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CMS Detector

SILICON TRACKER
Pixels (100 x 150 um?)
~1m? ~66M channels

Microstrips (80-180um)

Pixels ~200m* ~9.6M channels
e CRYSTAL ELECTROMAGNETIC
Tracker CALORIMETER (ECAL)
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LHC Run2 @ 13 TeV

Run 2 Dataset

« 2015: ~3 /fb

« 2016: ~30 /fb,

{2 « 13 /fb analyzed & presented at ICHEP

CMS Integrated Luminosity, pp, 2016, vs = 13 TeV

Data included from 2016-04-22 22:48 to 2016-10- 03 04:03 UTC

w
"

= LHC Dellvered 34.04 fb !
[] CMS Recorded: 31.37 b '
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[ CMS Online Luminosity

Total Integrated Luminosity (b ')

= Integrated 120 « expect “40/fb by the end of the year

* Luminosity [=| * Excellent detector performance

[} « High data-taking efficiency

i I’ * 7 92% of delivered data are recorded

RS S s s e * 7 92.5% if those are certified and used for
Date (UTC) physics analyses

CMS Peak Luminosity Per Day, pp
CMS Average Pileup, pp, 2016, Vs = 13 TeV
Data included from 2010-03-30 11:22 to 2016-09-09 22:19 UTC
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We are Up for Discoveries ..

World "Discovery” Map

Spin-1/2Fermions Spin-0,1 Bosons
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New Physics Searches Landscape

Large unexplored territory of a New Energy Domain ...

Outline of my talk:

~CSONA '

Di-photon, Di-V
Di-Jet, etc

Dark Matter

b o
& .

Mono-Jet ot '
Mono-V Leave no stone unturned ... .
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2015 Data
Phys. Rev. Lett. 117

CMS Preliminary 2.7 fb" (13 TeV, 3.8T)

2016 Data

Background fit with

Events / 20 GeV

> EBEB ¢ Data
O] a og(m
8102 g(mfy'y) — mfy:'y_bl g(myy)
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m, , (GeV) S
Most Significant Excess | 2015 | 201548 TeV
Mass (GeV) 760 750
Local Significance 2.90 3.40
Global Significance <lo 1.60
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CMS Prellmlnary

Search for Di-Photon Resonance

129 b" (13 TeV)
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Compatibility with Previous Results

* No evidence for a di-photon resonance with larger 2016 dataset !
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Di-Photon Resonance is Gone ...
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Search for Zy Resonance

* Complementary to a possible yy resonance

 Leptonic search Z(ll)y at low masses
« Boosted hadronic search Z(qq) y at using b-tag info and jet substructire

at high masses

CMS-PAS-EX0-16-034

CMS Preliminary
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* Tag boosted W, Z and H-bosons
using jet substructure algorithms

Merged
W/Z jet
Merged
0 leptons WIZ jet
Isolated @ <=
T T Merged
MET - W/Z jet
2 - Merged
ik — W/Zgjet
ete” ‘

Di-Boson Resonances

vé<

C il

\ *_f
Boosted jets: Increasing transverse momentum

Z\V(resolved)
prpT ::_’_/— 2 AK4 jets
+ (J_ \

MET ~\"""‘“‘-~::> Merged
Merged jet (2nu) " ‘/ WIZ jet
with displaced —» | Isolated
riex T N lepton +
T 1 lepton ~ [ MET 0 leptons
Merged jet
e +,,-
with displaced & —> [ HH w.x,ea?:; ajlite . E:
2 leptons ete vertex Merged jet
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0 leptons
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Resonant W(lv)V(qq)
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Resonant Z(I1)V(qq)

B :——-—-""" Wit 2.7 o (13 TeV)
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: : 0
* Merged jet at high G
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-
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Search for Di-Jet Resonances

« Any resonance coupling to quarks/ gluons. CMS-PAS-EX0-16-032
* Strong production -> high rate, high mass reach
* Dedicated low-mass and high-mass searches

