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OUTLINES3 - FUTURE ()

World "Discovery” Map Where will next new

Spin-1/2 Fermions

|Jet pT:
\ b
N, Z
— MET

Teruki Kamon

Spin-0,1 Bosons particles be discovered?

How about the dark matter
(DM) particles?

Examine pp collision events
being consistent with
models (or scenarios) that
describe DM-SM particle
interaction.

“» DM = Weekly interacting massive particle
“*» MET = momentum imbalance or missing
transverse energy - Hallmark signature for DM

1) Models with DM
2) MonoX for DM-SM interaction
3) Remarks & Summary
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Compact Muon Solenoid (CMS) Experiment

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResults

https://[twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSUS

zp

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsB2G

Schematic view of the CMS Detector
showing its main components.

CMS DETECTOR

Teruki Kamon

Key:

— — — - Neutral Hadron (e.g. Neutron)
= === Phot

uuuuuuuu

CMS SUSY and X

Triggers
1) Tagging energetic jets (+ MET) from cascade
decays
2) Tagging leptons
3) Tagging photons
4) Tagging with timing
5) ISR jet(s)
6) VBF dijet
7) .

Particle IDs with Particle Flow

om im am

Muon
Electron
Charged Hadron (e.g. Pion)

Photon




First 13-TeV Paper

[URL] http://cds.cern.ch/record/2036310
“Pseudorapidity distribution of charged hadrons in proton-proton
collisions at sqrt(s) =13 TeV” (FSQ-15-001, submitted in PLB)

The pseudorapidity distribution of charged CMS

hadrons in pp collisions at sqgrt(s) =13 TeV is ° - . cvws pp inelastic
measured using a data sample obtained with the 7 E S ALICE E
CMS detector, operated at zero magnetic field, at 6F v UAS 3
the CERN LHC. The yield of primary charged S 5 L E.EHME CUETP8S1 -
long-lived hadrons produced in inelastic pp £ .| EPos LHE :
collisions is determined in the central region of s f E
the CMS pixel detector (|n|<2) using both hit pairs 2 2 f E
and reconstructed tracks. For central 2 F L :
pseudorapidities (|n|<0.5), the charged-hadron BT 3
multiplicity density is dN/dn[charged, |n| < 0.5] = : -~ pambolefitinin(s) ]
5.49 +/- 0.01 (stat) +/- 0.17 (syst), a value ﬂmﬂ 10° 107 10t
obtained by combining the two methods. The s [GeV]

result is compared to predictions from Monte
Carlo event generators and to similar
measurements made at lower collision energies.

Teruki Kamon CMS SUSY and X 6
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Top at 13 TeV

[URL] http://cds.cern.ch/record/20449187%In=en
“Measurement of the top quark pair production cross section in proton-
proton collisions at sqrt(s) = 13 TeV with the CMS detector” (TOP-15-003)

The top-antitop quark (ttbar) production cross section is measured for the first time by
the CMS experiment in proton-proton collisions at Vs = 13 TeV at the CERN LHC,
using data corresponding to an integrated luminosity of 42 pb—1. The measurement is
performed by analyzing events with one electron and one muon and at least two jets.
The measured cross section is o(ttbar) = 772 £60(stat) £62(syst) £93(lumi) pb,

in agreement with the expectations from

3 I T T T I T T T [ T T I T T T I T T T I T
o Y Tevatron combined* 1.96 TeV (L=8.8 fb") T
the standard model. S LA cusatenon7Tov (231 CMS Preliminary
S E A CMS I+jets 7 TeV (L=2.3 fb5") =
= [~ W CMS dilepton 8 TeV (L=5.3 ft5") 3
8 - O CMS |+jets* 8 TeV (L=2.8 fb') =
5] I~ % LHC combined eu* 8 TeV (L=5.3-20.3 fb'1) -1
8 - ® CMSeu* 13 TeV (L=42 pb') =]
- * Preliminar y -1
o
(&)
= 24 . —
2 10%E =
= ]
2] -
=] o
Q -
£
=——— NNLO+NNLL (pp)
10 ——— NNLO+NNLL (pp) 1
= Czakon, Fiedler, Mitov, PRL 110 (2013) 252004 &
& m, = 172.5 GeV, PDF@(xs uncenaintief according to PPF4LHC &l
1 1 I 1 1 P 1 I 1 1 1 I 1 1 1 1 1 1 1 1 1
2 4 6 8 10 12 14
Vs [TeV]
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CMS “New Physies Searches™ Chart 1

Summary of CMS SUSY Results* in SMS framework ICHEP 2014
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Closer Look at CMS SUSY Searches
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CMS “New Physics Searches™ Chart 2
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stopped gluino (cloud)

stopped stop (cloud)

H3CP gluiro (cloud)

HSCP stop icloud)

q=2/3e HSCP

q=3e H3CP

chargino, ctau=100ns, AMSE
reutralino, ctau=28cm, ECAL time

Leptoquarks

H+MET, vector DM =100 GeV, A
J+MET, axial-vector DM =100 GeY, A
HMET, scalar DM=100 GeY, A
y+MET, vector DM=100 GeV, A
y+MET, axial-vector DM =100 GeY, A
HMET, £=+1, 818D DM =100 GeV, A
+MET, £=-1, SI/3D DM =100 GeV, A
H+MET, £=0, SI/5D DM =100 GeV, A

ADD (y+MET), nED=4, MD
ADD (j+MET), nED=4, MD
ADD [ee,pp), nED=4, M&
ADD (), nED=4, MS
ADD (jj), nED=4, MS
QBEH, nED=4, MD=4 TeV
MR BH, nED=4, MD=4 TeV
H (i), nED=4, MD=4 TeV
Jet Extinction Scale
String Scalke (j)

0

Long-Lived

Particles

2 3 4 Tev

Large Extra
Dimentions

dijets, A+ LL/RR
dijets, A- LL/RR
dirmuons, A+ LLIM
dirmuons, A- LLIM
dielectrons, A+ LLIM
dielectrons, A- LLIM
single e, AHNCM
single g, AHNCM
inclusive jets, A+
inclusive jets, A-

Multijet
Resonances

vsics Group Summary — Moriond, 2015
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program

CMS “New Physics Searches™ Chart 3

CMS Searches for New Physics Beyond Two Generations (B2G)
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95% CL Exclusions (TeV)
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SUSY Probe Metrie at LHC

MSSM (>100 parameters) - impossible to \

have more than 100 measurements at the [
LHC. Consider a way to test a minimal|[ ;. m. - e s e

scenario or simplified scenario, first.
Then, expand to non-minimal scenarios.

