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SM Higgs properties

1) It couples to particles proportionally to their mass. This
determines most of the Higgs production properties

2) The value of the Higgs mass determines which decays are
accessible (- width and BRS)
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SM Higgs production in hadron colliders
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SM Higgs decay in hadron colliders

* The WW* and ZZ* decay channels
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*We preferentially exploit electron and muon decays of W and Z, but not
exclusively:

* gg—~H-2ZZ-Il qq, llvv are also convenient at very high Higgs masses
(important when looking for additional Higgs bosons)
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SM Higgs decay in hadron colliders

* For Higgs masses below 140
GeV or so, the most probable
decayisH - bb

LHC HIGGS XS WG 2013

opl

— e — — — — — — —

—
e
N

Higgs BR + Total Uncert
o

*Unfortunately, bb backgrounds

from pure QCD processes are

104l . . A huge,and gg - H - bbis nota
300 400 1000 -

M, [GeV] good channel for Higgs search

Taken from L. HC Higgs XSection WG

*We exploit other decay channels and production mechanims:
* gg—-H-vyy (very low BR, but clean peak in yy mass)
* qq —~ VH- Vbb (but still difficult, due to V+bb and top backgrounds)
* qq ~ 9'q' H-q'q" =t (VBF, good tau identification needed)
* Alsogg - H -7t , because the tau mass is not so small (=1.8 GeV)
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We were lucky...

* A mass value of m =125 GeV is a
good thing:

* Despite the low cross sections (=
more luminosity needed), one can
access the yy and ZZ* - 4 lepton
decay channels = clean
measurements of mass and
properties

°* Many more channels are hard but
eventually accessible (tt,bb,pup/Zy
with huge statistics) = rich and
comprehensive coverage of
Higgs couplings, search for
deviations from the SM

* Completed with study of ttH
couplings at production/decay
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The Higgs search at the LHC

* Problem 1: cross section is relatively

low compared to other processes o e e B -
* Problem 2: for the dominant decay E : 3
channels (bb and WW*) backgrounds 101 C—— s
are huge 101 : : : :
* Problem 3: we need to be able to 10
measure all Higgs decay products in
order to establish its mass (i.e. see a 10°
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Taken from MCFM Web page

Events / second @ 10% cm? s™!
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H-ZZ*- 4l: the cleanest

* Small cross section but rather low backgrounds (under the H peak)
* Extremely good resolution with leptons
* The best channel to believe it exists if you are difficult to convince !
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H-yy

* Also clean - it provides a narrow and precise resonance peak

* Backgrounds are large. Mostly true photon pairs in hadronic environment, but also fake
photons (instead of Tt?’s, for instance). Difficult to reproduce in simulations (=fit it in data)
* Electromagnetic resoltion pushed to the limit = control of independent term below 1%,
which is sensitivite to non-uniformities, calibrations (Z - ee), ... lim Q=C; C<1%
E2wx
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H-Yyy

* Almost all production mechanism contribute: selections focused on different signhatures
* Categorization of photons depending on the quality of identification, multivariate methods
* Key sources of systematics: photon identification, resolution, theory uncertainties, ...

ATLAS Simulation Preliminary
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H-Yyy

* Almost all production mechanism contribute: selections focused on different sighatures
* Categorization of photons depending on the quality of identification, multivariate methods
* Key sources of systematics: photon identification/fakes, resolution, theory uncertainties, ...
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H - WW* - |eptonic

* No peak, use other discriminating variables: transverse mass, dilepton kinematics, ...
* W decays into b-quarks CKM-suppressed: anti b-tag of any jet in the event

* Keys of the analysis: control the almost irreducible SM WW* background, precise
understanding of lepton identification/fakes at low p_

* Again, multiple categorization and multivariate methods are typically used

CMS Experiment at LHC,CERN
Data recorded: Mon Aug 2 05:02:51 2010 CEST
Run/Event: 142132/92434735

_ _ ->
Ve ;} € Ve g et

momentum direction  =———-
angular momentum direction =———

J. Alcaraz, LHC Physics, TAE19

MET
49.9 GeV

200

N

S/(S+B) weighted events / b
o
o

CMS 491" (7 TeV) + 19.4 fb' (8 TeV)
i I I I 1 1 I I I I 1 I I I I 1 I I I I 1 I 1 I i
i data - backgrounds m,=125GeV ]
| — H—-> WW el 0/1 'jet &

