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INTRODUCTION

* There are plenty of motives to search for
new physics at LHC

e gauge hierarchy problems, baryon
asymmetry, flavour problems, neutrino
masses and mixing..etc

e Dark Energy

. Evidence that
exists = > So let’s look for it
from all perspectives,
including LHC, we expect

and forces.
Also cosmology points out to
weak scale, LHC is suited for
search this scale




INT..MODELS AT LHC

° theories:

LHC DM Forum: arxiv:150/.00966



https://arxiv.org/abs/1507.00966

INTRODUCTION

e Look everywhere, wide range and generic signatures

° . dijets, dileptons, displaced, portals, etc (see
M. Vertucci’s talk)

. : pp-> Met + X (mono-X search)

mowno-2Z



https://agenda.infn.it/conferenceOtherViews.py?confId=12410&view=standard
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EXPERIMENTAL SETUP

CMS DETECTOR

STEEL RETURN YOKE
Total weight : 14,000 tonnes 12,500 tonnes SILICON TRACKERS
Overall diameter :15.0m Pixel (100x150 pm) ~16m* ~66M channels C M S
Overall length :28.7m Microstrips (80x180 pm) ~200m? ~9.6M channels
Magnetic field :3.8T

SUPERCONDUCTING SOLENOID
Niobium titanium coil carrying ~18,000A

MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Cha
Endcaps: 468 Cathode Strip, 432 Resistive Plat

PRESHOWER
Silicon strips ~16m* ~137,

FORWARD CALO:
Steel + Quartz fibres ~2

'RYSTAL
LECTROMAGNETIC
"ALORIMETER (ECAL)
76,000 scintillating PbWO, crystals

HADRON CALORIMETER (HCAL)
Brass + Plastic scintillator ~7,000 channels
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High missing E_(£7) Main: true photon with EWK productions (~80%):

» Additional azimuthal requirements Z(->vv )+y, W)+ y
between £, and jets or leptons

also Z (->11)+ y, tty, VVy,W(lv)
Others are
electron fakes and jet fakes,

* lepton veto

detector backgrounds,
ytjets,

—e— data

4 W(— Iv)y
ys=13 TeV, 36.1 fb mmm Fake Photons

:}~2+jets
. (- lly
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* Well identified High PT isolated y + BACKGROUNDS

High missing E (Er) Main: true photon with EWK productions (~80%):
» Additional azimuthal requirements Z (->vv )+ vy, W(lv)+ y Calculated with MC and
between F.. and jets or leptons normalised in CRs: ll+y, uty
also Z (->11)+ y, tty, VVy,W(lv)

e |epton veto
X Others are

electron fakes and jet fakes,

detector backgrounds, From data fake ratio
ytjets, for electron, side

bands for hadrons

—e— data
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MONO-y: RESULTS

is found, limits based on the the
models proposed by the CMS-ATLAS forum:
. for vector/axial mediator of
GeV
 EFT Dim-7 EFT scale up to
 With the Run Il data the limits are still

arxiv:1704.03848
T I T T 1 T T T 1 T T I T ."“I... T I T

ATL)\S
\s=13 TeV, 36.1 fb
Vector mediator

Dirac DM

gq=0.25, gx=1 , g|=0

II|llII|IIII|II[I|IIII|IIII|II1I'

— Observed 95% CL

Observed * 1o,

-= Expected 95% CL
Expected + 16

* Main Systematics coming from PDFs, energy E* /

scales and resolutions (E,), backgrounds

normalisation. The total background M [GEV]

uncertainties could vary up 6-14%.