* Data scouting at low-masses: low trigger threshold by storing
reduced info

CMS Preliminary 12.9 ' (13 TeV) CMS Preliminary 12.9 1" (13 TeV)

% 10° ¢ Data % 10 ¢+ Data
: ino. (O] ) — Fit = 0 — Fit
Fit to line S 100, a9 (750 GeV) a e gg (2.0 TeV)
shapes of = ag (1200 GeV) ? 10 ag (4.0 TeV)
= -= qq (1600 GeV) -+-qq (6.0 TeV)
detector 5§ . 5 *
~ =~ 1
resolution 8 1o 3 F .
..... 10
gaussians 102 102 .
convoluted 10-% |- Wide Calo-ets _ SF Wide PF-jets
. 453 <m; <2037 GeV RN ! m, > 1.1 TeV
Wlth 104 E Iyl <25, 1An < 1.3 - N \ 104k M <25, 1A <1.3
theoretical i
- ©
BW shapes : <
-3t ; ; i ; é i -3t : s
600 800 1000 1200 1400 1600 1800 2000 2 3 4 5 6 7 8
Dijet Mass [GeV] Dijet Mass [TeV]
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Di-Jet Interpretations

* Predicted by BSM models: axigluons, colorons, W'/Z’
bosons, color octet scalars, string resonances, RS, efc.

CMS-PAS-EX0-16-032
5 CMS Preliminary 12.9 fb' (13 TeV)
Oh d§10 S P e e R e S L B -
served (& | g frov e ions 95% CL limits
Model Final 129fb" < "~ " —— gluon-gluon
State 13TeV Q10 E( = driceiuon E
R ) —— quark-quark -
String a8 7A@74) 102NN Au s -
Scalar diquark qq  6.9(6.8) 1088,
Axigluon/coloron qq 5.5(5.6) 1E Sk
Excited quark qs 5.4 (5.4) 101
Color-octet scalar (k* =1/2)  gg 3.0 (3.3) 1
W’ qq 2'7 (3'1) 10 _- .- i:::t::nj‘cuo?;tonv g
z qq 21(23)  107F - edme NN,
RS Graviton qq, gg 1.9 (1.8) 1074 702 N :
10754 2ii gy
Upto7.4TeV Resonance Mass [TeV]
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e T LQ(e) x2
LQ1(ej)+LQ1(v)) B=0.5
LQ2(yj) x2

LQ2(uj)+LQ2(v) B=0.5
LQ3(tb) x2

LQ3(vb) x2 |
LQ3(th) x2 |

LQ3(vt) x2
Single LQ1 (A=1)

Single LQ2 (A=1) |

Exotica Summary |

——
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RS1(yy), k=0.1 ;
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. L 2 3 4 Tev
CMS Preliminary
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SSM Z'(ee)+Z' ()
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SSM Z'(bb) ——3
0 1 2 3 4 5 TeV
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o (A Fermions
o (M=A)
q' (q9)
q* (qy) f=1
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coloron(jj) x2
coloron(4j) x2
gluino(3j) x2
gluino(jjb) x2

ADD (y+MET), nED=4, MD
ADD (j), nED=4, MS

QBH, nED=6, MD=4 TeV
NR BH, nED=6, MD=4 TeV
String Scale ()

QBH (jj), nED=4, MD=4 TeV
ADD (+MET), nED=4, MD
ADD (eeuy), nED=4, MS
ADD (yy), nED=4, MS

Jet Extinction Scale

dijets, A+ LL/RR
dijets, A- LL/RR
dimuons, A+ LLIM
dimuons, A- LLIM
dielectrons, A+ LLIM
dielectrons, A- LLIM
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TeV

I Large Extra
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Exotica Summary Il

http:/lcms-results.web.cern.ch/cms-results/[_)ublic-resuIts/publications/BZG/index.html /