.Q}—Eo h2 = ﬂ'(mo M2 ,tanﬁ,
1
Ao, 1)

Non=minimal
Scenario

Qﬂ?lo h2 = ﬂ'(mo M2 ,tanﬁ,

B, o Ao, My, My, )
LHCS ™

>
Precision \
Teruki Kamon CMS SUSY and X




Cold DM

Teruki Kamon

() Marketplaces

1 DM 1 DM

Mediator

DM

=

q DM

< Simplified Models, including Effective
Field Theory (EFT)

% Full Models:

= R-parity conserving SUSY (with a DM
candidate)
R-parity violating SUSY (with a DM
candidate from somewhere else)
"Dark" sector - Higgs-portal, Fermion portal
Extra Dimension

Selected topics:
[I] Supersymmetry (SUSY)
[II] Mono-X for DM-SM interaction

CMS SUSY and X 13



Squarks/Gluinos = Diagrams

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSUS13019
JHEP 05 (2015) 078 [1502.04358]

Teruki Kamon CMS SUSY and X
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http://link.springer.com/article/10.1007/JHEP05(2015)078
http://arxiv.org/abs/1502.04358

Squarks/Gluinos = Event Displays

CMS CMS Experiment at LHC, CERN MT2 =811 GeV
/ Data recorded: Mon Sep 10 05:05:01 2012 CEST H. = 1273 GeV
> Run/Event: 202504 / 1706568804 T
s Lumi section: 1562

E,miss = 881 GeV

L

Jet pr 825 GeV
Jet p; 448 GeV

CMS,/ | CMs Experiment at LHC, CERN My, =817 GeV
= // Data recorded: Thu Jul 26 05:46:25 2012 CEST H. = 828 GeV
25—\ Run/Event: 199699 / 208585709 T

#A—— | Lumi section: 161

E mss = 806 GeV
Jet py 394 GeV

Jet p; 434 GeV
b-tagged

Teruki Kamon

CMS,/ | CMS Experiment at LHC, CERN My, = 911 GeV
= /, Data recorded: Fri Jun 15 02:48:37 2012 CEST H.=1982 GeV
25\ Run/Event: 196349 / 43041508 T

5~ | Lumi section: 71

Jet p; 893 GeV
Jet p; 989 GeV
Jet p; 100 GeV
E miss = 936 GeV
'CMS,/ | CMs Experiment at LHG, CERN M, = 260 GeV
N Data recorded: Mon Oct 15 16:29:24 2012 CEST HT = 857 GeV

S Run/Event: 205193 / 881234702
%\ | Lumi section: 655

Jet p; 229 GeV
Jet p; 198 GeV b-tagged

b-tagged
Jet p; 131 GeV
b-tagged
Jet p; 105 GeV
b-tagged
Jet p; 194 GeV | N E;Miss = 329 GeV
b-tagged \ \

CMS SUSY and X

CMS Experiment at LHC, CERN M., = 673 GeV
Data recorded: Sat Jun 9 16:36:10 2012 CEST =
Run/Event: 195915 / 785251965 Hr = 661 GeV

et
£ | Lumi section: 514
E;Ms =701 GeV

Jet p; 45 GeV

Jet p; 46 GeV
Jet p; 91 GeV
Jet p; 84 GeV

Jet p; 44 GeV Jet pr 144 GeV

Jet p; 342 GeV

'CMS, | CMs Experiment at LHC, GERN M, = 432 GeV
-// Data recorded: Fri Jun 15 11:40:53 2012 CEST H- = 658 GeV
S Run/Event: 196364 / 606409270 T

| Lumi section: 646

2

E,miss = 488 GeV
Jet p; 64 GeV

Jet p; 173 GeV Jetp; 43 GeV
Jet p; 95 GeV
b-tagged ¢
Jet p; 44 GeV datpy Al Gog
Jet p; 70 GeV Jet p; 187 GeV
b-tagged  Jetp; 72 GeV
b-tagged

15



Gluinos/Squarks in mSUGRA/CMSSM

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSUS13019
JHEP 05 (2015) 078 [1502.04358]

19.5 " (8 TeV) 19.5 0" (8 TeV)

S 6000 | cMSSM/MSUGRA = 1000 g | " " | cMSSM/MSUGRA
) 5500; CMS |' tan(p) = 30, AG=-2max(m0,mV2) ﬁ 900:_ f CMS tan(p) = 30, AO=-2max(mO,m”2)
€ coook | > 0; M, = 1725 GeV Eg . w>0; M,, = 172.5 GeV
N 1’ == Observed limit = 10, imon 800 = Observed limit + 10, .
- 4500; '1 B Expected limit = 10, . g Expected limit = 10,
g 4000[- ‘,’
S 3500/
E 3000
2500~
2000 — - - - - o NN . : ]
1500 T T o L N M I N P T O S Sk o et il e Bl
800 1000 1200 1400 1600 1 Boorm 660]00 0 1000 2000 3000 4000 5000 6000
. m, [GeV]
oS mglumo my
N\
(0’\ 5 < mMSUGRA/CMSSM are severely put
6’\ 2 m,), under pressure by the LHC limits.
-\\\0 ) spin %) <«  Simplified SUSY benchmarks for the
g7 interpretations.
70 _”’00 < With the discovery of a Higgs boson,
e (spin 0) the experimental search strategy
1 . . shifts towards other scenarios (e.g.,
M, log(Q) Mur 3rd generation squark searches).

Teruki Kamon CMS SUSY and X 16



Squarks/Gluinos in SMS

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSUS13019

JHEP 05 (2015) 078 [1502.04358]

Searches for supersymmetry using the MT2 variable in hadronic events produced
in pp collisions at 8 TeV

19.5 fb" (8 TeV)

' = Figure 12 (a): Exclusion limits at 95% CL
for direct squark production. The upper set
of curves corresponds to the scenario
where the first two generations of squarks
are degenerate and light, while the lower set
corresponds to only one accessible light-
flavour squark.

% pp—= G4, —q 3{? NLO+NLL exclusion
O

—Observed = 1 Oiheory

x ===Expected =10, periment

M_o
o)
o
=
1

----------

_____

|
95% CL upper limit on cross section [pb]

P
I ]

1 LI |
600

800

1 I 1 1 X L L | \I\ L L .
0 400 1000 1200

m. [GeV]
See also earlier results on SUS-13-012, JHEP 06 (2014) 055 [1402.4770]
Teruki Kamon CMS SUSY and X 17



http://link.springer.com/article/10.1007/JHEP05(2015)078
http://arxiv.org/abs/1502.04358

Top Squark Decay Modes

Stop decay < Stop mixing & neutralino/chargino composition & Amsz—mﬂ

1

LSP | Allowed stop decays Why
=Bz |t 2 t.X) tr—trxd | U(1) couples L to L and R to R
X0 =W tp = trxY SU(2) only acts on L
D = H . none Only couples to down-type
P =HO | iy > tpx? tr— trx? | Higgs couple L to R (mass term)

+

(on-shell top)

m,  m, m,

Teruki Kamon CMS SUSY and X




371 Generation Squark

t-t production, t— t j“(? I 7(:)
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http://arxiv.org/abs/1503.08037

Top Squark Results at 8 TeV
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IlIIIIIIIlIIIIlIIIIlIII

100 1\200 300

mW mtop
CMS SUSY and X

stop mass [GeV]
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Compressed 37 Generation Squark
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSUS14001
JHEPO06(2015)116 [1503.08037]

Monojet 1 Monojet
— 600 SUS_14_001 19.4-19.7 fb™ (8 TeV) .. B8 1d SUS_14_001
= TS > p/M s
) g%?::r:gg L;'gj?egtriggzd B~ t%)) = 100% P Dijet b-tagged search
E‘ix‘ 50 Ny B~ ¢ ) = 100% 3 Monojet search

——Obserjed = 10y,
400 - - Expegted = 10,,,

—Observed = 10,

NLO-NLL exclusion
Expected = 10,

400

300 300

200 200

!lllllllllllll

250 GeV

100_ 100

lI]IIIIIIIIIIllIIII

lIlIllllllIIlll(I

: Laledpey g v i L 3 ¢t 1 1.1 ]IIIII IIIIIIIIIIII
00 200 300 400 500 600 700 00 200 300 400 500 600 7oo

m; [GeV] m; (GeV)
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http://arxiv.org/abs/1503.08037

Electroweak (EWK) Sector

(1, BE1'T)=1)
(Tv.)

