +50%
Total uncertainty —69/ +74%
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H->inv

LHC vs DD

ATLAS arXiv/1509.00672 CMS PAS HIG-16-016
Fn T . 49f" (7 TeV)+<19.7f" (8 TeV) +2.3 b (13 TeV)
510_ % :.'. - ‘510_3 \l T T lll.lll. T T T IIIIII T T T T T7T
P E 5 ..F CMS Preliminary B(H — inv.)<0.20
g . N P \ 90% CL limits
."'--_ ............... ] g B €
% - _..,..-:_'_'.'.'.'-":-_ 8 10
g 10—45 — SRR RIACT L N 3 10-42 3
§ 47 é;‘” i (5=7TeV, 4.5-4.7 1" 73 : -
5 1077F {5=8TeV, 203" g E
2 — o . 1073 -
T 10_49 ‘ Vis. & inv. Higgs boson decay channels _| c 3
% [kw: Kz, Ky Ky Ko Ky Kgr Ky Kz, Bl:linv] _— 8 4 .
§ 105" No kyz assumption: BR_ <0.22at 90% CL | o 107
| [ DAMA/LIBRA (99.7% CL o Ol i 1 -
" mmmm CRESST I (955% cL) ) ATLAS90%CLin € s
108 ) CDMS SI (95% CL) Higgs portal model: | <1
| mmmm CoGeNT (99% CL) === Scalar WIMP ] =
- ——— CRESSTII §90% CL #++ Majorana WIMP " 6
1075 -t SuperCDMS (90% CL) iz Vector WIMP - —| 10
[ e XENON100 (30% CL) N
e LUX (90% CL) = .
10_57_ 1 Lol 1 Lol 1 LT 103
1 10 1 10’ DM mass [GeV]
WIMP mass [GeV]

»LHC best for low mg,
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1° Dark Matter
(mass ~ GeV - TeV)

D D Germanium
h

Aoil energy
)

S (tens of keV)
~r

0..

e
ao\"

phonons
e

Direct detection summary:

11072
_10—4

11078

—

<
H
»

\ 110710

WIMP-nucleon cross section [pb]

WIMP-nucleon cross section [cm?]
S

&

’G

‘.-‘_10—12

~
-------

PRL

PandaX published
arXiv/1608.07400
LUX submitted

High mass: recent improvements by LUX & PandaX | arXiv/1608.07648
Intermediate mass: close to neutrino floor!
Low-mass DM: still largely unexcluded!

S
&

Jwipy 1eojd il JIM/wwy/sioldywl/npe Asjexieq Sswpa// dpy

WIMP Mass [GeV/c?]
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LHC vs DD vs ID&Relic

Test the same coupling in different ways:

ID & Relic
DM%SM
DM SM

»>Which SM-DM interaction? LHC DMF benchmarks!

2N

DD
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LHC — Mono-jet

52

Atlas/CMS

Dark Matter Forum
Simplified models
arXiv/1507.00966

Axial

LHC DM WG
Recommendations
arXiv/1603.04156
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DD interpretations

Vector Axial Scalar Pseudo

19.7f” (8 Tev) 197" (8 TeV)

=
"
. . 1000 . 19710 (8TeV) . 19777 (8 Tev)
S 3 =
2 CMS Preliminary ===+ Median Expected (1 _=1) 5 3 CMS Preliminary <+ Median Expected i _=1) 3 r CMS Preliminary s 3 CMS Preliminary Pseudoscalar 5
o g =g =1 +1- Scale Uncertainty” e +1-Scale Uncertanty’ = =g.= S =g =1
oM s = Observed 1 = = Observed = I oM “a s
& e — Pico2L £° 200 a
Vector Planck WMAP Relic Plancks WMAP Relic Scal €

/- Scale Uncertainty
Median
Observed (Fermion o)

p—
PlancksWMAP Relc

100

2000

A N
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m Ge
Mg (GEV) oo (GEV) m ., (@eV)
g =
19717 (8 Tev) a7 19.710" (8 TeV) . 1070 @TeV) 7% @TeV)
~ 10" & .
B E o~ = . >
£ E\ cMSPreliminary e Median Expected - CMS Preliminary
= [ —— Observed § E 9,971
© [ —— Monojet =g
10 — V-tagged § 10—
E Fermion Only E
E — LUX F Pseudoscalar
L @ oo
8 10
0 sk
é’ F 5 r Median Expected
- 8 Monojet
E 10" E £ F ey
107k E S r Fermion Only
E F S -29 —— FermiLAT Exclusion
4 E n < 107 FermiLAT Best Fit ()
10" N E FermiLAT Best Fit (qq)
1045 b 45 E M FermilAT Best Fit (bb)
2 10
10" E - - Bt L 10% L L
z 10 10
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LHC complementary to Relic and DD
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LHC vs DD/ID

- LHC especially competitive for Pseudoscalar!

