Electroweakly produced new physics with CMS:
new intensity frontier at the LHC

Lesya Shchutska
ETH Ziirich
CMS Collaboration

FNAL, Wine&Cheese Seminar
November 10, 2017



Triumph of the Standard Model (of particle physics)

Turning 50 this year:
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New physics in front of us: the SM is incomplete

Known facts of the physics beyond the SM:

@ the nature of the dark matter

@ matter-antimatter asymmetry of the universe

@ neutrino masses and oscillations o

dark matter nature?

M323 Rotation Curve

and a few things which could be improved:
© hierarchy problem: H mass naturalness
© unification of gauge couplings

& the strong CP problem

H mass stabilization?




In quest for the unknown: dark matter

Exploit DM abundance in the universe:

@ DM scattering experiments
@ look for DM annihilation or decay products

Try to produce and detect it at colliders:

@ look for signs of new particles

@ measure rates of rare processes . )
Direct detection

X —_ X

Production Indirect
at colliders

detection




Flavors of new physics searches at the LHC

Standard model
quarks Higgs bosons

\ &
. & ' 7 H(125)
wo
N

leptons gauge bosons

4th generation

Exotica

Heavy neutrinos

New resonances

Supersymmetry

squarks higgsinos

~ ~ B

44—
>t 4

sleptons gauginos

Searches for new particle production:

@ resonant (heavy resonance-like)

@ non-resonant (SUSY-like)

@ long-lived signatures (charged or neutral)
Exploration of Higgs boson:

@ invisible decays
@ lepton-flavor violating decays
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Zooming in into the electroweak sector

The superpartners of the SM EWK bosons
(bino, 3 winos, 4 higgsinos) mix to form

Standard model Supersymmetry mass eigenstates:
quarks Higgs bosons squarks higgsinos
WENY Xi
) 9 . . ~0 ~+
PR ILY S
( ’ \ S0 ~+
NONPRIAVLY Xa Xz
W %gcharginos
neutralinos

leptons gauge bosons sleptons gauginos
(bino, winos)
If R-parity is conserved:
Lightest SUSY Particle (LSP) is stable and sparticles are produced in pairs.
Neutralino LSP can be a dark matter candidate:

the searches based on large F™ in final states
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Possible spectra of EWK superpartners

Any bino/wino/higgsino mass hierarchy is allowed:

I

mass

X%
— Am =~ O(100) MeV
W (winos)
X3
B (bino)

=
N

X1 ,\/'1 )
Am =~ O(1-10) GeV

H (higgsinos) m =~ keV

G (gravitino)
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Possible decays of EWK superpartners

Any bino/wino/higgsino mass hierarchy is allowed...

I

X3

s *I'W*(Tr:t)
' W (winos)
H/Z W :
X3 :

B (bino) . 1 /Z
PN AN /. :
X0 X7 XY vz
LZYW* (1-10 GeV)
H (higgsinos) \\‘I:I]Z--___\:‘:ji m ~ keV
G (gravitino)

mass
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https://arxiv.org/abs/0908.3399

Favored mass range

Any bino/wino/higgsino mass hierarchy is allowed

400 GeV

k?V

mass

but mg < 400 GeV is preferred
e.g. arXiv:1110.6926

while ms; and mg can be any

W
— Hare produced at the LHC if SUSY exists!

e how often (cross section)?
e are they detectable?