(1, BF(1'T)=1)

% — (HL)W %)
, (2 x1)(W x1)
(1,, BE(1'1)=0.5)

(1 _x) AMIZ

x AM,

x = 0.5 (maximum sensitivity)

X -x productior % X,
S‘ 900 | DT I I L I | T T 1 | T 1 %0 %-’_
D - 2 M
O, - CMS Prelimina s 70
o 800 ry Xy Xy
g C \/g - 8 TeV —F -
o 700 __|CHEP 2014 X1 X1
N - ~0 ~+
600 — = SUS-13-006 19.5 fb™ ~0 ~4
B -1 X‘Z X
- w SUS-14-002 19.5fb pr =
500 R P
T o S el
400 |— =~ ~ Expected ((\/,;:',/;,.,;'(NL
= . o
300
200

100K

> “‘;:{u'mu . S A 3
"Q}“Il"fllt‘Jlllllllllll\lllllilll

<» Wino-Chargino and Bino-
LSP
v Up to ~700 and ~300 GeV for
light slepton case
v" Up to 320 and 100 GeV for W
and Z cases

< Lower limits for
v heavy slepton
v being Higgsinos

00 200 300 400

neutralino mass = chargino mass [GeV]

Teruki Kamon

500

600

CMS SUSY and X

700

800 v* small mass difference
(compressed spectra)
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EWK Production of Higgsinos

Phys. Rev. D 90 (2014) 092007 [SUS-14-002]

o . CMS L=193f"  (s=8TeV
% Some small excess in data, S m | S D
Compar‘ed W|Th The SM pl"ediC‘l'ion, 210:— St —— Background estimate—:
but results are consistent with < £ | e Signl, = 260GV
. cap 8 or — Signal, m , = 400 GeV ]
background only expectation within g | ]
uncertainties " E
<+ Interpret null search result as ‘ E
limits on Higgsino production s R - - =
0— | |

¢ Interested in this final state ash
could distinguish NMSSM from h

7’

MSSM?
~0 ~
A & M ®mme- @
\ i”i,_..~°4'¥~--_ h "
P]_ 5&? ...k ____ G

)

y L o

\ .lZlO /
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MSSM or NMSSM Bottom Squark Decays?

JHEP 04 (2015) 124 [SUS-14-014]
Also see CMS PAS SUS-12-019

http://cds.cern.ch/record/1751493?In=en g
CMS 19.4 fo' (8 TeV) b
> [~ T * T &5 loag ¢ * T * 1T
8 250 [ ] DY+jets (eeun) |
i) [ ] DY+ets () g y
o | ] wwwzzz I
;&)‘200— + I « q B. Dutta, Y. Ga, T. Ghosh, TK, and N. Koleyv,
= Bl snget 1506.04336
I'L|15() I other SM MSSM BT NMSSM
______________ mg =225 GeV m., = 150 GeV 14— 20fb" =
e ogted m; = 400 GeV m~ =150 GeV | A e S I T . |
: [0 S 100 " ol ]
100 T m; = 350GeVm =275 GeV | (L‘D) o (:Dw_ 48 1]
: CentraI5|gnal region | Y 2 | 13
$ e+ . 2 L i | 0
2 - % 50 10071
1T} 4 L_ M, (GeV) 7]
21— —]
50 100 150 200 250 300 LB e
0 20 40 60 80 100 120 140 160 180

m, [GeV]

__o Data / background only .Syst. ungert.

Data / MC

1
0.5
0 the MSSM.
Teruki Kamon CMS SUSY and X

M, (GeV)

.. not ruled out by the direct detection
experiments and with unique features
in the neutralino sector compared to
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SUSY VBF + MET + 2 Leptons

[SUS-14-005] “Search for supersymmetry with the vector boson fusion topology
in proton-proton collisions at /s = 8 TeV”, Physics Analysis Summary (CERN
link: http://cds.cern.ch/record/20026477?In=en)

“* The first SUSY search of its kind in VBF topology (arXiv:1508.07628;
submitted to JHEP)

> Inclusive muon trigger and diTau trigger
“* mu-mu, mu-e, mu-tau, tau-tau ; OS & LS

s CMS Preliminary 19.7 fb! (8 TeV)

—@—— data
DY+jets
W+jets

D)

0
-
o
(6]

L)

Events / 250 GeV
Q

— MM, e, BT, T,T,
- forward tagging jets " t
e -____,----"""_ / N\ 10 Others
'.-?-:-‘—- - — prz_;n)'(lejt e m = ev, m,= e
'/—‘/_\\KF . ‘ . 102 (A ’g 5 200 GeV, L 195 GeV, 7.:7 0 GeV)
7 e 0 e Bt
(o 0 1 : ——
X / . —
S Bt 107
+ X A
(\5 \\ // 10-2
< R 1 decay products N L | : :
g 107500 1000 1500 2000 2500
S 28E | ' | 3
T oF E
S 15E i -
£ 1;;%4%4@%%%%7/%// 7
o . o 05F ¢ e
% Run 2: VBF + soft Iepfon tr'lggers S %50 1000 1500 20'00(j - 2V5]oo
m(j,j) [Ge
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http://cds.cern.ch/record/2002647?ln=en

SUSY VBF: Some details

105 CMS Preliminary

Obs./Prediction

19.7 fb (8 TeV)

—4—— data

2000

1 000 1 500 2500

2000
m(ij) [GF-‘V]

(=] - ra
O o

Process HEH]] i | Wi T T Jj
DY + jets < 0.01 0+57 | 0.5+0.2 < 0.01
W+ijets | 014£82x107%| 043% | 93423 0.5+0.1
\'%AY% 21+03 19435 | 1.14£02 | 0.1+6.5x 1072
H 31401 35407 | 67428 | 0.14£1.2x 1072
Single top — — - < 0.1
QCD - - - 7.6+0.9
Higgs - - - < 0.01
Total 54403 54433 | 17.6+3.8 8.44+0.9
Observed 4 5 14 9
Xi . Xo
Mg+ .o —5 GeV —Y—
Ty MyEset My
2
— N
X1
SUS-14-005 One of first SUSY searches with VBF signature

Teruki Kamon

CMS SUSY and X
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SUSY VBF + MET + 2L
MG5, |An| > 4.2

QCD2QED2 + QCDOQED4

CMS Preliminary 19.7 fb" (8 TeV)

CMS Preliminary 19.7 fb" (8 TeV)

o BRI Qo L s B o LML
=0 X 2TV X, 2T me-m =5 GeV =ofe X TV X T m‘h_zmif"'Zm*ﬁ
b [ MLeLuT, Ty, : b [ MLeLuT, T,
C Observed C Observed
L — - — |[Expected . — - — Expected
L EES to, m(Y) - m(T) = 50 GeV L EES 1o, m(Y) - m(T) = 50 GeV
— — pglo,m(},) =0GeV — - — z*1o,m(},) =0GeV
10 ——— lo(pp— i) (LO) = ——— a(pp— 7 (LO)
I SeV
105 - <
1E T 3 T
:II[lIIllllll|IIII|IIII|IIII|IIII|I1:l :II[lIIllllll|IIII|IIII|IIII|IIII|I1:l

100 150 200 250 300 350 400
mﬁ=mf[GeV]

SUS-14-005

Teruki Kamon

100 150 200 250 300 350 400
mﬁ=mf[GeV]

SUS-14-005
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SUSY VBF 2L vs. Direct 3L

MG5, |An| > 4.2
QCD2QED2 + QCDOQED4

95% CL upper limit on cross section (fb)

