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LHC: searches for BSM physics University of Sussex

SUPERSTRIN G
M-theory heterotic

& 6"‘0'\4 s'uts)
Unification

* Theoretical considerations (interaction
unification, hierarchy,...) and cosmological
measurements (dark matter, baryogenesis, ...)
call for physics phenomena not included in
SM.

Matter
Anti-motter

* The LHC is a tool built to tear down the wall
of the Standard Model:

* Full exploration of TeV scale and EW
symmetry breaking

* Direct searches are a vast field of research in
both collaborations:

« About half of the published CMS and
ATLAS papers are searches

Taken from www.linearcollider.org, courtesy of Hitoshi Murayama
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http://www.linearcollider.org
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Perform a search (in a nutshell) ety of Susex

#

Variable
N
g/l VR | SR
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CR » VR
Variable X

Constrained to two variables
for visualization only

Courtesy of Frederich Ruhr

Searching for a localised excess on a
smooth distribution (e.g., mass resonance)

- Background determined usually from data (fit
background with a smooth function or in
sidebands)

Or for an excess of events for specific
selections

- Background determined either from data or in
“control regions” (Standard Model-dominated
phase space regions)

- MC is key for extrapolating between regions
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- Different searches inspired to different physics models

« Often used for optimisation of selection and result interpretation

» Widely used models include (together with many others):

Supersymmetry
Solves hierarchy problem, facilitates interaction Models with additional heavy vector boson
unification, could provide a dark matter
candidate Signature
Signature Resonance in di-fermion or diboson mass
Excess of events with high Er™ss (assuming R- spectra

parity conservation)

Extra-dimensions (UED, RS, ADD)

Solves hierarchy problem, facilitates interaction Generic effective theories
ur?|f|cat|on HVT, scalar-tensor DM
Signature Signature
Resonant or non-resonant graviton production mono-X (excess of events with Et™ss recoiling
giving rise to peaks or excesses in di-fermion or di- against jets), resonances

boson mass distributions; direct graviton
production; black holes formation

. _________________________________________________________________________________________________________________________________________________________________________________J 4
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* Depending on interaction involved, run 1 sensitivity already knocked on the
multi-TeV scale door

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CombinedSummaryPlots/EXOTICS/
ATLAS Exotics Summary/ATLAS Exotics Summary.png
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Summary of CMS SUSY Results* in SMS framework ICHEP 2014 Status: July 2015 Jedt=(47-203) o7 V5=7,8TeV
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http://cms.web.cern.ch/org/cms-papers-and-results
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http://cms.web.cern.ch/org/cms-papers-and-results
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CombinedSummaryPlots/EXOTICS/ATLAS_Exotics_Summary/ATLAS_Exotics_Summary.png
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Is Run 2 better than Run 17 University of Sussex
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Parton luminosities at \/s =13 TeV
are larger than at /s=8 TeV

For heavy final states the new Run
2 dataset is already beating Run 1
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Is Run 2 better than Run 17 University of Sussex
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How multipurpose is a multipurpose experiment

CMS exotica ATLAS exotica

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsB2G m,

. . Search for new phenomena with photon+jet events in proton-proton collisions at Vs = 13 TeV with the ATLAS Published in Plots and more Info,.; arxiv:1512.05910; JHEP 03 (2016) 041,, 3.2/fb Dec
Journal Publications - 2015 Run E = .
detector JHEP 2015
ArXiv Entry Luminosity Publication Status Approved Plots Search for strong gravity in multijet final states produced in pp collisions at Vs =13 TeV using the ATLAS detector at  Published in Plots and more Info,.;; arxiv:1512.02586 ; JHEP 03 (2016) 026, 3.6/fb Dec
the LHC JHEP 2015
je NEW 7 x 7 7
Search for narfow resonances decaying o diets aXiv1512012247 | 240 10:1103/PhysReviet.110.071801er | EXO15001:7 Search for new phenomena in dijet mass and angular distributions from pp collisions at s = 13 TeV with the ATLAS  Published in PLB Plots and more Info,;; aniv:1512.01530.; PLB 754 (2016) 302-  3.6/fo Dec
detector 322, 2015

