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2012: A new boson discovery

Volume 716, Issue 1, 17 September 2012 ISSN 0370-2693
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Standard Model theory of everything?

 Discovery of the Higgs boson
marks the triumph of the SM

« However, even with the
inclusion of the Higgs boson,
SM is an incomplete theory

M. Gallinaro - "Exotica and Dark Matter searches" - May 3, 2017 3
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Tests of the SM
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Beyond the Standard Model

The SM answers many of the questions about the structure of
matter. But SM is not complete; still many unanswered questions:

a) Why do we observe matter and almost no antimatter if we
believe there is a symmetry between the two in the universe?

b) What is this "dark matter" that we can't see that has visible
gravitational effects in the cosmos?

c) Are quarks and leptons actually fundamental, or made up of
even more fundamental particles?

d) Why are there three generations of quarks and leptons? What is
the explanation for the observed pattern for particle masses?

e) How does gravity fit into all of this?

M. Gallinaro - "Exotica and Dark Matter searches" - May 3, 2017



Dark matter and energy

 What is that accounts for 96% of the Universe?
Nobody knows.

* |t is one of the greatest mysteries of Science

“\\.

DARK MATTER ", . s NORMAL MATTER

Wl )
2410y . ﬁ%/
DARK ENERGY

4%
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What can we look for?

A crowded field. At the LHC we can search for some of these

M. Gallinaro - "Exotica and Dark Matter searches" - May 3, 2017



Search for new phenomena
Look for New Physics

Indirect searches -

— precision measurements, event L7
properties, etc.

Direct searches

— resonances, specific final states,
model-(in)dependent searches, etc.

Production and decay rates, even
characteristics, advanced tools

M. Gallinaro - "Exotica and Dark Matter searches" - May 3, 2017
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Dark Matter

What is it?

DM does not interact
electromagnetically

* DM interacts gravitationally

Visual map

From P. Harris DM talk at Cern (July 2015)

M. Gallinaro - "Exotica and Dark Matter searches" - May 3, 2017 9



Dark Matter (cont.)

Why is it interesting?
\We do not see it...
o ...but we feel it

From P. Harris DM talk at Cern (July 2015)

M. Gallinaro - "Exotica and Dark Matter searches" - May 3, 2017 10



Dark Matter (cont.)

How do we find DM?
* Need to understand how it interacts with Universe

* Traditionally through a mediator
*Yields at least two new particles

Dark Matter
Mediator X
()
Rest of the @- — —
Known universe

M. Gallinaro - "Exotica and Dark Matter searches" - May 3, 2017 11



Searching for DM

Stable(-ish) particles: Beyond the BSM:

» Anti-nuclei Standard * Supersymmetry,

neutralinos, gravitinos
. Model (BSM) ’
Photons Physics » Extra-dimensions

» Axions(-like) particles
» Sterile neutrinos

* Anti-protons
e Positrons
* neutrinos

M. Gallinaro - "Exotica and Dark Matter searches" - May 3, 2017 12



Searching for DM

Direct Detection

Indirect Detection

Beyond the
Standard

Model (BSM)
Physics

M. Gallinaro - "Exotica and Dark Matter searches" - May 3, 2017 ) 13



How do we find it: @LHC

* Produced it through a mediator

Mediator

X
() /

v Dark Matter
\

Additional signature to flag interaction

M. Gallinaro - "Exotica and Dark Matter searches" - May 3, 2017 14



How do we find it: @underground

* Through a nuclear recaoill

X /
Mediator ()
o

Evidence for
nuclear recoill

M. Gallinaro - "Exotica and Dark Matter searches" - May 3, 2017 15



How do we find it: @Space

Annihilation/

decay channel Final products

Beyond the

* Through annihilation
— Cosmic rays from DM — Model (BoM)

Physics n, p, e, m, Y, D, ﬁe, V...

SM particle

X Megiator (b/T)

T

M. Gallinaro - "Exotica and Dark Matter searches" - May 3, 2017 16
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How do we find it: @nearUniverse

* Back and forth, production and annihilation
* Measure density and set constraints

Early Universe

Relic density constraint

M. Gallinaro - "Exotica and Dark Matter searches" - May 3, 2017 17



Experimental Results
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=>Direct searches less sensitive to low masses due

to energy threshold on nuclear recoill
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Collider searches

Weakly interacting massive particles
« Effective field theory, simplified models  Model-dependent searches

QN oWy

q g X

Searches for particles stable within detector acceptance,
sensitive to mediator mass

M. Gallinaro - "Exotica and Dark Matter searches" - May 3, 2017 19



DM at the LHC

 CMS/ATLAS experiments not designed for DM searches

" AT

L)

