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Why Dark Matter?

* Plethora of evidence from | NGC 6503 | Galactic Scale
independent observations on i | (rotation curves of
| galaxies)

different astrophysical scales:
compelling proof for the existence
of dark matter (DM)

100

Vo (km s™)

. Galactic
T Cluster Scale
30 (gravitational
lensing)

* One of the most striking evidence of
physics beyond the Standard Model

Cosmological
Scale (CMB)

Dark Matter

'-="""""ﬁ;dinary Matter [l

57

Dark Energy

—55'58'

6"58M42° 36° 30° 247 18° ET:
11/06/2015 Yangyang Cheng University of Chicago 3



(Japew-pue g+)

(Japew-pue g+)

What is Dark Matter?

st electro-weak

L soemte e s |f DM is made of particles
I ~ ™ ™~ /_/;'\ ) H
~ : ' = SIMPs? Axions? ...
e , R D) .
e Q e : 1 1« WIMP Miracle
<«— color charge (rgorb) @ . . .
i l:I y. C — o L | e e fits relic density (cold DM)
Ef o R (o § _J e BSM theories offer viable
d S | candidates (SUSY, extra-dim...)
down é strange gluon q g 8
> \_ : J g ILll.l1 '__'-'l LR | T T T Trrry ¥ T T TTrT
gﬁd ‘ 105.7M Y E% - .
- electron !.j& photon 4 g m.:
'E< \ ——— \ / 3 ‘? 1“" Increaging <o, v
A U 3 g M0t -
a-neutrinoé H-neutrino t-neutrino g E 16
12 fennion\éjmzanu-mmen 5 bosons t+1\;pposllechargedw1 = 1o ST
INCreasing Mass e ? o=
* Not nearly abundant enough to be the S e
. N Freeze-out
dominant source of dark matter! r '\
* Not cold: neutrinos are ~relativistic s SO N .
1 10 100 100

®x=m/T (time -]
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direct detection

How to look for Dark Matter?

thermal freeze-out (early Univ.)

indirect detection (now) Three
-
COMPLEMENTARY
DM experimental methods

Recoiling against one or more

M visible partlcle§ X Visible
- “mono-X" signature

productmn at colliders P@® '%* .P

“/Awisible

WIMP pair-produced
- large Ex™ss
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DM Models for Collider Searches

Less complete

| for this talk
D||:n::|le model-
Interactions \I dependent
“Sketches of models” / More
,, complete
Dark Matter Dark I,
Effective Field Theories Photon /

Minimal
Supersymmetric

more L Standard Model
. Simplified
generic Dark Matter
Models

Contact
Interactions

, Complete
Il’_h%gsl Dark Matter
orta Models

Universal

/ Extra
“There are more dark matter models than ,' Dimensions
there are theorists.” / Little
-- Patrick Fox (FNAL), at UChicago HEP seminar Higgs
/ arXiv:1506.03116

/

e
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http://arxiv.org/abs/1506.03116

DM Models: EFT VS Simplified

Effective Field Theory (EFT) Simplified Models

* Heavy mediator not directly e Complete enough:
produced at collider energy — explicitly include mediators
—> contact interaction e Simple enough:

* Various operators (dim.; SI & SD) — minimal number of

i .. renormalizable interactions
* Most-generic, minimal

parameters of interest: * Valid enough:

— satisfy all non-high pT
constraints within parameter
space

— DM mass & suppression scale

e Validity constraints:

— momentum transfer *below*

. - may be seen as a simplified
mediator mass

version of a complete BSM
theory containing only lightest
dark-sector state

— crucial when comparing with
direct & indirect detection



Collider Signature: Ef™ss + “X”

Event display for
“mono-jet”
candidate in the
7TeV collision data.

Final state:

*jet pT =602 GeV
e EfMss = 523 GeV
* no additional jet
with pT > 30 GeV

ATLAS Detector:
* Inner Detector (tracking)
* PIX+SCT + TRT
 Calorimeter (energy +
location)
* LAr + Tile
* Muon Spectrometer

E:Mss : what could
have escaped?
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Physics Object of Interest: Ey™iss

miss Emiss.Hm*dT&rm miss,Soft Term

x(y)  — Tx(y) | +E

Reconstruction:
X(v) reconstructed

> event objects
(e, W, v, jets ...)

Trigger selection: e L1 F% =~ 60 GeV  Calorimeter info

W

. 65 GeV L1 + muon chambers

W

o |2 Errll-liHH

LSS QM) (e : S L
Trigger performance: ® EF B = 80 GeV  Calibration: Local Cluster Reweighting (LCW)

g gl e g ety
a T R S DE T8
i - m —
g 0.9— :g.u_’ 0.9_—
2 o L
= C = -
z - 2 ;
s 08 g o
| B . \ — .
2 L Trigger: EF_xe80 _tclcw 8 Trigger: EF_xe80_tclcw
i W—uv selection W r W—pnv selection
- —Data 0.6— —— Data
06— — MC: W—pv - — MC: diboson + W-ets + tt
i . 05— -
05 > EM$>150GeV E ——> EfM=>150GeV
q MM b B b v b e b | 0'41_'_$:||\|||||||||||‘|\|||\\\||||\\|||||‘
0 50 100 150 200 250 300 350 400 0 50 100 150 200 250 300 350 400
ET**:.GeV ET:GeV
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Physics Object of Interest: Jets

ATLAS Calorimeter

LAr hadronic
end-cap (HEC)

LAr eleciromagnetic

Tile barrel

LAr electromagnetic

barrel

Inputs to jets

Toweré
(trigger-only)

11/06/2015

Topoclusters

Tile extended barrel

Tracks

] — —f\.-

calorimeter jet

/

T

| T

parton jet

(energy deposits in calo.) (more on that later!)

Yangyang Cheng
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Mono-jet: Signal & Background

q q Y SR1 —SR9: Ess threshold 150GeV to 700GeV
Background estimation:
* W+jets & Z(vv)+jets : MC normalized with data
* Top, Z(Il)+jets, diboson: MC

. Multljet data drlven arx.v 1502 01518
> - T T T T T T 3
® B ATLAS —.— Data 2012 -
S 10* = 1 ~] SM uncertainty —=
= = :‘5‘. \5=8 TeV, 20.3 1t = 2 ojets =
S B L miss w Iv)+jet —
EFT model § 10°E| ET*>150 GeV = oaeoners .
(j )Z L = .. @ {1 + single top 3
o ] Multi-jet ]
10°E - == Z(— ll)+jets =
— L= D5 M=100GeV, M,=670GeV ]
C borwarne L ADD n=2, M_=3TeV _
10t L B Ll =
= i I G+q/gM 1TeVM =10%eV 3
1 E m ............. =
— e R b
‘IO'1 = W =
— i
oF —|_L *
107 5
?L. | | | :
= 2 -
w -
s 13E
- S 05F
0 " " " "
X 200 400 600 800 1000 1_200
E™ [GeV]
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http://arxiv.org/abs/1502.01518

Mono-jet: Result

Spin-Independent (SI) DM

('\J’_|10-28 T T T \I\Ill T T T \I\\Il T T T II\\Il
= ATLAS 90% CL | gggéfsl-ﬁﬁg, 30
O -30 re_ -1 )] , 20
E. 10 A B; Exﬁq Vs=8TeV, 20.3fb O EB%ENI’ 009, CL
o) PGS 4, *Clixyda = » 1o
= -32 o uy 1 CDMS, 206
5 10 s D11 YXG G +C5:'G,G CDMS, low mass
% E " truncated coupling = 1 — I).(UX 2(1}10% %%‘;/}: %LL
- . — Xenon 0
? 10 T=-- _thruhncated, max coupling — CMS 8TeV D5
@] 36 Teeal CMS 8TeV D11
—_ -
c 10
c
O 10-38
S s TN
c 10 40
2 10 -42
1 0 T e A i
spifi-independent
10'4GE | | | \I\Ill | | \I\\Il | | | II\\Il
3
1 10 10? 10
WIMP mass m, [GeV]

* Collider limits stronger than direct detection
for SI-DM at low mass
* nuclear recoil energy (~keV) hard to
detect with current technology
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arXiv:1502.01518
Spin-Dependent (SD) DM

C\J’_'1O-26 T T II\II\l T T II\III| T T IIIIII|
£ ATLAS 90% CL —COUPP 90% CL
% 10 - wD8: 7y'v5m 1% (5=8TeV, 2031 —g:l(\:ngls_g gcggty(:é ]
D9: To* - o
S 10730 v tzo Xt:oa"q e — Super-K 90% CL
O — - fruncated, coupling = lceCube W*W 90% CL
% - truncated, max coupling —CMS 8TeV D8
o 107
3
5 103
S 436
Jo) 107
S
c 108 - =
1 v
o Ny >
g 10-40 _____,___-—-:T_—-I—— ______ Ty
42 T
107
spin—c?pendem
10'44 | II\II\l | | II\III| | | IIIIII|
3
1 10 10? 10