CMS PAS EXO-12-055

Scalar Pseudo
“ 19.7f0 " (8 TeV) 19.71" (8 TeV)
o 10 § AY @ 25 K
g =\ CMS Preliminary ~  «eeee Median Expected o 10 CMS Preliminary
- C\ 9,79~ —— Observed g 9ou=9,"
o? w2 ‘ —— Monojet =
10 — V-tagged 10
= | Scal S
£\ v Fermion Only 5 -
- - LUX $ Pseudoscalar
B g 1 0-27
= o
[ s . Median Expected
2 10'28 —— Observed
@ @ —— Monojet
= V-tagged
c Fermion Only
< -29 FermiLAT Exclusion
< 10 B FermilAT Best Fit ()
Il FermiLAT Best Fit (qq)
B Fermil AT Best Fit (bb)
| -30 I I I 1 PR |
. 10
10° 10 10°
m_ (GeV) m_ (GeV)
DM DM

»and LHC clearly better at low mass!
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LHC vs DD/ID

- LHC especially competitive for Pseudoscalar and Axial

hiy
D.S‘ //
o d.S‘
-Ca r
n. Ch /,,eco
1 0} /2
2 0(9

. ICHEP 2016 s ICHEP 2016
‘\E 107 CMS Preliminary E 10 CMS Preliminary
— 35 Vector med., Dirac DM a Axial-vector med., Dirac DM
bw 10 9,=0259,, =1 b«n 7
1078 10
107% 10738
10738
30 107
107 e 2015 CMS DM+Z, [EXO-16-038] MY —_
10740 <~ CMS DM#y [EXO-16-039] 10%%
10 e N T
102 G DMV X167 o
10
10—43 -
44l 43 e
10 10 “CMS DM+, [EXO-16-037]
107% 5 44
1076 - Fandax 20! 107 -
47 IR | 1 1 IIllll| L 1 ||1|||| 10—45 Lol 1 1 lllllll 1 1 lllllll
10 10 10? 10° 10 10? 10°
My [GeV] Mpy [GeV]

- and LHC clearly better at low mass!
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DD vs LHC

~ DD challenging for low M, »LHC indifferent to Mp,, !

»LHC best for low-mass Dark Matter!
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LHC vs DD vs ID&Relic

Test the same coupling in different ways:

ID & Relic >

DM SM

DM SM

»>Which SM-DM interaction? LHC DMF benchmarks!
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Relic - Annihilation

> Additional interpretations of these models




LHC vs Relic

MadDM Roskas

Q. x h? Q. x W

800 1000

2000 4000 6000 8000 10000 Myes [GEV]

Myeq [GEV]

Additional limits on LHC DM models
Also in EX0-12-055, EXO-15-003, EXO-16-013 and LHC DM WG (arXiv/1603.04156)
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LHC vs Cosmos

- CMS / Atlas (Mono-jet+V) vs Relic DM (Planck)

Vector

T T T T I T T T
| ATLAS
/s=13TeV, 3.21b"
- Axial Vector Mediator
Dirac Fermion DM
400 g,=025,g =10

95% CL limits

m, [GeV]

T ' T T T T I T T T T I T

-~ - - Expected limit (= 10,,)

———— Perturbativity Limit

Relic Density -

)
i 1

T R I
0 1500 2000
m, [GeV]

> LHC probes cosmologicall

1500

2000 2500
m,_, [GeV]

q

—
W0 %88 papses

—
<

107

preferred regions
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Relic vs Coupling

- Upper bounds |vector]

Q. xh<0.12

Vector
— g=3

90

My [TeV]