[ N bkg uncertainty

arxiv:1312.1129

-
jr
+* natuisnis (LR LS IR IS

"|....|....|....|....|..:
50 100 150 200 250
m; [GeV]

14


http://arxiv.org/abs/1312.1129

H - 7t; but general slide on taus first

" Reminder on tau decays:

\_zt seed track
T_ —>_/

e,lL, U
~17% into e v_v, W™ <_ E
i - v \fes \{13 d

— signal
— ISolation

~17% Iintopw v v,

n
~25% into p" v /

~11% into ' v_ not associated
~85% into 1 charged particle + X with tau candidate

(“one prong")
~15% into 3 charged particles + X

(" 'three prong")

= The signature of a “"hadronic tau" decay, tnad, is the presence of a high-p_

and collimated jet with very low multiplicity (typically just one charged
track, and at most three charged tracks), well isolated from other
particles in the event

. Alcaraz, LHC Physics, TAE19 15



H-Trt

* Due to the presence of neutrinos, signal is wider than for H - ZZ* or H-yy

* Use visible mass or even a reconstructed full Higgs mass (likelihood from tau decays)
* Distinct signal regions: gg - H (0 jet, less sensitive), VBF, boosted (mostly VH - V+11)

* Final visible states studied channels: e+, p+Thad, Thad+Thad, €+Thad

* Backgrounds: Z - tt, W+jets, tt, QCD = control regions for all of them
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Events
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H-Trt

* Critical observation for EWSB in SM: first observation of Higgs coupling to leptons!

* Most sensitivity in VBF production (2 forward jets) and boosted Higgs (mostly VH - V+11)
* Most sensitive channels: p+Thad, Thad+Thad
* Combination of all channels via a likelihood method
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H-bb
* Central for testing EWSB: Higgs coupling to down-type quarks
* Huge background from bb+X in the SM, particularly in the gg—H - bb production mode.
Central role of b-tagging,
* Focus on VH associated production, even if still large (almost irreducible backgrounds
from V+b jets)

* Categorization depending on the targeted associated boson: 0 charged leptons (Z-wv), 1
charged lepton (W - 1v), 2 charged leptons (Z - Il)

@ATLAS

EXPERIMENT
http://atlas.ch

un: 209787
vent: 144100666

R
E
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Time: ©3:57:49 UTC
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H-bb
* Focus on VH associated production. Categorization depending on the targeted associated boson: 0
charged leptons (Z - vv), 1 charged leptons (W - Iv), 2 charged leptons (Z - ll)
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https://arxiv.org/abs/1808.08238

H-tt
* Indirect evidence of its existence through the presence of significant gg — H production

* But this is just under SM assumptions: moreldifferent particles could operate in the ggH loop

Difficult channel: low cross section, almost irreducible backgrounds (ttbb). Multivariate methods
mandatory

Nevertheless, recently “observed” by both ATLAS and CMS (ATLAS shown in this slide)
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https://arxiv.org/abs/1806.00425

H-pp

* Another critical test of EWSB within the SM: does the Higgs couple to second generation fermions?

* Next Higgs challenge at LHC: needs huge integrated luminosity to be observed. Currently only limits.
* H- cc inaccessible even at high-luminosity LHC (backgrounds). SM H - pp at reach in next LHC runs

* Search similar in spirit to H- yy: narrow peak on top of a huge smooth background (=SM Drell-Yan pp)
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The textbook plot
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Higgs properties: mass, J°, width

* The ZZ- 4l and yy decay channels provide a high precision measurement of the Higgs mass
* m, is a fundamental input parameter of the SM: deviations from new physics = accurate measurement

* Currently known at the 2 %o level !
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Higgs width

* Not accessible via lifetime: t,= hc/(4 MeV) = (200 MeV*fm)/(4 MeV) = 50 fm; vt=:p _/m_*T_ not measurable
* Direct measurement of the resonance width not possible: (4 MeV)/(125 GeV) << detector resolution (=%)
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Higgs width

* Key feature: the Higgs off-shell contribution to “on-shell” ZZ final states is not negligible, even if the
Higgs is narrow

° Exploit invariant mass of the 4l system plus additional kinematics information (matrix element)
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Higgs width