2N
|
|
i

. Gallinaro - "Exotica and Dark Matter searches" - May 3, 2017



DM searches at LHC

How do we find DM at the LHC?
* DM production gives MET signature

Escapes detector
MET

A Jet

M. Gallinaro - "Exotica and Dark Matter searches" - May 3, 2017 21



DM searches at LHC

How do we find DM at the LHC?
* Mono-photon: Can also tag events with a photon

X
()

~
X

Escapes detector
MET

Can always combine

A Photon w/monojet

M. Gallinaro - "Exotica and Dark Matter searches" - May 3, 2017 22



DM searches at LHC

How do we find DM at the LHC?
* Mono-V: Tag events with a boson

X
()

~ Escapes detector

> MET

%%
/f

M. Gallinaro - "Exotica and Dark Matter searches" - May 3, 2017 23



DM searches at LHC

How do we find DM at the LHC?

* Mono-V with (pseudo-) scalars
—Different production mechanisms X

W/Z

M. Gallinaro - "Exotica and Dark Matter searches" - May 3, 2017 24



DM searches: backgrounds

What are the backgrounds?

Z—VV
—very similar to signal

Escapes detection

A Jet

M. Gallinaro - "Exotica and Dark Matter searches" - May 3, 2017 25



DM searches: backgrounds (cont.)

How to discriminate signal against the background?
ook for high MET:

Study hadronic recoill

MET = =5

All particles p T

MET(Z—vv)= - Z recoil +p_(vv)
MET(Z—vv)=-Zp.

M. Gallinaro - "Exotica and Dark Matter searches" - May 3, 2017 26



DM searches: backgrounds (cont.)

How to discriminate signal against the background?
« Cut and count events or...

19.7 o' (8 TeV)

Events/GeV
=

Z—sw , Apply acut

ot
: Count number
Data and MC
events

2

-
o

=

10"

107

1
200 300 400 500 600 700 800 900 1000

ET (GeV)
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DM searches: backgrounds (cont.)

How to discriminate signal against the background?
* Can fit the shape and look for signal

19.7 b (8 TeV)

Fit it and look
for signal

“

Signal

10!

107

260 300 400 500 600 700 800 900 1000
miss
- Er7(GeV)
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Build a V-tagger

* Two jets are more collimated at high pT

g,
*At low pT jets are “resolved”

—Focus on reconstructing di-jets with mass near W mass
* At high pT get one “fat” jet

—Focus on identifying one jet with mass near W mass
» Use additional variables to improve discrimination

M. Gallinaro - "Exotica and Dark Matter searches" - May 3, 2017 29



signal background
Y aY
; < ; <
\VK 7‘\\f
£ £
 Main background is from ZZ di-bosons Q

* Understanding ZZ di-boson pT is critical

M. Gallinaro - "Exotica and Dark Matter searches" - May 3, 2017 30



DM-+jets (j/V/v)

CMS-EXO-16-030

2.5 l ' -
» Search focused on light mass | | " cssid BPE
region (100-300 GeV) B T i
| UA2 : i
» Experimental challenges N T ” ;
—Large QCD background N ]
. . CDF 1.1’ ]
—Trlggers 0.5 CMS 201!
LD % B " "gets you to ~500 GeV
O'UO | 5(I)O . 1000 | 1500 | 2000 h 2500 :?00(
B. Dobrescu, FY [1306.2629], updated . o
with ATLAS [1407.1376] results Mz, (GeV) 7

hole in collider dijet searches
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DM+jets (j/V/y). Motivation

CMS-EXO-16-030

» Search for Z’ leptophobic vector
» Strategy: Z’—qq

 Multijet topology with high-p jet
* Look at jet substructure

e Search for “bump” in jet mass
distribution

mono-jet/W/y

Upper limit on g5 (95%CL)

—_— j+Z -+ large—R
— W+Z  — dijet
— ¥+Z
0 100 200 300 400 500
]\/[Zf [GeV]
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DM+jets (j/V/y): Analysis

CMS-EXO-16-030

* Signal region £
—p>500 GeV e
-1,,PP7<0.38 5
—lepton veto g

» Soft drop mass mgy: peaks at Z' mass
—removes soft wide-angle radiation from jet

« QCD background estimated from sideband
regions in data

*1,.°PT n-subjettiness: consistency with 2-
prong structure

*1,,°PT defines “pass” or “fail” sidebands
—Use TF from fail to pass region

M. Gallinaro - "Exotica and Dark Matter searches"
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T2¢00T
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v
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DM+jets (j/V/y): Results