WIMP mass m, [GeV]
* Collider limits stronger than direct detection
for SD-DM for most DM mass range:
* SD-DM less sensitive at direct detection
due to coupling to nuclear spin (vs mass)
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DM+Heavy Flavor: Motivation (EFT)

EFT: Diagram

g b
X
X
q b,t
X
X
g b,t
11/06/2015

EFT: Operators . a3
Fermionic DM 1303.6683
Coupling Group | Operator | Operator Structure Colefficint I
| Scalar quark @ XXqq @/@I
Vector quark D5 X7¢xqv.9 1/M?
Tensor quark CD—QD Xo" xqouq 1/M,
Gluon D11

1

XX Gy G s /4M3 }

Complex scalar DM

Coupling Group | Operator | Operator Structure Coefﬁcientl
| Scalar quark QCI) x'xaq @@
| Vector quark C3 xTaﬂxafy”’q 1/\1\/1-*{ |
E Gluon c5 xTx G G as/4M? '}
pry T - ,

Yangyang Cheng

D1, C1: coupling normalized by quark mass
D9: quark mass dependence from Yukawa coupling

University of Chicago

13


http://arxiv.org/abs/1008.1783
http://arxiv.org/abs/1008.1783
http://arxiv.org/abs/1303.6638

DM+Heavy Flavor: Motivation (Simplified)

Fermi-LAT Result Interpretation bottom-Flavored Dark Matter
arXiv:1402.6703 arXiv:1404.1373

100 ——

scalar mediator

NI
\

80 - \

20 -

: —Inner Galaxy ) ,
o -— —Galactic Center NN N _
[ Galactlc Center E > 1 GeV | ]
10 20 20 50 70 Dirac fermion DM partlcle,

my (GeV) preferentially couples to b-quarks

Excess of gamma rays from galactic center can be
interpreted as DM annihilation:

* analysis favors DM of ~35GeV annihilating into b-
guarks via colored mediator


http://arxiv.org/abs/1402.6703
http://arxiv.org/abs/1404.1373

Physics Object of Interest: b-jet

Secondary
Vertex

S~

Jet

Displaced

T

Efficiency

I IIIIIHI T TTTTIT

Q

TTTT

1 1 1 1 11

T ] T 1 1 71 l L ] T 1 1T 1T T T 1 T 1 ] T 1T 1T 71 ] T 1 1 71 l T 1 1 71

ATLAS Preliminary tt simulation, \E:B TeV
i jet
P’ > 20 GeV, In | <25

L — Ps
*_'_'—'—-—'—- >
»* —_—

—e— b jets

—— C jets

—=— light-flavour jets

P
Lr

-

1

o

» Shown for 70% b-ID eff. working point
* Calibrated to using ttbar dilepton data events

11 l 11 1 | 11 1 | J 1 1 1 |1 l 11 1 1 I 11 1 1 l 1 1 1 1
100 200 300 400 500 600 700 : 800
p. [GeV]

 b-tagging “MV1” multi-variant algorithm: input from multiple algorithms incl.
I3PD (track-based) ; SV1 (secondary-vertex finding); JetFitter (neural network)
260%* , 70%, 80% b-jet ID efficiency working points

*selected for optimal signal sensitivity: mis-ID rate ~15% for c-jet & <1% for light
* Jets considered for b-tagging: pT>20GeV, |n|<2.5

11/06/2015
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Data-Driven Background: Z(vv)+jets

* Main & irreducible background = data-driven estimation (no good MC at high pT)
* EtMs<200GeV , reweight from Z(->up)+jets data

* Select Z>pup CR; TF: Z->vwv (MC) Et™ss / Z->up (MC) (ET™ss + pT of 2p)
* EtMss>200GeV, reweight from y+jets data (low stats with Z2>pu)

Similar production of Z,y when pT>>mZ ; select 1 prompt, high pT photon

* TF: y+jets(MC) (Er™ss +y pT) / Z>vv (MC) EfMiss

|||||||||||||||||||||||||||||||||||||||||||||||||

§ s  ATLAS work in progress -4 “E ATLIASIIkIIIIj
Z VV + ets CR - E int _ -1 —_ 3 E g work in progLeSS #®Dala 3-8 TeV, 555055
(9 ) J L L7 =20301b ’ 1s=8 TeV mS'E_ Sk |_wE =20.30 fb_1, I1s=8 TeV %SM axp., 587490
0- Lepton, TE = E "l

O-btagged jet ETmiss Z(-svv)jels, 277006

|:|Wf shZ(—sl)jets, 264440

|:|Mullijet: 27715
1-bjet also studied. “F T o sos
Good agreement L 1 [loboson. o155

= | | il e
across_boa rd 0 100 - J200l - l3{)U' ' ll400 500 600 700 800 800 1000
.
18E= 4T H T

Data’MC




DIVI+Heavy FIavor Signal Regions

SR3
Trigger E%ISS E%‘SS 5 jets || 4jets(1b) SR1: DM+b
Jet multiplicity n; 1-2 3-4 >5
— . +
b-jet multiplicity ny 0 (60% eff.) 0 (60% eft.) 1 (70% eff.) SR2: DM+ bbbar
Lepton multiplicity ng 0 0 0 SR3: DM+ ttbar
Lges >300 GeV >300 GeV >200 GeV BN
by
. . T > 100 GeV J .
Jet kinematics pT > 100 GeV p“% > 100 (60) GeV pr > 25 GeV SR1-3 fu“y hadronic
Three-jet invariant mass .
A i (ji, B) >10, i=1,2 | >10, i=1-4 i Additional SR4
| using SUSY STop
Angular selections - - A i (bl,ET ) > 1.6 1Lepton selection for
Event shape - - Razor R >0.75 DM+ttbar
> 10T T T e W P L L L I I S I I
[ ATLAS —e DaFa o 10 ATLAS — E_)ata
(uoz 10° - ys=8Tev, [Ldt=20.3fb" % :;ﬂets % 105 E- Vs =8TeV, [Lat=20.3 10" % gingle top
P 10 (a) SR1 (] single top E . (c) SR3 [ V+jets
o [ Other o 10 [ Other
@48 v Syst 107 s Syst.
....... DM+b (10 GeV), D9 DM+tt (10 GeV), D1
10° = ...... 102
.10 ............. 10
10 10
3 1.5| e b v b v b e e g e by e g by gy % 15 / )
s W—/*—///%Ww/;ﬁ% § . -%@#%%%WW#W/ : arXiv:1410.4031
S 200 250 300 350 400 450 500 550 600 650 700 0 01 02 03 04 05 06 07 08 09 1
E_rrniss [GeV] R
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http://arxiv.org/abs/1410.4031

DM+Heavy Flavor: mono-b(b) Results

arXiv:1410.4031

EFT Model Simplified Model (b-FDM)
c'\l_'10_34 T — T T T T T T T T T T ,>\ 80— LA S S Sy S Sy S S S B S
5 1oL ATLAS —— ATLAS Scalar (D1) g " LAS —— Observed limit _
-z 2031715 =6 TeV SuperCDMS (2013) § = 70 B Expocted limit (10, |
) ><-|0'35 ke - 20.3fb",\s=8TeV P exp .
o LUX (2013) S 60 .
.37 — all limits at 95% CL ]
10 all limits at 90% CL, g=4n i i
10-38 SR4 50 — ::-.".q. SR1+SR2 ]
10 (DM+tt 1L) sof- { - (DM+b/bboOL)
-40 B : s 7
10 sl N
1041 . ; .
1042 20__ @ - d
10-43 10 - \\‘ o
10744 0_ AT I
0 200 400 600 800 1000 1200
10_45 1 I L1 11 I| | 1 | L1 111 ‘ m (Gev)
1 10 10° . _ o ¥
m, [GeV] First collider limits on b-FDM
Stronger limit than mono-jet by ~x100!  simplified model!
More sensitive than direct detection First ATLAS results for C1 scalar
for low mass DM (SI-DM) ! operator set in this search as well!
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DM+Higgs(—2>bb): Motivation

We found the (a?) Higgs! New Probe for DM
* Higgs unlikely from ISR -
DM-SM coupling

* Search in Higgs—=>bb channel:
Iarge BR for 125GeV Higgs

@ 42
= : ~ WW 33
© r bb ; :z
510" ZZ 3
@ATLAS S 3
EXPERIMENT v ]
http://atlas.ch m 7
102 E
10° =
F | 3
L |
104 | 1 | ‘ | | | ‘ I | | \ | | 1 ‘ | | | 1 | |
bete: iz osto 80 100 120 140 160 180 200
- M [GeV]
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DM+Higgs(—2>bb): Signal Models

Simplified Model arXiv:1402.7074

Z’ produced resonantly & decays

h

0
.
’
.
.
0
4
-
0
.
.
0
.

