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Why to searh for supersymmetry?

It solves many of the SM problems, among them: + «@» =0

Increase the

H __ - (125GeV)? = mpy? = mpyo” SM particle + 9 =0
’ spectra

3. Dark Matter:
In R parity conserved models: LSP is the DM

o o auge boson
1. SM H}ggs Mass Hierarchy problem: W ;i:; gaugino

2. Unification of gauge couplings :

j_LfegonofSSvpatdes | e candidate particle. In most of RPC models:
wof | 1. i) > =[DM>=|WIMP>
S S e ”°SUf_f’, = 2. SUSY particles produced in pairs
40 SuU(2) :>’<<><£:\ j
_ ."___:,..-— 1 .<\\ ~—— R = (—1)3B-1+25 _ { +1 for SM partl'cle
= P —= —1 for SUSY particle
g 20 /::":——-' =T with SUSY 7 MSSM is the supersymmetric extension of the SM with minimal
SU GUT point number of particle states = twice SM # particles + extended Higgs
0 103 1010 1016 sector. SUSY partners for gauge bosons mix as charginos ()ZI—’, )Z;—r )
00312088 u (GeV) and neutralinos ()(”?,i =1,..,4)



https://arxiv.org/abs/hep-ph/9709356

Neutralino and Chargino Mass Matrices

. Neutralinos are a mixture of the neutral gauginos ( B, W?3) and higgsinos (H,,, H,):

M, = Bino mass parameter

/ ;Ml 0 —myz Sin (9”) COS(-"{) my Sin (HW) Sin (JJ) \ |\/|2 = Wino mass paramater
0 M my €os (fy)cos(3)  —my cos (fy)sin (/7 M = Higgsino mass parameter
M= . : €05 (ty) o5 (1) =my cos () sin (7) tanf =v2/vl
—my Sin (By) cos () my cos (thy) cos (1) 0 — |
The possible mixing scenarios define the

T —

\mZ sin (B )sin ()~ —my cos (fhy) sin (1) H 0 nature of the neutralinos and charginos and

. . ~0 - could lead to a different phenomenology:
leigenvalues| of M, = neutralino masses my; , i=1,...4

~0_ 1 50_ 0 =0 0 |
(mX1<sz<mX3<mX4) My > M,, g = ¥} ~B ——> pureBino
NO - .

ju'2 >> er H = 1 ~W ——> pureWino

= Charginos are a mixture of charged > My, My, = Z'~H,+H, > suetiggsino

winos (W) and higgsinos (H*): . oure ragsno.
L | i b i )
Mo = Mo V2Myy sin(3) g
== V2 My cos(3) Il 3 X
E -t =0 =0
’ o L REn ==
X1 X1 "
X1

1
2 2 2 2 :
Mt o = gg[y%gﬁo&@ +2mdy 5 (MF - )2 + Ay 05?23 + 4m%v&.f)éf§|a+(@ﬁm%%m%%h}g

6
a) pure bino LSP  b) wino NLSP  ¢) higgsino LSP  d) bino/higgsino mix


https://arxiv.org/abs/1908.09672

Data interpretation Frameworks

arXiv:1908.09672

0%

EFECTIVE FIELD THEORIES

SM
DM = Contact interaction between
SM and DM particles
SM DM " Few par-ameters
= Model independent searches
[ i 2
30/09/2019 Valid only for Q

- Issue for LHC

<< .
MMﬁQ'ﬁUMANDES), Mpca2019

A major difficulty with the MSSM:
Huge parameter space: 124 parameters

Two possibilities to overcome this issue: Licomwe.
1. Efective Field Theories
2. Simplified Models

SIMPLIFIED MODELS (Adopted for LHC searches)Z

= Emphasize features of a broad set of models

= Drives phenomenolgy for model independent
searches

= Usually concéntrate in one specific decay chain:

(':il al 5! E)L



https://arxiv.org/abs/1908.09672
http://lpcc.web.cern.ch/content/lhc-dm-wg-wg-dark-matter-searches-lhc