Preliminary Results - 2015 Run

Conference Notes with 2015 data

ApprovedPlots |  CDSEntry | Luminosity Conference Note and
Plots
Search for resonances decaying into pairs of boosted W and Z bosons NEW EXO150027  PAS EXO-15-002c7 2.6 fb!
s Search for heavy resonances decaying to a Z boson and a photon in pp collisions at Vs =13 TeV with the ATLAS detec\or{?,"} ATLAS-CONF-2016-010,,  3.2/fo Mar 2016
Search for dark matter in events with jets and missing transverse energy NEwW EX015003 PAS EXO-15-003 21 5 ©
4 J 12 & & Search for TeV-scale gravity signatures in high-mass final states with leptons and jets with the ATLAS detector at Vs = 13 Tevx,;'fi' ATLAS-CONF-2016-006,,  3.2/fb Mar 2016
i . . o
Search for resonances in diphoton events NEW EXO15004r7  PASEXO-15:004:7 261 Search for new resonances in events with one lepton and missing transverse momentum in pp collisions at ¥s = 13 TeV with the ATLAS detector ATLAS-CONF-2015-063,,  3.2/fo Dec 2015
Search for Z' in dilepton events NEw EXO15005  PAS EXO-15-0057 2.6-2.8 fo-! Search for diboson resonances in the waqgq final state in pp collisions at s = 13 TeV with the ATLAS detector ATLAS-CONF-2015-068,,  3.2/fo Dec 2015
Search for W' in lepton+MET events NEW EXO15008 | PAS EXO-15-008 2.2 fbr! Search for new phenomena in the dilepton final state using proton-proton collisions at s = 13 TeV with the ATLAS detector ATLAS-CONF-2015-070,,  3.2/fb Dec 2015
Search for diboson resonances in the llqq final state in pp collisions at s = 13 TeV/ with the ATLAS detector ATLAS-CONF-2015-071,, 3.2/ Dec 2015
Search for black holes NEW EXO150077  PASEXO-15:007c7  2.21b" ; :
Search for beyond the Standard Model phenomena in ey final states in pp collisions at Vs = 13 TeV with the ATLAS detector ATLAS-CONF-2015-072,  3.2/fb Dec 2015
Search for quark contact interactions and extra spatial dimensions with dijet angular NEw | EXO15009¢r | PASEXO:15:009x 261 Search for resonances with boson-tagged jets in 3.2/fb of pp collisions at s = 13 TeV collected with the ATLAS detector ATLAS-CONF-2015-073,,  3.2/fb Dec 2015
Search for heavy stable charged particles NEW EXO15010% PASEXO-15-010 241" Search for new resonances decaying to a W or Z boson and a Higgs boson in the llobbar, Ivbbar, and vvbbbar channels in pp colisions at ¥s = 13 TeV with the ATLAS  ATLAS-CONF-2015-074,, 3.2/ Dec 2015
detector
Search for WW/WZ resonance production in the Ivqq final state at \s = 13 TeV with the ATLAS detector at the LHC ATLAS-CONF-2015-075,, 3.2/ Dec2015
_ Approved Plots m Luminosity m Searc fo dar materproduced nassccaton it hacronicaly decaying vcto boso np colsons a4 = 13 TeV with e ATLAS defctorat tho LHG ATASCONFZ0Is 0, 32 Deoz0ts
Search for resonances decaying to photon pairs in 3.2/fb of pp collisions at s = 13 TeV with the ATLAS detector ATLAS-CONF-2015-081,, 3.2/ Dec2015
" : f f - ; 2 H - . CONF-2015-
NEW Search for W'->tb in the semileptonic final state at sqrt(s)=13 TeV B2G-15-004 7 CDS linke 2.1 fb-1 13 TeV Search for TeV-scale gravity signatures in high-mass final states with leptons and jets with the ATLAS detector at Vs = 13 TeV ATLAS-CONF-2015-046,  80/pb 2:::;
. . . . Search for New Phenomena in Dijet Mass and Angular Distributions with the ATLAS Detector at Vs = 13 TeV ATLAS-CONF-2015-042,,  80/pb Aug 2015
0 = 7 - =
NEW X53 in SS dilepton and lepton+jets final state% B2G-15-0067 CDS linkez 2.1 fb-1 13 TeV Search for evidence for strong gravity in jet final states produced in pp collisions at Vs = 13 TeV' using the ATLAS detector at the LHC ATLAS-CONF-2015-043,  80/pb Aug 2015

CMS SUSY ATLAS SUS

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

CMS-SUS-15-002 Search for supersymmetry in the multijet and missing tr in pp collisions at 13 TeV Submitted to PLB papers