EFT Model

a2 =
§ 0.2 :—
:’0.1 8 —— M,=600GeV, M ,=300GeV,tanp=1
0.16 =5 —— M,=800GeV, M ,=300GeV,tanp=1
Ur M,=1000GeV, M ;=300GeV,tanf=1
0.14— —— M,=1200GeV, M ,=300GeV,tanp=1
0.12E- —— M,=1400GeV, M ,=300GeV,tanB=1
0.1—
0085 Clear peaks from
0.06E- resonance decay
0.04—
0.02—

P I T N T TR B
0 200 400 600 800 1000 1200 1400
Missing Energy GeV

11/06/2015 Yangyang Cheng

arXiv:1312.2592

effective operator

4,9 \ 2 h

e
h, Z, ~

X

q,9
-"é' RERRNRARELN LRRREERREN LR LR LN RN LN LR
035t ATLAS work in progress 4 Dim.8
oo 1 spin-1/2 DM
0.25§— " . — Dim-6
02k V\_ll € ta! " E spin-O DM
. high Ef™'ss ]
015 _._"r||: —; Dim-5
o1 1 spin-1/2 DM
o.osf— T —f Dim-4
O: M E Sp|n‘0 DM
0 100 200 300 400 500 600 700 800 900 1000

Z, [GeV]
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Physics Object of Interest: Boosted Decay

(o3 4:—"'""""'"I'"'I_'"'l"."lmwuu__
Decay products of high-pT objects highly D:Q a5l :1;1;482 SIrT;fqunor\]Nb E
- ythia Z' - tt, t —

collimated: <
—> difficult to reconstruct as “traditional” jets
“These aren’t your daddy’s jets” — BOOST2010

al

Low energy

Wide angle

P [GeV]

But jets are more than energy & location:
- multi-prong decays have STRUCTURE

- important info for reco. & signal vs bkgd
Higher energy

G b v b b b b a b as
O0 100 200 300 400 500 600 700 800

200
180
160
140
120
100
80
60
40
20
0

____ > Use larger-radius jet
—® | (fat-jet) to contain al
Low angle "/ relevant decay products

11/06/2015 Yangyang Cheng University of Chicago
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Physics Object of Interest: Jet Substructure

Jet trimming (arXiv: 0912.1342) Flavor Tagging with Track Jets
. @ ------- X _ in Boosted Topologies
/O @ O ““‘ - 1: N L L L I L L L L L
‘ O @ — € .90 ATLAS Simulation Preliminary =
\ @ @:’ = C Y8 =8TeV,ki,=1.0 [ ] Track Jets (R=0.4) .
N @ /4 e 0.8 antik, track jets -
“.. @ o CF « caosubers [ ] Track Jets (R=0.3) ]
ol 3¢ @ - -
Initial jet ® r;7/ ]fl.rel < fout Trimmed jet N 0.7 E Track Jets (R=0.2) E
E 06E Calo SubJets (R=0.3)
(Some) substructure variables 2 o5k 3
@  constituent 0.4 ;_ _2
8 jetaxis 0.3 - E
_ 0.2 =
& wta axis E .
0.1 =
AR 0 3 1 101 | | L1 1 1 | 1 1 1 | | 1 1 #‘ T _'
6

0 1 2 3 4 5
Number of Jets

> ARy, Use R=0.3 track-jets “ghost-associated”
with a R=1.0 fat-jet with substructure.

de et ARg

€ —=> AR

i
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DM+Higgs(—2bb): Analysis Strategy

* Resolved channel: * Boosted channel:
— Higgs pT 150GeV —450GeV — Higgs pT > 450GeV
— used for Z’-2HDM simplified —>dR(b1, b2)<0.4
model — used for EFT models
B Antics ke
(R=0.4 jet) )
o AntiKt3trk
I T
AntiKt4 (R=1.0 jet, trimmed)

Two complementary channels maintain acceptance for a wide kinematic range.
Select either analysis channel with better sensitivity for either model!
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DM+Higgs(—2>bb): Signal Selection

Resolved Boosted Reiect
- ejec
Admin (ETS, ;) > 1.0 > 1.0 . ml‘”tijet
2<n;<3 ny>1
Jet multiplicity -
njuk > 2 Reconstruct
b-jet (60% eft.) pr p?' > 100 GeV - bb system
b-jet multiplicity np = 2 (60% eft.) npec = 2 (70% eft.))

Jet pr

p?> > 60 GeV when n; = 3
pr > 100 GeV when n; = 3

N Reject
})T > 350 GeV : top

A(b(E%liHH, !;—)-’l_l]_]iﬁ.\')

< /2

Dijet separation

AR(j1. j2) < 1.5

Invariant mass

90 GeV < myp,p, < 150 GeV

90 GeV < my, <150 GeV___ Higgs

Mmiss
ET

> 150, 200, 300, or 400 GeV

> 300 or 400 GeV mMass

Sliding ET™* cut:

(J: R=1.0 jet; j_trk: track-jet; b_trk: b-tagged track-jet)

Et™iss spectrum shifts with Mz’ / ma in Z’-2HDM model, My / operator in EFT models
—> optimize for individual signal



DM+Higgs(—=bb): Background Overview

Main backgrounds: good agreement to data in CRs & VRs
— simulated: W(lv)/Z(ll)+jets, top, diboson(well-validated), Vh(bb)
— data-driven: multijet, Z(vv)+jets (dominant in most SR)
Data-driven background

— Z(vv)+jets: >=2b-tag SR 2 0b-tag/1b-tag Z—=>vv CR
* EqMiss <200GeV, reweight from Z=> pp (only used in resolved channel)

o E{™ss >200GeV, reweight from y+jets (used in both channels)

— multijet: jet-smearing method (resolved) | ABCD method (boosted)
Simulated background: shape from MC; normalized to data in CR

— 0O-lepton Signal Region (SR) > 1-lepton Control Region (CR)
— Nj=2| no b-tag: W(lv)/Z(ll)+jets
— N;=3 | with b-tag: top (ttbar + single top)

Total background

— Olep Validation Region (VR): 2b-tag, inv. mass of bb in Higgs-mass sideband



Events / 50 GeV

Data/SM

DM+Higgs(—2>bb): O-lepton VR

Resolved Channel Boosted Channel

:| T T T ‘ T T 7T T | T T T T T T T T | T T T T | T T T T | T T T 7T | T T T 1T T T T 1T T T 7T I: > “04 B T T T | T T T T | T T T T T T T T | T T T T | T T T T | T T T T | T T T T | T T T T T T T =
— ATLAS Resolved VR e Data ] 8 = ATLAS Boosted VR e Data =
10 = Vs =8 TeV, 20.3 b == SM exp. = Q [ Vs=8Tev,203fb" ‘EM SXp. ]

= - = —_ V)+jet
: Qe e ] 2OF By e
- OW(—hyz(—l)+jets — & = W= et 3
= Ot + single top = 2 — Eg; single top ]
i [OJDiboson . B VL oson -
- Wl Vuttijet — 0= = =
- . i . B -
- . | 10 =" == =
- — .*J%_/ i - __I_|— .

o
3 i= ERNN S I
. ; ] = 2r - T - - ]
4 8k st %
----------------------------- o I | S e e v + L, RPN
1 8 osf 374 <+ + Z
600 700 800 900 1000 ) 100 200 300 400 500 600 700 800 900 1000

ET"° [GeV] ET [GeV]

Full hadronic, >=1 b-tagged small-R jet Full hadronic, 1 b-tagged track-jet
Mbb <60GeV || Mbb >150GeV MJ<90GeV | | M;>150GeV

Good agreement achieved in both channels.