SUSY CROSS SECTIONS High production cross sections for gluinos &

LHC x-sections W.G. Squarks prOdUCtlon-

/—\1012 T T T T T T T LA B B L I |

= - e — discovery channel at energy frontier
= ) ) \{§=13Tevg_1o‘6_g C tM limits > 15T
o 10"'g total inelastic pp 3 e urren ass IImits . ev. CMS SUSY Results
E <H10'® [
101° = ;' CMS (preliminary) I May 2019
1 OQE— = ?1 o= % Overviejalf of SUSY results: glujpo pair production
E J1o0 & 36/137 fb ! (13 TeV) I
8 = S
O Jio= £ ~ _|pp—ad | |
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107 Z = 5 16 arXiv:1705.04673 80 = . Mg = 0 Gev
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E Jd10° & — bbi0 |06 SUS-19-005:SUS-19-006 arXiv:1802.02110 |
1 3 g —+ qqi}| 0% SUS-19-005;SUS-19-006 arXiv:1802.02110 |
e <104 & — aq({1/X9) — aq(W/Z)1? |0 SUS-19-006 BR(cEd) § 2,0 =05
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10 EE( ) . - E: 102 2/ same-sign, > 3¢: SUS-19-008 af= 05
103k el ‘higgsino E g — qqvy — qqHY] |06 arXiv:1712.08501 I
4 E (X X 1 )wi — |10 & — qqi9 — qqH/Z70 [08 aXiv1712:08501 | =
10 %_ z Ll L ] 1 0 500 1000 im 2000
105 iy ol | L 1 RN T T T O A | mass scale [GeV]
30/ O%/ 8’19 100 200 1000 2000C Avila (UNIAN DFS'sr)dmn 1P5R2D s at 055 .1 (theory uncertainties are not included). Probe up to the quoted mass limit for light LSPs unless stated othwise.

- The quantities AM and z represent the absolute mass difference between the primary sparticle and the LSP, and the difference between the intermediate
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https://twiki.cern.ch/twiki/bin/view/LHCPhysics/SUSYCrossSections
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSUS

WHY TO STUDY THE SUSY ELECTROWEAK SECTOR ?

5 y arXiv:1805.02802 y

= SUSY naturalness favours small Higsino masses.

2 A
= Light smuon and chargino are needed to explain - SN
the observed 3.6 ¢ deviation by BNL of the muon g X e
anomalous magnetic dipole mment (g-2).
arXiv:1710.11091
= To explain the observed DM relic density the NLSP & i: o " &
particle mass shoud be close to the LSP mass = ;éjm}_ " ¢
Compressed spectra. 3200| |
2800 -
=  High exclusion limits on the SUSY colored sector 2400
motivates electroweak searches as posible 2000 - ;
scenarios on the Discovery reach of the LHC. 1600 g X F tﬁl
1200 - X e !
= Likelihood analysis of experimental constraints / oor Y masTERcme)
predicts light charginos, neutrinos and sleptons. - T R e

0


https://arxiv.org/abs/1710.11091
https://arxiv.org/abs/1805.02802
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and Compressed Spectra
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COMPRESSED SPECTRA & VECTOR BOSON FUSION

Most of the searches focus focus on pair produced
electroweakinos (i(i—’f(;—’, xfxg , etc), with final state

>
leptons (1L, 2L, 3L). 8 1400
There is limited sensitivity to compressed spectra E&F1200
scenarios: m(¥°) zm()ZI—r) —> Soft P; leptons are
expected in the final decay chain given the limited 1000
amount of energy available.
800
VBF is a useful topology to tackle the compressed
scenarios. ‘¢ 600
f
/./ 400
T ’ TR
]| o amy, ;XQ o 200
T P
xaMy, g N \ (
30/09/2019 l C. Avi ag(’UNIAI\fDES), Moca2019

CMS SUSY Results

o~

op = XOXL pp = XX uy 2018

CMS

- —=1709.05406, 3| (X20— VI, BF(I)=0.5, x=0.5)
_ -1709.054086, 3| (X:X5—7vll, x=0.5)

— —1709.05406, 3| (X3—Tv1T, X=0.5)

_ —1807.07799, 21 0OS (XX;—Wvl, x=0.5)

- —1709.05406, 2| SS + 3| (WH)

— —1706.09933, 11 (WH)

- =1709.08908, 2| OS (WZ)

- =1709.05406, 31 (WZ) '
_ —=1801.01846, soft 21 (WZ) i

| I I I ‘ I I I | :
35.9 fb! (13 TeV) -
-:Expected |
= Qbserved

0L
200

400 600 800 1000 1200
Mg, = My, [GeV]


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

VECTOR BOSON FUSION TOPOLOGY

forvard o * The outgoing partons in VBF processes

Background R — e

/\[\Signal

must carry relatively large p-.