—. CMS Preliminal_'y 19.7 fb" (8 TeV) CMS Preliminary 19.7 fb" (8 TeV)
—Q auh =5 ~0 = A
by X~_>TV‘I:3X2—_>TT! .r-mE=5GeV = _ :
o 'F Wi i . T
C Observed [0} - PP -—>7€: 7(2 95% CL CLs NLO Exclusions . 3
L — - — |[Expected O 250 o .= — -1 -
| EE 1o, m(E) - m(T) = 50 GeV wr  fF MT™ — Obsenved 3l £10pey 1N
— — pglo,m(},) =0GeV = 200 7° =% - = = Expected 3/+10, .vee - = 10°
1CE ——— o(pp—7d) (LO) T M
150 |- =
i 1005— W —E 3 10°
b ﬁp\"( e
z sof= 18
i C s 10
N B IEIREE R P e ]
900 150 200 250 300 350 400
3 E m; = 0.5m.. +0.5m; Ll [GeV]
Coo o b b b b baaaa b I T T T T A O A |
100 150 200 250 300 350 400
m_. = m, [GeV] SUS-13-006
SUS-14-005 EPJC 74 (2014) 3036 [1405.7570]
x ~ 0.95 (maximum sensitivity) x = 0.5 (maximum sensitivity)
Teruki Kamon CMS SUSY and X
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VBF + MET: Compressed SUSY / DM

[Trigger] MET65+VBFDiJet35

[Selection] Two jets (pt> 50 GeV with ninz< O;
In1-n2| > 4.2 and invariant mass mi12>750 GeV; no

b-tag); MET > 250 GeV;
veto further jets (pm> 30 GeV)

[Dominant BG]: (Z — vv) +jets & (W* — /1) + jets

are estimated from data.

120f —$— data

Z{—vv)+jets

I - others

80¢

Events / 250 GeV

60

1]
=]
[T T T T

CMS Preliminary
a F L T 3
é ol VBF — (Qbserved 95% CL 7
o f0 = SUS-14-019 +10 expected 95% CL g
B 1 2 expected 95% CL
10’ & o ) N.0)dm = my =5 Gev

.......... ol ) (LO), A=600GeV

CMS Preliminary_

100: Wi(— | v)+jets

........... pp — BB {j, m_ = 300 GeV, m_ = 295 GeV
b x -

pp — K i A = 600 GeV, m = 100 GeV |

mg — Mgo = 5 GeV

i
I

BEH'BTEY) et

1851 (B Tev)

n

Obs./Prediction
=] g - ; M tno
| T
§§ ] L
% 11 | 1

1 IIIIIlIJ L1

g 9 ;"--.______ """""""'T""""""""'“""‘""'"l'-""""----....,,
10 .
- 315 GeV ]
g e
q q 100 200 300 400 50 M [GeV]
Teruki Kamon CMS SUSY and X

800 1000 1200 1400 1600 1800 2000 2200 2400

m; [Ge
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ISR vs. VBF in Case of Compressed SUSY

Mono jet
SUS-14-001

19.4-19

VBF
SUS-14-019

= CMS
Q) Dijet b-tagged search ~
~ B(b —
5 500 Monojet search
E p— 5
—Obsaed = T, NLO-NLL exclusion

Expected + 10,

250

GeV

Loy oo Lo v by aly g Ll

00 200 300 400 500 600 700
m (GeV)

Teruki Kamon

185" B T)

— [fb]

CMS Pralminary

T T T T T | T T T T ‘ T
— Observed 95% (L
+ 1 expected 6% CL

< oexpected 054 CL ]
u[bbu (L0} dn=nm, uf B -

ooz wusev

=
[

CMS SUSY and X

I R
0

VNG L L
0 40 1]
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http://arxiv.org/abs/1503.08037

SUSY + Another Higgs Wanted

<+ MSSM Higgs (e.g., A H* and H*H"), Non-MSSM Higgs
<+ Colored Sectors

= Gluinos

= Heavier(?) 1st/2nd generation scalar quarks (squaks)

= Lighter(?) 37 generation squarks (stop, sbottom)

<+ Charginos (C1, C2), Neutralinos (N1, N2, N 4), decaying

into: .
: Compressed scenarios at
R L-Svaep’rons, Higgs, W. 2 hadrl'aon collides

= Lightest Neutralino (N1): Bino-like, Wino-like, Higgsino-like,
Bino-Higgsino-like ..

: . . . Displaced vertex Disappearing track  Stable massive particle
[Example] Higgsino LSP > chargino and neutralinos
below 200 GeV, with mass splittings of order 10 GeV. softwfer /0 PeTEREE
It is very difficult for LHC to observe these particles. P Gt g low f
" Gravitino primary ."'neutralino / high dE/dx
.:. Slep-‘-ons vertex chargino decay le:1gth

= Selectrons and smuons - mass degenerate? 0 (10) mm 0(100) mm >0/{1000) mmn

= Special case: Stau is lighter. :g°’l"p°;':',ﬁ"9“ ¥
< Displaced Tracks eaved 1
() v
Long-Lived (LL) S =

% RPV +?22?
Teruki Kamon CMS SUSY and X 31
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Cold DM (y) Marketplaces

q DM q DM

Mediator

DM

=

q DM

< Simplified Models, including Effective
Field Theory (EFT)

% Full Models:

= R-parity conserving SUSY (with a DM
candidate)
R-parity violating SUSY (with a DM
candidate from somewhere else)
"Dark" sector - Higgs-portal, Fermion portal
Extra Dimension

L Selected topics:
\ \b 1 [I] Supersymmetry (SUSY)
; Tq [II] Mono-X for DM-SM interaction

Teruki Kamon CMS SUSY and X 32




One Page Summary of DM EFT

Exhaustive list of ...

Dirac fermion, 1008.1783

Xxdqq
XY xdq
Xxdv'q
XY xivy
XY XGY o4
XYY xqv.q
XV Xqv.v'q
XYY X§v. vy
Yot xqa ,.q
XO Y XG0 59
xXxG,..G"
¥ xG,.G*"
¥xG,.G*

Real scalar, 1008.1783

Teruki Kamon

Majorana fermion, 1005.1286

M1
M2
M3
M4
M5
MG
M7
ME
M9
MI10

qq
qq
qq
qq
qq

qq
GG

GG

mg /2M3
img f2M3
img /2M?3
m, /2M3
1/2M2
1/2M2
o, /BM?
et /B M3
e [BM
v ;EME

Complex scalar, 1008.1783

CMS SUSY and X

x'xaq
x'xdv’q
x'a, xgr*q
x1a, xgy*y'yq
X' xG,.,G*"
x'xG,.G*"

mr“."M}
im, /M2
1/M2
1/M?
e, [AM?
i, [4M?
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Extensive MET + X Searches

MonoPhoton

23

gbar
bar

Teruki Kamon CMS SUSY and X 34



MonoX = Event D

32 2012 CEST

CMS,

eta =-0.463

MET 0

pt=913.68 ’
eta = 0.000 =
phi = -0.657

CMS Experiment at LHC, CERN

Data recorded: Tue May 8 08:19:45 2012 CEST
Run/Event: 193621 / 1180868279

Lumi section: 1557

Orbit/Crossing: 408140266 / 1737

Electron,
pt=1106.14
eta = 0.066 A
phi = 1.948 \
A { pfMET,
| pt = 1209.24
eta = 0.000
i phi =-1.139
\
1\
MT = 2312.24 GeV \