DM+Higgs(—2>bb): Signal Region

Model-independent upper limit

Eiss i\%bs Npked | (0vis) 2. 1D]  Nesmuore \Bsmﬂp p(s=0)
> 150 GeV | 164 148 3.6 74 6377, 0.31
Resolved = 200 GeV [ 68 62 1.3 27 21755 0.28
T >300 GeV | 11 9.4 0.49 9.9 8.2+ 0.31
> 400 GeV | 2 1.7 0.24 4.8 4740 0.39
. >300GeV | 20 11.2 0.90 18 9.9%-3 0.03

Boosted , <o N 13 5

> 400 GeV | 9 7 0.43 8.8 7.758 0.37

Look- elsewhere effect calculation: ~10% likelihood excess from bkgd statistical fluctuatlon

> 3 LN L B B I T LI ENL LIN  I B > 103 EO—I LIS L Y L B B B [rrrryprrrrprrrr T —OE
(‘B 107 = ATLAS Reso!ved SR . Data = (‘B E ATLAS e Data =
= 1 ==SM exp. 3 Co~ ) ez SM exp. ]
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DM+H(—=2>bb) Results: Z’-2HDM (Resolved)

’ ’

mZ’-mA mZ’-tanf arXiv:1510.06218

; 800 - T 17T ‘ T 17 ‘ T 17 | T 177 ‘ T 17T ‘ T 17T ‘ T 171 | T 177 - m_ [ T 17T ‘ T 17 ‘ T 17 | T 177 ‘ T 17T ‘ T 17T ‘ T 171 | T 177 ]

— IR T I c | IR T 1

ﬁ 750 :_ATLAS Z-2HDM = Observed limit (+16"") 5 & 12 -ATLAS Z-2HDM m— Observed limit (+16""") _|

C ez 1 =1  mmm _ - Ve= -1 =300 Geay "™ expect. |

EQ'. ?00 :_ \s=8 TEV_. 2031 tan [_)) 1 — Expected limit (i1 CFrexpect)__ B \s=8 TEV_. 2031 mA 300 GeV — Expected limit (i1 G P t) B

- - 10 — rr— —

= = C ! i

650 |- = - ; \ ]

g - o[ ! \ —

0E 3 i i \ §

550 — = - ! \ ]

- . 6 — i \‘ —

500 — N i S\ ]

- 3 - / B i

450 & — 41— / e —

400 ; _______________ é : ......................................................................................... :

= = 2= ViR —

350 |— N B i

- 15 | | | RA\WE o SE ! | | | i

300 1 1 L] 1 1 1 | 1 1 1 1 1 1 | 1 1 1 1 1 1 1 1 | | 1 1 - 1 1 | 1 1 | 1 1 1 | 1 1 1 1 1 1 | 1 1 1 1 1 1 1 =1 1 1 1 1 |

600 700 800 900 1000 1100 1200 1300  14( 600 700 800 900 1000 1100 1200 1300 1400

m,. [GeV] m,. [GeV]

Exclude mZ’=700-1300GeV for mA<350GeV Exclude mZ’=700-1300GeV for tanf<2
First Collider Limits for the Z’-2HDM model!

* alignment limit (a=B-1t/2) where h is SM-like; avoid constraints from fits to Higgs coupling
7’ gauge coupling set to 95% CL U.L. from electroweak & dijet search constraints


http://arxiv.org/abs/1510.06218

95% CL A lower limit [GeV]

DM+H(—2>bb) Results: EFT (Boosted)

arXiv:1510.06218

| ATLAS — hobBobseved| % | ATLAS .
- 1s=8TeV, 20.3fb" ---- h—bb expected | O, 10*L 's=8TeV,20.31b" |
| 77 xB.HD'H [ tlo uncertainty | o= % E 5" Hp H -
Fermionic DM (1420 uncertainty E C Scalar DM — -
i & g=1 trunc. — . —— h—bb observed -
-5 g=47 trunc. ﬂ;-’ - h—bb expected -

— h—yy observed ) 3 [ 1o uncertainty
I 1 — 10°F [1+26 uncertainty =
= B, < e p— perturbative limitz
““““““““ —J B ~@- g=4m trunc. ]
G- O g T\ —BR(Z=inv) -
............ 32 - — LUX .

____________ o) = h—yy observed

@ 107
1021 Dim.8, spin-1/2 DM a
i 1 IIIIII| | IIIIII| I I I 1 IIIIII| | IIIIII| I I
1 10 10° 10 1 10 10° 10°
m, [GeV] m, [GeV]
Exclude A up to 270GeV (g=4n) Exclude A up to 91GeV (g=4n)

Strongest Collider Limits for these EFT models!
EFT Validity requirement for signal: Q,=m_, <m, =A,/9,9,.9=,/9,9, < (0,47)
29
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http://arxiv.org/abs/1510.06218

Summary (for the dark stuff)

Collider searches for DM: large Et™ss + visible object(s)

— Complementary to (in)direct detections; sensitive to both EFT and simplified models
Mono-jet

— Powerful for many models

— Stronger than direct detection for low mass SI-DM and most SD-DM

DM + Heavy Flavor (mono-b/bb/tt)
— First collider search for DM in these final states

— Strongest/First collider limits for EFT operators with quark-mass dependency (D1/C1)

— First collider limits on b-flavor DM simplified model (= Fermi-LAT gamma-ray excess)

DM+ Higgs (= bb)

— First collider search for DM in this final state

— Adopt resolved + boosted topology for Higgs(—>bb) reconstruction
— First collider limits for Z’-2HDM simplified model
— Strongest collider limits for various EFT models ( a few times better than DM+H(—=2>vyy) !)

— Model-independent upper limit into high Et™s region helps guide future search



Tracks? Tracks!

@ATLAS - — Event with H(->bb) + large E:™'*
EXPERIMENT : N
hnp://uilus.ch' N

Run: 204763
Event: 49333326
Date: 2012-06-09
Time: 16:08:25 CEST
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Physics is Exciting! Tracking is Important!

b-taggin i3 pracaH JVF[jet2, PV1]= 0 Vertex
gging g JVF[jet2, PV2] = 1 .
- finding
Secondary e
Vertex /

IVF[jetl, PV1]=1-f
IVF[jet1, PV2] = f

g
~

* Jet reconstruction
e E{Miss reconstruction
* Lepton isolation

11/06/2015 Yangyang Cheng University of Chicago 32



Physics is Exciting! Tracking is Tricky!

* More particles per collision E iR AR R D 3.
= E |
. . @ - » 2011 1D Reconstruction /
* More interactions per bunch s 10 ]
Q B ) o 7
. E | : [ 2012 |ID Reconstruction .'r _
- complex challenge for tracking £  sf- ol
- — o011 |0 Reconstruction | o
- o E Pt
* Ability to reach rare processes  § o . .
crucial A "’ .
. . 8 4 .
— importance of trigger 2 E :
of -
£ 20 TIAS Simulation pIxeLLAYER 0 E : ATLAS Prellmlnary :
g 18000F—  Pythia tf with {s=14TeV, 25ns bunch spacing = ! n’PUIatlon —
g - o4 : S e
E 15000:_ PIXEL LAYER 1 0 5 10 15 25 30
14000/— PIXEL LAYER 2 1
12000
soof- sor LR

Luminosity [10° cm2 sec]
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ATLAS Trigger Upgrade and the FastTracKer

e ATLAS Trigger Upgrades for Runll: Collisions from LHC
— removed internal subdivision A0MHz (50 TB/s )
between Level-2 and HLT l,
— improved network infrastructure I evel 1 5 5 s
e Software-based full tracking still '
100 kHz

limited by ROls to a fraction of the FTK
Level-1 triggers ~100 s

~40 ms

.
T

 Where FastTracKer (FTK) comes in:
— Hardware-based

~seconds
— Full tracking will be provided for

every Level-1 trigger (up to 100 KHz)

— Any trigger selection will be able to l
exploit the track information

— FTK tracks can be used to bootstrap FTK receives data in parallel to HLT
other tracking algorithms —> FTK output available at beginning of HLT

11/06/2015 Yangyang Cheng University of Chicago 34



FTK: Core Concept

Pattern Recognition Track Fitting -

« use full resolution hits ===
associated to patterns

* linear approximation in
small region of detector I

Associative Memory
compares

coarse detector hits
to ~10° pre-stored

patterns in parallel : Track parameters . .
e content-addressable % &;(Zcomponents Hit coordinates

memory chips (CAMs) \pi — E Cii * $:;I'l + q;
PATTERN IPATTERNQPA'ITERN3 PATTERN NPNTER)%4 ..o' § j ‘K con Staﬁ S
< | /] ’ y
- 327%4)

r parallel workers

Pattern matching limited to 8 layers: 3 pixels + 5 SCTs.