%

= The jets in SM background events are
mostly central while signal events are

characterized by more forward-like jets.

~0
X1

q-;t S forward jet
= VBF pair of jets with high dijet mass:
mjj = /2 pipi cosh(An(ji j2))
' Background
Benchmark Model | . vgFjets + MET + s
m;; 7 » VBFjets + MET
o %9 _/_/ 4 We focus on O lepton or one soft-

Forward tagging jets—— DOEER 7 . x°| lepton (u/e/t) channel given the

difficulty to reconstruct multiple

7
O e 7. .

‘ ‘ o TE e ==~ soft leptons in compressed
| \m € spectra scenarios.

30/09/2019 C. Avila (UNIANDES), Moca2 12
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X1X71, XIX(Z) Production Mechanisms considered

Bino-like
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VBF REQUIREMENTS o .
CMS SUSY Results VBF selection: jet candidates

~0 ~i . . .
pp ® €3 €5 July 2018 with the following requirements
';' T | I I I | I I I | I I I : I I I : ! ! ! : ] .
T oL CMS 35.9 fbl (13 TeV) L v !arge eta separation
— - - 1709.05406, 3 (C:E3®inll, x=0.5) = T v in OppOSIte hemlspheres
0" - —1709.05406, 3| (C:C3®Tnll, x=0.05) "srExpected - v ce L .
S 1200 —1709.05406, 31 (C:C3®Tnll, x=0.95) —Observed ]| Iarge dljet Invariant mass
L —1709.05406, 3| (C:C2®Inll, BF(I)=0.5, x,=0.5) i
- —1709.05406, 2| SS + 3 (S:C3@®Iiill, BF(I))=0.5, x=0.05) . Bigvkid it
—1709.05406, 2| SS + 3| (CG:C2®Iill, BF(I)=0.5, x,=0.95 ] ‘
1000— 170905406, 3 (E§Eg®'f$1t’f, x|:r(]).5) ® s : ] —
| —1709.05406, 2| SS + 23| (WH) i
~ —1706.09933, 1| (WH) .
800[— _1709.08908, 21 OS (W2) ',&(/;if@\A ]
[ —1709.05406, 31 (WZ) L ]
— ==1801.01846, soft 2| (WZ) - —
6001~ PR -
400} ' —
2001 - T
% — forward jet
O -A& p 2 ‘ | |
200 400 600 800 1000 1200
Mz = Mg, [GeV] VBF topology suffers from smaller
Region under exploration: Icross Seci'on_s’ btUt bfenef'tél\];lrom
N 1 | ~0\— ower contamination rrom
Am =m(¥71/x2)-m(x¥1)= 1 —-50 GeV
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3. The CMS Experiment
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THE LHC ACCELERATOR
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CMS Integrated Luminosity Delivered, pp

Data included from 2010-03-30 11:22 to 2018-10-26 08:23 UTC

= 10 years after LHC start up has allowed to record

50% of the expected integrated luminosity of the
LHC expected luminosity and only 5% of the total
luminosity expected from the HL-LHC.

The full 3000 fb-! and new analysis tools (such as
machine learning, etc.) will allow to heavily
constraint the SUSY parameter space.

;!;;i!low

!. Avila (UNIARDES), Moca2019
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THE CMS DETECTOR @ THE LHC

3.8T Solenoid

ECAL

sIRON YOKE

Muon System
Endcap
(CSC+RPC)

TRACKER

30/09/2019 C. Avila (UNIANDES), Moca2019
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CMS PARTICLE FLOW

Combine info from all subsystems to generate a list of

reconstructed particles to descrcibe the entire event
Ly

y HCAL * Find u's and remove

e ! Clusters
hadron } A H{ detector

: s S
<>article-ﬂow m

e,u,y, charged and neutral hadrons
* Used in the event as a list of generated particles in the event.

Find e’s and remove

Find charged hadrons and remove

Find photons and remove

Find neutral hadrons and remove

A large B field, good calorimeter
granularity and high resolution tracking
are needed for efficiente PF.

e Used to reconstruct jets, taus, Missing energy, isolation and

identification of particles in multiple proton-proton collisions. .
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P DISTRIBUTION

For the case of our interest the LSP mass is slightly lower than the masses of other charginos and
neutralinos, which means that the decay products of the SUSY particles produced would have low p+,
which makes it difficult to reconstruct and identify multiple leptons, consequently, we focus on events that
have one well-identified soft muon or zero leptons.