Teruki Kamon

~ :
CMS CMS Experiment at LHC, CERN

N\ i Data recorded: Sat May 12 13:57:28 2012 CEST
N Run/Event: 194050 / 796689537
\ Lumi section: 843

MT = 1332.8 GeV

N\
MET
pT =643.2 GeV
phi = 3.04
Muon
pT =690.5 +- 22.4 GeV
eta =-0.64
phi = -0.09

A few words ...
CMS SUSY and X

isplays

MC Simulation

CMS Experiment at LHC, CERN

Data recorded: Wed Aug 15 23:59:54 2012 CEST
Run/Event: 200991 / 713113874

Lumi section: 563

Orbit/Crossing: 147494778 / 1082
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Momnojet/ Monophoton Besults

196 o (8 TeV)

w
o
o
O

™ = > DM

c{l—l10 = T T T TITT] T T T T T T T T1TTTH > 8 CMS —--(l)\(/l)=50rM/3 =

E 1 0—35 B ool ] M, =50,T=M10 ]
O VeCTor' Oper'a‘l'or' C MS (D E [ Monophoton Analysis —M,=50,T=M8n - -
— 35 . . = C i ; M, =500, =M/3 ] xa

— 10 spin independent (SI) s = s [ cmesorwmo

o 2000 ; —M, =500,T=M8r ] & -

O 1 0_37 c) g :Spm Independent, Vectog_: Z;F contoure E
= = Q <= ¢ - ] E
(&) 10°8 O@& s (D E 10 ut
% %\ | \ CMS Monophoton = C_IJ : ] ]
= E X 1000F . 0

(/)] CMS Monojet =) r Z
- 5 Fo . g

1 20 [ - -
SIMPLE 2012 - ] J]

TRES e ] L1

coUPt
=S\ Mediator Mass M [TeV]

- Region I: EFT limit is good!
- Region II: EFT limit is too weak.10 TeV
Gov, 0)(@r'a) - Region III: EFT limit is too strong!

| Spin Independent, Vector Operator %
10—47 Lol ool ] L1111 .:‘ EFT is VC(“d for. heavy mediaTor. mass (M*)

L 17 10° >a few 10 TeV; The couplings required are
i} o M, [GeV] large comparing this with known couplings:
v = (Xrux)(d7"9) Theory is non-perturbative if /g, gpy > 4n
A? * Width larger than mass, so unlikely

A = Contact interaction scale mediator will be identified as a particle

EFT (A) > a minimal framework (M*, couplings, DM types) for a comprehensive
interpretation of collider results with other experiments (e.g., Direct Detection).
See O. Buchmueller, S. Malik, M. Dolan, and C. McCabe, arXiV:1407.8257
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ISR Invisible vs. VBF Invisible

EPJC 75 (2015) 235 [1408.3583],
CMS-EX0-12-048, CERN-PH-EP-2014-
164

Events / 25 GeV
S @ o o o
2 I P

q
N

|

One energetic jet, pt > 110 GeV, || <

2.4, and allow an additional jet (pr>

30 GeV)

MET > 250 GeV > 500 GeV

Veto event if j3 pT> 30 GeV Veto

event if Ad(j1,j2) > 2.5

> Veto event if they contain isolated
electrons or muons with prt > 10 GeV;
or hadronic tau with > 20 GeV

Teruki Kamon

J
0.0

J/ J
000 0.0

&

L)

L)

2
200 300 400 500 600 700 800 900 1000

CMS SUSY and X

EPJC 74 (2014) 2980 [1404.1344],
CMS-HIG-13-030, CERN-PH-EP-2014-
051

CMS —@— Observed
VBF m,, = 125 GeV,
B(H—inv) = 100%

[:I Vijets

(s=8TeV,L=19.5fb"
VBF H(inv)

150 200 250 300 350 400 450 500
E™* [GeV]

e

% VBF tag jet pair, pt,1, pt.j2> 50 GeV,
In| < 4.7, nji*nj2< 0, Anj;> 4.2, and Mj;
> 1100 GeV; Ad(j1,j2) < 1.0

MET > 130 GeV

> Central jet veto (event that has an
additional jet with pt> 30 GeV and
pseudorapidity between those of the
two tag jets); Lepton veto with pr>
10 GeV.

)
0’0

0
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ISR Imvisible vs. VBF Invisible

Z/W ratio ~ 3

Z/W ratio ~ 1/2

EZ'S ( GeV) — > 400 > 450 > 500 > 550 Process Event yields
Z(vy) +iets 2740 +220 1460+ 140 747 +96 362 + 64 Z(vv)+jets 99 -+ 29 (stat) + 25 (syst)
V_V+]ets 1030 £65 501 4+ 36 249 +22 123+13 W () +ets 67 + 5 (stat) + 16 (syst)
i . se o Ley o Eie Ll W(ev)+ets 63 4 9 (stat) £ 18 (syst)
Z(e8) +jets 89+44 52+26 23+12 10405 > ; &
Singlat 614131 0Do+04 2 i W(z,v)Hets 53 + 18 (stat) & 18 (syst)
QCD Multijets 49430 20+12 1.0+06 'N\5+03 SLIEAes Sl 5 (stat) &= 25 (syst)
Diboson 118+59 65433  36+18 + 10 Sum (ttSingle top quark, V'V, DY) 20.0 8.2 (syst)
Total SM 3930 4230 2050 4150 1040 £ 100 509\& 66 Total packground 332 4 36 (stat) + 45 (syst)
Data 3830 1830 934 51 i 210 =+ 29 (syst)
Exp. upper limit +1¢ 639 410 221 187 14 + 10 (syst)
Exp. upper limit -1¢ 357 168 123 104 390
Exp. upper limit 452 266 173 137 70%
Obs. upper limit 397 154 120 142
19./1D " (B
> LIS T LN O . O ) BEUNEL B R P v T LN L S R T FuT =
o 107 ® Daia
8 g CMS Preliminary = Z(vv)+~1/]:ets LepTon I.D g 3 CMS —@— Observed
& 400 T Wiv)+jets B 1-1- Th E VBF my, = 125 GeV,
@ - erter wi T Vs=8TeV,L=19.5fb" ~— B(H-invy=100%
< 5 [ Single t Bl .
2 10 I 0 low P, lar'ge N [ E VBF H(inv) B veiets
10 E - s - " F B . tw, ovansiets, v
. miimiim ADD My=2TeV, 5 =3 —
107 . e L.l Unparticles d =1.7, Ay = 2 TeVv C
. —_— DMA=0.9TeV,Ml=1GeV o
10 S >
10
1
10"
1 — 3 —
g 05 { =]
O ©0 00,0400 ®. . § T
s|= Y T e e @ '.'.f'
8l oo ot *i 150 200 250 300 350 400 450 500

200 300

Teruki Kamon

400

500

600 700 800

900

1000

E*16eVICMS SUSY and X

ET® [GeV]
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Higgs portal to DM: H(inv)

