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SPOTTING THE INVISIBLE

direct detection

o nucleon

must know: nucleon
form factors, DM local
density, background SM

levels... 3::(

SM
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DM DM

SM SM

indirect detection
i% DM SM
x\\' DM SM
s

u

must know: detector,
reconstruction, SM
backgrounds...




GOING BEYOND (THE STANDARD MODEL)

what'’s there

. other stuff

T — a mediator

: an invisible DM candidate, “x”

| I SM particles o [rempleny.
Run-1: assume
this Am is high
EFT | :
f/ i d’)mt aways typical degrees of freedom:

 mediator mass and type (vector,

Run-2: g0 beyond axial-vector...) | |
EFT. with e DM mass and type .(Dlrac fermion...)
simplified models  mediator-SM coupling gsm
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mediator-DM coupling gpm



GOING MONO (X)

e.g.: Z’-like mediator, s-channel, tagging object from ISR
but also: x)XX interactions, t-channel...

what happens

not in

. this talk
v, W, Z M.

d, 8 X >M
\< mediator /
/ \

g5sM gDM

X X

q, 8

theory (see also Andrea’s talk)
e extend the SM with sensible benchmark models

e ease re-interpretations, not necessarily complete
e 1507.00966, 1603.04156, LHC DM WG
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monomr

what we see

background

3

signal
</

MET

AMET

experiment

o cover all signatures

e often a high-pr
challenge (signal
shows up in tails)!


http://lpcc.web.cern.ch/LPCC/index.php?page=dm_wg

THE (ATLAS+CMS) DARK MATTER ATLAS

(not to scale!)
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S b% e e ~ mediator type and
= § ) couplings = no general
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RELEVANT RESULTS italics = 8 TeV, green = 13 TeV

EXO-16-013-pas

ATLAS-CONF-2015-080

“ 1603.08914v 1 A
SUS-15-006 (s sy o
_ 1604.01306 PLB 755 102-124 A\
Eur. Phys. J. C(2015) 75:92 A B2G-13-004-pas £\
JHEROBOTE 2T A
“ A PRL114.101801, B2G-15-001 A
JHEPOS(20141037 & Phys. Row D91, 092005 A
PhysRevD.90.012004 A Phys. Rev. D 93, 052011 £
PRL 115. 131?91 A A
R | 5c¢ Marlo T rancesco's talk A
“ PLB 754 (2016) 302-322 PRL 116, 071801; 1604.08907

will mostly focus on most sensitive channels, complete

: . i th
V- Ippolito, M. Tosi - DM@LHC - May 16, 2016 interpretations (simplified model vs EFT) and recent results



COMPLEMENTARITY, IN A NUT-SHELL

LHC DD D

-~ :
scalar | XS€ec, | |
can use bb/tt + MET SOft MET |
(mediator COUpleS a la Yukawa """""""""""""" """"""""""""""
with quark masses) ) :
pseudo |low xsec, (i
\ -scalar | soft MET | (veloclty )

i suppressed)

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

. (spin |
XSeC . independent) !

can use jets + MET e e

axial- large spin
\ vector | xsec  dependent |

i experimental i
issue)
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MET + JET(S)

- the narrow
- the large
- the clever




JET+DM H

best channel if tagging object comes from ISR! (pay only as)

no additional object

jet
high-oT (100-250 GeV) (ATLAS: e, u; CMS: e, W, T, v, b-jet)
central (n|<~2.4)

tight quality

+ trigger
ATLAS: MET > 70 GeV
CMS: MET, H™ss > 90 GeV

additional,

softer jets MET

(ATLAS: up to 3; > 200-250 GeV
CMS: any)

q before and after jet quality cuts |

same signature as E e oS
° Z(VV) + j et S, W( T[ q q)]v) + j ets.“ 1065 Tieg‘htjetcleaninr:sr:otappliedtodata |:|StandardModel _;
e beam-induced background = jet quality cuts oL 10x! -
«“ ) ) I . . 104;— —— A_._/ Y __
not really “mono”-jet (higher acceptance in njets) ¢ e S
e cannot rely solely on QCD modeling of backgrounds ¢ v E
V. Ippolito, M. Tosi - DM@LHC - May 16, 2016 L

leading jet @



How THE Z(VV)+JETS WAS WON :

estimate MET in Z(vv) + jets

jet . . .
jet from V recolil pT in V+jets
W(LLv) events
e ideally use Z(ll) + jets, but 6 times
lower statistics than Z(vv) + jets...
~ .

