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PROLOGUE

A

CMS & ATLAS:
A very broad and significant
physics program
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LHC era in a nutshell:
More energy
More luminosity
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Thanks to the LHC for . . W /& 4"
iImpressive performance! ' |
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SEE SAL’S TALKIFOR MEIAE DRIV
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OUTLINE .

Tools for more energy
and luminosity

A retro search for hidden physics
&
mission impossible

the DM connection,
coming full circle
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N.T. FIRST CMS CONVENER OF

MORE ENERGY T SO BETRUOTIRE SROwE

A RELATIVELY NEW SUBFIELD
(FIRST PHENO PAPERS ~2008)

VERY SUCCESSFULLY IMPLEMENTED IN CMS AND ATLAS, MANY PERFORMANCE
PAPERS, AND BROAD RANGE OF ANALYSES, O(50)
QCD MEASUREMENTS + SEARCHES (SUSY, EXoOTICS,...)



JET SUBSTRUCTURE EXAMPLES

jet (groomed) mass:
a very powerful discriminator
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MORE LUMINOSITY = PILEUP 1

PILEUP IS THE GREATEST EXPERIMENTAL CHALLENGE GOING FORWARD,

IT AFFECTS EVERYTHING.

detector design, object performance and physics sensitivity
radiation damage to detectors, degrades energy/position measurements, lost untriggered events forever

Multiple pp collisions in the same beam crossing
To Increase data rate, squeeze beams as much as possible
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MORE LUMINOSITY = PILEUP

PILEUP IS THE GREATEST EXPERIMENTAL CHALLENGE GOING FORWARD,

IT AFFECTS EVERYTHING.

detector design, object performance and physics sensitivity
radiation damage to detectors, degrades energy/position measurements, lost untriggered events forever
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Multiple pp collisions in the same beam crossing  [EEZAEs 2 .. /g
To Increase data rate, squeeze beams as much as possible X! " 4 Y 7 //

Jet substructure techniques rely on pulling apart the jet and
characterizing QCD radiation.

Mitigating pileup uses the same ideas over the entire event!
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Pl LE U P P E R P ARTI C LE I D Bertolini, Harris, Low, NT, arXiv:1407.6013 12



asymptotic behavior

vertexing information

collinear QCD radiation

precision timing

Pl LE U P P E R P ARTI C LE I D Bertolini, Harris, Low, NT, arXiv:1407.6013 12

A general framework, that assigns on a per
particle basis a weight for how likely a particle
S to be from pileup

key Insight: using the QCD ansatz (e.g. radiation
orofile) to infer neutral particles as pileup

PILEUP-LIKE

NOT PILEUP-LIKE

Z N

o = ‘09 ZNE!GHBOQS (PT/ AQ)

PUPP| DEMONSTRATES LARGE GAINS, EVEN FOR CURRENT 2016 DATASET
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PILEUP PER PARTICLE ID

Puppi integrated into current and future CMS plans
Many spring conference analyses with PUPP|
Part of 2017 full commissioning pipeline
HL-LHC design studies using PUPPI for performance studies




OUTLINE

A retro search for hidden physics

&
mission impossible
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CLASSIC DIJETS 18

g Oor g (g Or £

qorg qOrg

ACCESSES A RICH AND BROAD RANGE OF NEW PHYSICS MODELS...
=Xtra dimensional moadels, comyposite HIQas, extended HIQQs sectors.



CLASSIC DIJETS

JET
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CLASSIC DIJETS
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A CLASSIC PROGRAM AT HADRON COLLIDERS

18.8 b (8 TeV
|

~ CMS \ CDF 106 pb™' (1997) CMS 19.7 fb™! (2015) , -
_ | pp, \s=1.8TeV, [21] pp, \s = 8 TeV, [18] ~
- l CDF 1.13 fb™' (2009) _
B ) op, \s = 1.96 TeV, [21] -
 UA210.9 pb™ (1993) [ -
—-  pp, \s=0.63 TeV, [21] _
- = CMS 18.8 fo (Data scouting) g \ —
— - - CMS 18.8fb™" (Expected) | _ .- - | —
B + 1 std. deviation (Expected) ATEAS 2: f f\t/) [(124(]15) _
- pp, \s=8TeV,
- + 2 std. deviation (Expected) (Gaussian resonance shapes)
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CLASSIC DIJETS

A CLASSIC PROGRAM AT HADRON COLLIDERS
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CDF 106 pb™' (1997)
\ pp, \s = 1.8 TeV, [21]

CDF 1.13 b (2009)
1.96 TeV, [21]
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An, Huo, Wang, hep-ph/12312.2221

LI G H T D IJ ET R ESO N AN C ES Shimin, Whiteson, hep-ph/1602.0773%7 18

single jet
substructure signal
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use a very hard ISR jet to get
you above trigger thresholds!