Short Title of P: i
CMS-PAS-SUS-15-003 Search for new physics in the all-hadronic final state with the Mr, variable ‘ BUUEDAN L [Date [Vs( )]
2 same sign or 3 leptons new  02/2016 13 32 1602.09058.; Link: Submitted to EPJ C

Search for new physics in final states with jets and missii in 4/s = 13 TeV pp collisions with OL 7-10 jets new 02/2016 13 32 1602.06194. Linke Submitted to Phys. Lett. B

CMS-PAS-SUS-15-005 the ay variable

conference notes

(1
CMS-PAS-SUS-15-007 Search for supersymmetry in pp collisions at /s =Ia‘l'-:;;l'er\aldlir||l;hi:‘ss|ngle-lepton final state using the sum of masses of 1L stop wew 3/2016 13 32 ATLAS-CONF-2016-007 = Link.

CMS-PAS-SUS-15-004 ive search for y using the razor variables at 1/5 = 13 TeV

2L stop new 3/2016 13 3.2 ATLAS-CONF-2016-009 Linke

CMS-PAS-SUS-15-008 Search for SUSY in same-sign dilepton events at /5 = 13 TeV. OL2-6jets 1212015 13 32 ATLAS:CONF2015:062¢ Linke
1L +jets 12/2015 13 32 ATLAS-CONF-2015-076» Linke

CMS-PAS-SUS-15-011 Search for new physics in final states with two opposite-sign same-flavor leptons, jets and E%‘iss in pp collisions at 2L Z+MET 12/2015 13 32 ATLAS-CONF-2015-082¢ Linke:
- /5 =13 TeV multi b-jets 12/2015 13 3.2 ATLAS-CONF-2015-067 z Link
2b+MET 12/2015 13 32 ATLAS-CONF-2015-066» Linke

Screenshots taken on Wednesday, March 17
e — 8
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsB2G
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/ExoticsPublicResults
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/SupersymmetryPublicResults
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How multipurpose is a multipurpose experiment

« More than 50 Run 2 public results (not counting searches
involving Higgs bosons) produced by ATLAS and CMS

A (admittedly biased) selection of the result

Supersymmetry

Dark Matter/strong gravity
Di-jet/di-lepton resonance searches
Diboson resonance searches
Diphoton resonance searches

Not covered

Other resonances (Di-top quark, photon/Z, etc.)
Vector like quarks

Leptoquarks

Non-conventional signatures (long lived particles, etc.)
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R-parity conserving (RPC) SUSY University of Susses
M “ e} a; a.:_,) \L (high) Pt jet

- Heavy sparticles produced in the min (g Q)—l |

primary collision AM - : et

Am Wl —l J: ton
- They decay into lighter objects, I v X (missing) P

emitting (high) pr jets and possibly other Higgs->bb
objects (leptons, photons) and Ey™ss T
(LS P) E 1 400_—A TLAS Preliminary®, gg:dit:; oM(: - : TeV) ':

- A “typical” RPC SUSY event will have
large MET and large Hr
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The run 1 legacy
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LSP mass [GeV]

0-g production, g—tt 5“(?

[ I T T T ‘ T ‘ T T T ‘ T T T ‘ T T ]
CCMS = SUS-13-012 0-lep (E+H,) 19.5 fb™' ]
— —— SUS-13-007 1-lep (n_ = 6) 19.3 fb”" —
F\VS = 8 Tev jets i
o —— SUS-13-013 2-lep (SS+b) 19.5 b 3
= Observed == SUS-14-010 3-lep (31+b) 19.5 fb" 3
[~ - - Expected —— SUS-14-010 2-lep(0S) 19.5 fb™' ]

SUS-14-010 0+1+2(SS,08)+>2-lep 19.5 fb™

1
{l ‘ |

800

1l |
1400 1600
gluino mass [GeV]

h | AN |
1000 1200

Gluinos excluded almost independently of any
hypothesis below ~ 800 GeV

stops excluded (under certain hypotheses) up to

~ 700 GeV

electroweakinos less constrained (but excluded
up to 200-300 GeV under common assumptions)

 Run 1 told us:

. [GeV]

- that simple “vanilla” SUSY does
not exist

- favourite pre-LHC models (e.g.
MSUGRA/CMSSM) disfavoured

300

250

200

150

100

tf, production, t-> b P F, /T— ¢ X, I t> Wb X, / > t 7

|IIII|IIII|IIII|IIII|IIII|II

FLTT

- ATLAS

—S%tiz
-Eﬁt‘i‘ 0 )
B> Wbypify,
—.5—>Wbi1
—t1—>c%‘:
EEiobirg

— Observed limits  ====
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2015: the year of strong production Universiy of Sussex