Good 8-layer tracks are extrapolated to
additional layers (IBL + 3SCT) , improving the fit

\ 4
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FTK: Parallel Processing

Challenge: complex inner detector; large data volume ATLAS inner detector

1
—r i

e Massive parallel structure

— Segment inner detector to 64 (4-n X 16-¢)
independent towers (with small overlap)

— 8 independent processing unit per tower .,
 Map detector physical layers to logical layers
— optimized for performance and efficiency

|y
H||

== plane 11 : : i
2000 1000 0 1000 2000 3000 lo12Jo13]
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FTK: System Architecture

Pixels
&oC (= ' FTK
Data l
%[gghrmatter l
Cluster Core Crate
Finding e
100 kHz
o000
Event
[Rate
Second Stage Fit (4 brds) Tracks
- ¥
Track Data FLlC H (SSB)
1] ROB
‘Raw Data\ FTKROBs|=HLT
ROBs : $Proces
RoadsE
(AMB) | Hits
Roads: coarse resolution track candidate SSID L, (DF)

SSID: coarse resolution identifier of hits

11/06/2015 Yangyang Cheng University of Chicago 37



FTK: Auxiliary Card (Processor Unit)

AUX Card Ext. Mem. (RLDRAMII)
e |\ Processor 4x2G0ps
(ArriaV FPGA)
R 12x6 Gbps
g Hits + SS
spy
i * Input FPGAs:
— * SSMap: converts hit clusters to SSIDs
ﬁn; e Processor FPGAs:
2 * Data Organizer (DO):
- —>stores full res. hits by their SSID
- - —>receives matched road IDs
e —>fetches corresponding hits
=y =% 1> o Track Fitter (TF)
id - Performs 8layer fit to reject fake tracks
H .. * HitWarrior (HW):
|| ETKAUX Card Block Disgram —>Remove duplicate tracks
' - R ~ =» Tracks sent to 2"9-stage for 12-layer fit
11/06/2015 Yangyang Cheng University of Chicago 38



FTK: Data Organizer

———————————————————————————————————————————————————————————

Data ,,/ Data “,
Format_tg;r Organizer \‘
1
(pix 3%2L; sct 5L) v i
SSMap | . L
| xm[rl) X 111 , - statusflags
AMMapi

Ext.Mem.

Interface

Hit x 8L
(pix3L; sct5L)

~

\N
11/06/2015




c(q/pT) [1/MeV]

Efficiency w.r.t. Offline

FTK Physics Performance: Track Finding

Close to Offline Performance Robust with ngh Pile- up

-, ATLAS Simulation, no IBL PO 9 f E
14 + 4 £ 095 -e—e% -
12; -A-:t+ :S_:_f}llne ++_':+T é E g .;o._o__o_ :+: H_;
C e R . T 0940 -
10:— ‘_“.- - —: iO +
8k - .~ = 0.85F o -
. ""_+ o ] - ATLAS Simulation, no IBL ]
6;_ e - * E 0.8 =
4 - - - . C ]
C w -, ] - -o- <> =46 ]
oF A—_A_A_-A- = 0.75 :— - <t> - 69 —:
86 04 0z 0 0z 04 0_210 0.7 bbb b b
0 10 20 30 40 50 60 70 80 90
q."pT [1/MeV] P;
s ARSARgus:a s . . .
0.95F W’::****ii##++“ﬁ_a~i FTK will provide reconstruction for all tracks
E & —— = . .
00835_ T 7 with p;>1 GeV in about 100 ps.
08f 4 performance close to those from offline.
" 4« FTK tracks can be refitted using offline
065} 4 —>Allows the HLT to increase the use of
0.6F -+ muon E .
055 PN ArekS St oL selections based on tracks

0.5k b edtd. - 2 Reduce effects from high pile-up
p, [GeV]
11/06/2015 Yangyang Cheng University of Chicago 40



Normalized Entries

Light jet rejection

FTK Physics Performance: Event Objects

b- tagglng

T LA B B L B
1 EATLAS Barrel (|1'|| < 1 1) ‘gl
- Simulation \s =14 TeV
- — Offline Light-Flavor <u>=60 1
10" — offline b-Jet -
- —s— Re-fitted FTK Light-Flavor =
_ —e— Re-fitted FTK b-Jet ]
107 E
10° E E
10 —— 3
10_5 | | | | | E

2 -15 -1 -05 0 0.5 1 1.5 2

dO [mm]

104

10°

10°

10

ATLAS Slmulatlon no IBL Barrel (|n| < 1 1) i

Offline IP2D

: : S Offline

T N — FTK LF rejection x2

—— FTK LF rejection x5
FTK LF rejection x18

wl 0ol

=T ||IHH|
1 IIIHHI
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N
0.9 1

B-jet efficiency

~
(@]
[$)]
o[
=218
o
~
o
[04]

t-finding

o i - ]
o I i
i 0.8 ATLAS -
i Simulation i

0.6 Vs =14 TeV, <> = 60, ggH—7, 7, ]

- L1=TAU12I ]

04r & —e—FTK Selection -
0.2} —s— HLT No FTK

q .

20 40 60 80 100 120 140 160 180 200
Offline 1 P; [GeV]

« Significant improvement in complex objects
esp. b- or 1-jets

* Improvements to jet/ Ef™* reconstruction,
lepton isolation, primary vertex finding, trigger
- Improve tracking in existing ROls

- Tracking finding without ROI constraints
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Summary

«  WIMP Dark Matter may be pair produced

at colliders experiments and detected
as large Ei™* with visible object(s)
— Complementary to (in)direct detections
e Many models:
— EFT, Simplified, UV-Complete...
* Many search channels “mono-X":
— mono-jet: powerful for many models ¥ PR
— mono-b(b), top: DM-SM flavor dependency
— mono-Higgs: DM-Higgs sector interaction
— mono-W/Z/y ...

* Significant reliance on track-based event objects:
jet, b-jet, track-jet, Ec™ss , ...

* Improvements to tracking performance, incl. FTK,
bring exciting prospects in Runll
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What Can We Do in Runll?

Same cliff: existing searches
* Jump higher & further

- 13/14TeV; higher lumi; ...

* Become a better jumper

— better detector/trigger/algor.

— (boosted) top/W/Z/H tagging (graphics ¢/o Henri Bachacou)
- high-pT b-tagging !
Direct searches in
dilepton/dijet
channels:
complementary!

—> combination of channels

- search for mediators too!

Good tracking crucial for many of these!
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What Can We Do in Runll?

Find a new cliff: new searche

—>more inclusive final states
e.g. mono-jet 2 multi-jet

- new final states

p

(graphics c¢/o Henri Bachacou)
O AN A

inelastic DM:

. displaced vertex
composite

dark sector

Emerging Jet

Good tracking critical for many of these!
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Today - 14 hillion years
Life on earth - : »

Acceleration 11 hillion years
Dark energy dominate e it T SR

Solar system forms\ e O

Star formation peak — 7
Galaxy formation era\ \

Earliest visible galaxie

Recombination Atoms form
Relic radiation decouples (CMB)!

Matter domination — 5,000 years
Onset of gravitational collapse . 3

Nucleosynthesis : 3 minutes

Light elements created - D, He, Li | )
Nuclear fusion begins - 0.01 seconds
v F AT L 4

Quark-hadron transition
Protons and neutrons formed

Electroweak transition
Electromagnetic and weak nuclear
forces first differentiate

Supersymmetry breaking

Axions etc.?

Grand unification transition F—
Electroweak and strong nuclear
forces differentiate

Inflation

Quantum gravity wall
Spacetime description breaks down

11/06/2015

Thank You!

Yangyang Cheng

University of Chicago

WE ARE HERE.
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The ATLAS Detector

Muon
Spectrometer

25m

LAr hadronic end-cap and
forward calorimeters

Hadronic
LAr eleciromagnetic calorimeters Calorimeter

Toroid magnets
Muon chambers Solenoid magnet | Transition radiation fracker
Semiconductor tracker

| Proton

* Inner Detector (tracking) { N I

Electromagnetic

* Pixel Detector (PIX) o
. Calorimeter . *Electron”
» Semiconductor Tracker (SCT) . = o
* Transition Radiation Tracker (TRT) . {;edk i
. . i = CrF’i)(&lJ’SCT
« Calorimeter (energy + location)
* LAr + Tile

detector
* Muon Spectrometer

11/06/2015 Yangyang Cheng University of Chicago

5
wn ]

Neutrind|
¥

The dashed tracks
are invisible to
the detector

http://atlas.ch

47



Limit Interpretation: Collider->Direct Detection

EFT operators WIMP-Nucleon Xsec

Name| Operator |Coefficient Name| Operator |Coefficient 0691 — 160 x 10~ 3”L1112 1( 2 ( 20GeV )
D1 Y Xqq -mq,fﬂff’ C1l Y \adq mqfﬂff e\

. ) - D5.C3 37 9 2 _)”UC‘.IC 4
D2 Y Xaq imng /M3 C2 xIxayq | img/M? op 7" = 1.38 x 10 em (1( )

T(_‘

D3 Y\{_”I-,Eg .;.mqfﬂff C3 \T‘f);a\fh”q ljf'ﬂff 9 9 )[]UC O 4

L _ _ ) . D8, D9 —40 2 X o
D4 {»—:,.a\lr,-}_uq '”"qffjl'ff 4 \T(')“\g?}t,.}aq 1;’}'[3 O—O = Q J_{\ X 10 C111 (1 - ) ( )
D5 Y X T 1.,&"11’3 Ch \T\GWG“” nsfélﬂff D1 383 10_41 ) ( MX )2 lUUGO 6

s , . . o = 3.83 x cm

D6 \ﬁ."“ﬁ.'u\ffhmq Lffﬂ[f C6 \T\(T'“U(_;;w f()s;’{#lﬂff 0 - 1G
D7 | \v"xqyta | 1/M? R1 2G mg/2M? L 2 l(]Gc 10GeV

r t i v Mas £ Ug:l’Rl = 2.56 x 107%¢cm? ( 'tx ) :
D8 [xv*7°x a7V °q 1/1 LQ R2 X 2(}"‘55{1 imy ,’Qﬂff 1G My A f*

