RECENT RESULTS FROM CMS

B e (e




BROWN
+|HC Performance
+Run 2 searches
® | ow-hanging fruit
® Not-so-low-hanging fruit
®High-hanging fruit
®© Qut-of-reach fruit
® Conclusions: hanging in there...

+ Disclaimer: I'll mainly focus on the most recent results - either preliminary or recently
submitted

+ For the full searches landscape in CMS, see:
® http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SUS/
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B 2016 Data Taking

+ About 40/tb has been delivered by the LHC in 2016,
exceeding the integrated luminosity accumulated in
all years before 2016 and expectations

+ Thank you, the LHC, for a spectacular year!

CMS Integrated Luminosity, pp, 2016, v's = 13 TeV
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4+ Already delivering first luminosity; will go with 600 x
600 bunch collisions later today or Friday

CMS Pagel Fill : 5731 Run: 295778 Wed 31-05-2017 22:19:40 UTC
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Taking cosmics data
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No beam before Thursday around 4pm DQM
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Run/Trigger/DAQ Status

Fill Number 5731
Run Number | 295778
LumiSection 212
Physics Bit Set OFF
Magnet [T] 3.801
Total L1 Rate [Hz] 838
Total L1 Triggers | 4151398
Instant Lumi[E30] 0.00
JLumi Rec[1/pb] 0.00
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+ Very few statistically interesting excesses remained after
Run 1

® A slight excess in the H(ut) search (CMS saw about 2.4
excess, while ATLAS was consistent with both zero and CMS)

© A ~2.50 excess in CMS 1st generation LQ search in both egjj
and evjj channels seen for the 650 GeV LQ mass hypothesis

© A ~30 ATLAS on-Z excess in the OS dilepton search (SUSY
"edge" search)

® A 2-30 excess in the VV mass spectrum at ~2 TeV in both
ATLAS and CMS

+ Most of those were not confirmed with 2015 13 TeV data,
Including the diboson one

+ Large data sets collected in 2016 would allow to
ultimately test those
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+ Analysis of the first 13 TeV data did not confirm the
VV excess, neither in ATLAS, nor in CMS

CMS arXiv:1612.09159

ATLAS arXiv:1606.04833
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+ Brand new result from CMS based on full 2016 data
® Definitively excludes the Run 1 excess (alas...)

C M S Preliminary
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+ CMS analysis based on partial 2016 data
®© Use standard techniques well-tested in earlier reincarnations of the analyses
® Limits on sequential Z' reached ~4 TeV

+ Limits as a function of ¢, /cq4 couplings last done in Run 1, but time is ripe to
do this in Run 2!

+ The results can also be interpreted as limits on quark-lepton compositeness

(Pp—Z'+X—=11+X) / o(pp—=Z+X—=1l+X)
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+ Analyses based on 2015 CMS data

® Use standard techniques well-tested in earlier
reincarnations of the analyses

® Limits on sequential W' reach ~4 TeV
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Z''W' in T channels

BROWN

+ Could also do the same search in Tt channels, in case of
preferential coupling to third generation

® Still using SSM as a convenient benchmark, set limits
around 2 TeV on Z' and 3 TeV on W', exceeding Run 1 limits

Greg Landsberg - Recent CMS Results from Searches - CERN-CKC
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‘rR(tb) Search

+ Can also search for W' in the semileptonic decay channel of the
top quark decay

® Limits on W'y are set up to 3.6 TeV, depending on the right-handed

neutrino mass
CMS PAS B2G-17-010
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Dijet Resonance Searches

BROWN

O
4 + Standard search to do at any new energy
Z
i ® Recent additions to the dijet search portfolio:
g <+ Scouting (trigger-level) analysis based on low-threshold
3 triggers writing only very limited information about the event
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Generic Resonance Limit

BROWN
4 + N.B. Gaussian resonance shape (ATLAS) gives artificially
4 stronger limits compared to BW resonances due to large lower
| tail from PDFs
()
% 5 CMS Preliminary 27 fb'& 36 b (13 TeV)
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Dijets: Convenient Language

BROWN

+ For many applications, it's convenient to express limits in terms
of a Z's like object with a coupling gs to a baryon number
[Dobrescu, Yu, arXiv:1306.2629] given by %Bzggqu , 0 = gBY/4T