0 >+ ~0

\1 X1 \>

LZFIW* (1-10 GeV)

H (higgsinos) TTee-ll

H/Z ~--- m ~ keV

G (gravitino)
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Production cross section

@ cross sections are lower than those of the
SM processes still to be discovered

@ decay chains are complex:

o involve Higgs bosons
@ or very soft objects (leptons and tracks)

o can have low Eiss
@ lead to nontrivial search strategies:

o Case 1: assume existence of light G (GMSB)
o Case 2: assume that higgsino 7 is the LSP

10/39


https://twiki.cern.ch/twiki/bin/view/CMSPublic/SUSYSMSSummaryPlots13TeV

GMSB-like case: Assumptions

@ cross sections are calculated in the mass degenerate limit:

PP— NSNS + XONT + X1 XT + X XT — XiX0+ low-pr SM

p X

P @ \\G

@ heavier states decay to { which decays to G via Higgs or Z bosons
@ Am between higgsino X9, X, X} are such that:

o they have short lifetimes
o decays produce SM particles softer than 5-10 GeV lepton/track vetoes
o soft-SM decays preferred over direct decays to G
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GMSB-like case: Searches

@ several possible decay chains require looking at various topologies

@ sensitivity of each search depends on SUSY mass spectrum and decay

modes

Search ilzgnalztlc_)lpolg,g Reference
HH(4b) v arXiv:1709.04896
H(yv) v v arXiv:1709.00384
>3l (ncl. ) | vV v v arXiv:1709.05406
Z(20) v v arXiv:1709.08908
combination v v v’ | CMS-PAS-SUS-17-004
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http://arxiv.org/abs/1709.04896
http://arxiv.org/abs/1709.00384
http://arxiv.org/abs/1709.05406
https://arxiv.org/abs/1709.08908
http://cds.cern.ch/record/2273907

HighLevelTri

HH(4b) challenges

@ not an easy task: 4 b jets and moderate E'** (especially for low my)

@ maximize the sensitivity by going beyond the standard approach:

miss

@ to get access to low masses use the turn-on region of the E1™" trigger
. e 35.9 fb” (13 Tev) CMS preliminary 2016, 13 Tev
3 E!TJSE‘ Jg:li:ﬁﬁﬁﬂ, 1.2f Trigger; MET100 || MET! nMu1nn{4000
3 [Other TChiHH(700,1) r E(ED™ 2235 GeV) = 39.6?2“ ]
~ [ i
5 uTuMM‘HHﬁUOO s
w a 1 o
5 13
g {2000 5
5 g
B >
- w
-|1000
g pfer b . ]
05 ]
b i b b v . . 20
200 300 400 500 600 0 100 200 300 400 ~ 500
p?'ss [GeV] Offline ET** [GeV]

Offline selection: E¥ > 150 GeV

o employ deep neural networks for b jet identification: DeepCSV

(CMS-DP-2017-005)

ggerRunlIResults
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http://cds.cern.ch/record/2255736
https://twiki.cern.ch/twiki/bin/view/CMSPublic/HLTplotsICHEP2016

The same inputs as a standard CMS b-tagger (CSVv2), include information

Advanced b-tagging technique: DeepCSV

on more tracks, and combine with a deep neural network (DeepCSV):

(s=13 TeV, 2016

(s=13 TeV, 2016
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@ significant improvement in b tagging efficiency:

CMS-DP-2017-005

@ +3% for loose WP (~ 10% mistag)

o +8% for medium WP (~ 1% mistag)
@ +20% for tight WP (~0.1% mistag)
@ example impact on the 4b analysis bin (2T, 1M, 1L b jets):

o bkg increases by ~45%, signal increases by ~30%

o improvement of sensitivity with the small background
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http://cds.cern.ch/record/2255736

HH(4b): Elegant kinematic selection

Di-Higgs reconstruction:

@ use 4 most b-like jets for HiHz pairings
@ Am = mini_; |mu, — mu,| < 40 GeV

w < 140 GeV

100 GeV < (m) =

use unbiased shape of (m) in non-b tagged
events to obtain SM background

AR between b jets forming a H candidate:

G
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Higgsino masses are ex-
cluded for 230-770 GeV.