* Strong prospects to really measure the Higgs width with much more statistics at HL-LHC
* Note that this is not fully BSM-independent (other particles present in the loop, for instance)
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Higgs properties: spin-parity

* The existence of the H- yy decay implies that the Higgs can not have spin 1 (Landau-Yang theorem)
* The ZZ* - 4l decay channel it is an ideal spin analyzer, in particular to separate 0* and 0" hypotheses
* Use discriminators based on matrix-element probability ratios for each 4l kinematic configuration
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Higgs: LHC combinations

* Given the present level of precision of cross section*branching fraction measurements (<10%), results
from different channels and experiments are combined in a “simplified way”:
* The SM coupling structure is assumed = only couplings are scaled when looking for deviations:

* Several important BSM scenarios predict partial/global scaling: composite Higgs, mixing of the Higgs with another
scalar singlet, ...,

* One can always complicate the picture a posteriori if we see significant deviations from the SM
* Still, several ways to “scale” couplings before performing a fit:
a) Scale production cross sections and branching fractions independently: “u” framework

o; - BR/
p{z ! 7 :,uipr

o BR/
p; = —gy and = —
f

J. Alcaraz, LHC Physics, TAE19 28



Higgs: p-framework combinations
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* Good agreement with SM predictions
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Higgs: LHC combinations

* Given the present level of precision of cross section*branching fraction measurements (<10%), results
from different channels and experiments are combined in a “simplified way”:

* The SM coupling structure is assumed = only couplings are scaled when looking for deviations:

* Several important BSM scenarios predict partial/global scaling: composite Higgs, mixing of the Higgs with another
scalar singlet, ...,

* One can always complicate the picture a posteriori if we see significant deviations from the SM
* Still, several ways to “scale” couplings before performing a fit
b) Direct scale of couplings: “kappa scheme”, taking special care of “loops” and “invisible” width

O'Z'(Kj) -Ff(Kj) g
Lrr(k;) N — ’

2, = SM 2, — SM
Gi = Ki (K) . Gi Ff - f(K). Ff “SM resolved”

W,Z 1.06 -Kf +0.01 -Kg —0.07 - k:kp

___________ 9 “Allow for BSM”

H

Effective coupling kg
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Higgs: kappa framework combinations
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Higgs: kappa framework combinations
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indirect. This is closely related with current and future trends for Higgs physics at LHC:

BSM Higgs and current trends

* Another intensive field of activity is dedicated searches for deviations from the SM, either direct or

* Searches for more Higgses: at low mass, at high mass, scalar, pseudoscalar, charged, ...
* Invisible decays of the Higgs — connection with dark matter searches
* Search for lepton / flavor violating decays
* Study of differential cross sections, in particular as a function of the Higgs p_, boosted decays, ...

* Search for Higgs pair production — extremely important for HL-LHC and future accelerator programs
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BSM Higgs and current trends

* Another intensive field of activity is dedicated searches for deviations from the SM, either direct or

indirect. This is closely related with current and future trends for Higgs physics at LHC:
* Study of differential cross sections, in particular as a function of the Higgs p.

* Example: indirect constrains on quark couplings: charm, top, ...
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* Sensitive to Hcc coupling !
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Recent trends: boosted H—bb

Z/WIH

 Targeting the very difficult gg -~ H - bb process, using latest developments in boosted topologies
* The Higgs is identified as one wide jet containing the two b quarks, highly boosted and recoiling

against a high-p; jet.

35.9fb" (13 TeV)

450 < P, < 1000 GeV = ---- w
double-b tagger
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o

Multijet
Total background
I H(bb)

¢ Data

arxiv:1709.05543
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Data — multijet — tt
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mgp, (GeV)

* The relative multijet QCD background gets significantly reduced in this configuration
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Recent trends: boosted H—=bb

35.9fb" (13 TeV)
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* Targeting the very difficult gg -~ H - bb process, using latest developments in boosted topologies
* The relative multijet QCD background gets significantly reduced in this configuration

 Current local significance of H- bb is =15; as well as an observation of the Z—-bb decay (>50)

* Promising result in view of a future observation of H- bb in gluon-fusion production !!
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BSM Higgs and current trends

* Another intensive field of activity is dedicated searches for deviations from the SM, either direct or
indirect. This is closely related with current and future trends for Higgs physics at LHC:

* Searches for more Higgses: at low mass, at high mass, scalar, pseudoscalar, charged, ...
* Example of searches for additional neutral Higgses from a new doublet scalar field

g ) . b
b, H, A _hHA
& g L

* Possible enhancement of the bb and tt couplings in Two-Higgs doublet models of
Type Il (SUSY is an example)
* Enhancement factor is: tanf3 = v Iv, the ratio of vacuum expectation values of the

two Higgs doublets, associated to up-type and down-type fermions, respectively
* Particularly interesting decay channel is h/HIA - tt (cleaner than bb)

37

J. Alcaraz, LHC Physics, TAE19



Search for ® - 11

* Categorization: different tau decay channels (leptonic+t

T, ..1T..)» With/without b-tagging

had? “had

* Exploit the total transverse mass of the system (visible tau decays + missing transverse momentum)
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* hMSSM = MSSM scenario assuming m, =125 GeV
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Higgs self-coupling and HH production

® Main final state to explore the nature of the Higgs potential and
its self-coupling, predicted to have a well defined, non-zero
value in the SM

J. Alcaraz, LHC Physics, TAE19 39



Higgs self-coupling and HH production

* The di-Higgs production process receives contributions from two amplitudes that interfere destructively

in the SM. Two main implications:

* Small cross section in the SM (= 30 fb at Vvs=13 TeV) = only measurable with huge luminosities

(hopefully at HL-LHC)

* BSM may be un-affected by this negative interference: larger cross sections expected!

J. Alcaraz, LHC Physics, TAE19
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HH search example: HH - bbyy

* HH - bb yy is currently one of the best channels to look for HH production:
* Two Higgs masses are available
* The large H- bb branching fraction compensates the low H - yy branching fraction

* SM backgrounds are non-resonant and also reducible (b-tagging, kinematics, ...)
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HH search example: HH - bbyy

* LHC is already sensitive to large values of the k, parameter (= cross sections much larger than in the

SM)

* bbyy is not the only channel under study

35.9 1" (13 TeV)
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* Other channels also contribute significantly to the search = combine them !

* Large values of k, (|k,|<510 or excluded in LHC Run2!
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Generic searches (Exotica)
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New vector hoson searches at LHC

" Leptonic decay channels, Z' - Il, and W’ - v are typically the most sensitive ones to
the presence of new gauge sectors extending the SM (minimal backgrounds):
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(post-fit)

Basic strategy:
" Isolated leptons of extremely high momentum (TeV scale)
" Look for 'peaks/bumps' in the di-lepton invariant mass or in the lepton+missing momentum
transverse mass
" Key (critical) point: good lepton momentum resolution at = TeV scale and very precise control
of resolution, momentum biases, trigger, reconstruction efficiencies
" Main background: SM Il and Iv with high mass (Z,W off-shell production)
" Limits typically given either on toy models (SM sequential) or theoretically more consistent
ones (new gauge groups from unification theories)
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Dark matter (DM) searches at LHC

" Most sensitive generic search is one initial-state radiation jet + missing energy
from DM. Mediator may have vectorlaxiallscalarlpseudoscalar couplings to DM

thermal freeze-out (early Univ.)
indirect detection ( now

HIX

producuon at colliders

S

Effective Interaction at LHC

direct detection

DM

DM

X+missing
energy search;
couplings to
quarks and DM

Direct coupling
to quarks must
exist
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CMS Preliminary ~ DM results from CMS | HGP 2017
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Results of the X+DM searches for a benchmark
choice of couplings to quarks, DM and leptons
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Dark matter (DM) searches at LHC

" Key points of the jet+missing energy analysis:
" Trigger: missing transverse energy and jet momenta as low as possible

" No resonance bump expected, but just an excess in the tail of the missing transverse
energy = eprecise control of SM backgrounds (dominated by vv + jet) needed:

" Estimated /| monitored via specific control samples (u*p~ + jet, for instance)
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Dark matter (DM) searches at LHC

" Most sensitive generic search is one initial-state radiation jet + missing energy
from DM. Mediator may have vectorlaxiallscalarlpseudoscalar couplings to DM
DM results from CMS

LHCP 2017

thermal freeze-out (early Univ.)