+ The decay width: T'(Z5— jj) = M—BMZJ’B (1 * a?)
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4+ Using the y variable:

Angular Dijet Analysis
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Gluino-Mediated SUSY

BROWN

+ Variety of searches in 0, 1, 2, >3 lepton final states,
using different gluino decay modes, techniques, and
"designer" variables

+ Gluinos below about 2 TeV are excluded nearly up to
kinematic limit
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSUS#Summer_Conferences_2017_36_fb_1

+ All-hadronic analyses can also be used to set limits on light-
generation squarks
® Here limits reach 1.5 TeV, but only in the case of four degenerate squarks
® |f online light squark is allowed, the limits are still below 1 TeV
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Not-So-Low
Hanging Fruit
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Trijets/jjy as a Dijet Proxy
+ Another way to look for low-mass dijets is to

use photon or jet ISR to aid triggering and o T ——Hre
utilize jet substructure techniques to Dol ——gumenee o (OB
reconstruct boosted Z' S ool = e |
) o s
0.3f

+ Allows to lower the dijet mass reach to ~100 %
GeV, as demonstrated with the W/Z peak 02¢ o o’
observation in CMS -+ CDF Run 1 [18]

-...CDF Run 2 [19]
—— ATLAS 8 TeV, 20.3 fo' [25]
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Events / 7 GeV

Data - (Multijet + ff)
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H(bb) in Boosted Channel

+ Could use the same approach to look for H(bb) decays in b-tagged large-cone
jet

+ Currently limited by the trigger; work on specialized triggers is ongoing
+ First results are very promising: achieved ~10 sensitivity w/ 2016 data
+ Ultimately would like to probe the H(gg) decay, which can't be seen otherwise

CMS PAS HIG-17-010

CMS Preliminary 35.9fb" (13 TeV%




BROWN
+ CMS search for tt resonances with 2015 data in the
semileptonic and all-hadronic final states, using jet substructure

® Limits on Z' with /M = 0.1 at 3.9 TeV are set, as well as limits as a
function of the width

® Also limits on gkk at 3.3 TeV are set @ 95% CL

2.6 b (13 TeV) .
Z10°F ems . obeeved ] CMS arXiv:1704.03366

Searches for tt Resonances
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+ A search for RPV top squark pair N
production with 4 jets and jjbb >:;igm
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Pair-Produced VLQ Searches
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+ Classical T/Y pair production searches:
® T5/3 pair production, with T — tW (SS dileptons and semileptonic)
® T2/3 and Y4/3 production in the bWbW semileptonic channel

+ Limits exceed similar ones set in Run 1 by ~500 GeV

CMS PAS B2G-16-019
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Pair-Produced VLQ Searches

BROWN

+ Classical T/Y pair production searches:
® T5/3 pair production, with T — tW (SS dileptons and semileptonic)
® T2/3 and Y4/3 production in the bWbW semileptonic channel

+ Limits exceed similar ones set in Run 1 by ~500 GeV

CMS PAS B2G-17-008
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L. .4 Single VLQ Production
+ Several VLQ searches with new data,

including singly, EW produced VLQs in

Wb, Zt, Zb channels il

® Limits are set on the VLQ mass for a fixed

VLQ-W-b or VLQ-Z-t coupling/width or on

the coupling as a function of the VLQ mass
35.9 fb” (2016, 13 TeV)

C M S —— Observed —— width/mass = 10%
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Type 1l Seesaw Search

+ Search for heavy fermions >*and = in Type lll seesaw models

® Drell-Yan pair production

® Decay S oWy, Z, HIE
>’ W ", Zv, Hv

+ Consider all 27 final states via multilepton search (3 or more e, )
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). - AMajorana Neutrino Search

+ Classical search in dilepton + dijet channel; a slight
excess was seen in Run 1, but not confirmed w/ 13
TeV data

® Stringent limits on heavy electron and muon neutrinos

are set CMS PAS EXO-16-045
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SUSY: Electroweak Production

BROWN

O ] L] [ ] L]
4 + Variety of channels and signatures, including the
z .
s
4 decays via WZ/WH
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+ Traditionally used to probe semiclassical black

holes, also provide strong limits on high-

multiplicity signatures often expected to come

from RPV SUSY decays, axigluons and other

strong dynamics objects, quantum gravity
+ Often some of the jets come from b quarks
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Diboson Searches