/ e can use W(lv) + jets

Z(vv) ., e but neither W/Z ratio vs pT nor

its EW/QCD corrections are flat

MET == systematic uncertainty
((MET)) . .
e y + jets even better at high pT

Z(vv)+jet normalisation factor vs MET from simultaneous SR+CR fit
binned shape analysis, with shapes for EW backgrounds constrained from CR data

what’s used for §

constraining Z(v)
4

ATLAS

f

V. Ippolito, M. Tosi - DM@LF c&amm&a& low MET dominates ak Mgk MET



Z(VV) MODELLING UNCERTAINTIES

IR NP N (U NUN N S S
200 400 600 800 1000 1200 1400 1600 1800 2000
pT [GeV]

example: gamma/Z pT ratio at 14 TeV isn'’t flat!
e E\W corrections matter!
e CMS: use full size of EW correction as uncertainty (~scale uncertainties)
e ATLAS uses only W(uv)->Z(vv) with 2-5% transfer uncertainty effect
e significant contribution to total uncertainty

V. Ippolito, M. Tosi - DM@LHC - May 16t, 2016 13



ATLAS: THREE CONTROL REGIONS
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subleading bkg

+ non-collision bkg (data),
multi-jet (data),
Zee, top, diboson (MC)
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anti-kt R=0.4,
pl > 250 GeV,
nl < 2.5

systematics on total bkg

e 2-5% uncertainty for usage
of W(uv) for estimation of
Z(vv)

e ~3% uncertainty due to ttbar
modeling (MC@NLO vs
Powheg)

e 4-12% total uncertainty

.
AR
AR

S .

> 1

el |

‘MET” > 250 GeW



CMS: FIVE CONTROL REGIONS

23" (13 TeV)
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PLAYING WITH THE JET RADIUS PARAMETER

/%@ / Z

b o
< g
Q<

N <> . MET ‘
N -cIIV ME &
> DSl g ==y MET

mono-jet and mono-W/Z(had) signatures are similar

e also helps probing non-universal mediator couplings to u/d quarks (W),
DM-V effective vertices

e profit from boosted regime using large-R jets
e 3 couple of orders of magnitude lower statistics, though...

e ATLAS: dedicated analysis; CMS: combined with small-R mono-jet

V. Ippolito, M. Tosi - DM@LHC - May 16t, 2016 \a gain by 2-5% on final limits 1¢

o,




GETTING FAT

CMS Preliminary Simulation 13 TeV CMS Preliminary Simulation 13 TeV - 4
T L B ],}1,1 L I T ™3 _llIIIIIIIIIIIlIIlrl‘yllIIIIIIIIIIIIIIIIIIIIIIIIIIIII_4 3 19MSPrellmtnafy %L%L%"Z'Z?It‘)USTey_)
0.221— W & =* ¥V EXO-16-013-pas 4 oF N 2 v v EXO-16-013-pas - c f EXO-16-013-pas -
C MonoW_Vector_Mphi-100_Mchi-1 . eep MonoW._Vector_Mphi-100_Mchi-1 ] 5 ¥E E
D= = esesnene MonoW_Vector_Mphi-200_Mchi-10 ] 02 e MonoW_Vector_Mphi-200_Mchi-10 : = 08 :—’++ =
0.18 o MonoW_Vector_Mphi-500_Mchi-50 ] - MonoW_Vector_Mphi-500_Mchi-50 ] i 730- _E
i N — MonoW_Vector_Niphi-1000_Mchi-5¢ i 018 ... MonoW_Vector_Mpk§-1000_Mchi-50 E k E
0.16 ‘ % . 0.16 ‘ _ 06~ .- +sm ARW e <01 —
0.14; _I_ "; ; 0.14F - o.sg— ¢t AR(Q je) <O.1 E
0.12] : 1 o2 ] “E E
E : - - . 03— =
0-1¢ ‘ . 0.1F r 02k - E
oo (¥ .. 3 | 0.08— B 0.1 = - - E
0.06[ . 0.06 — S ..l....I....I......'i...:.'.IP.‘ml-..-l-..-L.u.l...:z
- d - : : 1: T T
0.04- ' = 0.04 . g o.7sf—‘w+'+ . -
o 02 - : e - - '3 :. ; N N é ().5E -
. e L : PP = - - E
- | | e - = 14 ".- 7] 0-02: : g 0_255,_,,, R — A
I jiill AEEEEL DL AT bt ! R e et aiaaieieoeiooie ]
% 20 40 60 & 80 190 120 00 02 03 04 05 07 08 09 1 & 200 300 400 500 600 700 800 900 1000 1100 1200
im, (GeV) t, Boson P, [GeV]