Vector-like quark pair production Resonances to heavy quarks Excited quarks
Q- qW Z'(1.2%) - tt t* — tg S=3/2
T—tH Z'(10%) = tt 1" = tg S=1/2
T =tz
gKK = tt b* = tW K=t
T—bW )
Wan b* = tW | K1
B — bH
B —bZ P i<t b* — tW KuKa=1
W' = tb Mva > Mw 0 04 0.8 12 16 2
A Observed limit 95%CL (TeV)
X5/3 — tW 13 TeV Z(1%) = tt
X5/3 — tW Z'(10%) - tt
T—bwW Z'(30%) — tt
¢ & & & E us gKK — 1t Resonances to dibosons
Observed limit 95%CL (TeV)
8 TeV —
Vector-like quark single production W' —1tb radion 6 fb
t-lep Z'o—oT—otzr 13 Tev W' — WH 10 fb
T—=1H i 13 TeV t w,my
Tty 17 0 05 1 15 2 25 3 35 4 Z' - ZH 13 b .
o Observed limit 95%CL (TeV) & L —
ToH 1S Goux — WW 20 fb |
t = had s ' ,
T ca=2.5 Gouk = ZZ §i!!2 I
. =1.5 :
T e B2G W' VW HVT(B) | zem)|
T—=tZ ca=15
i W' = WH HVT(B)
BbZ ouelS new physics | |
Sasiar e searches with Z' = VHHVT(8) 8 1o)
Y—tH om=10 heavy SM particles radion — HH | ml

0 025 05 075 1

05 1 15 2 25 3
Observed limit 95%CL (TeV)

126 15 1.78 2 0

Observed limit 95%CL (TeV) 18



Simplified model

Collider
< .
production

X q A

c

ol

m) oo

Q|

o

X q

Freeze-out,

>

indirect detection

* Interpretfation within Simplified models

* Four parameters: DM mass, Mediator mass, SM and DM
couplings

« Couplings chose to keep the mediator width/mass below ~10%



Mono-X Searches

* Trigger on Initial State Radiation
* Search for mono-object recoiling against

DM(m,) MET
* Main backgrounds: Z(vv)+jets, W(lv)+jets
DM(m,) (lost lep’ror%

* Background estimation us!n? control
regions: ll+jets, y+jets, l+jefs

12.9 b7 (13 TeV) 12 9fb’ (13 TeV)
% 105 T T I 1 l. I. I T L] Ll I _I‘_I Da‘: I T Ll T I % 104 1 ] l T . |. 1 + Dala |
O CMS Preliminary O CMS Preliminary [ z -+
210 E ~ 10° :lw—.lv
[7)) . Wk (/)]
2,0t Monojet m.... £ [ Mono-V mmwwee
0 Top Cuark Qo 102 - Top Quark
> [ | >
Ll 102 L ] 20 — 11 y+jets

[ Jaco

—
o

10 = Axial-Vector, Mm=1.6TeV
= Higgs invisible, m_ =125 GeV
@ 1
5 1
-1
Lﬁ 10—1 10
It
102 107
1 I 1 1 1
‘8‘1'5 llllllllllllllllllll -°' 1.5IIIIIII=Illl%lllllllll:Illl%lllllllll
~ #postfit @ predit o @pre-fit  -#-postit
o o |la s
; 1 P .......’_0_' E |- =
- ' é ;—<>—
RN B 05 by i o T T O e T I T
200 400 600 800 1000 1200 300 400 500 600 700 800 900 100C¢
ETmiss [GeV] Emlss [GeV] Emlss [GeV]
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Mono-X Searches