BROWN
+ Many new physics models predict diboson
resonances

+ If an excess is seen in one channel (e.qg. yy), it has to

be present in coupled channels (ZZ, Zy, possibly

WW), and the relative strengths would allow to
understand the SU(2) structure of the underlying
theory

4+ Thus searches in VV, Vy, VH, HH channels are an
important part of the LHC physics program, and is
also valuable for SM physics, VBS, and TGC studies

+ The HH studies are going to ultimately lead to the
constraints of the Higgs boson self-coupling

Greg Landsberg - Recent CMS Results from Searches - CERN-CKC
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+ Searches for WW, W/Z, and ZZ resonances

® The 2 TeV bump is back, after disappearing for a year

CMS PAS B2G-17-001
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L. -3 VV All-Hadronic (cont'd)

+ And there is a slight excess in the all-hadronic channel at 2 TeV
in ATLAS as well

® Curiously, both collaborations see it only in the all-hadronic channel
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Zy Searches

+ Two types of searches pursued:
® Leptonic search Z(ll)y - best at low mass

® Boosted hadronic search Z("j")y, w/ categorization according to the "j" b
tag (CMS) - best at high masses (> 1.5 TeV)

® An excess seen around 2 TeV (!) in both 2015 and 2016 data
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Zy Searches

+ Two types of searches pursued:
® Leptonic search Z(ll)y - best at low mass

® Boosted hadronic search Z("j")y, w/ categorization according to the "j" b
tag (CMS) - best at high masses (> 1.5 TeV)

® An excess seen around 2 TeV (!) in both 2015 and 2016 data
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VV Semileptonic Searches

BROWN

+ Most recent CMS WW/WZ search in the _ egusemmmwn  zonostay
lvjj channel (jj form a jet w/ substructure) e e |
and WZ in the lljj channel

0] s e Asympt. CLS ExpectedeS.d. _;
o x BR(G,  — WW), k=0.5 3

® No evidence for statistically significant

excess in the 0.6-4.5 TeV range

Bulk
—@— Asympt. CL_ Observed

Ogge, (PP = Ggye = WW) (pb)

I = 1 std. deviation Do s s W Asympt. CL_ Expected = 2 s.d. -

+ 2 std. deviations
—— W' (HVT model B, gv=3)
— W' (HVT model A, g,=1

oy x BRW'! = W2)
—@— Asympt. CL_ Observed

=)
, N
® See absolutely no excess at 2 TeV with S
1/3 of the full 2016 data set -
3 4
W' = ZW —~liqq 12.9 fb™ (13 TeV) 8 Me,,, (TeV)
10‘5-'C'NI'SI""I'"'I'.'"'I""::t m
N Preliminary 95/°C|b|g22f‘ved . » 162 S Prominary W~ v 129 ﬂ!o" (13 TeV%
....... Expected E - Asympt. CLS Expected + 1s.d. | ]
/2]
=
&

~

Ogge, (PP — W' — WZ) (pb)

—_
o
[N

108

CMS PAS B2G-16-022
)

Y
I 1 1 1 1 I 1 1 1 1 I 1006

1000 1500 2000 2500 3000
my, (GeV)

O
X
?
Z
o
L
)
|
n
()
<
=
@
O]
n
S
(©)
=
0
i=
>
n
(]
o
n
=
)
-+
c
O]
O
)
o
1
o
o
O
n
O
C
@©
—
(@]
o
)
o0}
(9}
()
=
77




m
GRS

BROWN

ZZ Leptonic Search

4 + Search for ZZ resonances in the 212v channel also
4 doesn't show anything exciting at 2 TeV (or other
4 masses)
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Search for Vg Resonances

+ Could also interpret the all-hadronic search as a
search for Vg resonances (g*), with limits reaching 5

Ogs0, * BR(Q* — qW) (pb)
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Searches for VH resonances

BROWN

+ ATLAS's 30 bump at 3 TeV is not confirmed by CMS
(and neither is the 2.6 TeV CMS bump by ATLAS)