IlIll|llTIIIITIllIllIIIIIXIIII‘IIIIIIIIIIITII
3
< —®— VBF 1%, m(x’) =300 GeV, m(%.) = 290 GeV

—&— W +jets
—8— DY + jets
it

107"

|

" >

" >

| &

| &

<

>
Lol

1072

L
@
|
.r"";-
IIII\Il

|I|I||Il||
10 20 30 40 50 60 70 0 90 100

\_Y—) P, (w) [GeV]

For a signal benchmark point with a mass gap Am = m(;”ﬁi) —m(x}) =10 GeV the signal is more pronounced than the
backgrounds in the region 8 GeV to 20 GeV, therefore, this region is where we would expect the highest significance.

30/09/2019 C. Avila (UNIANDES), Moca2019 21



MET DISTRIBUTION We would expect a higher MET

. distribution for a SUSY signal (due to the
EJUss = |PPiss| = | =% cine Pril LSP) than for neutrinos produced by SM
backgrounds.

a.u.

—

<
Mﬂ]‘ynmq ]
P ]

—— VBFXX m(y ) 300 GeV, m(x) 299 GeV
—&— W+ jets

Signal significance S divided by the maximum
significance S, _,, as a function of MET cut for
two signal samples. The best signal
significance is achieved for MET >250 GeV.

—&— DY +jets

SIS,

-5 !
10 0 100 200 300 400 500 600 700 800 900 1000

ET™ [GeV] Sie ]

A high MET requirement (> 250 GeV) N ~]
suppresses drastically the backgrounds T n—ﬁ_) ) 200 e, m) - 150 é.ev f
°4f e ) =160 GeV : ]

Signal significance: T pem@atescey ]

S S -l

S — — O i ] 1 1 L Il | 1 L 1 1 :I 1 1 1 1 | 1 1 1 1 : 1 L 1 1 1
150 200 250 300 350 400
2 + 2 Vs + B ’ ET® > X GeV
30/09/2019 \/08 Op S C. Avila (UNIAI T L2
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MT D I STRI B UTl O N Discriminating variable in signal region for the 1Ljj channel

miss
ET

A¢£,E’}niss
14

Signal significance divided by the maximum
significance S, ., as a function of m; cut values for
two signal samples. m; > 110 GeV provides the best
signal significance.

[4)) 1_ .............. .............. ;‘l ............................... —]
s [ A ; ]
- : I i .
- ;L : .
L : | - N
L : I A 4 e
~ A H ; : 1 : : ; : 1
B0 St TN U R A P S B A I
o m(x,) =200 GeV, m(y ) = 150 GeV  \ /" 1
M —~—mE=160Gev i
| cem@=tesGev :
N S N N N — .
- | -
.. ‘ 1 ‘ i : -
i : : : b : : : -

0 " 11 1 l 11 1 I - E 11 | I 1 II 1 I | —— l 11 1 | - l 11 | I 1

0 20 40 60 80 100 120 140 160 180 200
m, > X GeV

mp = \/2 -pf} : E,_ZIPiSS - (1 — cos A¢€7E1@iss)

m distributions normalized to unity for three
backgrounds and one VBF signhal sample

=' 1 T T T ] T 1 T T I ' T T T I T T T T ] T T T T T T T T T ] T T L ] T T T T I T T 1 1 I T E

« — —o0 . o 3

| —®= VBF X, X, mG;)= 300 GeV, m(x,)= 290 GeV

101 _..- ;A—"i‘ I *— W+Jets ]

e e -a | —=— DY+Jets 3

3 =’ -

| -’d. ti —

1072 - |- 5

= a . Ce -

— - *o _

103 & I *++ —

= ~ ++ =

e | tt N

107 E I E

- N E

10—5 ' I 1 I I A1 1 1 I 1 L 1 1 l i | ' L L l il 1 1 i | I L ' 1 A1 ] 1 il 1 1 I 1 1 i} 1 l i}

(0] 50 100 150 200 250 300 350 400 450 500

my(u,pT=9)[GeV]

One motivation for applying a requirement of mT
greater than 110 GeV is the background supresion.
In particular, the W+jets background.
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Discriminating variable in signal region for the OLjj channel

M DISTRIBUTION

The jets produced by background events are mostly in the central region of the detector (|n| < 1.8) and
have small dijet invariant masses, while the signal events are characterized by non-central jets with large

dijet invariant masses.