EPJC 74 (2014) 2980 [1404.1344], CMS-HIG-13-030, CERN-PH-EP-2014-051
DM particles have the direct couplings to the SM Higgs boson sector,
H—yy: (a) Limits on branching fraction of Higgs to “invisible” particles
used for limits on DM, (b) Scalar, vector or fermionic couplings, (c) Limits
only up to DM mass M, < M,;/2

q q

q

% 10°L cms — 2 0w T Vommt SO F T
O FlessTevL=t95m" s Q 10°f is=aTew L=tar’  Zim12een B0 E EeTen LataomT S EE
3 Vajets _fﬂ 105 Z(Il) H(inv) DY)+ —; ‘E T [ wetes
> 16 - S 10t 1 @ovonee 3 200 —
% B & v ov(iysiets, v 10 > [ tetw,ww,wjets o R = oo
E 1 02 o . | l:’ zz E 102 = ::(951
S Good S/B ratio = 1 o
i 10 = 10
= 1
10"
3] A
10 102 Poor S/B ratio
2 o b by T T T T T Ty Ty
150 200 250 300 350 400 450 500 o | .y L 2r -]
miss S 1peeettetie s gt ‘~+- = b ]
ET [GeV] o + + ‘ —— § g 1 g;m _‘q‘#wf_;_'i'ﬁ + +_JTL-+r_+_ :
% 100 200 300 400 500 S
ET™° [GeV] 01 080604020 02040608 1
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ISR Invisible vs. VBF Invisible

EPJC 75 (2015) 235 [1408.3583],

CMS-EXO-12-048, CERN-PH-EP-2014-

EPJC 74 (2014) 2980 [1404.1344],
CMS-HIG-13-030, CERN-PH-EP-2014-

164 051
C{I—‘IO_BA T T T T T T T T TTTT] T T T TTTT E 10‘1 ™ — —_— T - —_—
Combination of VBF and
51 0‘:: CMS 2 402 f_H_.H - invisile ) CMs
10 = 3 5=8.0TeV, L=18.919.7 it" (VBF+ZH)
810_37 ao;e 1'.3'4 fs=7.0TeV, L=4.9 b (ZH) Bit-s m’i;ijj @ 00% EL
-— OO 10‘ _— e - = =— = — — .
(% 10_2: %%;é \ :CMS Monophoton - o= E} 1 0—5 1 O 40
(7] 10° e CMS Monojet ¢ " g -1 0‘5
g 1 0740 —\%O& — CogeN O\ - — 1 0—40 ) 1 0_?
O 104 £ SIMPLE 2012 a .
S 10 \\ oo 2012 O 107°F N Tweims ==
o _ 00\3_ - o O 109 . —— B cREssT
51" —— c T e
35104 xENONWO 8 10'1{] ''''' et - — XENON10(2011)
_ ) -1 = === Min | g:?;ﬁlzlc‘l:‘smc%m
R s 5 10 =
154 Spin Independent, Vector Operator (XY“X)(ZqY 9 ; 1072 ==e Max % cuuﬁu::_zgé-, o
10—47 il Ll L E 10—13 Ll ] ) R Lol —-LU;‘:JQU":TL] L1
1 10 102 10° O 10 102 10°
q M, [GeV] . ., DMMassM, [GeV]
\\ @99999999
S A
q X q q
[Beyond EFT approach] See, for example, S. Baek, P. Ko, and W. Park, PRD 90
(2014) 055014 [1405.3530] for explicit expressions within UV completions
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g Next Gen. Searches

REMARK!

W Higgs sugnql, but
J 7 *» Cross section?
S v Wino-like DM
,,,§W_ v" Bino-Higgsino
Z¢/$W+ P ;?]i Displaced vertex
‘ 20
; e primary @ neutralino
- T vertex
jj+ MET + X s L

|
i CMS-EX0-12-034, JHEP 01 (2015) 096 [1411.6006] :
I Search for disappearing tracks in events with :
I jet p; > 100 GeV, MET > 100 GeV for direct production |
|
|
1

Teruki Kamon CMS SUSY and X

Disappearing track

via VBF

» The final state is same as invisible

larger pt jets

DM

“» Example, disappearing tracks?

\ Stable massive particle

"""" _ low B
e high dE/dx

T acay length
—

AM =M (7)) -M(Z))~100 MeV
= Br(yz’ = 7/7%)~100%
P.(r*)~ AM ~100 MeV
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@
g Challenging Compressed Stop
CMS Preliminary
neMAR§ T I T I~L lJ T lol T I ro ey I | B = s g R L O I1l ey (700' 529&
© 500 [ PP, Tt 8 TeV, 20 fl -
O, - 1-epton channel [z =eeeees 14 TeV, 300 fb* (conservative) -
-~ [ SUS-13-011 BDT analysis ©© =--- 14 Je\, 300 f' (optimistic) -
€ 500 [~ Expected 5¢ discovery reach N —
I Q\o"' .o'o - 4
E oS o P o .
= ; R R T ’ -~
400 |- v SV By o o o -
(250, 240) N QT QS ” 4 .
300 :—. ,,l "'0 "'o ’, . - —
; @@ ) e, Y
(300, 134) i ... -l 4 i v %% |
¥ B 7 ‘o’. A ., 'l. -
AM = -7p00 P .t L’ p
R (400, 220) || it -
[aM = 47 : 2
100 (300, 120) :
— - (1312.1348) . %
|\ 300
O R 8 4§ l Y Yl e | Y l:l I - EAY RS S | l 1 - l-
300 400 500 600 700 800 900 1000
(175, 1) | [ (250, 25) | (1403.2726) Asjj m: [GeV]
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g VBF as Tool for Compressed SUSY

REMARK!

Y X

{ {
VBF tagged jets (2 energetic jets with VBF production topology
large An separation: large M(jj)) in in transverse plane

forward region, opposite hemispheres)
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Next Gen. Search for Compressed “X™

REMARK! CMS Preliminary
S‘ JI]";'J‘I‘T]‘IIII‘ITIIIIIT]‘T'IIII (700,520)
© 600 [~ PPt toty) 8 TeV, 20 fb' B
(.2, - 1-lepton channel @ = g ""teeee 14 TeV, 300 fb" (conservative)
s - SUS-13-011 BDT analysis - 14jg 00 fbs* (optimistic) ‘
€ 500 [— Expected 50 discovery reach W i
— o" . - : 4
" o Sl I .
A Pl b
(250, 240) |f- SR T o
—_ t/ ."' o"’ ' K
0 EN @R A s Ry
e e R AL
o’ — L4 7
oy (400, 220)\
L A T T]
100 3o'/ ¥ 4 (300, 120)
Z//,":‘! faﬁjf“i‘ (1312.1348) 300
—"/ lllllllllll llllllllJlll:llllllllLlll
200 300 400 500 600 700 800 900 1000
(175, 1)| [ (250, 25) | (1403.2726) agjj m: [GeV]
VBF+stops: 200-250 GeV at 26 at 14 TeV |
|2
[¥2]
VBF jj + stops
ISR jet + stops?

ISR y + stops?

Teruki Kamon

CMS SUSY and X

PRD 90 (2014) 095022

\

TIT T O U7 IS VoYY 17 705 O UoD (=T IT)

TT T T T T T T T T TT
AM:mT»(mtarm_,):-?Ge\/’
2"l

e ""‘iil‘“]“";
5 i = 300 Gev EEEH i = 300 Gev / |||||W
L 102 4 tT+jets N+ tT+jets q

_ 100 200 300 100 200 300

7, (GeV) B, (GeV)
FI§. 1 (color online). Distributions of Zy normalized to unity
for| signal (green horizontally dashed histogram) and 77+ jets

badkground (red diagonally dashed histogram) after VBF selec-
tionfs and lepton and b-jet requirements for the benchmark point
with m; = 400 GeV, myp = 220 GeV.