Gluino pair production: WIS2013
g m - = 100 N T L | T T T T T L | T T "v
sen5|t|V|ty already beatmg by L ratios of LHC parton luminosities: 13 TeV /8 Te l;-l’
far the run 1 I gluino - 8 TeV/ | 5{
i certainly interg ti¢g
° ——g9_ /
= ---- Xqq -
- ———. qag stop - 8 TeV limit :
%‘ 10 L marginally interesting 4 :
o 7 20.7]fb "
£ L ]
= L 3.34b~!
E -/’/ | 7 ]
MSTW2008NLO
1 PR M| f 1 1
100 1000
MX (GeV)

(2 Mx for pair-produced particles)
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Example: gluino decay in top quarks

« Up to 4 b-jets, 12 jets, 4 leptons, SS leptons,
boosted top quarks

- Several different approaches to this final state

pp — 99, g — tTx°

Ratio

IOP Conference - Brighton - 21-23 March 2016

Dec 2015
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Third generation pair production highlights
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- Stops (and sbottoms) expected light because of naturalness arguments.

e t
* Run 2 sensitivity already larger than Run 1 ) :
t. Xt
Hp: BR 100%
7 X9
— - p =’\é
pp — tt, t >t Moriond 2016
;SOOZIIIIIIIIIIIIIIIIIlIIIIIIIII|II|I|IIII: t
8 4505_CMS Preliminary — Observed ----Expected _E 450tt , production, t1et+x
= _ F —SUS-16-007 HPTT, O-lep stop, 2.3 fb" (13 TeV) E % - ATLAS Preliminary == Observed limit (+1c,,) ]
g 400F" =SUS-16-007 HETT, O-lep stop, 2.3 6" (13 TeV) (5 400FVs=13TeV,3.2fb" .. Expected limit (1) E
350:_—sus-1es-002, 1-lep stop, 2.3 fb (13 TeV) E = E Limit at 95% CL ATLAS stopiL 8 TeV, 20.3 fb'
; ; g 390E Covs. E
300 3 300F" & _;
250F- E 250 =
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150E E 150 ¥
1005, = 100 _;
50F- = 50 HE ‘ _5
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Events / 2.5 GeV

us
SOmething tO keep an eye On University of Sussex

- Basic idea: Z boson + Et™ss is a final state with
very limited SM background (essentially WZ and
ZZ production)

- Selection: 2 jets, Et™ss > 225 GeV, Ht > 600 GeV

arXiv:1503.03290
14-_I||II|II||||||III|I|I|||I|III|II\||II|I_ % I||II|II||||||III|I|I|||I|III|II\||II|I
= —e— Data —e— Data i
i ATLAS %% Standard Model E{D) 12  ATLAS %% Standard Model —
120 s-8Tev, 203 10" % Flavour Symmeric N[ s-8Tev, 2031 % Flavour Symmeti
10‘ SR-Zee L m(§),u=(70(§;,200)GeV__ % 10-SR-zpp L m(ﬁ),u=(70(?,200)GeV__ EXCGSS |n run 1
------------- m(g) 1=(900,600)GeV T o wwnn M(G) 1=(900,600)GeV |
8f80 excess . 8—1 70 excess ]
o e 1 1 non-resonant background
- gl : i : : dominated by flavour
Symmetric processes
S YR : ! 9 (mainly ttbar)
82 84 86 88 90 éQl I94 96 98 100 82 84 86 88 90 92 94 96 98 100
m, [GeV] m, [GeV]
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Something to keep an eye

US

O n University of Sussex

Excess still there in run 2!