CMS-EXO-16-030

2.7 o' (13 TeV)
— 7

O — ]
€ N ]
 Jet has 2-prong sub-structure e ¢ —— data CMS -
: . . z1000 . H QCD Pred. -
* Identify jet substructure using T, ™ —— Total SM Pred. ;
. . ) 800(— : — Wiqq)+jets -
« Set limits on light Z' —qq search (most - — Zaaets .
. 600; -------- Z(qq),ga=1,mz=1356ev ]
sensitive at <140 GeV) - .
400}~ -
200 -
2.7 b (13 TeV) S HW R
o 10— ] . .
03 i CMS ’ 0 ._l_r__l‘!—;}!'l_ 2
o6l T Expected i é ‘1‘;:+
go5[ S Tteeme | et
© = | 5 5% 700 150 200 250
03 5 --"_‘J o soft drop mass (GeV)
0.2} " .

« Search for low-mass boosted dijet
" GoF Run 1 1) resonances

CDF Run 2 [19] Al

0.1[= ATLAS 8 TeV, 20.3 fb " [25] A .
B CuSaTeV, tas b (23 ] » Explores uncovered regions
| N— ( (indirect) -
0-00 . 11, | | L | e Limits in Z’ mass at low mass
’ 80 100 200 300 400 500

Z' mass (GeV)
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DM+photon

arXiv:1704.03848

* BSM theories predict events with
photon+MET

« Small SM background

M. Gallinaro - "Exotica and Dark Matter searches" - May 3, 2017
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DM+Higgs

arXiv:1510.06218, arXiv:1506.01081
* Generic search: pp—X+MET

q,9 7 h 4q
« Search for DM + h(—bb)
« Model-independent search ’ h. 7.+ k
— Signature: h(—ZZ/bb/yy)+MET q, 9 &

— Simplified model with Z’ or pseudo-

DM particle (x): can be scalar or fermion

scalar Higgs A(—xx) _
Pseudo-scalar Higgs A
. Slgnal events at Iarge MET
"""""""""""""""""""""" - T T IIIIII| T T T T TT1717T T T T T 117011
$ wk aras | coa S ATLAS :
S sMan. O, jp¢L 15=8TeV,203 1" _
rst —vV)+jets - = 3
P DIW(—h)/Z(~ll)+ets = - X o' yHD,H ]
c 10° @t + single top = - Scalar DM hosbE ob 3
g [ Diboson — N —— h—DD observed
w 8 Multijet “;’ o h—bb expected -
£ PR - S i Sh
........ 2(1 oV)-2HDM x 10 < F ----- perturbative limit3
""""" (__l) C ~@- g=4m trunc. ]
I —_BR(Zoinv)
IS e L f = LUX
Yo} 244 h—>yy observed
10° b :
:ill [T e
3
% 23 -+ | |
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arXiv:1703.05236

« DM search with H(—bb,yy)

* Model dependent search
/' 2HDModel

q I
/
,I
7z
. 1
a4\ (
q X

* No significant excess
 Set limits for coupling g=0.8

M. Gallinaro - "Exotica and Dark Matter searches" - May 3, 2017

DM+Higgs (cont.)

2.3 b (13 TeV)
|

- m,\ =300 GeV, m, = 600 GeV

=300 GeV, m, = 800 GeV
=300 GeV, m = 1000 GeV

1] I LR ] IIIIIIIIIIII
&?29:3 MC uncert (stat)
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BSM/SUSY searches

 Density of allowed supersymmetric models before and after Run 1

Before Run & 7 After Rup

. 10°
Bino v Bino

J Higagsino ' Higgsin
ATLAS Preliminary gg ATLAS Preliminary Qgs °
Before ATLAS Run 1 B Wino After ATLAS Run 1 B Wino
R . 10° .
10° 10 10° 10°
m(,) [GeV] m(¥,) [GeV]
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Experimental results

* Limits for given couplings between SM and DM interaction
« Competitive limits at low masses wrt other experiments