anti-k:i R=0.8 pruned,
pl > 250 GeV,
n| < 2.4,
Imy - mwyz| < 15 GeV,
*. 2-prong (t2/711<0.6)

large-R jets help when topology is boosted (pT > ~250 GeV)
o ~60% tagging efficiency (with ~13% uncertainty)

separation power depends on
e mDM (~ pT(V))

S 9N
e mMed (~ V polarisation) ‘oLt
e bkg composition (g/g-jets) v
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CMS: FIVE CONTROL REGIONS (X2)
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RESULTS
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INTERPRETATIONS: AXIAL-VECTOR MEDIATOR, S-CHANNEL
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INTERPRETATIONS: VECTOR MEDIATOR, S-CHANNEL
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MONO-W/Z AT ATLAS
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MONO-W/Z AT ATLAS - RESULTS
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mass scale __—"Mg = \/(|f5h| +1P2)2 — (P + p2)?]

BEYOND: RAZOR (e.g. MnLsP)
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Hrt = scalar sum of jet pls
Hymiss = “MET” from jet info only

BEYOND: O

o AH71 = Er imbalance of pseudo-jets
main experimental limitations of 1  Hp— AHy
T ar = ;-
monojet-like searches: 2 JHe? - By

1. need to trigger events

e rely mostly on MET trigger S ol o= wp hi?
e same topology of beam background | >
(which has higher rate) . 0.5

AT

22 b (13 TeV)
e a problem, when signals have low MET %:S 0
(e-g- [pseudo]scalar) EEZ | § Hr-dependentgut
e can exploit (n-)jet+MET for specific o _
searches (e.g. razor for Njets>=2) i : ar
2. need to reject multi-jet background off [l
(especially for tt+MET) R X

O

e a jet is mis-reconstructed/lost and fakes
MET -> cut on AD(jet, MET) e : |
e might use ar for better rejection - AD"=min Ad(et, Hy™)

® fOrm ((pseudo_jets)) from reCO jetS : -1::‘ Total Standard Model

— V+jets, 17, residual SM

22" (13 TeV)
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. § ..l ’ 'L,.!-,- QCD multijet
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MET +HEAVY OUARKS

(@ quest for the elusive)



CMS:B(B) + MET @ 13 TEV

DM + heavy flavour
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CMS: 1(T) + MET @ 8 TEV

similar idea with tt final state %
esearched in 1-lepton (better) and g
2-lepton channel / X
euse MET as S/B discriminant
e 13 TeV work in progress!
eincrease in sensitivity from parton Y {
luminosity ratios
e add fully hadronic channel -> significant improvement foreseen!
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ATLAS: B/BB/TT(HAD,SEMI-LEP) @ 8 TEV K

4 SRs: b+DM, bb+DM, tt(had)+DM, tt(semi-lep)+DM [~stop]
1/2 b-tag + MET @ low njet (SR1,2), razor (SR3), 1 lepton+mr/amra/topness/mj; (SR4)
dominant Z(vv)+jets (SR1,2, from Z/y+jets), ttbar (SR3,4, from orthogonal semi-lep CRs)

background uncertainty ~10/10/7/20% (flavour, top pr, showering, stat.)
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WORK IN PROGRESS: MONO-TOP

unique sensitivity to specific models
not currently probed by other mono-

X analyses
e massive mediator decaying into DM + top

quark (RPV SUSY, hylogenesis)
e flavor-changing current

similar experimental idea as mono-

W/Z, but with top-tagging (e~40%)
e MET+large-pl,R jet from hadronic top

decay

® as in mono-jet, main background from .