ATLAS
\s=13 TeV, 36.1 b
Exclusion at 90% CL
Axial-vector mediator
Dirac DM
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.2~ — CMS (Observed) 13 TeV, 12.9 fi5' .  yyxx EFT model [ Expected + 1o
L ---CMS (Expected) 13 TeV, 12.9 f’ . Expected + 20

[~ — CMS (Observed) 8 TeV, 19.6 ft'

— truncated limits
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MONO Z(->LL)

e Selection

Events / GeV

two well defined high Pt isolated leptons
with same flavour

within the

e Backgrounds
o ZZ,\WZ (85%)

: e (Calculated with MC and
* large £, and requirements of balance ratio, normalised in CRs: 3leptons
. and 4 |leptons
great that 60 GeV and « W, top (t,tW), DY, VWV
o < jet and b—jet veto and extra Iepton veto e combination of datadriven, CR

azimuthal angles requirements between
leptons and jet and E,

CMS

Preliminary
ZZ region

-@- data

vy VWV
mwz Non-prompt
mzz
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Data/Bkg.

. 600
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and MC
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MONO Z(->LL)

CMS-PAS-EXO-16-052 55 o 11 (13Tev

. is found, are set CMS
. . Pre[iminary Theory Uncertainty
e Sim pl |f| ed \Y/ Odels Of DM ( ) Vector mediator, g = 0.25 Eigiﬁgg +1sd.

—_
o

95% CL observed limit on O, b/ Oiheo

Dirac DM, g =1 fzchz =0.12
e vector/axial: and

* Invisible Higgs, ADD
e Systematic Uncertainties

e Theoretical uncertainties are missing higher order corrections,

—
<

PDFs (5% in signal), plus EWK corrections for the backgrounds

. . . 100 200 300 400 500 600 700 800 900 1000
. includes luminosity, leptons related, m,_ .4 [GeV]

energy scales, resolutions and modelling (jet and £ ) (around

3%) CMS
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MONO-JET/V

« BACKGROUNDS

« SELECTION

e >1 High PT Jet, separate from the E;
E Z (->vv )+ jets, W(lv)+ jets (90%)

T

* No leptons

e CMS includes mono-V

* large R jet (0.8) with very high P_ Estimates in CR, using up, ee, u,e and y+jets data
e very high E, samples. Extract from a simultaneous fit to signal and

. w/N-subjettines variables CR regions. CMS used Transfer Functions

* m_requirement 359" (13Tev) [CMS-PAS-EXO-16-048 5547 (13Tev)
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+ Data
CMS Preliminary [ zvv)+ets
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+ Data
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I wwwzizz
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ATLAS e Data2015
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MONO-JET/V

35.9 b (13 TeV)
10
CMS Preliminary o
Vector med, Dirac DM, gq =0.25, gDM =1 g
* No . limits on both E
= = = - Median expected 95% CL o
a n d - - - - 68% expected 1 GEJ
= Observed 95% CL §
. . ) . ——— Observed = theory unc. y @) 359 fb'1 (1 3 TeV)
* Main Systematic uncertainties: a0tz Mo 10
/ ~ CMS Preliminary \b:
. : Pseudoscalar med, Dirac DM, g =1,g =1 o
e Background theoretical @ ow 5
. . . . 7 = = =« Median expected 95% CL _g
uncertainties: Normalisation e X - 68% expected aEJ
/ 4 ) . q)
and factorisations scales, PS- Obsenved 95% CL 2
) 1 0_2 —— Observed = theory unc. @]
ME matching, W/Z +jets 500 1500 2000 2500 ) et =012

m_ ., [GeV]
modelling -

o Experimental uncertainties:

lepton ID, £,

cMS (35.9 b~ 1) mono Jet/v

ATLAS (3.2 fb™ ') mono Jet

ADD LED

H(Inv)BR Axial -vector
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MONO-JET/V