DM Simplified Model Exclusions = ATLAS Preliminary March 2017
e e

— . o _35 DM Simplified Model Exclusions ATLAS Preliminary March 2017
% 12_ / / y | _Dljet & 10355 |'p.l|' ——T T T —rT '| 1 ryvv" T _DljetTLA
= - ‘? Q& ] \5 = 13 TeV, 37.0 fo" 5 - i
1) | / \X"b Q7 i arXiv:1703.09127 [hep-ex] oy 1 0 3 ATLAS-CONF-2016-030
2] e c E .
© - oS = S 3 =
< 1T / 0&%9 © | = Dijet 8 Tev g ok Dijet 8 TeV
/ \Q‘e Vs =8TeV,2031b" 3 3 {5 -8 Tev, 2031
g i é“b/ 7 Phys. Rev. D. 91 052007 (2015) < _38 [ i A C NS0 EM0)
- / ' - s 10 E B
o N & a3 E Dijet
0.8+ %) / o@s / -1 = Dl]et TLA e _a = 5 =13Tev,37.0 1"
i + 7 ‘LT / 7 Vs=13TeV,3.41b" 2 10 E_ arXiv:1703.09127 [hep-ex]
i g \L - 7 ATLAS-CONF-2016-030 <) E .
_Q) g 1 0_40 Errnlss+,Y
o — — E-
0.6 ES < ,Z —{ = Dijet + ISR S = 13Tov, 364 1"
- = - 1 _41 CERN-EP-2017-044
o [ Vs=13TeV, 1551 107" e
: 2 e - : TLASCON-2016:070 " E arXiv:1608.07648; arXiv:1602.03489
- a a T 3 3
i 1 Vs=13TeV,36.4 fb" == Dijet -
B N CERN-EP-2017-044 1078 3
N : . . = gmiss, 1074 F -
021, Axial-vector mediator, Dirac DM ‘E—T +et 1 F  Axial-vector mediator, Dirac DM E
Q. — = = T s=13TeV,3.2fb _45 [ ) b
- gq =025, g| =0, g[) =1 e Phys. Rev. D 94, 032005 (2016) 107" £ 9,-0259=09, =1 =
o All limits at 95% CL . F  ATLAS limits at 95% CL, direct detection limits at 90% CL 3
: O | N O O | 1 1 0—46 ! 1 1
0 1.5 2 25 3 1 10 102 10°
Mediator Mass [TeV] DM Mass [GeV]

M. Gallinaro - "Exotica and Dark Matter searches" - May 3, 2017 40



Experimental results (cont.)

CMS Preliminary Dark Matter Summary - ICHEP 2016
. LA 'l L L L L e '] r T L LA e '] L 4 T T P L FTy L 4 T L A A
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Search for heavy resonances

CMSE xpe eriment at LHC, CERN

* Heavy BSM resonances (>1TeV)
may decay into SM bosons (W,Z, H) ¢
§ g /E d1233207\1g123%33511002010 i

 Several final states

* Experimental challenges
—SM bosons decay mostly to quarks

—Due to large Lorentz boost, decay
products merge into single jet

— Clustered within a large-cone jet (R=0.8)

* Look into jet substructure

—Jet “grooming”: get rid of soft jet
components from UE/pileup, keep
constituents from hard scatter

— Apply filters (mass drop, pruning,
trimming)

M. Gallinaro - "Exotica and Dark Matter searches" - May 3, 2017 42



Jet grooming

arXiv:0802.2470

Mass drop/filtering

* [dentify approx. symmetric sub-jets (with smaller mass than sum)

g —

mass drop

Mass drop: define 2 sub-jets

J2
/’-.5‘\\
C/A :’"d‘f‘) o )
i (@)
“O O v
jl \\\ O \ e
\
o 0%
\\\\\ ’
Initial jet m’ M < pae and Y > Yeu
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Jet grooming (cont.)

arXiv:0912.1342, arXiv:0912.0033
“Trimming”
* Uses KT algorithm to make subjets (subjets with p;/pi<cut removed)

f

sub’ 'cut

Initial jet
“Pruning”
« Recombine jet constituents, while veto wide-angle/softer constituents

P
I’ \\
/0 * 3
! \
korC/A e : \
—>i | iy
\
1\ [
\ / Rcut’ Zout
\ ’
\ % @ "
tedal 1 i, 142 :
Initial jet ® pjT/p“Jr T Zwt or ARj, j, < Rew Pruned jet
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W, Z, H reconstruction

CMS-B2G-17-002

« Grooming and jet mass
—Pruning

—soft drop (stable w/pileup, and
good jet mass resolution ~10%)

 Vector boson tagging (V—qq)

—n-subjettiness t,,: how consistent
with 2 sub-jets

— Categorization according to purity:
high (<0.35) and high (>0.35)

10°

35.9fb" (13 TeV)

> L T Xl _l’ TVII-' I_’l q1qubl LI I T 1 L T 0T I 7T l x 1 06 x - VH - qub 35 9 fb (1 3 Tev)
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o 80 W : Z : Hi . — 60 [~ z ]
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soft drop jet mass (GeV)
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W, Z, H reconstruction (cont.)