indirect detection ( now
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°
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© DM
producllon at colliders Effective Interaction at LHC
7 q’ DM
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7 a’ DM

Direct coupling
to quarks must
exist
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X+missing
energy search;
couplings to
quarks and DM
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® Comparison with Direct Detection (DD) searches
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Dark matter (DM) searches at LHC

" Most sensitive generic search is one initial-state radiation jet + missing energy
from DM. Mediator may have vectorlaxiallscalarlpseudoscalar couplings to DM

thermal freeze-out (early Univ.)
indirect detection ( now

HIX

producuon at colliders

S

Effective Interaction at LHC

direct detection

DM

DM

X+missing
energy search;
couplings to
quarks and DM

Direct coupling
to quarks must
exist
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DM results from CMS

CMS Preliminary LHCP 2017
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" Pure dijet resonance searches are even more
powerful when the mediator mass is high enough
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More generic searches at LHC

" The list of possible searches beyond the SM is almost infinite ...

Leptoquarks Heavy Gauge Bosons
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The main message is that we have not found new exotic signals
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Current trends in searches at LHC

" Search for low-mass and/or “long-lived” resonances (axions, particles with very

weak couplings in decay, ...)

" Challenging from many points of view (trigger,\\object reconstruction, ....)

M. Williams/MIT

CMS-PAS-EXO0-19-018
96.6 fb (13 TeV scouting); 137 fo'' (13 TeV full reco.)
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Current trends in searches at LHC

Long-lived exclusion in lifetime phase space

ATLAS Long-lived Particle Searches* - 95% CL Exclusion
Status: July 2019

ATLAS Preliminary
[L£dt=(18.4-36.1) b1 V5=8,13TeV

Model Signature  [cdt[fb] Lifetime limit Reference
RPV 9 — eev/euv/upy  displaced lepton pair ~ 20.3 | x? Iife;ime. m _ " rraomm ) i M(S’J: 1I-l3|T9Vv m()l(?):l1-(; TEIVI 1504.05162
GGMx? - Z& displaced vix +jets  20.3 | x? lifetime m(#)= 1.1 TeV, m(x7)=1.0TeV 1504.05162
GGM)(? - ZG displaced dimuon 32.9 )(2 lifetime 0.029-18.0 m m(g)=1.1TeV, m(x3)=1.0 TeV 1808.03057
GMSB non-pointing or delayed y 203 | x? lfetime . o08s5am SPSB with A= 200 TeV 1409.5542
AMSB pp — xp3.x{x;  disappearingtrack  20.3 [ x} lifetime . 02230m m(x;)= 450 GeV 1310.3675
<§ AMSB pp — xix9.xix;  disappearing track 36.1 XT lifetime 0.057-1.53m m(xy)= 450 GeV 1712.02118
P avse pp - xa0xix;  large pixel dE/dx 184 | x* lifetime . 13190m m(x;)= 450 GeV 1506.05332
Stealth SUSY 2 MS vertices 36.1 § lifetime 0.1-519 m B(g — 5g)= 0.1, m(g)= 500 Ge 1811.07370
Split SUSY large pixel dE/dx 36.1 g lifetime >09m m(g)= 1.8 TeV, m(x9)= 100 GeV 1808.04095
Split SUSY displaced vix + EMss 328 | & lifetime 0.03-13.2m m(g)= 1.8 TeV, m(x{)= 100 GeV 1710.04901
Split SUSY 0¢,2-6jets +EM= 361 | glifetime 0.0-21m m(g)=1.8TeV, m(x})= 100 GeV | ATLAS-CONF-2018-003
H-ss low-EMF trk-less jets, MS vtx 36.1 s lifetime 0.18-120 m m(s)= 25 GeV 1902.03094
o | FRVZH o2y 4+ X 2 e, p—jets 203  |[ANiEHHE 0-3 mm m(ya)= 400 MeV 1511.05542
9." FRVZ H — 2y4 + X 2 e-, u—, n-jets 36.1 | ya lifetime 1.5-284 mm m(yg)= 400 MeV CERN-EP-2019-140
% FRVZ H — 4yq + X 2 e, u-, T—jets 36.1 | ya lifetime 3.7-178 mm m(yq)= 400 MeV CERN-EP-2019-140
§ H—- Z;Z4 displaced dimuon 329 Z4 lifetime 0.009-24.0 m m(Z4)= 40 GeV 1808.03057
H— ZZ4 2 e, it + low-EMF trackless jet 36.1 Z4 lifetime 0.21-5.2 m m(Zg)=10 GeV 1811.02542
VH with H — ss — bbbb 1 -2+ multi-b-jets 361 | slifeime = 0-3 mm B(H — ss)= 1, m(s)= 60 GeV 1806.07355
a (200 GeV) > ss low-EMF trk-less jets, MS vtx 36.1 s lifetime 0.41-51.5m o x 8= 1pb, m(s)= 50 GeV 1902.03094
<§ (600 GeV) > 55 low-EMF trk-less jets, MS vix 36.1 | s lifetime 0.04-21.5m o xB=1pb, m(s)= 50 GeV 1902.03094
(1 TeV) > ss low-EMF trk-less jets, MS vtx 36.1 s lifetime 0.06-52.4 m o xB=1pb, m(s)= 150 GeV| 1902.03094
o HV Z'(1 TeV) = quqv 2 ID/MS vertices 20.3 | slifetime o x B=1pb, m(s)= 50 GeV 1504.03634
g': HV Z’(2 TeV) - quqv 2 ID/MS vertices 20.3 s Iifetir.ne Co o . o :Tfﬂ?:. I1.r>lb, m(s)T 50 IGe\ll . 1504.03634
0.01 100 cT [m]
*Only a selection of the available lifetime limits is shown. i . ! 19 Bk
7 [ns]
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SUSY
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SUperSYmmetry