10728

35.9 fb' (13 TeV)

imi| -29 . .
CMS Preliminar 10 CMS Preliminary
Vector med, Dirac DI 1 0—30 . .
e No limits on both Axial med, Dirac DM, gcI = 0.25, 9= 1
! - = =« Median expected ¢ 1 0_3-|
----- CMS exp. 90% CL
—————— expected -32
clale o Z/ " 9‘50/ 1 —— CMS obs. 90% CL
seveaTyR 1073 —— PICO-60
: : . : Observed = theory . _34 Picasso
e Main Systematic uncertainties: asrizorz & 10 - 10
- == lceCube bb g
- - - lceCube tt 3
e Background theoretical / g (-~ Super-Kbb 2
: ©
uncertainties: Normalisation % ' VL aemmmTT §
"""""" (0]
and factorisations scales, PS- . §

ME matching, W/Z +jets

modelling

o Experimental uncertainties:

lepton ID, £,

cMS (35.9 b~ 1) mono Jet/v

ATLAS (3.2 fb~ ') mono Jet

ADD LED

H(Inv)BR
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MONO-H

* [SR suppressed by the small mass couplings to quarks
* preferentially emitted as part of the effective vertex itself.

. signal would probe the

structure of the effective

. in the BSM models responsible for
producing DM

. are Higgs signal (ZZ, yy, bb,etc) plus large £

200

M, [GeV]




e H (bb) MONO‘H

o Selection * H(yy)
e b-jets, lepton veto and consistent with * Selection
Hmassand IargeET e two high Ptys, m >95 GeV, PTY /m >1/3.If
» azimuthal angle requireﬁr:msfnts between [, photons are two Zlyose, no iso requirgnents

and jets, and ETand P Yy miss
i . large F’T and F’T and less than 3 high PTjets

H
. Resolved: two b-jets, large PT , separation

E

T, energetic activity

 azimuthal angle requirements between 2

miss,

between Higgs and photons and PT and an energetic jet and

coming from jets in the Higgs

miss,

* Boosted: consistent with H P
ol c c ass !
veto 7 leptons within large jet, and additional
b-jets and small hadron activity outside the e Background
large jet

e resonant: SM H( H and VH) to photons;
e Background

. Wjets(10/25%) and tt(15/50%)
depending on SR

e estimated from MC
* non resonant QCD, EWK.

» Background estimated from data driven

e Constrain from control regions (1u or 2 |) fitting the data

o others: VV, VH, tW or multijets are from MC : : : : :
e Systematics coming mainly from theory in the Higgs

redictions. : S
P background and experimental uncertainties in the
. .. . . miss; s
* Systematics uncertainties coming mainly from PT thought the systematics accounts less than
background modelling and tats

. 1%.
dominates the measurements



MONO-H

e Selection * H(yy)
e b-jets, lepton veto and consistent with * Selection
14
Hmassand |argeET e two high Ptys, m >95 GeV, PT /m >1/3.If
144

» azimuthal angle requwe;riwsfnts between £, photons are two close, no iso requirements
and jets, and ETand F’T

o | and less than 3 high PTjets

H
« Resolved: two b-jets, large P, separation : ,
T  azimuthal angle requirements between 2
MISS

ATLAS-CONE-2017-028

I DY + jets
Oy +ttt, W, Z
[ ]h— yy (ggF,VBF,tth) [__]QCD, y +jets
Bl ZZ, ZW, tt + vy B vy
Stat. Unc.

- 2HDM, m,, = 600 GeV, m, =300 GeV

—e— Data

[ SM Vh

[l Diboson

[ tt + single top

[ ]Z+jets

[ ] W+jets

B Multijet

XX\ Background Uncertainty

----- Pre-fit Background

— - mono-h Z’-2HDM
mz = 1400 GeV, m = 600 GeV
GSignaI =4.74 fb

=1 = Baryonic, m =10 GeV, m =1GeV

A A,
qggge
SRRRIRIRANKS
2026%6%0%6%6% %6 ¢ 0 0%

SR (Resolved) : 0 lepton

150 GeV < ET*° < 200 GeV
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N
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CMS _Preliminary __ CMS-PAS-EXO-| 7-3%.'94(13 TeV)
I 2HDM: g_ = 0.8, m,=300

Expected limit
+ 1 std. dev.

| t2std. dev.