An, Huo, Wang, hep-ph/12312.2221

LI G HT D IJ ET R ESO N AN C ES ‘6‘ Shimin, Whiteson, hep-ph/1602.077237 19

q
KINEMATIC SELECTIONS:
PUPPI JET
HIGH ENERGY (Pt > 500 GEV)
TRIGGER:
HIGH ENERGY EVENT
(2Pt > 800)
SIGNAL BACKGROUND
BKG: QCD
SM CANDLES: W/Z + JETS SUBSTRUCTURE SELECTIONS:
JET MASS
Ky 1) . DDT

[PUPPI’ED INPUTS]



An, Huo, Wang, hep-ph/12312.2221

LI G HT D IJ ET R ESO N AN C ES ‘®‘ Shimin, Whiteson, hep-ph/1602.077237 19

Q

KINEMATIC SELECTIONS:

PUPPI JET
HIGH ENERGY (Pt > 500 GEV)

TRIGGER:
HIGH ENERGY EVENT
(2Pt > 800)

SIGNAL BACKGROUND

BKG: QCD
SM CANDLES: W/Z + JETS SUBSTRUCTURE SELECTIONS:

JET MASS
“2_PRONG SELECTION”: To4PDPT
[PUPPI’ED INPUTS]




LIGHT DIJET RESONANCES QA}

SEE CRISTINA SUAREZ’S NP TALK! 20

CMS Preliminary 35.9 fb' (13 TeV)
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LlG HT DlJ ET RESO NANCES ‘@ SEE CRISTINA SUAREZ’S NP TALK! 20

CMS Preliminary 35.9 fb' (13 TeV)
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LlG HT DlJ ET RESO NANCES ‘@ SEE CRISTINA SUAREZ’S NP TALK! 21

CMS Preliminary 35.9 fb' (13 TeV)
o 1 :
O.? — (Observed \' ""' """ UA2 R
O) E t’ s“: ¥ i
= [ T xpected s =+= CDF Run 1
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0.2 .
. R4
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LlG HT DlJ ET RESO NANCES ‘@ SEE CRISTINA SUAREZ’S NP TALK! 21

CMS Preliminary 35.9 fb"' (13 TeV)
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0.2 .
- . \'
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6.______________> Z' mass (GeV)

Covers comparable dynamic range to traditional dijet searches!
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CMS Preliminary 35.9 b (13 TeV)
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Push to lower couplings using b-tagging information...
where relevant? how about at 125 GeV?
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HIG-17-010
Back story:

Gluon fusion Higgs to bb has long been
considered impossible at the LHC

Overwhelming QCD backgrounds, hard to
trigger on

...but let’'s use our new tools!
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HIG-17-010
Back story: b

Gluon fusion Higgs to bb has long been
considered impossible at the LHC b

Overwhelming QCD backgrounds, hard to
trigger on

...but let’s use our new tools! h(125)

specially-trained ML techniques
for double-b tagging in a single jet

a/g Not just a daunting challenge,
chance to probe unexplored new physics
contributions to the Higgs at very high pr

n.b. this is a very hard SM Higgs calculation at very high pT'!