CMS-B2G-17-002

 Higgs boson tagging (H—bbar)
—Double b-tagging
— Exploit b-tagging to identify two b-quarks
in same jet
— Soft-lepton information
— Combines tracking and vertexing in MVA

0° X — VH — qgbb 35.9 fb' (13 TeV)
..Z, I T 1 1 1 I 1 T 1 ] l 1 T T I T T T 1 I l_
5 30 CMS ¢ Data ——— Background —
D Preliminary —— H(bb), m =1200 GeV --+--: H(bb), m,=4000 GeV 3
~— W(qg), m =1200 GeV ----- W(qg), m  =4000 GeV ]
25 —— 2Z(qd), m =1200 GeV -+ Z(qd), m =4000 GeV
loose gtight 7

20 :

15

10

IllllllIIIIIIIIIIlllllllllllllli

IIIl|IIll|IIlIIIlllI

-1 -0.5 0 0.5 1
b tagging discriminator

0
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Diboson resonances

CMS-HIG-16-034, B2G-16-022

I

» Search for resonance: X—ZZ—% qq’ g tems T T

& 0,9_— Simulation - spin 2 —— Merged selection —_

» Use tools to identify jet substructure £ 08 —— Resowved selecion ]

e e 0.7p E

— N.-subjet.tlness Ty TN_ 1/d, ZpT | | s :
— Kinematic and flavor information to improve S-B separation 0.5F
: _— : 0.4f
 Discriminant Z+JJ (using MELA) ok
« Upper limits on resonant spin-0/spin-2 hypotheses 0.2f
0.1+

» Cross sectlon Ilmlts ~3-100fb of L -
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S 12 o - mxm[ eV]
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; =z )e;;‘"'" R o CMS All categories, resolved jets |

£ 10 N Egz _— E S i Preliminary . Data' .

T Bod cetmsten 3 @ 02F 90G, (80022 ]

----- Bigd. estimation (= 1) c B |:|Z +jets I

! 3 q>J [t 1

J - g 0.15 Bl zz. wz, ww -

10°' '[ _ E .g ]
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Heavy resonance: WH final state

e Search for massive resonance W —-WH

* Distinctive features of BSM models, i.e.
composite/little Higgs, technicolor, etc.

 Lepton+jet final state
» Use jet substructure/btag for H—bb

. . . q
 2.20 highest local significance at 1.8TeV

= 00—/ 71 T 1 71 71 |1‘9.7'fb|"(?T'th) > T I '1'9;7'ﬂ?- '(E:T'e'vi
= = [ . 3
% -CMS —e— Observed . : CMS $ Data(ev) Bl wiets ]
£ fetucombined S Expected: 1sd. - S —WHVTBgv=3) [lTop .
? I s Expected + 2 s.d. — ~ 10 @ Uncertainty -WWNVZ/ZZ =
5 3 HVT B(gv=3) E 2 3
S . LH . o :
e F ] > :
X w 1 =
5 | i
102 107 E
I ) 2 : {

10° 4 e e L %08 1 12 14 16 18 2 22 24

o
(]
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-
N
—
=N
-
()]

1.8MW' [%eV] My [TeV]

M. Gallinaro - "Exotica and Dark Matter searches" - May 3, 2017 48



Search for multilepton final states

CMS-EXO-17-006

» Type-lll extension to SM
« Search for 3 or more lepton final states
 Pair production of W/Z/H—-XX

 Scalar sum of lepton p+ (L)

* Bin and count (L+MET)

CMS Preliminary 35.9 b (13 TeV) CMS Preliminary 35.9fb" (13 TeV)
>105 "']"'[l"|'|l|"']“'é —IIIIII[lllllllllll'lllllllllIIIII-
8 ¢ Data = =~ o(pp—2ZI) + O R
8 Misidentified I theo. unc.

104 Wz o -
v Conversion az 95% CL upper limits
P e ZZ ] 101 -+-- Observed n
S 10° I Rare ' E - - Expected R
D foe im0 ] s Uncertainty ] N I 1 std deviation
[ —SSREEEE R w— 5 = 2 std deviation
] o
o
10 B
""""""""" 102 F E
1 C : .
1077
L A
X 15
S 1 .
805 10—3lIlllllllIlIIIIlIIIIlllllllllllll
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CMS-B2G-17-001 X_>VV_)q q q q

* All hadronic resonance search with

single (qV) or double (VV) V-tag >
— At least 2 back-to-back jets p;>200GeV 4
— Categorization (jet mass, t,4)
« Background estimation: “bump hunt” fit > 10 .é,“,n.é.,..,w...,,%,M.if;?,f,"ﬂﬂ?ﬂ‘?‘.’%
data with power law 10K prefiminary ~ EE3purbackgrounam