80

70

60

50

40

30

20

10

R 1 L1l I L1l | L1l I L1l I L1l I L1l | L1l | L1l I Ll
0 20 40 60 80 100 120 140 160 180
Myeq [TEV]

~Constraints scale with coupling
» Allowed region extends to O(10)-O(100) TeV

See also FCC-hh BSM: https://indico.cern.ch/event/439927/
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FCC v= DD vs Q_

- Complementarity [Scalar]

| § kS
35 Scalar g=1)
— v Wall (f)
Q. xh?<0.12

100 ab' @ 100 TeV

3

My [TeV]

25

2

1.5

1

'llllllllllllll'llll TTTT llll'l

0.5

|llll|llll|ll

5

Myeq [TEV]

»Scalar and Axial show clear complementarity
~ Vector excluded — Pseudoscalar most challenging

» 100 TeV collider studies: see also M.Reece [yesterday]
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LHC
complementarity

Atlas CMS

Atlas vs LUX CMS vs Q_

Lemmd 1 T T IIIIIIl T T |I||Il| T T IIIIIII T T IIIIIII B
- imi 90% CL limi -
“E N ATLAS Preliminary imits ] 19.7 o™ (8 TeV)
= .33 s=13Tev,3.21b" LW _ 1000 ————————————————————
= 10 —— Axial Vector Mediator % L ' ' ' 8
9 — Dirac Fermion DM~ — o, | CMs ... Median expected (i, =1) $
= -35 i g,=025,g =10 i = L 95797 e +/- Scale+PDF uncertainty 2
@ 107 g 800 Observed T @
< Axial vector, Dirac DM Q.h? <012 _2-
S 5
2107
%) =
© 10" ‘§D
10'39 g'
3
10 10
104 =
PRI BRI BRI BT | o 10°
1 10 10®  10° 10 1500 2000
m, [GeV] Myyep [GEV]

»But how about other mediator constraints ?



Z'vs L

Monojet vs Dijet

q DM q

Possibly same mediator!
Dijet is also a DM mediator search!
Use dijet search for DM interpretation

» More details on dijet analyses by F.Dias & J.Bendavid [tomorrow]
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CMS dijet

- MET+X vs Dijet

CMS Preliminary Dark Matter Summary /ICHEP 2016
2 .
= — A
EC' 7 Axial-vector mediator, Dirac DM
1000 —~ g =025g =1
- /// q DM
800+
- E ; Observed exclusion 95% CL
60011~ S e s soawr
B ivj,? /. Boosted dijet
400 o 7777 [EXO-16-030]
|| L/ DM+IN,
| é %, [EXO-16-037]
- /,/fj / //// DM+y
200 — . - 777 [EXO-16-039]
K DM +Z,
| ”a E [EXO-16-038]
| 1 1 1 1 l 11 1 1 l 1 1 1 1 1 1 1 1 1 1 1 l 1 1 1 1 l 1 1 L L l L L L L
00 500 1000 1500 2000 2500 3000 3500 4000 4500
Myeq [GeV]

- High mass till ~2.5 TeV, low-mass boosted down to 0.1 TeV
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Atlas dijet

- Coupling vs mass

i ' L T T T :
0.35 ATi.AS Prel.lmlnary L kf‘mggw;}gwm S
Vs =13 TeV; 3.4-15.7 fb High-mass dijet %
0 3 R ATLAS-CONF-2016-069 . 7
: Ly Dijet+ISR (y) iy
- ATLAS-CONF-2016-070 / & ]

0.25 H;:; ;:j::E o — 24&52352-2016—0705? _: — gq =0.25
0.2F §3
0.15F -
0.1 | Wty <08
3 ly* |<0.3 [ly* |<0.6 - E
0'05:_ . 1.2 . . 12| L :gxbps;?vallimitt . -

300 400 1000 2000 3000

m,. [GeV]

»Dijet+ISR-y, dijet+ISR-j, TLA (‘scouting’), High mass (13TeV)

Atlas dijet+ISR reaches higher masses, scouting down to lower masses
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Atlas dijet

- Detailed breakdown

DM Simplified Model Exclusions ATLAS Preliminary August 2016

= . NN X S NN L L T T ¢
o R Axial-vector njediator, Dirac DM =
t. 1.2_ g =025 g =1 v
2 ; L "
(1} 2
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- JHEP 06 (2016)