LI T T | T 1 | ! LI | LI | LI
10F T 3
:a\ AM:r‘r‘u{-(m+mi,‘3)=7Ge\l AM:r‘r‘n.{-(mtﬁmeJi):-?Ge\/E
NY N NG
., N
5 ...-...-fﬁ.,,{); ................... \ ....... ..s\.\;’: ...........................
. ~ TN [ S S 3%
1 RN \\ Q"“"mq,&h - \\ . @ -
F ‘s,. S h's S \NM
“~, \\5% T s, ~— . ]
.. \.‘-- ~. \‘5/6 L
~§~ T ‘§~ \-
..... 10% + Seean
e d Treal J0%
107k =+ 7
P | | 1 |: PR T N N N N TN NN W N S S ]
200 250 300 200 250 300
m;(GeV) m; (GeV)
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g Stops in Monojets

Haipeng An and Lian-Tao Wang,
arXiv:1506.00653

600
The search feasibility for stop events
in M(stop) - M(chi) >~ 20 GeV, s |
where a pair of stops are produced in € 4o0f
association with a hard jet. 3

The investigated region includes the 200" L
region in VBF stop paper P
(arXiv:1312.1348, Phys. Rev. D 90
(2014) 095022)

See Fig. 3. On the line for M(chi) =
M(stop) - M(top), the 5-sigma reach is

400 (600) for 300 fb-1 (3000 fb-1) in
ISR Tagging’ Wh||e we COUId ob"’ain David Shih: http://arXiV.OrQ/abS/1 506.07885
those reaches via VBF. Hagiwara: http://arxiv.org/abs/1307.1553
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g Next Gen. Search for Compressed X

REMARK!

B. Dutta, A. Gurrola, K. Hatakeyama, W. Johns, T.K, P. Sheldon, K. Sinha, S. Wu, Zhenbin Wu, “Probing
Compressed Bottom Squarks with Boosted Jets and Shape Analysis”, [1507.01001]

10°F

—_
o
N

| Iilllltll..r

l l | l l l |
m(B,) - m(%.) =5 GeV, L =300 fb

pp — b.b, jj, Ob + 1b, NoPU
................. pp—>"b'1'51jj, Ob + 1b, 50PU
pp — b.b, jj, Ob + 1b, 140PU

Significance
o

'1III| | IIIIIII|

10’

L
nag
(T
LY
.......
LT
ay
LT
LY

Ll

_IIII| | {11

VBF jj + sbottom
ISR jet + sbottom?
ISR y + sbottom?

400 600

m(b,) [GeV]

VBF+sbottom: 541 (462) GeV at 95%CL (35 )
for BOPU at 14 TeV

Teruki Kamon

CMS SUSY and X
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g“Non-thermal” DM-SM Interaction

REMARK! --------------------------

i *» Simplified Models vs. Full Models: | < X w Olgc g
i = Example: non-thermal DM model - !

: At least two X fields, X, (@=1,2), | - ¢

! are required for successfully |

| explaining baryogenesis. [ t 9 i

R. Allahverdi, B. Dutta, PRD 88 (2013) 023525;
B. Dutta, Y. Gao, T.K, PRD 89 (2014) 096009 :

2
PO iik v T P vk — N F
Lig— ‘Cl’ P ‘CUA*XQ,idZ,jPR(I‘S*k - /\g'pAZ”Dl\-v‘IBRUp +C.C.|
d Right handed u-type quark I A 'Y
0.5H - ~== Right-handed top decay *
A I
A| )\2 y. GQO & 0o 0.2 0.415([7)[“’)0.6 0.8
......... M. Dalchenko °%
X# [1507.02271] 0_03;
0021
P npn
(1 001 :
Doyoun Kim's talk - [ Delphes 3
On O(l)GeVDM OO—IIIO!ZIIIOI4III0!6III0{8IT

EbYEG)
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]  Wino and Higgsino via VBF

A Berlin, T. Lin, M. Low, L.-T. Wang, “Neutralinos in Vector Boson Fusion
at High Energy Colliders,” PRD 91 (2015) 115002 [1502.05044]

Given a systematic uncertainty of
5% with 3000 fb-1

[LHC14] 125 GeV Winos and 55
GeV Higgsinos

[100 TeV] 750 GeV Winos and
180 GeV Higgsinos

| [Comments]

| ® The forward detector system
(tracking, calorimeter, muon)
must be good for lepton veto and
vertexing for forward jets.

@ Ultra-fast timing on forward
calorimeter for trigger?

Teruki Kamon

W Central tracking, calorimeter,
muon - lepton ID from 5 GeV??

I, detector.

I1 We want to lower lepton p; threshold and
,H cover larger 1 coverage for future

Cut 14 TeV 100 TeV
Wino  Higgsino | Wino  Higgsino
Mot 2 2 2 2
7(5)] 5 5 7 7
pr(jsag) (GeV) | 45 45 75 50
An(ji,j2) 3.75 3.75 4.95 4.25
A¢(j1,j2) 2 2 2 3
M(j1, j2) (TeV)| 2 1 10 5
1| Er (GeV) 400 — 700 1100 — 2500
V pr(vete) (GeVY| 45 45 50 50
|
(rrie,p) (GeV) | 20 20 20 20 )
1| pr(r) (GeV) 30 30 40 40
l n(e) 2.5 2.5 2.5 2.5
: o) 2.1 2.1 2.1 2.1
. n(7) 2.3 2.3 2.3 2.3
I N 4
|

CMS SUSY and X



Commissioning @ 13 TeV

Lepton isolation
of third lepton in
I*I- control sample

Events

CMS Preliminary 42 pb' (13 TeV)
RN RN R 5

""" e Data
EZ+b—l
|EE+c—
Z+pl
/vy

Electron charge
mis-identification

\

CMS Preliminary 42 pb” (13 TeWD
T T 11 T 1T 11 | L I T 1T 11 I UL | LB I T 1T 11
%10“ E
3 [Hz+jets 0s |-
T B Z+jets SS .
_§ e dataOS |
£ o dataSS |_|
4 .

¢
10 byt

—

_s 0F : 4 ¢ ¢ I
% n}* +_'  — 10
S osf 3 70 80 90 100 110 120 130 140
005 01 015 02 025 03 035 04 Di-electron Mass [GeV]
Third Lepton Isolation
_ CMS Profminary L=42 pb (13 TeV) " CMS Preliminary 42 pb™ (13 TeV)
E :Egitgts ‘gaco DL ]
o 30—Dﬂ 2 true leptons WitV — w
e ” mtf, 1 true lepton HCther i D
2 T o.afﬁ_'* 1
- - 0.6/ 1
10:_ + _: i —% Efficiency in data |
; t ﬁng Jet mass of 04 " eneenynne | PhOtON 1D
o O + T eddes  AR=1.2 fat jets: ol o efficiency from
E R E_ = . | — actor
3 £ + +++ + + Study tails from i Tag & Probe
g8 O 113 ISR 0740 60 80 100 120 140 160 180 200
0 100 200 3{]0 400 Eﬂﬁﬁee’]ﬂo Probe ET (GeV) SUSY DPS
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High Mass Dilepton Event @ 13 TeV

https://cds.cern.ch/record/2048626/files/DP2015 039.pdf
CMS-DP-2015-039 ; CERN-CMS-DP-2015-039

This performance note shows the event display together with some kinematic
guantities for a candidate electron-positron pair with an invariant mass of 2.9
TeV. The background expected from the SM above m(ee) = 1 TeV, 2 TeV and
2.5 TeV for an integrated luminosity of 65 pb-1 is also stated.