Events / 100 GeV

— 10° --=-q*(4 TeV)—qW (o = 0.01 pb) ?'
CMS 4 Candidate ZZ event E . . §
TN of Dijet mass: 3.2 TeV 10* qW, high-purity E

- = nl s 2.5, P, > 200 GeV 3
- 10° _E M, > 1050 GeV, IAanI s 1.%

/ , 10 E E

_(1-,;"';5 Anti-kt R=0.8 jet - ;

Anti-ky R=0.8 jet : s . pr 1374GeV 10 -

pr 1321GeV | || A= n 079 = =

y  -0.40 | IS . ¢ 043 - =

¢ 2,71 i A | Mgp 94.8 1k

My 103GeV 7 m 029 3 =

» 023 Sl zi]

t — —
/ L.L 8 2 hahbbhi S .'".'""'.'U """""""""""""" e 77T, P
N\ S 80 * . S . . 0
©° L L EC” TEEPERRE @ PRSI SO S SR ® ]
D _2 —. e o ° -
2000 3000 4000 5000
CMS Experiment at LHC, CERN . . .
Data recorded: Mon Jul 18 19:59:10 2016 CEST D“et invariant mass (GeV&
Run/Event: 276950 / 1080730125 . " . "
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X—)VH—>qub

CMS-B2G-17-002

* All-hadronic search for V—qq and H—bb ¢ C;s*wusez) AL
g 10° = Preliminary o aé , VS

resonances g ; W mass, high purity, tightbtag ..... S:g :,I 2;23 z::;
. . . . . =~ — V.=2OOOG \VAE
—dedicated identification for H—bb (b-tagging) g Hv'?mode.a(g;>—§

« Use categories
—V-jet mass (W or Z), V-jet t,, (high-purity, low-
purity), H-jet (tight and loose b- tag)

X VH = qub 35910 (13 TeV)

§2000 T ] T T 1 [ ] T T 1 l 1 T T 1 l l _l
21000 - cMs 95% CL I|m|ts _
? 3 Preliminary Observed 3 01 o ' | 1 | | 1
- all categories @000 vt Expected . & oE =760 pave 048 E
& 300§ 7 s d ; T ord +*4 bbb ST
+2s.d. §, 4L 3
100 Z 1000 1500 2000 2500 3000 3500 4000 4500 5000

“ae HVT model B (g =3)3
= HVT model A (g,=1)- My (GeY)
W' — WH

 Similar topology and background
estimate to VV resonance search

* No significant excess found in data
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- X—ZV—UQqQ

» Search for resonances in Z—ee/uu, V—qq

W —2ZW —liqq
[ T T T T I T T T T

] .§ 0-9;— Simulation Preliminary e 2:’ Ir?iwhpulzi:iy —i
» Clean final state (leptons) 5 osf o gty
. . 0.71 —— 2y, high purity =
—Good mass resolution, good efficiency ook PP
* 1,, categorization (HP, LP) N E
« Parametrize main bkg (Z+jets), fitto datain %} .
sidebands, take shape from MC N :
L Xemvewn  reowigaten » paf 100 (TN o R me mw 'n;wls?lé’;‘é\);
(2120:— CMS ey 2w high puriy ;ggltﬁ - - g (oL Preliminary 2w, high purity ;g(a"t)a+ s —é .
3100:— _ Top . E -Rp =
@ 80— D — my=800 GeV ]
B 10 W' — Z(I)W(qq) _E
60— — ]

o
o

« Data compatible with

n
o
T

: SM-only hypothesis
2 A ' ' 32 6
& _§;fﬂ%ig.;.ﬁf%g;.*.;.i;-ﬁiwﬁmzmhlllll ----- je _§g-+--+--*--i--i--i--+--+--;--+-+--s --------------------------------------
4, 74 3 -4E . . . . 3
¢ 50 100 = 150 200 250 300 * 1000 1500 2000 2500 3000
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e X—WV—{vqQ

 Search for a resonance decaying to at__ 129" (13 TeV)

WV in leptonic channel =
- Categorization in t,; and W/Z mass < o EVYW“”Z G cror E
- Sideband+transfer function for bkg 5 *°F :Tip - E
estmate  sswarey E E
= — Y- CEY ETSNTIIIN o
:;’ 10 o 40 60 80 100 120 mje:?geV)