T 4
: v M v 7. 1 /M2 2 Ve E — . s L 2 110GeV 60GeV
D9 [ Xo"™xqoumq 1/M: R3 | \?GuG* | oy/8M? Ugfu-.R3 — 740 x 10~3%m?2 (1(‘%‘ *\-") ( W
DI0 (X0 xaoaga| i/M: R4 | 3G GH | iag/8M? o i o
D11l | WGuG* | ag/4M}
D12 | vy | o anrs Mx : reduced WIMP-nucleon mass
& )i ,:r‘”} T bs [ TLAVL

DI3 | TGl | iag/a0r? M= suppression scale (also noted as )
D14 | 95\ G G | ag/AM?
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ATLAS L1 Calorimeter Trigger System

LAr . Tile/LAr
(em) | Calorimeters Y (hadronic)
On
detector Analogue Sum

o ;Oa) ;;og_ue]n?s-
In
USA15

Twisted pairs, <70 m

Receiver

Pre-processor
PPM's 10-bit FADC
Bunch-crossing ident.

Look-up table
2x2sum | BC-mux

To ROD's
(for DAQ)

9-bit jet elements 8-bit trigger towers

Serial links
(400 Mbit/s)

JEM's CPM's

Jet/energy processor Cluster —|rncessnr |
EM-+hadronic 2x2 sumsill £55-¢ (e/y and T /h)

Er sum' Jet-finding Cluster-finding
Ex E, JLocal maximum

To ROD's
(for DAQ)

DAQ)

Local maximum L,
F) [
o

EET,E'}““I Counting CMM's

To ROD's
- (forL2)

Jets Hol's

L1 muon
trigger

L1 central trigger processor
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Light-flavour jet rejection rate

b-tagging eff. vs |-jet rejection

b-tagging

10 T

10

—MV1

Illl\!\ll\!l\ll!ll
. ATLAS Preliminary

. ttsimulation, \s=8 TeV
pr'>20 GeV, |n" |<25

] I\IIIIIl | I\IIIII| L Ll

—h
o ‘ :
o ; é
o
or
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07 075 08 08 09

b-jet efficiency

Yangyang Cheng

btagging calibration w/ ttbar

1

o
fo)

b-jet efficiency

0.6~

e

T T T T |

.
&

&

047 o {i PDF (MC)
e i PDF (Data)

MV

T T

\s=8TeV

 ATLAS Preliminary J.Ldt=20.3fb'1_

1,6,=70% |

20 30 40 10°

University of Chicago

2x10?

Jet P, [GeV]
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VBF+VH

f

W

ATLAS/CMS Higgs Coupling Combination

4_I IIIIIIIIIIIII|IIII|IIIIIII]I IIII|IIII|II]I|IIII_ E>|> _IIIII T T IIIIII T T T TTTTT T T IIIIII T ]
- ATLAS and CMS . > AE ATLAS and CMS t 4
3'_ LHC Run 1 _ - - LHC Run 1 Preliminary Zi ]
" Preliminary . o) - V’\7 ]

i - > 19-1L. — Observed -
2__ (ﬁ%\\ - S 10 SR, SM Higgs boson 3
i X )V : 102 i
B ] = 1 3

| \,..— | E R T I E
0:_ _ - b i
- CIH-vw ] 3L |

- HoZZ A 10 = M E
1 [JH-ww ] - ]
- *SM  —68%CL [(JH->w ] d 1
-+ Best fit Hobb A 1074 -
_2_lllIIlllIllllllllllllllIIIlllllllllllllllllllllll_ :||||| 1 |||||||| | |||||||| | |||||||| I:
uf Particle mass [GeV]

ggF+itH
“The combined signal yield relative to the Standard Model expectation is measured

to be 1.09 +- 0.11... The data are consistent with the Standard Model predictions for
all parameterisations considered.”
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DM+H(—=2>bb): Z-2HDM Simplified Model

* Asimplified model of dark matter production via Zp decay

— model from http://arxiv.org/abs/1402.7074
* “Higgs-portal” DM constrained by h->inv at low m_DM

e precision electroweak constraints on Z, W mass constrain the
amount of mixing and is imposed

7’ produced h ~ observed higgs at 125GeV

resona ntly 7\ i P, Q1. dpr UR

0 0 1/2

JJF“--.‘<X M particles ar "\ Z~Z' mass mixing
Y Avoid dilepton M3z, ~ (M3,)* + e [(M3,)* — (M2)?]

AOQ: pseudo-scalar in constraints: U‘%’ Uz
Type2-2HDM model Z’ does not Mﬁ.
couple to
leptons po < 1.0009
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http://arxiv.org/abs/1402.7074

DM+H(—=2>bb): Z’ decay and Signal Process
Z’>hA0, h->bb, AO>xx ——> DM production signal process

Very similar
kinematics

Z’2>hZ, h>bb, Z>vw —— Additional source of h(bb)+MET

> || |pf?
24w MZ,

Iz hao = (g. cosacos 3)

2 9 a(pp—=h+A4p(yx))/ oipp=2h+Z(vv))

Fyn = (o cosansin gyt 2L (1 L 3 M2 o
Zimha A 247 \ M2, ""MZ,) |
mAO0=300GeV: largest DM production xsec =T
a = B- /2 : alignment limit <« :
gz = 95% C.L. upper limit on eletroweak (p0) and - ']
dijet constraints = |
det 15_
for most of the parameter space, :
Z’>hAO0 is dominant process Lol
adding Z’=>hZ : ability to probe larger regions :
1].5:-

11/06/2015 Yangyang Cheng University of Chica-glol If*':l“:'l | lE':I":'I | Il':"lﬂﬂl | Il?l':'ﬂl '53'14'0{]'

Mz |GeV]




/’-2HDM Parameter Space and Production: g z

Signal xsec scales by gz"2; kinematics not affected by gz

For sensitivity projections, signal xsec are scaled by gz*2 taking the
maximum allowed gz value for given m_Zp & tanf
— 82<0.03 * (g/cos B, sinB?) * sqrt(MZp? - MZ?)/MZ

— additional constraints from dijet searches of Z’2>qq
1.5} i | |

CDF, 1.86TeV

rrrrr

g e

2000
Mz (CeV)
11/06/2015 Yangyang Cheng University of Chicago
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DM+H(—>bb) : EFT Models

(c/o S.C.Hsu)
Focus on EFT model for boosted channel
2%?1. gl .i e _é — rreen_xeiahilh
%%g o
.6&; ______ < 0.1% _%
jléﬁ? 0.1 —E e
I ’ég 0045 | | I. _é G
ElI‘XI‘uh I 3 I 2.2592 Um0 w800 1o Jéﬁﬁq DISET
Model Name EFT Operator Dim Dark MatterPerturb. Req. BRin Req.
xxhh vy HH 4  Scalar A < 4; my < 3 — A < 0.016
xxhhgh vivsxHH 5  Fermion N< £ m, < & — A2 10TeV
xdxhDh yioryHTD,H 6  Scalar gz < 4w (A= 30GeV) m <52 — h - 400GeV
xgxFhDh vv*xB,HIDYH 8 Fermion Use Truncation N/A

EFT models has been constraint by monoHgamgam
(arXiv:1506.01081) from ATLAS
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DM+H(—>bb) : EFT Models

Cross-section scaling

(c/o S.C.Hsu)

Short Name

iy | paramelers)

Valid Domain

[ Ak e’
| oo |5l 4= 1 m ) -
xxhh \do A<drn(m, <7 NAZ0016)Um, > F)
‘I -r:"n-l_f:l 1= 1 l -
xxhhg5 l.’.i"[l'[%]__ A= £nim, < 3ENAZ10TeV)Um, > 3
T —E -
| oo (&) A < 100GeV
xdxhDh A -
oo - | 5) A = 100GeV
B
xgxFhDh g - (L
o (2L gow — 0 .
scalar | :*;{*""' im, < E{# Ngpy < 0.01)Um, > fiﬁ
1 o0 - | gz gom — o
ZpEp o - | | (m, < = Nigpw < DUm, =5
KInEIIIatIC dependences :,_E 3.38:|_|||||||||||||||||||||||||||||||||||||||||||||||J:
z F xxhh A 3
& 0.07E ) —+0.001 5
= . . . = . ~ 0.06F il ¢¢¢¢ =001 3
| Name [ Dominant Production Mechanism/Diagrams | Kinematic Dependence | o 2 l_-|-_~:ek1'__£ s oy
el + ¥ - = =
«xhh [ 1 vertex g fusion A =1 [ m, =1 ;—% 0.05F 'F-\t+ .T:h:._" ) B 1 E
X { 2vertex g fusion A =1 {m.d A2 1 i 0.04F Lk JT'T. E:Fl & =10 2
xxhhgs 1 vertex g fusion m, = EF e m=-EEN o
= - — —— — - — - c 0.03F [:aﬁ_d- o E-aTeV  —
xdxhDh { I vertex g fusion A = 100GeV | m, A= 100GV % . e e, . “ 3
' 2 vertex q fusion A = 100GeV | me. A A = 100GeV 2 002 i T =
~ - - -+ L -
xgxFhDh | 1 vertex q fusion m, 0.0 * = o D.:h 3
E =
% 5
77 Parton Lavel AR{b, B)
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Events / 50 GeV