CMS Experiment at LHC, CERN
Data recorded: Sat Aug 22 04:13:48 2015 CEST
Run/Event: 254833 / 1268846022
Lumi section: 846
P 4
o |
N //4-«’ & ‘ d
p L]
Electron 1, A N “.: S ',l ",
pt=1278.63 ~ S
eta = -1.312 /,,’ e AN
phi = 0.420 -y &y s A
¥ N NS
A, | — ;
Q) \' Y oee e v
.. R ‘.;l'q ‘ b SIS = e Electron 0,
RS 7 pt = 1256.20
,’ .ﬁl:'., %t » = eta = -0.239

phi = -2.741
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High Mass Dijet Event @ 13 TeV
https://twiki.cern.chitwikilbin/view/CMSPublic/PhysicsResultsEX015001

¢ Dijet mass distribution of the two leading jets with the data corresponding to an
integrated luminosity of 42 pb-! from Run 2 of the LHC.

* Pseudorapidity separation of the two jets is required to be < 1.3 with each jet inside
the region |n| < 2.5.

¢ The highest observed dijet mass is 5.4 TeV.

s 95% CL upper limits on the resonance cross s%‘t:ti

42 pb'(13 TeV)
IIIIIIIIIIIIIIII

< Lower limits on the mass of resonances: O —¢— data
o string resonances ... 5.1 TeV 810" background fitT dais
o excited quarks = T Qf(j:':ev)
o Axigluons 51 o
o colorons, ° 3
. 10 ke
o scalar diquarks and Y casmi<ia
o color octet scalars. L MptrTev ﬁ# 1,
10 E  Wide Jets <t E
C N\ =
- ] N L
10° o T TR

7500 2000 2500 3000 3500 4000 4500 5000 5500
Dijet Mass [GeV]
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Boosted DiTop Event @ 13 TeV

https://ltwiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsB2G

[Event ID] 251562:122:111132974 (CMSTopJet subjets in yellow)
[Selection] 2 x CMSTopTagged jets, pT > 300 GeV, m(ttbar) > 2 TeV, Ad(topjets) > 2.1

Subjet 2,
C i et =49 GeV .
: Subjet 1, eta=1.64 Subjet 3,
_— AVE et = 275 GeV phi = 1.64 et =203 GeV
¢ ! eta = 2.08 eta=2.37
| X phi = 1.94 phi = 1.48
Y V0
CMS Experiment at LHC, CERN ; A
Data recorded: Sun Jul 12 07:25:11 2015 CEST ) T‘;t’f;gg'g’;‘if'e d
Run/Event: 251562 / 111132974 L Ao
Lumi section: 122 P < ™~ :
Orbit/Crossing: 31722792 / 2253 /N

phi=1.74
\ mass = 176 GeV
/

\
|
/‘ Top jet candidate 2,

{
pt =613 GeV
Subjet 4, \ eta =-0.70
et=133 GeV \ / phi = -1.46
eta = -0.47 \ 4 mass = 177 GeV
phi = -1.56 N \
Subjet 6,
Subjet 5, et =73 GeV
et = 402 GeV eta=-0.18
eta =-0.86 phi =-1.30
phi = -1.44

m(topjetl)=177 GeV, pT(topjetl)=613 GeV
m(topjet2)=176 GeV, pT(topjet2)=488 GeV
m(ditop jets) = 2491 GeV,

0 1 b-tagged subjet (CSVIVFv2 medium OP)
Teruki Kamon CMS SUSY and X
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All-hadronic Search in H,; and H ™"

[CERN-CMS-DP-2015-035] Inclusive search at high H and H{™S in bins
of N; and N,. ... An important background is W or top with missed
leptons, being measured in single u control sample (CS), as a function
of kinematics. Measure the hard-to-model W p; and use well known W
decay properties from MC.

_ e 42pb (13TeV) 50 CMS Prehmmary 42 pb (13 TeV) SUS_13_012/12_024
E + Data Wos % | eData o ‘|DY+Jets
8 [mt
o B vc: it P - OWaets jQcb
© 402 MC: W—lv+jets = © - mSingle top [Other
0 - MC: single t ] *U‘-:?
T [0}
g i
w 10 E

6} | L ||

E 1 5 | 1 ‘ Ll T T I I —_

~ 1' = O

g 10 =

w00 ol F =~

O 00 500 400 500 600 700 £
(]

”"SS [GeV] 600 700
DT(W) [GeV]

Left: Comparison of H¥ in data and (normalized) MC using a single u# control sample se-
lected with baseline requirements (4 jets, Hy >500, Hi™* >200). Right: Comparison of pr(W)
in single lepton (e,u; pr >10) events with baseline selection, E™*** >200 and Mt <100.
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All-hadronic Search Using M,

[CERN-CMS-DP-2015-035] M+, in bins of Hy, N; and N, where M+, is
sTransverse mass, designed for final states with 2 missing particles.
Another important background is Z—vv. Check modeling of M,
variable in Z— £ and y samples.

CMS Preliminary, 42 pb™at \s 13 TeV CMS Preliminary, 42 pb™at Vs =13 TeV

; : L | T ) l T 1 T 7T I T L3 l T F 3 3 ] llllllll 9 ‘CB : L T I IIIIIIII [ 1 T 7T I T L [ lllll
- i C = = -
8 70 :2>::: e ® Data 3 o 350 - =2j, =0b e Data ‘:
8 c a [ IPrompt " L Bzsjets ]
= 60— ] Fragm. - B Top ]
= - [ Fakes ] E
o 50 = ]
1 - ] .
0 3 oo @ | ]

0 100 200 300 400 500 600 0 100 200 300 400 500 600
M., (Photon Removed) [GeV] M., (Z—Il Removed) [GeV]
&) L B B L B T E (&) L S B LA U R AL B
2 15 _: S {55 ] 3
= g ¢ E < O E
g ¢ $ ¢ -} : s i L ]
O 05E4 = © 05F L =
0 By oo T 0 vy T 9 popen T v oy g oo Ty = a] 0 Es v v v by by T e R

Comparison of Mr; distribution in data and (normalized) MC for photon (left) and Z — /74~

(right) control regions, where the M, calculation treats y and Z candidates as invisible.
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Run2 and Beyond

Hadron Collider  Gluino/Squark  M/As

(Vs ) Mass Reach (M)
LHC and beyond will be Tevatron (2 TeV) ~400 GeV 0.20
powerful in producing LHC (8 TeV) ~17 TeV 0.21

LHC (14 TeV) ~2.8 TeV* 0.20*
FCC (100 TeV) ~20 TeV* 0.20*

(*) just use a naive scaling

Runl at 8 TeV - the LHC8 has
started probing a TeV physics:
discovery of a Higgs boson with null
results on BSM.

heavy objects.

> M

Run2 at 13 TeV - Exciting!
e AN - 11 Understanding the limitations of
B e the LHC13 will be an important

LHC8 ™ step toward the next energy
—> frontier
Precision
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Prospects for Run 2

»» [Goal] Search for physics beyond the SM (SUSY, DM ¢,
more) ... one of the main motivations for the LHC
experiments

“» [8 TeV] CMS covers a large variety of possible final
states, closing in on challenging scenarios such as
compressed SUSY, setting stringent limits on many SUSY
and X scenarios (with a few anomalies?)

» [13 TeV] Promising performance in a first look

J[Compared to 8 TeV] Similar sensitivity on gluino mass expected after first ~
fb!; on light neutralinos/charginos/stops after first ~5-10 fb-!

[Challenge] Large pile-up <PU> ~25 ... 50
“» For MANY more results, see the public result pages:

http://cms-results.web.cern.ch/cms-results/public-
results/publications/
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