® Doesn't look like any new physics is hiding in this

@)
X
Q@
Z
o
LU
@)
1
)
o)
<
=
o
3 channel
S
L X — VH — qgbb 35.9fb" (13 TeV) X — VH — qgbb 35.9 b (13 TeV)
u) §2000 L T T T I T 17T I T 1T T T T I T 17T I T 1T I T T T _l §2000 T T 7T | T T T | L T | T T 7T | T T T | T T T 4
= 21000 CMS 95% CL limits 4 S0 EMS 95% CL limits _
8 _? E Preliminary Observed E _? Preliminary Observed §
o - L e Expected . iang  mmeeaes Expected .
I 300f all categories 1 |z 300 all categories .
%’ R 200 B = 1s.d. 1 18 200 =1 d .
O E 100 CMS i +2s.d. ] T 100 \ CMS I +2s.d. ]
= B N, HVT model B (g, =3)3 f RN == HVT model B (g, =3)3
N g, N - HVTmodel Afg=1)7 |o N === HVT model A (g =1)]
&) i 20 X Z'— ZH . ® 20| W' — WH i
N —
o © 10 = s 10 E
o) = 3 | E 3
= 3k ] 3k ]
° 2r 8 2r 8
9 1E e
o) = =
o - - 5
(B 03 i— | I I | 111 | | 11 1 | | | I I 11 1 | | | I S 03 i— | | I 11 1 I 11 1 I | | I 111 | B I 11 1 |
1000 1500 2000 2500 3000 3500 4000 4500 1000 1500 2000 2500 3000 3500 4000 4500
m,. (GeV) m,,. (GeV)

CMS PAS B2G-17-002

Slide 41



(\l\l\

HH Resonance Searches

BROWN

+ Two new, low-mass CMS HH resonance searches: in the bbtt and bbWW

channels:

® bbtt search is performed in 3 channels: teth, TeTy, THTH; IN boosted and resolved
categories and sets Ml limits on a narrow spin-0 resonance

© bbWW search is done in the bblvlv channel and interpreted in the narrow spin-0
and spin-2 resonance models

CMS PAS HIG-17-002
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+ Direct top squark searches are fairly optimized for
this particular SUSY signature and also explore 3-
and 4-body decays, as well as FCNC ones

Top Squark Searches
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSUS#Summer_Conferences_2017_36_fb_1

+ 2016 data set put significant dent into natural SUSY

landscape, particularly in EW gauging sector

Selected CMS SUSY Results* - SMS Interpretation ICHEP '"16 - Moriond '17
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+ CMS search based on dedicated triggers requiring at least two jets with low
number of prompt tracks

+ Special MVA displaced jet tagging based on the angular and displacement
information for the tracks

+ Signal benchmarks - pair production of top squarks with RPV decays into b
quarks and leptons and pair-produced resonances decaying to dijets
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Search for Stopped Particles

BROWN

. . 2200 s .

+ Search for long-lived gluinos and S ol Ceremmss T _:
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top squarks stopped in the detector g} w-um —JE
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1600 E > 70 GeV fE  { expected =10 b

and decaying out of sync with beam ™t == =
crossings in the CMS calorimeters 200

+ Sensitive to 13 orders of magnitude 1:22 )
in lifetime
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CMS Experiment at LHC, CERN

Data recorded: Fri Oct 5 20:41:32 2012 CEST
Run/Event: 204553 / 26729384

Lumi section: 31
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Dark Matter Interactions

BROWN

+ There are three main approaches to detect dark matter (DM):
®© DM-nucleon scattering (direct detection, or DD)
® Indirect detection (annihilation)
® Pair production at colliders
+ All three processes are nothing but topological permutations of one and the same
Feynman diagram:
© But: how to trigger on a pair of DM particles at colliders?

® ISR (g, y, W/Z, H, ...) to rescue!

O
X
?
Z
o
L
)
|
n
()
<
=
@
O]
n
S
(©)
=
0
i=
>
n
(]
o
n
=
)
+
c
O]
O
)
o
1
o
o
O
n
O
C
@©
—
(@]
o
)
(2}
<
()
=
77

+ Early DM searches: EFT based Fundamentally 4D problem!
® Since then understood the < Collider
fundamental limitations of EFT production
and moved to simplified models X T4
+ Moving away from EFT allows for a @ c
more fair LHC vs. DD experiment @ S %
comparison and emphasizes the = §
complementarity of the two approaches
® arXiv:1507.00966 X q
® arXiv:1603.04156 Freeze-out,
® arXiv:1703.05703 indirect detection <
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CMS Monojet Analysis