——— QObserved limit

found, limits set in
 Vector mediator or 2ZHDM model
e 2HDM, 500 GeV< Mz’ < 2500 GeV
e Z" baryonic. Mz>800 GeV

ATLAS-CONF-2017-028

95% C.L. 6(pp— Z‘—>A0H —xyY ) (fb)

T A T T ‘l L LS L3 T I T T 1 LS ‘I L LJ L3 T ] A A

o
ATLAS Preliminary — Observed limit

Vs=13TeV, 36.1 " #888 Expected limit +10
— Mono-h(bb), All limits at 95 % CL Vs=13TeV,3.21"
[~ Z'-2HDM simplified model — e X
tanf=1,9, =08 m =100 GeV fs=8TeV, 203

M,. (GeV)
35.9 (13 TeV)

Z' baryonic: g, = 025, m=1 GeV

Expected limit

+ 1 std. dev.

I +2stid. dev.

Observed limit
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DM+TOP

Probes the for scalar mediators

e Signature:
° ET

e jets and b-tag requirements, kinematical
and topological cuts
o for boosted regions. "
DM+top (mono-top)
e Signature:
o fully hadronic top decay in boosted top
o | E, ,
with a b-jet, with N-
subjetttines compatible with top

e veto leptons and additional b-jets outside
ATLAS-CONF-2016-

—e— Data
—— Total SM
mm i

) WH+jets
m tT+V
) Wit

= Diboson
) Z+jets

ATLAS Preliminary
Vs =13 TeV, 13.2 fb

Tve . W WV/? Tvg Wys Tug , Wy, Wy Tvp , Wus Sk, ™4,
Oy 201y R og, s R bosibes, Bboaboy Rbgy! N
Lhign M‘h’gh ek\'"ed 2'\'\'77e 5*\‘7"39 Ex\wagbv by

R VR VR
S/?] \”v\hl:g h\tN\h/:q\hDM\/o'; 44\ IO\W

* background: top (top pairs, single top,
ttV), W+jets, Z+jets

e constraint in CR at simultaneous fit
DM+top (mono-top)
* backgrounds: Top pairs,

. W(->VI) +jets

e constraint in CR in simultaneous fit

CMSLQ_‘_Q_%%STGV)

CMS Preliminary

—— Data

Signal region
—— SM backgrounds (pre-fit)

Control-reg |on-0nly flt SM backgrounds (post-fit)

[ Jacp
L Jw
|:| Single top
[ ] w—hv
0 «

|:| Z—vv

Events / GeV

ol
()
st

o

-~
(O]
4
[ay)

()]
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https://cds.cern.ch/record/2206132/files/ATLAS-CONF-2016-050.pdf
http://www.apple.com
https://cds.cern.ch/record/2205286
http://www.apple.com

D M | O P q i ATLAS-CONF-2016-077
+ tt + ¢ production, @ — % x
= Observed limit, g=3.5 {s=13TeV, 13.3 b

Scalar mediator
N
&

----- Expected limit, g=3.5 (£1 o)

N , set on scalar-pseudoscalar mediators ATLAS Preliminary

Limit on 9,=9,=9
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SUMMARY OF DM +X SEARCH

DM Simplified Model Exclusions  ATLAS Preliminary March 2017
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BACK-UP SLIDES( stolen from others )




Benchmark Models

In Run Il the ATLAS and CMS experiments moved away from
the use of EFT inspired models with questionable validity
at high-Q?