(o2}
o

T
—e— Data 2015
%44 Standard Model (SM)

B 2y

[ Flavour symmetric

[ ] Rare top
[wzzz

ATLAS Preliminary
\s=13 TeV, 3.2 fb"

N

|
i

40
> _| T 1T | 1T 71T | 17T 1T | 1T T1TT | 1T 1T | T 1T T 1T
[0} 35:_ ATLAS Preliminary—e- Data 2015 B
(C)D 3 OI 1s=13TeV,82f0"  __ Standard Model (SM) - 5
O\ - ee+un - Z/y* (from y+jets) 4 ,\li 2
-~ f . o
2 2 5 :_ |:| Flavour symmetric _: Z.om o
GC) B D Rare top ] 23_2 .
> — wWz/zz — -
LLl 20: [] ]

15F {

10 -

55

O‘I ' I N W ARI ST AR
50 100 150 200 250 300 350 400
m, [GeV]

Expected events: 10.3 +2.3
Observed: 21 (2.20)
10inee, 11 in pp

CMS expects and observes 12 events in a

similar region
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Dark Matter
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é A T \LA S
1A EXPERIMENT

Run Number: 206962, Event Number: 55091306
Date: 2012-07-14 10:42:26 CEST
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Dark matter (at the LHC) University of Sussex

CMS-PAS-EXO-15-003

<\|I_|10-28 IIII T T Illllll

T T T T T T T T T T 1T II
£ _FATLAS 90% CL . DAVALIBRA 3o _ gW/Zy =X
- _ (e -1 , €0
'E' 10 A D1: T 1s=8TeV, 20.3fb [1CoGeNT, 99% CL q
S . s D5: 7y e o< Cliyyaq = 88%3 ;" X
t). 1 O- + D1 :YXGqu +C5: X+XGHVG“ = CDMS, Iocw mass
8 sf truncated, coupling = 1 — I)_(UX 2013 90% %I[
- ; — Xenon100 90%
% 10 Szo- ~’[~runcated, max coupling —_CMS 8TeV D5
o - CMS 8TeV D11
G 10
8 38
o 10
S
F 10—40
o _
g 10-42 X
= 44
10 q

spin-independent
1 1 I | I 1 | I

1 10 102 10°
WIMP mass m, [GeV]

- LHC can complement direct searches limits

104°

- Signal: production of DM particles recoiling against X (X=g,W/Z,y)

- Effective theory approach (EFT) mostly used in Run 1 (mass of the mediator large)

- Similar signatures for direct graviton production in, e.g., ADD models
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Dark matter signatures
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* A huge amount of work went into the definition of
benchmark simplified models (see arXiv:
1506.03116, arXiv:1507.00966, arXiv:1407.8257)

 Relevant also for, e.g., compressed SUSY scenarios

CMS Preliminary 211" (13 Tev)
e e e

—e— Data

21107 (13 TeV)

100 e Signal (V, 1TeV) %\ B . —1 g
B Z(vv) o] 1400 — CMS Preliminary ------ Median Expected 90% CL o %
3 I W(lv) = C _ 1 Observed 90% CL 9 2
10 T z(n) = B Do = Ym = +/- Scale Uncert. @
5 B Top € 1200 = meeses 8TeV - Median Expected 90% CL —o.s %
%) 10 Il Dibosons C Vector il'&v - Observed 90% CL I
©) 10 (]Qcop - - . —0.7
~ —e— Prefit Ratio 1000+— Planck+WMAP Relic
2 —«— Postfit Ratio B —o06
5 i .
2 800
a8 10-1 - —0.5
102 600 — —0.4
10°° N o3
400 = ...
5 12 E 0.2
GJ 1 1 :_ ................................................... l .................................................................. _:
= E —4= E 200
R e ] 0.1
_fg 0 T S 3
© gk 3 - L
()] '500 300 400 500 600 700 800 900 1000 1 02 ] 03 ] 04 0
miss
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y4v}
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High-mass resonances University of Sussex

pal CMS Experiment at the LHC, CERN
| Data recorded: 2015-Oct-12 00:26:27.312886 GMT _
Run/Event/ LS: 258749 / 549864773/ 355 _ il

A 6.14 TeV dijet event in CMS
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High-mass di-jet resonances _do _ ra—nr Univesivorsue
dm]j xPQ —|—P3 ln(:c)
. H‘,.,..|....|...24fb(T|V,)
- Di-jet resonances are predicted in many BSM models S oM e om 3
* Run 1 limits already in the multi-TeV range —> large cross & 10° g o oo oy E
section gain in Run 2 E ok N e
o) E ]
- Di-jet angular distributions sensitive to contact interactions, extra- =~
dimensions, etc 107 E
_ elyl—yzl 02 ]
F Wide jets a
o s=13TeV, 360" ATLAS 10° <25 n<13
Limits on contact S bl osatev | eoaa — s o
20 =
interactions at 17 S0 e A ey ST ek
T 1 -~ QBH (QBH), M,,= 8.0 TeV el =

TeV (constructive
interference), QBH
(ADD) at 8 TeV

i [JTheoretical uncertainties
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-..=. String

Scalar diquark
----- Excited quark
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—— Color-octet scalar 3
I ]
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RS graviton

95% CL upper limits
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High-mass resonances
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University of Sussex

- Di-lepton (Z’), photon+jet (excited quarks,
QBH), lepton+E1"> (W”):

* look at the my, m,;, or at the my if invisible
decay products involved

« Also sensitive to non-resonant production
(extra-dimensions, etc.)