Data/SM

DM+H(—=2bb) Simulated Bkgd: W+jets & Top

Resolved Channel Boosted Channel
L ATLAS | Resoved oo 4 3wt amas Boosted o Data —
= {s=8TeV, 203" f1lep, >1b CR 2 = s = Vs=8TeV,203f" 1mu,n,>2CR <=SMexp. =
- M exp. 4 5 e ! W(sh)Z(l)+ets S
10 = Ouemzenes = 5 F Dt+singetop 1
E Dﬁ+single top E @ 1 §_ wa DS [ piboson _§
102? DDiboson = 10 % -Vh é
- T b E
103— — % %
= = = =
iGN T S :
;EE _____ 4 s i E% g 051;" """""" e b o s S +_+__+_ 'i:
O 00 200 300 400 500 600 700 800 900 1000 % 100 200 200 400 500 600 700 500 1000
ET [GeV] ET™ [GeV]
* Derive SF=0.92 on Wjets bkgd * Derive SF=0.82 on Wjets bkgd
* No additional SF for top bkgd * Derive SF=0.89 on top bkgd
e top pT rw. has minor effect * top pT rw correct high pT tail
* not applied; considered as sys. * applied at generator level

Good agreement achieved in both channels for Wjets, top, and 1lep _combined CRs.



Data-Driven Background: Z(—>vv)+jets
* Main & irreducible background = use data-driven estimation (no good MC)
* EtMs<200GeV , reweight from Z(>up)+jets data
* Select Z>pp CR; TF: Z>vv (MC) Ei™ss [/ Z—>up (MC) Ef™ss + pT of 2
* EtMs>200GeV, reweight from y+jets data (low stats with Z2>pu )
oy pT>>mZ; TF: y+jets(MC) Ef™sS +y pT / Z—>vv (MC) Ec™iss

\I\|\II \|I\II\\I\‘I\\I‘\IIIII\I|\II\‘II\I\II
ATLAS Resolved o Data

LI | T
ATLAS Boosted e Data

(=)

T mﬂ”ﬂ I IHIHI| I IHIIH‘ I IHIHI‘ I IHIIH‘w\ IHI'ITqb\ IHIIH|U:

. Vs=8TeV,20.3fb" Olep, 0b CR ~SM exp. {s=8TeV,203f"  Olep, 0b VR == SMexp.
Z(é\’\’)'l"l etS CR Oz(—vo)+jets 10 CJzZ(—vv)+ets

OW(oh)/Z(—l)+ets W= )Z(=ll)+jets

Events / 50 GeV
o

OLe ptonl 10 |:|ﬂ + single top 10 |:|E.+ single top
[ODiboson [Diboson
==0b [ Muttiet 102 =vn
. 10°
(SF=0.9, applied) §
10°

\IHIHI| \IHIIH‘ \IHIHI‘ \IHIIH‘ \IHLLIJJ \IHIIH'A

1b | 2b CRs

| \HIHH| I\IIIIII‘ I\HHII‘ \IHHII| T 11T

o

bt _IIHH| | HIHH| | \IIIIII‘ | \HHII‘ | I\IHII| | 11T

also studied. - o 0 09 2 B o N
G d t c% 2-% 1.: - | | | _T_ + -
OO agreemen § 1'51 _____ :-‘;-__’_'_-“"-__-;;F_-“. _________ S 051"' ------------ *+W+—F:F?";+:f + Zd
. =" Gt 7 s é S —
aCross- b 0a rd : i g0 100 200 300 400 500 600 700 806 go0 000 00 100 200 300 400 500 600 700 800 900 1000

E_rrmss [GeV] ErTmss [GeV]



Data/MC

DM+H(—2>bb): Data-Driven Multijet Background

Resolved Channel

£ 10 L L L I N L A B T

€ ATLAS work in progress
10" *® 0t {56 TeV, 160093
10° Multi-jet control region
16°
16° [ sMaxp.. 14104627684
10°
10° |:|I\-'Iulijet. 141038517786
10°
10 I
10 Electroweak, 75753557
10°

ITop. 1765541

600

800 1000 1200 1400 1600 1800 2000

Hy [GeV]

TEO0 100 TE00 1800 2000
i [GeV]

L
1000

jet-smearing method

* good agreement in QCD CR
* minimal in SR

11/06/2015 Yangyang Cheng

Boosted Channel

A (Ern?ss- ?jr'n'ss)
D Cc
w2
B A (SR)
0.4 1.0 [AGrmin (EF™*, jarea)|

ABCD method:

* 68% CL upper limit of 0.1
events in SR
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DM+Higgs(—=2bb): Systematic Uncertainties

Resolved (%)

Boosted (%)

Z'-2HDM  Total Background EFT  Total Background
b-tagging 14 6-10 13 5.3 7
JES(small+large-R) 2.4 1.8-2.8 3.0 2.2-8.5
JER (small+large-R) 0.6 3.5 5.4 1.0 1.54.6
JMS (Iarge-R) - - 1.0-2.5 1.3 Ex
JMR (large-R?) - - 2.0 1.6 P
JVF (small-R) 0.7 0.5-0.9 1.1 0.2-0.6
Exiss resolution/scale 0.0 < 0.2 0.5 0.1-0.8
Pileup 0.3 0.1 0.1-1.7 2.4
Cross-section 10 6.0-11 10 7.6-8.1
PDF and ay 3.8-7.0 2.9 2.0-21 1.8
Z(vv) transfer function : 1.4-2.7 : 5.4—5.8}The0'
Total syst. 18-19 10-16 13-25 13-14

Each source of systematic uncertainty treated as nuisance parameter in limit setting,
with correlation between background processes and signal taken into account.
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DM+Higgs(—2>bb): Signal Region

Resolved Boosted
ERss > 150 GeV | > 200 GeV | > 300 GeV | > 400 GeV | > 300 GeV | > 400 GeV
Z(— vi)+jets 48 + 32 21 £5 29%+1.1 0.3+0.3 7.0x£2.0 52416
Multijet 3.7t 3.1 0.02 £ 0.02 - — < 0.0£0.1 | <0.0£0.1

tt & single-top 48 += 10 174+ 3.8 1.6 £0.5 0.3+0.1 0.8 +0.5 0.6 0.4
W+jets & Z+jets 15+ 3.4 6.2+ 1.5 1.1 +0.3 0.34+0.1 1.4+0.7 0.84+0.4
Diboson 204+7.5 13.2 4+ 3.8 2.8+ 1.0 0.6 +0.3 0.9+0.5 0.6 +0.3
V h(bb) 5.0+ 0.7 4.24+0.6 1.0+ 0.2 0.34+0.1 1.0+£0.2 0.6 0.1
Total background 148 4+ 30 62+ 7.5 944+ 1.8 1.7+ 0.5 11.2+2.3 TTE1.7

Data 164 68 11 2 20 9

$ 10 ATLAS = ResolvedSR eData 3 CE amas T T o TS

S F V5=8TeV, 2031 E;ﬂi@%ets = S [ (5=8Tev,203 " Eé’(m_j"vp);jeis .

o | OW(=h)Z(—l)+ets i @ 10?— Boosted SR O W(—v)Z(—l)+ets —

"G::: 1025— - e |:|tt.+ single top = ‘G::: E 3 tf + single top 3

P By = z i =pee :

- Z(14TeV)}-2HDM x 10 S I ous -}’SIHD s cey

m; --Z(1TeV)-2HDM x 10 - mall exc = _+_ o B B Dm0 Gev

- B =B e 1(2.20) not L 2, ]

1= == L L - . . = -

= = signal-like £ BT ™5 ]

10" ;* 1 i *; 10 ; - .-7;

S oot = E . L E

£ 45 = Fol — —

a 0_51 --------- H+'—.- A 'E a 21;.......................a....‘*ﬁ*.-. ...... - jz

% 100 200 700 800 Emggo 7000 % 100200 300 400 500 600 700 800 _ 900 1000
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DM+H(—=2>bb): Model-Independent Upper Limit