Z(vv)/W(uv)+jets

Top fat jet
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DIJET (OR “IS YOUR SIMPLIFIED MODEL ALREADY EXCLUDED?”)  ®

o,
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gnificance

data - fit
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o
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e|0O

lator can decay back to quarks
K for it in dijet events

e hig

n-mass (>~1 TeV, jet trigger): can recast

generic limits on gaussian signals
¢ [ow-mass: may exploit data-scouting

V. lppolito, M. Tosi - DM@LRC - iviay 10", ZU10
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\3. better dijet (data scouting, +ISR...)
o better mono-X (|ll,lmi, strategy...)
® scan also couplings
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COMPLEMENTARITY EXOTICS/index.html
o,
DM Simplified Model Exclusions  ATLAS Preliminary April 2016
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CONCLUSIONS

» ATLAS and CMS use similar strategies for DM searches
+ common base for interpretation of results (LHC DM WG et al)
+ consistent techniques in mono-X searches

» experimental work can profit from higher foreseen luminosity
+ improve sensitivity to (pseudo-)scalar models, t-channel models

+ CR statistics may help reducing modeling uncertainties for sub-leading backgrounds
(dominant in e.g. mono-jet, mono-y)

» improved techniques (may) help!
+ “data-scouting” for low mass mediator searches

+ top tagging for mono-top, razor, ds... “ : . ,
nothing is as hard as looking

+ multi-channel combination for a black cat in a dark room,

especially if there is no cat’
V. Ippolito, M. Tosi - DM@LHC - May 16th, 2016 36
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HOw FAR ARE WE?

coloured, z axis: signal strength limit

(sensitivity gain with luminosity ~ gradient, if stat. dominated)
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DIJET: DATA SCOUTING

18.8 o' (8 TeV) 25 T 188" (8 TeV)
; E PN IE _ CMS CDF 106 pb™' (1997) CMS 19.7 fb™" (2015) i
8 102= CMS —— Data — - \ pp, Vs = 1.8 TeV, [21] pp, Vs =8 TeV, [18] ]
S E Background fit E 2 \ —
2 10 -== Z (M =700 GeV, g, =0.37) C I CDF 1.13 fb' (2009) ]
£ F --=- Z%(M=1200GeV, g = 0.84) - N ) PP, V5 =1.96 TeV, [21] i
© 1 = oom 1.5— ]
E - 3 o [ UA210.9 pb™ (1993) i
go) 10_1;_ _; = - pp, (5=0.63TeV, [21] i
: : 3 1 —
o2k i 8 [ 1604.08907v1 :
= PN 1604.08907/v1 S == CMS 18.8 b (Data scouting) i
10k -7 ] 0.5— -- CMS 18.81b" (Expected) L _ .-~ —
§ N e g B + 1 std. deviation (Expected) SDTL\’ZS:??JS ‘[(125]15) ]
10_4 ;_ Wide jets N _; , B I + 2 std. deviation (Expected) (lGaussian resonance shapes) ]
- l<25,1Anl<13 - 100 200 300 400 1000 2000 3000
10_&—.1.1.1.|...|1..11.1|...1...|E MZ.B[GeV]
£ s — T
I'-L © O ata Scouting jets
gl O 10t —__ e E
9 : : | : : _ : ; E —— —'— HLT jets selected by any single jet trigger ]
_ : : "q_)' — —— -
:3100 600 800 1000 1200 1400 1600 1800 : 103 = - — =
Dijet mass [GeV] o - —  —— .
O 2 B = .
E 10°g - =
. > S - - E
show-stopper at low mass: trigger! o[ ATLAS Preiminary -
. . = {s=13TeV, 6.25 pb”
e use data scouting to bypass rate issues P 1‘1-1, :
. 2015 Data: Single Run
1
e reach the 400-500 GeV region : H

2%x10? 3x10%  4x10°? 10°

V. Ippolito, M. Tosi - DM@LHC - May 16t, 2016

Leading jet P, [GeV]



MET +y, ET AL.