A set of well-defined simplified diagrams with heavy mediators

is now considered motivated by a number of different
considerations (DM Forum: arXiv:1507.00966) Ik

* Simple extensions of SM symmetries
* Minimal Flavor Violation R —
» Assuming Yukawa couplings = favor 3" genera tion -~ .
* Some models inspired by satellite “hints” = 1




Simplified models for early Run-2 searches

SM [S)I\I\/III SM
—> Med,
\ DM
M SM SM
Colliders Colliders Lo

(Effective Field (Simplified Models) q/—/\x )
Theory) —

4’(1) (2)

Motivation and goal of Dark Matter Forum effort: MC
<~ Define a basis of simplified models with distinct

kinematic distributions \/’ \\"" v il
1)(2)1 q ¢<1() “0000 $ M {

<~ Aid design of generic LHC Run-2 searches yf"" //‘{\
Grounding assumptions: 4 ;

. m Mediator has minimal decay width ' \
< Dirac DM = A new massive particle mediates the DM-SM interaction *
o Minimal Flavor Violation = DM particles are pair-produced

o...but not necessarily gauge invariance

Dirac WIMP mediators:
s- and t-channel exchange

vector/axial-vector/scalar/pseudo-scalar (MFV)
MET+heavy flavour, W, Z, and Higgs

Horizon 2020
European Union funding

European |
for Research & Innovation

Commission




_________ATLAS cMS

Magnetic field

Tracker

EM calorimeter
Hadronic
calorimeter

Muon

Trigger

2 T solenoid
+ toroid: 0.5 T (barrel), 1 T (endcap)

Silicon pixels and strips
+ transition radiation tracker
o/pr = 5-10“4p; + 0.01

Liquid argon + Pb absorbers
o/E = 10%/E + 0.007

Fe + scintillator / Cu+LAr (10A)
o/E = 50%/E + 0.03 GeV

o/pr=2% @ 50GeV to 10% @ 1TeV
(Inner Tracker + muon system)

L1 + HLT (L2+EF)

4 T solenoid + return yoke

Silicon pixels and strips
(full silicon tracker)
o/pr = 1.5 - 104 p; + 0.005

PbWO, crystals
o/E = 3%/\E + 0.003

Brass + scintillator (7 A + catcher)
o/E = 100%/E + 0.05 GeV

o/pr = 1% @ 50GeV to 10% @ 1TeV
(Inner Tracker + muon system)

L1 + HLT (L2 + L3)




The ATLAS Experiment

» ATLAS is a multipurpose experiment designed to achieve the highest possible flexibility in
different sectors of the high energy physics
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CMS in 2016

= New Capabilities

* Forward Proton tagging
= CMS Totem — Precision Proton Spectrometer CT-PPS

= Tags forward protons to identify double diffractive scattering and Central
Exclusive Production of high mass states

* New Level 1 Muon trigger

= New Level 1 Calorimeter trigger
= Endcap Muon Detectors had been upgraded in 2013/14

= Cryogenic System (a.k.a. COLD BOX) for CMS solenoid
performed superbly

= Repair/refurbishment plan succeeded to avoid problems
encountered in 2015

= Big challenge - to deal with even higher pileup than Run 1




ATLAS LHC performance in 2016

EXPERIMENT

T T T l T T T | T T T | T T T | T T T I T T T | T T
— ATLAS Online Luminosity  {s=13TeV
- e LHC Stable Beams

Peak Lumi: 13.8 x 103 cm? g™

* Excellent performance of LHC in
2016:

— Record instantaneous luminosity for
0-p interactions 1.4x10%* cm™2 s

Ial;l

— —
N H
TTTTT
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—
o
|

Record delivered luminosity in one
year ~ 40 fb
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— Excellent p-Pb run: LR

o1

ATLAS Online Luminosity
w2011 pp Vs=7TeV
— 2012 pp Vs =8 TeV
m— 2015 pp Vs=13 TeV
w2016 pp Vs =13 TeV

e

* p-Pb Data taken at 5 and 8 TeV

e Data taken with Pb beams
circulating clockwise and anti-
clockwise

w
)

N N
o O,

Delivered Luminosity [fb™]
w
S

-
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Many thanks from ATLAS to the LHC team 5
Y 0 —
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Event Selection and Background

Events are primarily selected with MET cuts on exponentially dumping MET spectra.
Major remaining background are events with Z(vv) or W(lv) with lost lepton.