Er

* Search for mono-object recoiling
against MET

#r=-) P
CMS-PAS-EX0O-16-040
CMS Preliminary 12.9 ' (13 TeV) CMS-PAS-EX0-16-039
é A CMS Proliminary 1291b"(13 TeV)
- . I
Q. Signal region  ibe . prom) | a)102 — &::“m:g) 20y, W)t g ;vuz ké;wa
2] ——— SM backgrounds (post-ll) E E 5:' 1 MsD 5 ;'e:tv?:—' 1 MisiD
5 MOhO-tOp _Jaco y = 10 7777] Bkg. unzena.my ------ ADD., Mé-zrcv. n=5
> 10 D w v I.ﬁ —— DM. M __=200GeV, m, =50GeV —e— Data
w [0 sgle top )
) wesnw . 1B
1 i g
D Zsww e OO e e
; o | ’e
§ 102) =
10 5
- Mono-y
3
deddd l Lkt l Ll l ekl 10 l - l -

.10-3 s 3+ ) -
g2~5"|'"'|""|""|""| """"""" %) i .
£ 2 4 pre-fit &post -fit 3 2r . v l v ]
; 1.5I . —'—_’_‘ N 8 1W-..-. = : s s _.I.- .-,.-.; 70 i.‘_fd,:.-‘.?..._:
™ 05 0200 300 400 500 600 700 800 900 1000
O 0 llllll llljllllllllllllllljl llllllll E [GeV]

300 400 500 600 700 800 900 1000 T
Recoil [GeV]
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Mono-X Interpretations

CMS Prelimina 129" (13 ToV) 10 CMS Prehmmary 1291b (13ToV)
g 10 v.uom,a.olneou,g .ozs gu.n
§a
p\
P

---------- Median Expected (13 TeV) 90% CL
Observed (13 TeV) 50% CL

.........

1000

3
S
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g
e
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T \\\\\§ A

= 10° 0% e
500 1000 1 500 2000 2500
1 10 10° b
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q q

Searching for Mediator

* Recycle di-jet searches

Dark Matter Summary ICHEP 2016

Axial-vector mediator, Dirac DM
gq =0.25, gDM =1

dijet

Observed exclusion 95% CL

Dijet [EXO-16-032]
+ [arXiv:1604.08907]

Boosted dijet
[EXO-16-030)
DM + Vv

b x
[EXO-16-037]
DM + vy

[EXO-16-039]
DM + ZI
[EXO-16-038]

Yq 9q
CMS Preliminary
q /S i
= []o
eg,ooo: O
& (/)]
g K2
skl | =
. | | S
* DM exclusions up -
to 7550 GeV z
* Vector mediator up 2o | _A
fo ~2000 GeV sl
055050061300 5000 "
Mono-Z
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Dark Matter Summary

CMS Preliminary Dark Matter Summary - ICHEP 2016
DM +jetsV(dqD) v - EXO-16-037
9,169,025 AV 13TeV, 128/
DM +vy v EX0-16-039
g,,=1.9,=0.25 AY o | 13TeV, 1290 )
=
DM + Z(I'M) v ~ | EXO-16-038
9,,~19,%0.25 AY i 13TeV, 1290
DM +1 ~ | Ex0-16-040
g, 8, =b, =025 v 13TeV, 1290
DM + H(bbky) ; i : : EX0-16-012
m,,=300GeV: m_=100GeV _ EXO-iG-M:I
9,=08 ___________ __y 13TeV, 2.3
DM +jetsV(dq]) s : LI EX0-16-037
6,0, - g 13TeV, 1290
DM +ff s 1 g
05,9, olo, =2 PS a— - 13Tev, 2200
Ll B e B2G-15-007
D;Vl :; E)ﬂt ola, =30 ° : : % 13TeV, 220"
o ? PS 1 1 1 111l ll . 4 Y II 1
1 10 10? 10° 10

Maximal excluded mass [GeV



SUSY particles

SUSY is around the
corner

Which one?