=: 0.06 _I I I 1 I T 1 [ T 1 T T ] T T T T I T L L] I LI L L l L L I 1 LI I I | T l T B
© ~ = VBF % %o m(x))= 300 GeV, m())= 290 GeV ’
0.05— . 3 BG o —
0.04— 4= - i
n + .
- +H = + - ]
0.03— - 4, L+t - *t —
N ++ ++ .
. . - +t .
0.02— + = - —
— + —
0.01— - - ]
B s o -t n
0 ;_L-J..hu"'l ' ' | | P | | '.M

—4 3 2 -1 o 1 2 3 4

(i)
VBF selection: jet candidates with the following
requirements

v ]An;| > 3.8  (large eta separation)

v Ny ‘N <0  (in opposite hemispheres)
V' mijjorskoleV (large dijet invariant mass)

C. Avila (UNIANDES), Moca2019

T ] LI

I T L ] T T T T ] L L T I T 1T T 7T I T T

g 16 e VE%F ;'zjiz m(x,) = 300 GeV, m(szf) = 299 GeVs
FAA . SiBG :
107 4 E'J =
C o A ®eoq .
_o I AA I Ce - |
10 ; . AA:‘ oo.’... -
- 20 _
-3 ; | A‘AA “.’. Q;
10 ¢ , La, * e
= I AA .
| AA _
10_4 = I A‘ A =
- I Aa, =
~ I AAA _
Sl e v e v by b by by e
10
O 500 1000 1500 2000 2500 3000 3500 4000
m; [GeV]
We choose the pair of jets with
the highest dijet invariant mass.
24
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Irreducible Backgrounds

Dominant Bacgrounds:

» t-tbar

» WH+jets

Subdominant backgrounds:
» single top quark,

» diboson (WW, WZ, and ZZ7)
> Z+jets

* For MET + jj + e/u channels:

= For MET + jj channel:

Dominant Bacgrounds:

» Z(2Vvv) +jets

» QCD multijets
Subdominant backgrounds:
> t-tbar

» diboson (WW, WZ, and ZZ7)

= For MET + jj + T channel:

Dominant Bacgrounds:

» QCD multijets

» WH+jets

» t-tbar

Subdominant backgrounds:
» single top quark,

» diboson (WW, WZ, and ZZ7)

> Z+jets/09/2019

Single top W + jets
q t q q W . iy
+ (
>\F< " b : |
= g a
q' b g
q g
Diboson Z + jets
—q'i—’\NV:nf.rVW ‘ Z/")/:k
q
q L
——— AN q g

C. Avila (UNIANDES), Moca2019
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Background CR’s

Top Pair Background Estimation & Validation Strategy

me(l, EFSS) 4

i Nfb)
0 i 1

1104 — - — i __________________
é Ni’b.i; @ N(b)
i VBF Cuts
Fail Pass
GpCRI _ NCRI(Data) — NCRI (other BGs)
N NCRI(¢7)
GFCR2 _ NCR2(Data) - NCRQ(other BGs )
o NCR2(1t) . SFCRI
NtEthpeCted = NMC(SR cuts) - SFERL . FOR2
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Exclusion Limits
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Combined Exclusion Limits
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Combined Exclusion Limits

W*/Z* case
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CONCLUSIONS

We performed a data analysis with final states of zero or one lepton, MET and 2jets due to VBF, on a
data sample of 35.86 fb! collected by the CMS experiment in the year 2016. No data excess was
observed over the expected SM background yields.

The non-data excess result was interpreted under the conserving R-parity MSSM assuming
electroweakino production through slepton decays with mass gaps between the chargino/neutralino and
the LSP < 50 GeV.

We obtained exclusion limits that extend the sensitivity in the compressed spectrum scenario:
v" The exclusion limit (95% CL) obtained for Am = 30 GeV is 215 GeV.
v For Am =1 GeV is 112 GeV.
These results exceed the limits obtained in the previous searches at 8 TeV (<100 GeV).
For values of Am above 10 GeV, the channel that has the highest sensitivity for the s-lepton democratic
scenarios is the muon channel in comparison with the other leptonic channels.

For the high compressed spectrum scenario with Am = 1 GeV, the channel with the highest sensitivity is
the invisible channel. This is because the final state lepton p+ is very small.

Even though we interpreted our results under a specific SUSY scenario, other models can also be
tested with our results.

We have proven that the signature with VBF jets, MET, and one lepton is more sensitive than the two
lepton final state because the leptons produced in the compressed scenario have soft p+.
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