ATLAS

arXiv:1512.05910

ATLAS-CONF-2015-063
ATLAS-CONF-2015-070

CMS

CMS-PAS-EXO-15-005
CMS-PAS-EXO-15-006

mr = \/ 2p5 Emiss (1

— cos A¢)

ATLAS
Is=13TeV, 3.2 fb"

' bkg fit uncertainty
- q* m, = 3.8 TeV
RS1M,, = 4.0 TeV

>
[
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ATLAS Preliminary
{s=13TeV, 3.21b"

— .
¢ Data
=z

Dilepton Search Selection  [Jll Top Quarks
[ Diboson
[J Multi-Jet & W+Jets
—Z,(3TeV)
—— A, =20TeV
| . 4
BT TETH] =
S L 3
B aa . sduid : E
£ v '""+ Bk lT ’ 3
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Dielectron Invariant Mass [GeV]
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http://arxiv.org/pdf/1512.05910v1.pdf
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2015-063/
https://cds.cern.ch/record/2114842
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-15-005/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-15-006/

| US
High-mass resonances University of Sussex

Run 1 limit on Z’ssm

rou S \ A LA R ARRAASARIRARS IRRRRSRARRNRRRRE RARE: o . . .
= ATLAS Prelimingy  __ gypected limit Limits from photon-jet resonance for different widths
o 1F 1s=13TeV, 3.2 " Expected+ 16 5 5
; Z- ExpectediZGE E 1OJ£' ! ' R
N — Observed limit | w L ATLAS ]
10 — Ziou E P Vs=13TeV,3.21b" ]
= z, ] X i
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L — .
I . s o _
107 o E 2
- ] 3
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S CMS o SSM W' NNLO ® PDF+ o Mg [TeV]
X E Preliminary  —|opserved
10' e"“ErTmss - - = = |Expected . . g
: No significant excess observed
10° t20
102;_ s . . e .
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| .
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Di-boson resonances e

j%ﬁ ~+ WAILAS
CeT T EXPERIMENT
‘ Run: 280862

Event: 53564866
2015-10-02 16:24:44 CEST
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Di-boson resonances niversty of Susex

- Looking for the decay of a heavy resonance in vector U i
boson pairs 1% WW Selection

- Several possible final states investigated

* Run 1: a mild excess, mostly in the di-jet channel

Significance
oMW b g 1
T T T T T LA LU/ ALLALLLLLL HHW T
ol L b I 1 I :H:i | I51 5 SR NITT] - \HHH‘ | HHIJI‘ Lo 1

* Other minor excesses in other channels, not conclusively my [TeV]
consistent with each other

2.6 (13 TeV)
T

= R e T B T
L E CMS =
S 0 ’2|.6|n’)'1|(]3’Tlelv) ('\5 T Preliminary ~+-CMS data 3
8 - CMS e CMS Data 3103 0 = 2 par. background fit 7
Prelimi — —
\ e 500__ rz-:‘:mmez’y_w((;Bulk (2 TeV) - WW (MADGRAPH)) ; E — G(2 TeV)>WW (c = 0.014 pb) I
Shown In Q r --Z(G,,, (2 TeV) - ZZ(MADGRAPH)) < F 3
f C — W (W' (2 TeV) - WZ (MADGRAPH)) :>j WW, high-purity .
' ' @ 400 [C]acb PYTHIAS 102E nl < 2.4, p_>200 GeV
this slide 5 : oo g <13
> — i ]
L - _
1 E- —— =
e o 00 0 0 = ‘ ‘ ‘ ‘ ‘ ‘ 3
E 3
ol 'k Sloret, 14y T T T T TTE
=1 O E @l o - ————
g et [ R Aeanas L
05F 1 E :
E E 3 H
0 50 100 150 200 250 300 1000 1500 2000 i 25.00 . 3000 3500
Pruned mass [GeV] Dijet invariant mass [GeV]
27

IOP Conference - Brighton - 21-23 March 2016



DI-boson resonances
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* Run 2 searches well underway

- Most of the possible final states
already under investigation

* No excess above standard model...