Lept For icle () Slept SUSY f
‘ eptons . ce particles Q eptons 0 il k’grce
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SUSY Signatures

 Simplified model interpretations (BR=1, 2D-parameter scan)

* Squark and gluino production
* Strong production
* High cross section
* Jets and missing E;

3™ generation squarks
* Lower cross section
* B-tagging

* Electroweak production
* Low cross section, mass scale
* Multi-lepton with missing E;

* R-parity violating scenarios
* No missing E;, jets (and leptons)
* High jet multiplicity, resonances

O5-OCTOBER-2016 ANDREW IVANOV, KSU



largest

SUSY Signatures

smallest

branching ratio

O leptons

OL +2-6jets ,

1 lepton

1L + jets
q

,) ” q

P W

2 leptons

2L (on-2) 4{; jet(sl

d SM background

2 SS/3 leptons

2SS / 3L + jets
q q (/v
(/v

* Various signal regions fo cover large range of models
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Search for SUSY in Jets+MET

CMS Preliminary 12.9 fb" (13 TeV)
ﬂ 6 y : : CMS'PAS'SUS'1 6-01 4
510 3<N, <4 i 5<N, <6 | 7<Ngs<8 5 N, 29
D 105 L 7 ' | | %1000 . r ] l
O, 900 .
10* Hadronic @ 10
T lepton Er- 800+
10° § T
Qacb 700}
600} 7 8
500
a00l| 4 5 6
1 2 3
300 &1 ¢2 . c3
300 600 900 1500 1800 2100
H; [GeV]
e Each reglon is further
1 | 1 L 1 |: 1 ! 1 | 1 | 1 ] SUb.-d|V| ed base On #
100 120 140 160 of jets, of b-jets

Search region bin number

* Backgrounds are grouped by features : Z->vv, lost lepton, hadronic
tau-lepton, QCD
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Strong Production Summary

light quarks
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Di-lepton Edge Search

CMS-PAS-SUS-16-021

Regions based on Likelihood Discriminant
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Electroweak Production

Electroweak production

%0-%: production i o « 118 .d|FFeren’r search
_S‘l -IIIIIIIIIIIIIIIIIIIIlllllllll[llllIlllllllllllh reglonSdependen‘l' On#
Q — = .
& 800_ CMS Preiiminary 12.9 b7 (13 TeV) . jets, b—'l'ClgS, |€P'|'OI'IS,
— | —=8US-16-024 (BF(Il)=0.5, x=0.5) ]
& 700 - SUS-16-024 (BF(I)=0.5, X=0.05) _E"pe"ted = flavour, Charge
S [ —SUS-16-024 (BF(rt)=1, x=0.5) Observed 3
600} :232 :gggz vav;)) B 31, decay through sleptons
- —=SUS-16-025 (WZ, SOS) 1 (flavour democratic)
500 T S - 3l, heavy sleptons, Mslep=0.5% (Mxre-Mxo1)
g ' . \%zy through Wz
400:_ 1 3, decay through staus
300:_ 4 (tau dominated)
N ] mstau:O-S*(mX‘,:’mXOi)
200~ B
L . o 1 2los soft, heavy sleptons, decay through WZ (first
100 ¥ . —  coverage of dM 7.5-30 GeV, limit at 175 GeV for dM=7.5)
"-, . : ] Milestone for Higgsino searches at LHC
0~1A|111|11|111.: N INENE FRENE NN N R e na o aem Mh
100 200 300 400 500 600 700 800 900 1000
My, = My, [GeV]
05-OCTOBER-2016 ANDREW IVANOV, KSU 32



Compressed Spectra
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Compressed Spectra
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Detector signatures of
long-lived heavy particles

depends on LLP lifetime,
mass, & decay products

Disappearing track
[P ———— ) \lated / late jets
\ \\

Late photons

Highly
ionizing
particle

Highly ionizing and
slow particle

Displaced vertex

Figure credit: Laura Jeanty
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Searches for Long-Lived Particles

"Long-lived” = decays
within or outside of
the detector volume

LLPs appear in a
variety of models

« Split/RPV/Stealth
SUSY

* Exotic Higgs

* Hidden Valley, efc.
and can gain their
long lifetimes via small
couplings, phase space
suppressions, etc.