4 + The latest Run 2 analysis is built on the Run 1 techniques
i ® Increased number of control regions (added e+jets, ee+jets)
o . . .
o ® Theoretically consistent treatment of EW/QCD corrections to SM
S V+jets processes, after Lindert et al., arXiv:1705.04464
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Also sets first limits on Dirac fermion [Bai/Berger, arXiv:
1308.0612] and non-thermal [Dutta/Gao/Kamon, arXiv:
1401.1825] DM models and new limits on models with

large extra dimensions
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Mono-Higgs Production

+ Mono-Higgs analysis in the context of 2HDM and vector mediator
+ Explore the H(yy) decay mode
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Search for the Mediator

BROWN
4+ One doesn’t need to produce DM at the LHC to look
for a mediator (mass M) q q
@ Since it’s coupled to the initial state, one DOV

could look for dijet decays of the mediator
by "recycling” the dijet resonance searches

® Also possible to recycle dilepton searches if the
mediator couples to leptons in addition to quarks

® gg/gq framework provides a convenient language for
translation, which should take into account the
additional decay width from the mediator decay to DM
particles (mass m), not present in the Z's framework

® For gq = 0.25 one gets: ¢3 = 9/4
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Using the gg Plot

BROWN
O [ [ [ [ .
4 + Reading axial Mmed limits from the gs plot:
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CMS Preliminary LHCP 2017
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+ Analogous limits from CMS for (axial) vector mediators
CMS Preliminary
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Dijet & Dilepton Limits

+ Dijet & dilepton limits on axial-vector & vector mediators

CMS Preliminary LHCP 2017
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Dijet & Dilepton Limits
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Comparison w/ Direct Detection

BROWN

+ \ector mediators

®© DD experiments get a resonant enhancement on a nucleus due to
spin-independent scattering cross section

® Colliders only win at low DM masses
CMS Pre“minary LHCP 2017 CMS observed exclusion 90% CL
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Comparison w/ Direct Detection

+ Axial vector mediators
® No resonant enhancement due to spin-dependent cross section

® Colliders typically win over the DD experiments up to a few hundred
GeV DM masses

CMS Pl’eliminal’y LHCP 201 7 CMS observed exclusion 90% CL

(\'E‘ E T T T T TTT] N T T T T T T T I = Axial-vector med., Dirac DM; gcI =0.25, gDM =1.0
G 107k i " :
— E = | Boosted dijet (35.9 fb")
5 = 3 [EXO-17-001]
° 38 [ =
s 107 Dijet (35.9 fb™)
[ap= = [EXO-16-056]
(). —
e}

DM +/V_ (35.9 fo)
[EXO-16-048]

DM + y (12.9 fb™)
[EXO-16-039]

DM +Z, (35.9 b™)
[EXO-16-052]

DD/ID observed exclusion 90% CL

PICASSO
[arXiv:1611.01499]

PICO-60
[arXiv:1702.07666]

CMS /| Super-K (bb)
] [arXiv:1503.04858]
© IceCube (bb)

[arXiv:1612.05949]
5 3 IceCube (tt)
1 10 10 10 [arXiv:1601.00653]

Dark matter mass m,, [GeV]

10—45 1 Ll 1 Ll 1 Ll

O
X
?
Z
o
L
)
|
n
()
<
=
@
O]
n
S
(©)
=
0
i=
>
n
(]
o
n
=
)
+
c
O]
O
)
o
1
o
o
O
n
O
C
@©
—
(@]
o
)
(=}
©
()
=
77



https://twiki.cern.ch/twiki/pub/CMSPublic/PhysicsResultsEXO/DM_summary_plots_LHCP_2017.pdf

Future Run 2 Searches

+ Parton luminosity arguments shaped the searches program in
2015 and 2016:

® Look for high-mass singly or pair-produced objects:
<+ Gluinos, squarks (SUSY)

+Z’, W, dijet, tt, and diboson resonances, vector-like quarks, leptoquarks,
black holes (Exotica)

+ The situation has finally changed after 2016, since the data
doubling time from now on for the first time would exceed 1
year, approaching a "lifetime" of a graduate student

A + Expect more sophisticated searches in complicated final states
that haven't been explored before, using advanced analysis
techniques, ISR and VBF probes, etc.

+ The LHC searches are moving away from the lampposts (both
theoretical and experimental) and enter really unprobed
territory
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