HH(4b): Results
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Higgsinos with H(y7)

Use a Higgs boson discovery technique to find new physics:

@ fit falling m(y7y) spectrum to “measure” H— ~y+y rate in various kinematic

selections

@ compare with the SM Higgs boson production expectation

@ provide complementary sensitivity in the low-mass region: exclude higssinos

below 205 GeV.
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Higgsinos with multileptons

inclusive search with 2 e/y of the same charge, or > 3 leptons (with < 27y,)

@ low-background search: recovers sensitivity to low- BT cases (low mz)
@ keep in mind that B(H — 1¢) = 9.3% and B(H — 2¢) = 9.1%
@ multileptons are about as frequent in H decays as in Z decays!
@ challenges:
@ separate prompt (e.g. from W— £v) and nonprompt (e.g. from b—X/v) leptons
= develop new tools
o differentiate SM (e.g. WZ— 3/v) and new physics multileptons:

= categorize by lepton flavor and use kinematical variables

CMsS 35.9 b (13 TeV) CMs 35.9 fb (13 TeV)
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Multileptons: lepton identification

Develop and employ advanced lepton identification techniques:
@ improvement per lepton triples in the total signal efficiency
@ use information on a lepton and its “surroundings”:

@ pointing variables: impact parameter, its significance
@ isolation: energy in a cone around the lepton
@ jet clustered with a lepton: how jet-like or b-jet like it is

N
ZSBm uz Tev) 35916 (13 TeV) CcMs squ\Cmey 35.9 f (13 Te\
T P T 2 9 SNLARARAARS
+ Data 4 § —+-Data g 70000F " Data g —+-Data
[Jtt, prompt I Dn prompt ﬁeoooo EIR Emmlpt 1 a4 Dn prompt
mtt.b - | b~ by LD~y b -, 3
: m 3000 tj -
8- [N Buis by so0o0f e ¢ E Beis w3
10* W, t 2500 mw, t DZ+ets .t
.. [DZ+ets Dz+ets 40000F J WHjets E [Dz+ets E
*a I W+ets 2000| B W+jets B W+jets

30000 B

10° E
1000 20000 E 1
500) 10000 B E
108 . o Al A o
12 3 4 5 6 7 0 1 2 3 4 5 6 7 8 02 04 06 08 1 12 02 04 0608 1 12 14
SIP,, SIP, p,()/p, Get) P, (/b (IEO
SN\

@ put it all together into a BDT:

@ take into account relative prompt/nonprompt abundance along pr spectrum
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Multileptons: BDT performance

CMS
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@ choose operating BDT value to retain the same

signal efficiency

@ reach factor 2 of background rejection

@ gain in the sensitivity is equivalent to up to +40% in

dataset size!

@ important for rare processes search
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Multileptons: results

One category: 3 e/p with an opposite charge same flavor pair

359 b (13 Tev)
T T

TT T T T T T T T T T T TTT
ol

Events

-
== XK - I(500450)
—Z 0% Zv(i000r1)

B Nonprompt efj/t

3 Conversions
v

ix
23 Total bkg. unc.
§I

B stat. Bkg.unc. | (] Total bikg, .

-+ 3
T B0 G067 BRI B B BT B RN AR B A BB T B DD AL B A BRI BRO AR N
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o

to take into account all possible HH decay
modes use almost all search categories for the
interpretation

the strongest exclusion for the 100% decays to Z
boson

sensitivity weakens with growing decay rate to
Higgs boson
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Higgsinos with dileptons
Z(¢0) + Z/H(dijet): important for larger msy (larger E‘Tniss)