y+DM

similar strategy as monojet

e 7’ simplified model: less sensitive
than mono-jet (a vs as)

e also sensitive to yyxx EFT

lower statistics than monojet
e ATLAS 13 TeV: counting
experiment

e simultaneous fit to SR + CRs
e W(uv), Z(up), Z(ee), Wiev)

e dominant uncertainty from
estimation of e->y fake factor
applied to MET+e events

e CMS 8 TeV: shape analysis

V. Ippolito, M. Tosi - DM@LHC - May 16th, 2016
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+ DM: RESULTS ) ; :
|4 EFT validity (& result)
o S —_
depends on assumed \ X
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MONO-W,Z -> LEPTONS

same final state as VH(inv), W'(lv) searches

e lower sensitivity than hadronic counterparts
PhysRevD.90.012004 '

Phys. Rev. D 93, 052011
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MONO-HIGGS

10*

m, [GeV]

10°

10?

10
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_ s =13 TeV,3.2fb"
~ Vector Mediator
- sin(6)=0.3, gx=1, gq=1/3, g

_l 1 I 1 LI III T
_ ATLAS Preliminary

IIIII

- Observed Limits

= = = = Expected Limits
[ Expected =10
(] Expected +20

hzz- "2  »  Generated Signal Point

=" ATLAS-CONF-2016-019 s " E
> =
10 10° 10°

m,. [GeV]

I 1 1 1

P

use Higgs as a discovery tool!

e probe couplings between a new
mediator and Higgs sector

e most sensitive channel is
H(bb)+MET
e use m(b

n) as discriminant in

boostec

and resolved regimes

see Francesco&Mario’s talk
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LOOKING FOR DARK MATTER

(o,
is [ = GmShgnDM the full story?
.
— hopefully not e .
e can explain current Qh? with L S .
weak-scale DM-SM interactions oo
+ “WIMP miracle” R T G
e annihilation xsec <ov> v a
determines freeze-out Oh2 A 3 x 107 cm”s™

(o)

alternative experimental strategies to look for DM
1. sky: look for its annihilation products

2. underground: see if it scatters
3. LHC: try to produce it
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CMS MONOJET @ 13 TEV: SYSTEMATICS

experimental uncertainties: evaluated as a function of Et™s (Recoil)

luminosity — 2.7% per muon, 2% per electron
lepton efficiency = 1% per muon, 2% per electron
lepton veto —> mainly from tau efficiency - 3%

photon purity - 40% (for QCD in y+jets)
photon efficiency - 2% per photon
b veto - ~1-2% for light flavors, ~5-6% for b-jets
V-tagging efficiency - 13% on top and di-bosons
anti-correlated among categories
MET — at the level of 5-6% along the full spectrum
(dominated by JEC, JER and unclustered are playing an almost negligible role)

theory uncertainties:

QCD scale: vary renormalization and factorization scales
80% correlation in the Z/y and Z/W ratios

PDF: NNPDF 3.0 uncertainty

NLO EWK: the size of the correction used as uncertainty

di-bosons, DY and in y+jets cross-section 20%
top cross-section: 20% —>checking data/MC in top CR as well as the effect of top pr re-weighting

V. Ippolito, M. Tosi - DM@LHC - May 16th, 2016



MONOPHOTON @ ATLAS: BACKGROUND ESTIMATION

simultaneous fit to four inclusive CRs, similar strategy as monojet
o V+y bkg: 1 (W), 2 (Zpp), 2e (Zee)
o y+jet: 85 < MET < 110 GeV, AO(MET, y)<3.0