1 - .
113  Similar sensitivity to Z(#)V(qq)

search
* Excluded up to 2 TeV

Data-Fit
Ogata
S E=1:%)

x10°

1 15 2 25 3 35 4 45 5
m,, (GeV)
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X—VH—{vQqqQ

» Search for a resonance decaying to VH in leptonic channels

PLB 768(2017)137

—Z—vv: transverse mass m(VH)
—W—tv: top control region
—Z—U: high-efficiency dilepton ID

—H(bb) b-tagging « Heavy vector triplet (Z', W’)
. Cy, Cr): couplings
» Sideband bkg prediction 9vs Gn (Cvs Cr): coupling
X VH = vt 22wl (8Tey) o T 220 (0Tey) CMS X Vd-ouiis 22256 (13TeV)
100 T L B T 1T > o _
E CMS ¢ Data 8102 CMS ag&tj) W(h)+jets & -
o B W()+jets 8 E o 1b SOV TMIHES 2 %, L
g 11, 1 b-tag ff. t+X I ' 9 tt, t+X o5l <7
g SB % ! HsB -\/V VH 4 £ Vv, VH - 2500 GeV™
u>> E 7 q:’ 10 Flt unc. 2000 GeV
Lu ZA Fit unc. @ — my,=2000 GeV
0% W/Z mass reglorr HVTmodelBg =3 ] o[ %! h
40 7 | ]
b | o :
20 — 3
t 1 102 i L
. bed 1 i 0
2 4 BE N | | |
%Z' _(zz)i iﬁ‘§ //? *H‘*#*’;ﬁ* H ;%‘;;*{H&:;i‘il* _: ;z, _g%j*}‘*‘ """""""""""""""""""""""""""""""""" :;
5 E -4F =
?, 45 50 100 150 200 250 300 g 1000 1500 2000 2500 3000
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Combination of diboson searches

CMS-B2G-16-007

CMS rreiiminary  2.2-2.6fb™ (13 TeV) + 19.7 fb™" (8 TeV) CMS rreiiminary  2.2-2.6 fb™ (13 TeV) + 19.7 o™ (8 TeV)
_I I T T T T T T T T I T T T T [ 1 I I | 1 I ' 1 1 | 1 I 1 1 1 I l_
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8 o | qq (8 TeV) ]
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10\ LN Asympt. CL Exp. =10 _| AL e Asympt. CL_ Exp. = 20 .
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Di-muon events

*Di-muon events: a re-discovery of the SM

1317 (13 TeV, 2016)

11
> 10 Trigger paths
& ..0f CMS -
= 10 Preliminary . vy
Jf .
£ 10° v .
s ¢ v . v
= P low mass double muon + track
L 1 08 Y double muon inclusive

e
<,

3,
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arXiv:1609.05391

Dilepton resonance

« Search for dilepton (ee,uun) resonance

-1
1o° 277 (13TeV) o 40 — , e 237 (9 TeV)
> Ll Ll Ll Ll Ll T L Ll [ T T 0
8 10t CMS ¢ Data 8 1ot Simson ¢ 07? N
» 10° dielectron [ yz—ee 2 10° u ] :'{ Sl
§ I tW, WW, WZ, ZZ, S 5 [ t, single top
o 10 ] Jets w . [ 1 ww, WZ, ZZ, tt, W+jets
10 —
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1 1
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Events / GeV

Dilepton resonance: updated

CMS-EXO-16-031

« Search for dilepton (ee,uun) resonance

12.4 b (13 TeV)

R
10° ¢ Data CMS
10* [ ] y*z — e* e Preliminary _J
10° [, tw, WW, WZ, ZZ, vt
[ ] Jets
10°
10
1
107" =
1072
107
107 5 ' ‘ S ' '
80100 200 300 1000 2000 3000
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13.0fb" (13 TeV)
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Resonance searches: Summary

B 13Tev [_]8TeV
LQ1(ej) x2

LQ1(ej)+LQ1(vj) B=0.5 .
LQ2(yj) x2 coloron(j) x2 [

LQ2(j)+LQ2(v) =0.5 coloron(4) x2 [
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LQ3b) x2 [ gluino3j) x2 [___]

LQ3(r) x2 /1
LQ3jvt) x2 £/ . .
Single LQ1T (A=1) ) gluino(jio) x2 ]
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Looking forward: PPS

CERN o for Nuclear

» The Precision Proton Spectrometer is a joint CMS and E .
TOTEM project that aims at measuring the surviving
scattered protons on both sides of CMS in standard
running conditions

 Tracking and timing detectors inside the beam pipe at
~210m from IP5

* Project approved in Dec. 2014 by LHCC _
- Data taking started in 2016 (full scope from 2017) TECHNICAL DESIGN REFORT o8

CMS-TOTEM
PRECISION PROTON SPECTROMETER

CMS+TOTEM

CERN-LHC-2014-021

CERN-LHC-2014-021
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PPS physics motivations

» Central Exclusive Production
— photon-photon collisions
— gluon-gluon fusion in color singlet, JP¢=0*
* High-p; system in central detector, together with very

forward protons in PPS

— momentum balance between central system and forward protons, )
provides strong kinematical constraints _ * A'-"-.r_f‘_‘-j.‘_.