" CMS . . . . ; 3‘5915“(13&\/) " CMS . . . ; 35.9,::‘(131@\/;
g EW VZ Region  } paa g EW HZ Region ¢t paa
& &
10* [es v [Jes
- ="'*““5 =‘ @ select V(jj)Z(£¢) or H(bb)Z(¢4)
- 2 .
w0 candidates
10 . .
@ use ey events in data to estimate
N .
1 flavor-symmetric (FS)
. \ background
10 50 100 150 200 250 300 350 aogmsgs[%e\;]uo 10(50 100 150 200 250 panggs [Ge\i]m
[ RSSEIRMIRMERMERMTRSEG. 1 Ak : B s e derive DY +jets from fit with the
S1s- = o215 - . i
Bt d ; 1 &t t i 4 7yHets Ef™ templates
@ scale Z+v processes in multilepton
= 107,CMS gomiaITey g control regions in data (WZ, ZZ)
2 g o - B W - HZEE X, .
gk T 3 § wp o ='m':fm::§;§ff5‘“ @ exclude higgsinos below:
o —— Observed il —— Observed
A Expected 1 Eeh Expected @ 650 GeV for 100% decays to Z
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100 200 300 400 500 600 700 800 900 100 200 300 400 500 600 700 800 900
mp [Ge) rr\;:[GeVl
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Full picture: Combination

@ an interplay of various final states due to complexity of the final states
with intermediate Higgs bosons!

@ close to the confident exclusion of higgsinos below 400 GeV in GMSB
scenarios
o still remember about assumption limitations:
o visible intermediate decay products, larger lifetime, or direct decays of
heavier higgsinos to G would impact the sensitivity

 CMS preliminary 35.9 fb™ (13 TeV) CMS preliminary 35.9 fb (13 TeV)
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SUS-17-004/index.html

Case 2: Higgsino-only spectrum
Higgsino LSP is stable:

N

60 80 100

0 10

Previous limits come from LEP:
higgsino Y{ X7 production

% 3
=T Z
Nl PG
LZX/W* (1-10 GeV)
% { H (higgsinos)
< “ M GeV)

mass
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Soft leptons
A

i
- MET @ Final state: compressed spectra = decay products (and
low P+ Muons LSP!) produced at rest = no visible F**
T
@ Solution: boost all system to kick LSP (visible E1"**) and
ISR ]et decay products (harder objects) = ISR jet + Z* — (/¢

@ Downside: hit on already low production cross section

To maximize signal acceptance:

@ introduce new trigger with low-pr muons 5 S Py e SRR A3 TRV
i . i HE Ea==
and E7": offline select By > 125 GeV ¢ -
]
@ commission low-pr leptons: down to 5 GeV ~ ° W 24 Simlation
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CMS-PAS-SUS-16-048 N T
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SUS-16-048/index.html

Results for wino Y\
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SUS-16-048/index.html

Higgsinos: “Recast” and projections

Wino limit rescaled for higgsino )Zf X5+ XOx3:

; 40

My projection

higgsino-like cross sections 5{5%‘; + %f%‘; @ reach up to ~ 150 GeV

for the first time surpass LEP in
higgsinos!

(7]

CMS higgsino result is in preparation
projection: scale the sensitivity as VL

pessimistic: no analysis improvement

®© 6 6 o

optimistic: can support trigger

120 140 160 180 200 220 240 260 280 300 320
mgp = mg; (GeV)
2 1

With HL-LHC can approach to “excluding” SUSY as a theory
meaning covering large territory for my < 400 GeV...

@ time to think about covering the gaps: low Am < 7 GeV

@ e.g. monojet analysis for very compressed case?

CMS-PAS-SUS-16-048 27/39


http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SUS-16-048/index.html

Beam energy rise:
5fb~! @7 TeV (2011)
25fb~1 @ 8 TeV (2012)
3fb~! @ 13 TeV (2015)
Huge luminosity jump:
36 fb~! @ 13 TeV(2046) - — — =
44+ b~ ! @ 13 TeV(2017)
Next: intellectual rise?

Standard Model | Supersymmetry  Higgs | Top Physics

3 8 8 &8 8 8 3 8 8

==
=)
"':.‘{

) Higgs-boson discovery (2012)
; N7 ///@I/Wide physics programme
Ms Al @ .

A general purpose detector




What’s next?

@ no large energy jump is foreseen in the near future

@ need to be more creative: what have we accidentally missed in a (SUSY) rush?