LLP signatures tend to
be unusual and require
dedicated searches

& reconstruction
algorithms
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Search for Displaced Leptons
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Heavy Stable Charged Particles

* HSCPs are low  particles, which might
2417 (13 TeV) have not +/-le charge, e.g. non-WIMP

€ 20 ommre 11 = DM, e.g. gravitinos
% 18 [ MC: Q=1e 1000 GeV | | E
2 16 Eﬂiﬁfﬁ 10000V “51032 * Low B -> long time-of flight to outer
~ 14 11 5 systems
. 7] o . . o e
12 91 2S Highly ionizing -> large dE/dx = I,
10F - §1 <  Searches often focus on R-hadrons
- ] ()] . . .
= : o (hadronized gluinos or squarks), which
= 3 might change sign or become neutral
10 &
= as they propagate
]
X
2R 4 TR § 2 K and C are calibrated
0 5001000 1 I,=K—+C D using low-energy
p (GeV) 4 protons
« dE/dx can be inverted to make a mass
CMS-PAS-EX0-16-036
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HSCPs

CMS-PAS-EX0-16-036
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Separate Tracker-only and Tracker+TOF
searches are performed

Background estimation is validated using
control regions with relaxed dE/dx and

1/B criteria
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Long-Lived Particles Summary

CMS long-lived particle searches, lifetime exclusions at 95% CL

RPV SUSY,T - bl, m(f) = 420 GeV
8 TeV, 10.7 b (displaced leptons)

H - XX (10%), X —» ee, m(H) = 125 GeV, m(X) = 20 GeV =
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H—-XX(iO?\‘é].X—‘uu.m[H)=125F38V. m{X) = 20 GeV contains
8 TeV, 20.51b (displaced leptons)
-
GMSB 5958, 5 -» B, miz) = 250 GV displaced
8 TeV, 19.7 " (disp. photon conv.) ) . /
S0 5955 7 &, s =250 Cov photonic vertices
& TeV, 19.1 fo”" (disp. photon timing)
RPV SUSY, m(@) = 1000 GeV, m(3;,) = 150 GeV
8TeV, 185" (displaced dijets) -
) hadronic
RPV SUSY, m(@) = 1000 GeV, m(3,) = 500 GeV . VetO
&87TeV, 185" (displaced dijets) b h
unc

P e 1
8 TeV, 19.5f" (disappearing tracks) Cross i n

vt e e i r ]
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Public CMS Results
| http://cms-results.web.cern.ch/cms-results/public-results/publications/ |

Exotica Standard Model Supersymmetry Higgs Top Physics

Heavy lon B Physics Forward Physics Beyond 2 Generations

100

532 collider papers
submitted and counting

~180 Run 2 public results

No significant deviations with
respect to the SM to-date !

Expect lots of new results
with full 2016 dataset at
Winter 2017 conferences
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Conclusions
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Dealing with high pileup is

a challenge
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High Luminosity -> High Pileup

CMS Average Pileup, pp, 2016, Vs = 13 TeV

Recorded Luminosity (pb !/0.05)
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Search for Di-Photon Resonance

2015 Data
2016 Data
Phys. Rev. Lett. 117 CMS-PAS-EX0-16-027
CMS Preliminary 12.9fb™ (13 TeV) CMS Preliminary 12.9 b7 (13 TeV)
> T T ] L L T Ll L] o 1 1 1 1 1 1 1 Ll
8 + Data E - ¢ Data
o — Fit model s f EBEE  — Fit model
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* No evidence for a di-photon resonance with larger 2016 dataset !
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Search for Di-Lepton Resonances

« Additional gauge boson from breaking higher-energy symmetry groups
* Very clean signature
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The LHC Timeline
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