g e el e z """"""""
fake phOtOn/ MET estimation 8 [ amas Ll *22 ] 3 ATLAS
8 10 ;E Vs=13 TeV, 3.2 fo"! B - B Fake Photons ? .3 102 Vs=13 TeV, 3.2 fo D
E oL . - Z(- Ny 1 5 B Fake Photons
g 10 lf(:;;é)v ?? § 0 W(- Iv)y
- 10 3:
1 ¢ Z !
- 10—1
% 15_ . ? R E % 1 S it R ddccciediiiiiisss :
da ta- driven MET+e 150 200 250 300 350 400 450 500 E;st[Ges?O 150 200 250 300 350 400 450 sod'E;?so[c‘;;s;m
e e->y fake factor from ee/ey under N . ]
. . (") - % ,,,,,,,,
Z peak, in pl/eta bins 3 ] 8w
e applied to event yields in all P -:;:::wns 1 3 ko Prins
. . . g 10 3 102 -z Ny
regions after replacing y with e -
. . 10
e dominant source of uncertainty ‘
. 4 1
from fake factor sample statistics 10 o
o o §’ 151: ---------- eiiacecece l ---------------------- : § 15: ° B
data-driven jet+y/MET gosp T Lo ] 3 BT e
. . 150 200 250 300 350 400 450 500 2?50 600 85 90‘ — ‘95' — ‘100' — ‘105' — ‘110
e jet->y fake factor from ABCD in | e o £ (GeV]

photon ID, isolation in each region
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MONOPHOTON - SYSTEMATICS

Total background

Total background uncertainty

Electron fake rate

PDF uncertainties

Jet fake rate

Muons reconstruction/isolation efficiency
Electrons reconstruction/identification/isolation efficiency
Jet energy resolution [61]

Photon energy scale

E™* soft term scale and resolution
Photon energy resolution

Jet energy scale [49]

295

11%
5.8%
2.8%
2.4%
1.5%
1.3%
1.2%
0.6%
0.4%
0.2%
0.1%

V. Ippolito, M. Tosi - DM@LHC - May 16t, 2016
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MONO-Z(LL) - RESULTS

19.7 fb™* (8 TeV)
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MoNO-W(LV)
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MoNO-W(LV)

8 TeV 8 TeV
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ATLAS MONO-HF @ 8 TEV (RESULTS)
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CMS:B(B) + MET @ 13 TEV - BKG & SYST 32G-15-007
o,
-1
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CMS MONO—B(B) @ 8 TEV B2G-15-007
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DIJET - RESULTS
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CMS MONO-TOP (HAD) @ 8 TEV PRL114.101801

resolved monojet-like selection

criteria
e MET > 350 GeV
e 3 jets (60, 60, 40 GeV), 1 b-tagged
e no additional jet with pT > 35 GeV
e isolated lepton veto (suppress ttbar)
e dominant background from ttbar and
/+jets
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CMS MONO-TOP (LEP) @ 8 TEV 526-15-001

muon+b-jet+MET d; X
e MET > 100 GeV, pT(j) > 70 GeV, pT(un) > 33
GeV (AD(jet,n) < 1.7), pT(W) > 70 GeV, u s u; v
trigger
e 60% efficiency b-tagging (reject W+jets)
e no additional jet with pT > 30 GeV, In| < d; L t
2.5 (reduce ttbar)
e use mT1(W) as discriminant g t
e CRs from O (W+jets) or 2 b-tag (ttbar)
19.7 b (8 TeV) 197fb (8TeV)
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Source | Yield (tstat +syst) 5 109
tt 82+06+19 &=
W 52+18+21
Single top 23+1.1x+1.1
Diboson 0.5+£02+0.2
Drell-Yan 0.3+£03x+0.1
Total Bkg 16.4+22+29
Data 18
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MONO-TT (LL)

(s=8TeV,L=19.7 fb’
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Source of systematic uncertainties | Relative error on
total background
(%)
Jet energy scale 15
tt-+jets top pr reweighting 11
Jet energy resolution 5.3
tt-+jets Q° 3.7
Pileup model 3.1
tt-+jets jet-parton matching 3.0
Cross section 2.7
Integrated luminosity 2.6
Electron energy scale 1.3
Misidentified lepton 1.3
Lepton identification efficiency | 1.0
Trigger efficiency 0.3
Muon energy scale 0.2
Unclustered energy scale 0.2
Background Source Yield ‘
t 0.87 +0.18 +0.27
Single top 0.48 +£0.46 = 0.09
Di-boson 0.32 +0.09 £0.05 |
Drell-Yan 0.19+0.14+0.03
One Mis-ID lepton | 0.02 + 0.07 £ 0.02
Double Mis-ID leptons | 0.00 & 0.00 = 0.00 |
Total Bkg 1.89 +0.53 £ 0.39
Data 1
Signal 1.88 +0.11+0.07
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MONO-TT: 8 VS 13 TEV
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