High-e/ne/gy/

experiments

High-intensity
expefiments
-

LHC: ) )
Becoming an intensity

frontier machine

* Electron fixed target * LHC
* Proton fixed target
* B factories

Interaction strength

unknown physics

Energy =
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High volumes of data: access to rare final states

Soft particles
from sparticle
decay

Displaced soft
particles from
sparticle decay

7

0

Disappearing Low B, dE/dx
track

'\J X>
) g
O (~um) O (>100um) O (>cm) O (>m)
D 1 GeV 100 MeV 0

AM (last decaying sparticle-LSP)

Need to check various signatures to cover all the grounds:

@ some of the listed searches exist, e.g. disappearing track analysis

@ some are still to be developed, e.g. displaced soft particles + Emiss

@ all results are still to be put together to have a complete picture
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Are we looking everywhere?

@ most SUSY searches are designed to be sensitive to deviation from the
SM expectation in a broad phase-space

@ in specific cases of extremely low cross sections the optimization is
more targeted

To be open to any possibility - cannot stay too specific in new physics
searches

Choose which price to pay: sensitivity vs. generality
W"’""’“ " T

@ can check performance of a general SUSY search on a non-SUSY
model as an example
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Appealing minimal extension of the SM which solves a range of questions:

mass .
charge -

name .

Leptons

@ neutrino masses
@ via seesaw mechanism

v Minimal Standard Model (vMSM)

2.4 Mev.

1.27 Gev

1712 Gev

Quarks

@ matter-antimatter asymmetry

o degenerate N2 and N3 (mass from ~ 1 to ~ 102 GeV) could lead to
dramatic increase of CP violation

@ lightest N (a few keV) is a perfect dark matter candidate
@ observable decay mode N1 — vy
@ search for mono-line in galactic photon spectrum, F, = My/2

Heavier N> and N3 can be searched for at the LHC

ass— 2.4 MeV 1.27 Gev. 171.2GeV
% u % C % t charge |24 u A C A
up charm op name . up cham op
4.8 MeV 104 Mev 4.2 Gev 4@ 4.8 Mev 104 Mev 4.2 GeV
- ¥ S Vs < |- d s S B4 b
]
down strange bottom add three N s down strange bottom
oev oev oev L4 <0.0001 eV /10 keY | ~0.01eV [ ~Gev || ~0.04 eV / ~GeV|
0 o
Ve Y V. “Vo/ Ny |*Vi/N, V= N3
mugh mu
Ao neufino netijino il e [
0.511 Mev. 105.7 Mev 1.777 Gev @ 0.511 Mev 105.7 Mev. 1.777Gev
) K1 -1 5 |2 -1 -1
e T e e T
electron muon tau = electron muon tau
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http://arxiv.org/abs/hep-ph/0503065

@ N production: in decays
of W bosons

@ N decays: N—W/ or
N—Zv or N—Hv

@ N lifetime: from very small (
from production vertex (

Heavy neutrinos at the LHC

decays) to macroscopic distances
decays) as 7 o< |Vyn|72m ™5
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Interesting phase space
qa =
. . W=
@ so far dedicated searches were done in prompt =
same-sign dileptons for high mass q N

@ probed phase-space is far beyond the range of the
preferred phase-space derived from BAU

19.71 " (8 Tev)

—5
10 = oms  pTpT 4 2
> . 2y ¥ A
106 = 10" e =TT
;o=
10%
S o0
3 — — CL_Expected
10 I CL® Expected + 10
CL: Expected + 20
10-10 . —— CL® Observed
10
rrrrrr DELPHI
—. - CMS7Tev
5 L L L
10-12 . . . . . T0
02 0.5 10 20 50 10.0 10 50 100 150 zoom (Gevz)5°
M [GeV] N

@ from cosmology to create needed BAU:

o My < Mw [hep-ph/0505013]
o or My ~ TeV [hep-ph/0506107]
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https://arxiv.org/abs/hep-ph/0505013
https://arxiv.org/abs/hep-ph/0506107
http://arxiv.org/abs/1204.3902
http://arxiv.org/abs/1501.05566