Standard particles

" Super-symmetry is a new symmetry

relating bosons and fermions. For
each known particle, we expect a

super-symmetric partner, of spin
differing by 1/2

Quarks

‘ Leptons

" Why SUSY at the TeV scale? According to theorists:

Hierarchy problem solved

. Force particles
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SUSY particles

J

Dark matter candidate

" |f found at the LHC: many new particles, couplings and properties to be

studied at the TeV scale...

J. Alcaraz, LHC Physics, TAE19
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SUperSYmmetry

" How does it manifest at the LHC? We have not seen SUSY particles yet, so
this new symmetry must be broken and SUSY particles must have masses
above the current scale (but not much, to solve the hierarchy problem)

" In most cases (but not all) it will be assumed that at the
LHC:

" We will produce heavy squarks and gluinos via
strong couplings. They will decay into lighter SUSY
particles (+other SM particles)

" The lightest SUSY particle is stable (R-parity —_— -
conservation) and interacts very weakly with
matter (dark matter candidate, undetectable)

" From the detector point of view:
" Long cascade decays with jets and eventually Z, W, leptons, y
= Substantial missing E,

J. Alcaraz, LHC Physics, TAE19 54



Strategy to search for SUSY at LHC

" SUSY has many parameters (>100):

" We know the gluino and squark
Cross sections, given their mass

" But the subsequent cascade

depends too heavily on those
parameters and mass differences

choices, we focus on generic signatures:

We want to find SUSY if existing. So, to be more independent on parameter

O-leptons | 1-lepton OSDL SSDL |23 leptons |2-photons | y+lepton
Jets + MET Single Opposite- Same-sign | Multi-lepton | Di-photon + Photon +
lepton + sign di- di-lepton + jet+ MET lepton +
Jets + MET |lepton + jets | jets + MET MET
T
Large SM backgrounds Low
i sensitivity to strongly produced SUSY sensitivity to

gauge-mediated SUSY

J. Alcaraz, LHC Physics, TAE19 55



SUSY at LHC: jets and missing E.

= An excellent jet resolution and an excellent missing E_ resolution are a

MUST for SUSY searches. Both ATLAS and CMS have them, but this
required some extra effort:

T TT T 7 T T T T [T T T T[T T T T [ T T T T [T T T T [T T T T T T > = N L L L
o 0ET T o ER ATLAS Preliminary
4] Before cleaning - 10 = =
N 1ﬂ5 E CMS After ECAL noise cleanin E : - = ]
iy S _— | = P 105:_ Data 2010 \f§—7TeV_:
L:n 10° —__ After HF noise cleaning - S = .[Ldt=0.34 nb”’ =
= E > = =
0 C — AfterHBsHEnoisefitering W 10* mi<4.5 =
w 10tg E 5 -
— | = 3 s Data b
© 0P '-,I 5 10 M MinBias
e = T LCW -
E L2l 1 10 =
S 10 -
= I | 10 E
10 3
i Hhp
1 L1 I ||4HH"*”I‘ﬂ||| |||||H||| L1101, [ | : [T T T T N T I T ! le

0 5 150 200 250 300 350 400 0 10 20 30 40 50 60
Calo E; [GeV] ET* [GeV]

" This is more challenging that what it seems. Having a well calibrated
missing ET from (almost) the start was a very optimistic scenario !!
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SUSY results: hadronic + missing E.