‘likelihood assuming background only’

- Profile likelihood method G = 2l Ldata| 1 =0.6,)
(with HistFitter-00-00-47) L(data| @1,0)
‘likelihood of best fit’
Eiss Nobe  Nikgd  (0vis) 5.fD]  Nismops  NVpsm th p(s=0)
> 150 GeV 164 148 3.6 74 63773 0.31
Resolved = 200 GeV 68 62 1.3 27 21535 0.28
> 300 GeV 11 9.4 0.49 9.9 .24 0.31
> 400 GeV 2 1.7 0.24 4.8 4740 0.39
Boosted = 300 GeVo 20 112 0.90 18 9.9755 :
oosted

> 400 GeV 9 7.7 0.43 8.8 7.7 0.37

4
Look-elsewhere effect calculation: 10,000 pseudo-experiments in EXCLUSIVE regions

- trial factor ~ 3 2 ~10% likelihood the excess is due to statistical fluctuation in background

Model-independent upper limit on BSM events/visible xsec for each sliding E:™ss cut

(up to high Et™ss region: NEW!) provides useful information for theorists & helps guide
future searches.
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DM+H(—=>bb): Additional EFT Limits

Dim.4, spin-0 DM Dim.
-~ 1 07 % T T TTTT T I T TTTT T T TTT
E | ATLAS 106
— 10° (s=8TeV, 203" 5
8 cF 2|HF, Scalar DM — 10
10° = — h—bb observed E
5 aF - h—bb expected =10
< 10 F mm +10 uncertainty ’g 0°
— = +2 rtaint
O 10°F — pe?tuﬂgg%vglﬁn%{it o ,
Q - — BR(h—i
% 102?_ _LU)((—nnv) j 10
D = —— h—yy observed O 10
10T T o
= 3 o~
1 {8
107"E 4 10
102¢ < 107
.10—3_ L1l Lol Lol 10-3
1 10 10° 10°
m, [GeV]
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5, spin-1/2 DM

= ATLAS

- (s= 8 TeV, 20.3 b’
xiy ,HH| Fermionic DM

— h—bb observed
--- h—bb expected

[ +1o uncertainty

[ 1+20 uncertainty
--- perturbative limit

—— BR(h—inv)

~— h—7yy observed

I IIII|T|] IIIIIIII| I IIIIIII| I IIIIITl]

-
).-

al
w1
1
1
1
1
1

| IIIIIII| 1 III|I.|.IJ

1 10

of Chicago

10°

10°
m, [GeV]
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DM+H(—=2>bb) Resolved: Systematic Uncertainties

« Signal PDF Uncertainties

* Signals produced with central value of MSTW2008LO
* PDF uncertainty calculated for error sets of MSTW2008LO (40sets, asym.
Hessian), central value&error sets of NNPDF2.1(100 sets, independent) per

PDFLHC4 recommendation; in terms of signal acceptance at >=2btag selection

I N S
AXen = 5 - [max (XG0 + AX XGP T + AXT) = min(Xg™P0 — AX, X T — AXT))

e Systematic Uncertainty in Z—>vv estimation

Theoretical: Uncertainty in calculating TF itself

(numbers in percent)

Z — vy estimation | fit function | fiterror | fit range in £7™ | fit stage | fit shape | photon-sys | total
/. — ppe method 0.5 3 0 0.2 | — 8.1
y+jets method 0 0.2 0 4.6 2.5 4.0 6.9

Experimental: Detector systematics propagated through TF calculation (from MC

samples) and reweighting process
* ErMiss<200GeV, reweight on Z=> up data (background from MC subtracted)
* EtMss >200GeV, reweight on y+jets data only




Data-Driven Background: Multijet

eSelect QCD enriched region (seed)

using dedicated trigger, low Et™s and
ETmiss,sig

e Smear seed data with pre-defined jet
response function

e Derive normalization and reweighting

from Admin (jet, ET™s5)<0.7 QCD control
region

e Apply analysis selection to smeared
and normalized events

e Very good description
e Multi-jet background negligible after
full selection

11/06/2015 Yangyang Cheng

Events

Data/MC

Events

qod_metsig_met

— Eniries 3869
" — Mean 14.9
10 - RMS 6.906
o . . smeared
10 —— .
w0’ - *'1' eve ntS
* it #'~.+‘
seed .
events

ATLAS work in progress
Lo |

ETmiss

e

10'1 T I T T T I T TT | T T T | T T T I TT T | T T T | T T T I T T | T
1 .

10° Jra-oant  ATLAS work in progress

1
ml; .. . ® o1 {58 Tov, 160093
1o” Multi-jet control region
10
10 [ SM exp.. 14104627684
107
10° |:|I'u'|ulijet. 141038517786
10°
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10 ITop 1765941
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DM+H(—2>bb) Boosted: Multijet Background
® ABCD method: weakly correlated variables

AB(ET ) oo Ng
NP _ X Nc xR (c/o S.C.Hsu)
ASR = N,
B ¢
" R: 2trk jet to b-tag+mass cut
B A (SR}
. = +
I R=0.0072 £ 0.0006
Region Ng Np Ne
; . Diboson 193.64 + 447 2105+ 1.59 2.62+ 058
Ef™ > 200 GeV W tiets 247290 = 14.88 27733+ 6.05 3926 = 1.64
] 164080 £ 1795  201.16 + 6.29 326+ 0.74
Zvy 864.04 = 7.53 37.25+2.93 1.33 £ 0.33
Single Top 175.20 £ 10.11 2295+ 3.10 1.80 £ 1.02
Z+jets 145.27 £ 2.21 39.94 £ 1.13 1.61 £0.16
¥+ Jets 796 1+ 3.15 12.89 + 6.41 0.00 £ 0.00
Total non-QCD bkg 5499 El £27.16 61258+ 1180 4989218
Total Data 29 60 1862.00 + 4315 4500+ 6.71
Data - BkGnm—ocn 1249.42+ 4473 -4.89 + 7.05
Low purity of multijet in B notivates us to calculate bkg limit

NgisR), 6s%C.L = Nﬂxﬁfﬁﬂ%ﬁxﬁ =0.11
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DM+H(—=2>bb): Look-Elsewhere Effect

Egﬁss cut Nobs  Npkga (eary? [Tb]  Npsmon, Nesmap Pls=0)
Incl. SR > 150 GeV 1 . "' |
' > 200 GeV But there is overlap between Resolved %
Resolved > 300 GeV & Boosted in MET>300GeV | 400GeVv! ¥
> 400 GeV A 2 l. .24 4.8 4.0 ).38
> 300 GeV / \ 20 11 4 0.90 18.4 10.1%55  C0.03 >
Boosted > 400 GeV, 0.45 0.1 7 w 4 037
MET range (15%5eV,ZOOGeV) (200GeV,300GeV) (300GeV,400GeV) >400GeV
4 )
resolved && !boosted 86+/-28.1 52.6+/-6.8 7+/-1.3 0.8+/-0.34
/ .. ]
| ¢/ Statistical + systematic errors 5 74/-0.9 6. 84/-17
boosted && lresolve recalculated correspondingly & 7+/-0. 8+/-1.
&Z combined; for overlap evts, use
resolved && boostéd value from boosted channel 0.7+/-0.3 O.9+/-Oj

Find a random/number TR (slightly larger; minimal difference)

. . . _ v
Poisson dist. with mean=N for Find a random number N in a Gaussian dist.
each of the 8 excl. SR

4d th : bs€ with the mean=Nbkgd & sigma for each of
f”‘ them up as jcoys or Nobs the 2+2*3=8 excl. SRs (removed overlap)
in each of the 6 incl. SRs
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ATLAS Trigger Upgrade and the FastTracKer

e ATLAS Trigger Upgrades for Runll: E

— removed internal subdivision (inon) (o) [omer

Trigger DAQ Data rates

between Level-2 and HLT 40 Whz 50 A Arias event
Custom = == - N 1.7(2)MB/25 ns
— improved network infrastructure E Lovel 1 Accept % é é
A J ROD ROD ROD 7}
e Software-based full tracking still ™™ (=e) - 160 Gas
. . . 0(100)
limited by ROIs to a fraction of the e
Level_l tri ers F_‘ -0k Fragments
g g . “_”Fu: vt 25‘2 B/s
 Where FastTracKer (FTK) comes in: »
— Hardware-based v v
' . . ~ 1000 Hz p— — , ll ~ 1500 MB/s
— Full tracking will be provided for L___PermanentStorage {7777

every Level-1 trigger (up to 100 KHz
y gger (up ) FTK receives data in parallel to HLT

— Any trigger selection will be able to - FTK output available at beginning of HLT

exploit the track information

— FTK tracks can be used to bootstrap
other tracking algorithms