Expanding interesting phase space

@ these dedicated searches just start to probe regions not excluded by the
electroweak precision data (EWPD)

@ plot: filled areas - excluded; contours - projected experiments

coupling to muons coupling to taus

My (GeV) My (GeV)

@ but other new physics searches at the LHC are already sensitive to a region of
mn 5-100 GeV with very low couplings
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http://arxiv.org/abs/1502.06541

Phenomenological estimates

Reinterpretation of existing multilepton SUSY searches + guesstimates:
arXiv:1504.02470:
0.001

. search
10 1 2 5 10 20 50
My (GeV) My (GeV)

3 510 20 50100

@ trileptons: recasted CMS SUSY multilepton analysis
@ lepton-jet: 2 displaced leptons sensitivity (background estimated from another topology)

Reach reported for the 20 fb~! @ 8 TeV and for 300 fb~' @ 13 TeV

With the dedicated search and larger dataset could probe interesting
phase-space already now!

arXiv:1504.02470
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http://arxiv.org/abs/1504.02470
http://arxiv.org/abs/1504.02470

Conclusions

with the available dataset sensitive to processes with very low rates
we started cornering higgsinos and hence SUSY at the LHC!

with HL-LHC can cover most of the “allowed” higgsino parameter
space

in the absence of SUSY, our searches are sensitive to other new physics
scenarios:

o including those which would appear only in one signature
o and those which always profit from larger dataset

o ec.g. dark matter particles with low couplings, sterile neutrinos with
low mixing parameter...

The LHC still gives an opportunity for a discovery!
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Seesaw mechanism

In a nutshell:

@ since right neutrinos are truly neutral under all charges of SM:

@ no electric charge
@ no weak interaction
@ no strong interaction

@ they have more flexibility than other fields (particles)
@ allow two ways of adding neutrino mass:
@ mpv; Uy (Dirac) or ]V[RuT%uR (Majorana)
@ mass eigenstates v and N are found from diagonalization of mass matrix:

2

):>m,,:7

0
. ,

mp MR

@ weak eigenstate (what is produced): vy = v cos€ + N sin 6

@ massive eigenstate (what is flying): v = 1 cos — Ng sin 0
mp
o whered ~ — <K 1
My



SHiP: new proposed experiment at the SPS

Target Active Mugn Shield Mugn Magnetic Spectrometer

Electromagnetic/Hadronic Calorimeter

Goliath Magnet

HS Vacuum Vessel Spectrometer Timing Detector

HS Spectrometer Magnet

Neutrino Emulsion Target and Target Tracker

Drift Tube Tracker

Straw Veto Tagger

Upstream Veto Tagger

L . surround Background Tagger
@ heavy target to maximize heavy flavour production (large A) an

minimize production of neutrinos in 7/K — pv decays (short i)

Spectrometer Straw Tracker

@ hadron absorber after the target
@ active muon shield (magnetic deflection): ~50m Muan Detector

@ slow (and uniform) beam extraction ~ 1s to reduce occupancy in the
detector

@ long decay volume: ~ 50m

@ spectrometer with usual detectors
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Accelerator schedule

SHiP schedule

LHC Run 2 Run 3 Run 4
SPS
A A
Detector | R8D, jesign and grioiind e /1) |
Miestones [re] P4 corlZ7 10RE
Faciity n I
Civil engineerin
Infrastructure mmissioning
Beamline Ral] designand COR | « Production - with beam
Target complex IR&D, design and CDR | < Production - Installation
Target R&D, design and CDR + prototyping Production Installation

@ the schedule is designed to be compatible with the one of the accelerators

@ currently is in active R&D and detector design optimization

@ aim for CDR next year, and TDR a year later

@ data-taking not earlier than 2026

@ by then the LHC should deliver 300/fb to CMS and ATLAS
@ complementary sensitivity and a window for discovery!
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