SN " a1 4, " PR S RN T S ST SR SHNS N SRS

0 0.5 1 1.5 2 2.5

Mediator Mass [TeV]

~Dijet from low to high mass: dijet+ISR, TLA, 8 TeV, 13 TeV
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Atlas mediator constraints

- Detailed breakdown

- DM Simplified Model Exclusions ATLAS Preliminary August 2016
N
o - Axial-vector mediator, Dirac DM - 3
= 1.2 R 1g,-025,g, -1 pd
- = / ‘< N\,
g R ' - x 3,
b= . . -~
= 1 o & e -
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» Excluding almost full space My, 4 < 2.5 TeV (for these couplings)
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Alternative scenarii

- Modified coupling (g,=0.7, g,,,= 1.5)

DM Simplified Model Exclusions ATLAS Preliminary Auqust 2016
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~Dijet plays less dominant role
~ Expected for small g, & very large g,



Conclusions

Broad range of LHC searches for Dark Matter
MET+X: X=j/lyIVIZItt)/b(b)/H
LHC experiments also sensitive to Mediator

Benchmark mediators: V& A& S & P

Atlas & CMS can probe low mp,,
Constrain My,.4 ~ 2.5 TeV and BR(H->inv) < 24%

Collider searches complementary

(In)direct detection, Cosmology
Interplay with LHC resonance searches

This will be an exciting decade for Dark Matter!

LHC MET+X DD /ID CMB LHC dijet

4 DM DM DM q

DM q q
o X >\/vm< >MA/W<
a Sl 4 q q

q

q J




Thank'you
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attention!
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CMS Bar chart

CMS Preliminary Dark Matter Summary - ICHEP 2016
DM + jetw(@ v L l L an L Exo‘
QDM.L gqﬂ'as AV 13TeV, 12.9fb"
DM +y v EXO-16-039
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Analysis summary table

¥ ATLAS

o UNIVERSITE
' DE GENEVE
Analysis Dataset Public link
Production search:
ET'S L et 2015 Paper: EXOT-2015-03
ERS 4y 2015 Paper: EXOT-2015-05
Episs4+7(— £0) 201542016 | Note: ATLAS-CONF-2016-056 new!
ET*+W/Z(— qq) 2015 Paper: EXOT-2015-08 new!
EF*4+H(— bb) 2015 Note: ATLAS-CONF-2016-019
ERS4+H(— vy) 201542016 | Note: ATLAS-CONF-2016-087 new!
ERS 4+ H(— £440) 2015 Note: ATLAS-CONF-2015-059
Ef™ 4b-jets 201542016 | Note: ATLAS-CONF-2016-086 new!
Efss4tt (04) 201542016 | Note: ATLAS-CONF-2016-077 new!
ET*4+tt (14) 201542016 | Note: ATLAS-CONF-2016-050 new!
ER4tt (20) 201542016 | Note: ATLAS-CONF-2016-076 new!
Mediator search:
Dijet 201542016 | Note: ATLAS-CONF-2016-069 new!
Trigger-level dijet 2015 Note: ATLAS-CONF-2016-030
Dijet+ISR 201542016 | Note: ATLAS-CONF-2016-070 new!
Summary plots:
Mediator searches 201542016 | Plot: Summary plot page new!
Search combination | 201542016 | Plot: Summary plot page new!
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CMS 13 TeV Searches For Dark Matter

) 4 Dataset CMS Documentation
jet or V (hadronic) 2016, 12.9 b EXO-16-037
photon 2016, 12.91b | EXO-16-
Z () 2015, 23fb 16
Z (Il 2016,129fb  EXO-16-038

Higgs (bb) 2015, 2.3fb EXO-16-012

Higgs (yy) 2015, 231b | EXO-16-011
tt (semilep+had) 2015, 2.21b | EXO-16-005
t (hadronic) 2016, 12.9fb EXO-16-040

Focus of this talk

jet or V (hadronic) 2015, 2.3fb EXO-16-01
photon 2015, 231 EXO-16-014
bb and tt 2015, 2.2 B2G-15-007

Previous
Results

t (hadronic) 2015, 2.3 fb EXO-16-017

Shin-Shan Eiko Yu 4