— Mass of central system measured by momentum loss of the two
leading protons

« Gauge boson production by photon-photon fusion and
anomalous couplings (yYWW, yyZZ, and yyyy)

e Search for new BSM resonances
» Study of QCD in a new domain

A
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“ CT-PPS

trackmg

i CT-PPS
tracking




PPS detectors

“3D” pixel sensors with

» Tracking detectors columnar electrodes

—Goal: measure proton momentum
— Technology: silicon 3D pixels (6 planes per pot)

* Timing detectors
— Goal: identify primary vertex, reject “pileup”
— Oime~10ps = 0,~2mm
—Technology: silicon/diamond

elebtrodes

= - L B e - .- e eTS o enee W e . W - = - il eewvE e w S W e ee e RS Ty -

A
\ 4

5cm e
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Timing detectors

Use timing to reject pileup background

 Two scenarios studied:

—10ps and 30ps time resolution
» Baseline: solid state detectors

 Detector options investigated:

—Diamond sensors
—Fast silicon sensors (UFSD, HFS)

o Status:

—Diamond and LGAD detectors installed

—
[2}
(=
—_
ot
<
S
=
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WW production

JHEP 08(2016)119

 Study of process: pp—pWWp D D

— Clean process: W in central detector and “nothing” else, intact
protons can be detected far away from IP

— Exclusive production of W pairs via photon exchange: QED v w=
process, cross section well known .
_ Y W+
« Backgrounds:
—inclusive WW, Tz, exclusive two-photon yy—ll, etc.
: p p
* Events:
—WW pair in central detector, leading protons in PPS
* SM observation of WW events
_ Y W+ VY WY W+
 Anomalous coupling study > M N
—AQGCs predicted in BSM theories . l P
ca WIA2 o W/A2 h T ~ h
—parameters: a,""/A4, a."V/A % W- Y W- Y W-

* Deviations from SM can be large
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AQGC expected limits

W _ —6 . 1n—6
Expected limits @95%CL: JA? =2 x107° (3 x 1079),
ay /A% =7 x107% (10 x 1079)

20x10° 0.002
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BSM searches: resonances, eftc.

CMS-EXO-15-004, CERN-LHC-2014-021

)

CMS Experiment at the LHC, CERN

Data recorded: 2015-Sep-11 22:46:54.589056 GMT exclusive WW production

Run / Event / LS: 256353 / 437637379 / 244

diphotons at PPS
\

events with 20/fb

simulation
CMS-TOTEM

7708 06 -04-02 0 02 04 06 08
2 -2
ad/A% [GeV]

x10°
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Increased reach at 13 TeV

Min. bias

WZ

Y4

Single t (sch.)

Single t (t-ch.)

tw

tt - N

ggH g(G'L) >(o'L)

VBF

VH 13 TeV with 2.2 fb-!

gl Ttg-l \ potentially more sensitive
00TV, . than 8 TeV (19.8 fb-1)

@ (1.0 TeV)
gg (1.5 TeV) N\

ag (2.5 TeV) \
Z' ooy (2.0 TeV)

G* (3.0 TeV)
HSCP g (2.0 TeV) N\
W —tb (2.0 TeV) R
X5/3§5/3 (1.0 TeV)
Xg2Xss (1.5 TeV)

™\
N

™\
N

Predicted cross-section ratios

M N
\
AN

‘,\\
\

13 TeV 8 TeV

1 10 10 10° 10*
O 13 Tev! Og Tev
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Summary

INTERNATIONAL JOURNAL OF HIGH-ENERGY PHYSICS

 Excellent consistency of SM but SM is incomplete CE

* Direct and indirect searches for New Physics :
. Colliders face % Scs
— Collected ~40/fb @13 TeV in 2015/2016 the future }\w | T*J
—~300/fb to be collected in the next few years (up to LS3) 3
* Many studies performed with data collected so far
— New dedicated algorithms being developed

— Dark Matter, Exotica, signature-based searches
— Other BSM searches

» Searches provide no hints for BSM yet
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