Mono-y Mono-Z(ee,un) Mono-V(had)

ATLAS MET > 150 GeV MET > 90 GeV MET > 250 GeV
CMS MET > 170 GeV MET >100 GeV MET > 250 GeV

Major background:
Z(vv)y 55% ZZ(vv)+WZ(vv) Z(vv)+jets 55%
W(lv)y 15% 75 % W(lv)+jets 30 %

(Percentages are very approximate and rounded to numbers
nearest to those in 5 % step. More details in the following.)




[JLook for large MET, atleast one high pr ,
jet and veto leptons, photons, b-jets *

[Jmono-jet:
M MET>250 GeV,
leading

M pr (ak4 jet) > 100 GeV

'mono-V:

M MET>250 GeV,

T "¥(ak8 jet) > 250 GeV

M mass: [my-15, my+15],

M Nsubjettiness (t,/t;) < 0.6




O Need precise estimation of dominant backgrounds

™ Z(vv)+]ets (60%)) and W+]Jets (30%)

| Estimate background and ’
extract signal strength by
. performing a simultaneous fit
. of all mono-jet and mono-V |
. control and signal regions.

™ Five control region in data
o Z(up)+Jets, Z(ee)+Jets, y+Jets to estimate Z
o W(uv)+Jets, W(ev)+Jets to estimate W

o0 Extrapolating from control region to signal region by means of precise theoretical
prediction.

W—=puv+jets ‘

\ Main backgrounds Z/W
+Jets are estimated from

data considering 5 control

regions.

et

| Improved theoretical uncertainty




Analysis strategy in CMS

* Transfer factor to translate recoil (in CR) to missing Et (in SR)
e Global likelihood fit simultaneously to SR+5CR regions in all Et™ss bins

K Z(v) . \
L (V%) HPolsson (d7|B'7(9) M ¥ + jets CR

X H Poisson
i

Z(ll)+ jets CR

X n Poisson
i

X H Poisson

W (lv)+ jets CR

d l Poisson

X _[ Poisson (d;|B;(08) + (1 +f,-(9))ul-z(w) - uS,-(O)) SR
k w' =" — £(0) u" i, :yields (R, :transfer factor)/

constraints from transfer factors, only one free parameter to fit




CMS Experiment at LHC, CERN

Data recorded: Mon Jun 13 17:44:28 2016 CEST
Run/Event: 274999 / 1837785290

Lumi section: 1029

pTiet =1.04 TeV

Mass = 79 GeV




Mono-H(bb) background normalizations

CMS CMS

(resolved) (boosted)

ATLAS

Mass
Z+jets Mass sideband shape fit
and 2| CR

W+jets 11+0j CR
11 CR 1mu CR
Top 11+1j CR




Recast (Mmep, MX) to nucleon-DM xsec (axiv1603.04156)

2 2 2
f (gq)gDI\;{:u'nx
T4 )
TM?*

OSI =

f(9q) =394,

4
ogr >~ 6.9 X 1074 em? - (gquM)2 (1T6V> ( Hnx )2 .

0.25 Mined 1 GeV

f(g,) =1.16-10"3g,,

and therefore the size of a typical cross section is

2 /125GeV\* 1L -/
~ 6.9 x 10743 cm? - (g"gDM) ( nx ) .
“Hl N 1 Momed 1GeV




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

3 1%(99) DMty P (ge) = AP g, + Aflp’n) ga+ AP g,
mMA | ) S

med

OSD =

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

f(gq) — 032gq~

and thus

AXial-vector

2 /1TeV\* 2
oD ~ 2.4 x 10742 cmg-(gquM) ( © ) ('Um'x) .

0.25 Mmed 1 GeV