GG—>H—BB @ @
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MAD PROPS: JAVIER DUARTE, CATERINA VERNIERI
SEE CATERINA’S Wé&C ON JUNE 30 FOR MORE! 23

double-b tagged
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GG—>H—BB CN\ CA”

anti-double-b tagged

SM Higgs signal strength, pn = 2.32+180_4 57

MAD PROPS: JAVIER DUARTE, CATERINA VERNIERI
SEE CATERINA’S Wé&C ON JUNE 30 FOR MORE!

double-b tagged

RS
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OUTLINE

(a popular diagram)

thermal freeze-out (early Univ.)

indirect detection (now)
e ———

DM SM

direct detection

—
production at colliders

the DM connection,

coming full circle
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DARK MATTER COMPLEMENTARITY
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DARK MATTER COMPLEMENTARITY

MONO-JET

IN THERMAL EQUILIBRIUM
IN THE EARLY UNIVERSE

gom

18

Important when
Mz > 2 X My



DARK MATTER COMPLEMENTARITY

DIJETS

MONO-JET

IN THERMAL EQUILIBRIUM
IN THE EARLY UNIVERSE

gom

18

dominant when
Mz <2 X My

Important when
Mz > 2 x My



DARK MATTER COMPLEMENTARITY
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LHC DM LIMITS

Dark matter mass m,,, [GeV]

2000 7

—h —h
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o -
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LHCP 2017

Dirac DM
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gq =0.25
g =0

400 X

200 7 v

/
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0 500 1000 1500

2000

. [EXO-17-001]
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a\mE = B = = = =

Q. h =0.12

Exclusion at 95% CL
' —_— (bserved

’ = = =« EXpected

' Dijet (35.9 fb)

! [EXO-16-056]
R Boosted dijet (35.9 fb™)

' I

DM +j/N(qq) (35.9 fb™)
[EXO-16-048]

DM + v (12.9 fb™)
[EXO-16-039]

DM + Z(ll) (35.9 fb™)
[EXO-16-052]
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ZOOMING OUT ON DARK MATTER 28

10-7-103 eV 103 eV 10° eV 107 eV 107 gV
DIRECT DETECTION

COLLIDER
THERMAL ORIGIN OF DARK MATTER
B- LHC: DIJETS,

REMAINS THE SIMPLEST EXPLANATION FACTORIES (I ONOJETS, ETC.



ZOOMING OUT ON DARK MATTER 28

10-7-103 eV 103 eV 10° eV 107 eV 107 gV

DIRECT DETECTION

COLLIDER
THERMAL ORIGIN OF DARK MATTER y L HC: DTS
REMAINS THE SIMPLEST EXPLANATION WHAT ABOUT THIS PACTORIES  \IONOJETS, ETC.

REGION?

NORMAL MATTER LIVES HERE,
)JARK MATTER®?

LIGHT DARK MATTER IS EQUALLY
INTERESTING, BUT OUT OF THE REACH OF
CONVENTIONAL DARK MATTER SEARCHES



ZOOMING OUT ON DARK MATTER 20

6 9 12
MANY NEW IDEAS FOR THIS REGION 10° eV 10° eV 10'° eV

DIRECT DETECTION
DIRECT DETECTION:

reduced nuclear recoil thresholds
electron recoils (semiconductors and B LHC: DIETS,
superconductors) MONOJETS, ETC.

COLLIDER

ACCELERATORS:.
colliders
proton/electron fixed target
proton/electron beam dumps

SEE HERE FOR WAY MORE DETAILS



https://indico.fnal.gov/conferenceDisplay.py?confId=13702

DARK MATTER COMPLEMENTARITY

10-33 direct detection targets accelerator targets
current
— .
10737+ constrain
oS
107 Scalar
_4] - N
10" | 010~ 20
1043 2
& 7
5 1045 g
\; gy
> 10~4
49
10 Inelastic Scalar
10—51
53 (Pseudo)Dirac Fermion
10 Accelerator experiments are uniquely positioned
10795 g AL O test thermal targets because high g makes

o (MeV) them insensitive to DM spin & mass matrix

TRANSLATION: BOOSTING THE DM INCREASES SENSITIVITY ACROSS MANY SCENARIOS

30



EXPERIMENTAL INITIATIVES 31

experiment types:
proton / electron

My beam dumps / fixed target
GeVv
visible dark photon searches
HPS, LHCb, APEX
(proposed) SeaQuest,
MAGIX,...
missing momentum/mass/energy
& DM scattering searches
R miniBoone, NAG4,
4 (proposed) LDMX, BDX, SBN, DarkLight,
« PADME, SHiP, ...
MeV
MeV GeV




SUMMARY
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JET SF\?ST?RUCTURE
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Tools for more energy

and luminosity

A retro search for hidden physics
& LIGHT DIJETS

mission impossible
GG—>H—>BB

the DM connection,
g coming full circle