= Concentrate on final states with just jets and substantial missing H. - same as
missina E. but calculated usina onlv iets (unclusterized energy is |gnored)

137 b (13 TeV)

Lost
lepton

[ oo

1 | 1 1 b=t—y

\\‘
- \\\t\\x e, \\{N\\‘Q\N Bt e A B »\.«\%

56 7 8 9 10 11
Aggregate search region bin number

CMS 137 fb' (13 TeV) CMS
(o 210°
= E Lost <
g 250_—+ Data .Z—)VV Iepton QCD L%? -105 + Data .Z—wir
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200 --- §—99 %, (m = 1000 GeV, m~ = 800 GeV) 10°
E N Jet26Nie_0H>1200(3|eV 107
150 10
1
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10!
g 05F 1 I
50 dlg
B LU
o 0.5 1 1 ! 1
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g'- 1-_] = a1 [ | B T I T | R I | 3R I | B R | I | [ I | [FEE [ ] | RS R | I T I_;
W|g0.5F 3
gl o Q\\\\\\-\\;&\\\\\\\\\\\\\Q\\\\\\\M
S| -o05
—-1E
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300 400 500 600 700 800 900 1000 1100
H_ll’PISS [Gev]

The detector resolution is so good that the key backgrounds are

backgrounds that have intrinsic missing energy. In this example/'
" wvv+jets - control regions (CR) from photon+jets and p*u~—+jets
- CR with lepton and non-b/b tagging

" Wh+jets/top (“lost lepton”)

" Many variables used in practice:
= #jets, #b-tagged jets, H,, H s
" Many different subregions defined with them

= QCD - normalization fixed with events with missing H_ close to jet directions

Alcaraz, LHC Physics, TAE19
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SUSY results: hadronic + missing E.

" We do not see any significant excess yet. We therefore set limits in some
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Large fraction of TeV-MSSM models excluded

® Gluinos and light squarks produced directly at LHC excluded up to masses = 2 TeV in Run2 (if
neutralinos are not too massive)

" Alarge fraction of “phenomenological” MSSM possible models also excluded below 1 TeV or so
since Runl

May2017
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https://arxiv.org/abs/1508.06608

How can SUSY hide from observation at LHC

" By being more “complicated”: beyond MSSM, not SUGRA, R-parity violating (= no missing
energy), long-lived signatures, only “electroweak” s-particles at low masses/scales, ...

natural SUSY
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p X2 '
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Taken from CMS SUSY public results
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How can SUSY hide from observation at LHC

" “Compressed” spectra: masses too close to each other in the decay = low cross sections due to
lack of phase space, orbidden decay channels, ...). Example of the top squark:

Am =m(t) - m(X")

Am<mW)  mW)<Am<m(t)  Am>m(l)

A
f A A \

=
=

m(x°) [GeV]

f =15,
(on-shell top)

(off-shell top)

,,,,,,,,,,,,,, | F by > bW7,

0 mw) mt m(f) [GeV]
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Taken from CMS SUSY public results
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Outlook

"Higgs studies and searches are one of the most exciting fields of
research at the LHC.:

" We clearly surpassed many of the initial expectations: observation of

many processes with low cross section, sensitivity to the Higgs width,
differential studies, ...

" Bright future for the next HL-LHC phase: almost 1 order of magnitude

Improvement in the measurement of couplings, Higgs self-coupling, ...
(next talk)

" New physics searches at high masses/scales:

" One of the main objectives of the LHC program. Nothing new/exciting
found until now. Scope being extended to more exotic signatures and
complicated phase space regions

" More luminosity in the next years should enlarge the scale reach and

uncover possible signals at lower masses hiding under the background
(next talk)
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