* ...but sensitivity not yet at the level of
run 1 for the individual channels

- HVT: Heavy Vector Triplet model
(http://arxiv.org/pdf/1402.4431v2.pdf) -
spin 1 particles

* But also interpreted in terms of RS
graviton (spin 2) and a spin 0 Higgs
boson

o(pp—W')xBR(W'—=WZ) [pb]

| I I I I | I I I I I I I I I I I I I I | I I I I I
10 ATLAS Preliminary 95% C.L. exclusion limits
- Vs=13TeV,3.21fb" ---Expected —Observed J
- llgq — Ivag :
1 —vvqq —qqqq
s ) .- HVT Model A, g =1 -
107" = 3
- HVT W—WZ R -
1 0—2 | 1 1 1 | | | 1 1 1 | 1 1 | 1 | ’~,|~';I 1 1 | 1 | 1 1 I
500 1000 1500 2000 2500 3000
m,, [GeV]

ATLAS-CONF-2015-073 VW—qqqq
ATLAS-CONF-2015-075 WV—-Ilvqq
ATLAS-CONF-2015-071 ZV—llgqg
ATLAS-CONF-2015-068 ZV—vvqq
ATLAS-CONF-2015-074 VH

CMS-PAS-EXO-15-002 VV—qqqq,lvqq
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http://arxiv.org/pdf/1402.4431v2.pdf
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Di_photon resonances University of Sussex

0/14 Experiment at the'LHC, CERN .
'/ Jata recorded: 2015-Nov-02 21:34:00.662277 GMT p—
: Run /Event / LS: 260627 / 854678036 / 477 N
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DlphOtOn resonances University of Sussex

- Great excitement caused in the community by an excess of
events around 750 GeV seen by both experiments

- A flood of possible interpretations by the theory community

> 10* S L L L L L El

& ATLAS Preliminary 3

o L ® Data _

T =

£ = — Background-only fit E #Run2Seminar and subsequent yy-related arXiv submissions
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W 300
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£ 20 4042
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E s ul[l 3 g and counting...

e D E so| [ 6]

§ —158 E

500 400 600 800 1000 1200 1400 1600 13Dec 20Dec 27Dec 03Jan 10Jan 17Jan 24Jan 31Jan 07Feb 14Feb 21 Feb28 Feb
m,, [GeV] Date and time of last update (UTC)

G 30

IOP Conference - Brighton - 21-23 March 2016



dN/dm,, [1/GeV]

yy fraction

US

New results from last week Universicy of Sussx
« Both ATLAS and CMS have presented: e Ossc:SS;"OOGeV <3Tv 38
» A spin 0 and a spin 2 analysis : 002:_%_;:);;:2:0
* Results at 13 TeV and 8 TeV (combined, in the CMS case) oz~ Rereco
« CMS has analysed 0.6 fb” recorded with no magnetic field 0;51:
P, =93 3%

%10° CMS Preliminar 0.6 fb™ (13 TeV, 0OT)

LIS L L L A B L I B
1022 ATLAS Preliminary - > L
- {s=13TeV, 3.2 fb" ] 8 [ Epem Z >ee
102 Spin-0 Selection = : _e data
R 3 S 15 D .
—e— Data yield 7 - i simulation
1 Jf ' —=— Estimated yy yield = *g i
—— Estimated yj+jy yield I r
- e —+ Estimated jj yield ] 2 L
107" = w 10
1072 4{ - _L_ g: i
103 LL 11 I | | ] 5k
E . : : . L
09_ =Ll|= Ej = B
0.8 = 0 N
0 7__ —o— Matrix method _E 80 90 100
0.6E —=— 2x2D sidebands E
0.55 : : : . : : , r——
200 400 600 800 1000 1200 1400 1600 1800 2000 Mee (GeV)
m,, [GeV]

di-photon purity - ATLAS

gp (tight)

egamma calibration with no

magnetic field, CMS
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P B . L |
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improved calibration
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t ATLAS Preliminary | E

E Simulation ¢ ¢++—¢—¢+ L —¢—+E
0'95:_ " _._++*+*4¢’—F_+_;
E L E
0.9: ** _
0.85F 1 Pythia prompt photon MC 3
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0.7F o Converted =
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good efficiency for converted
and unconverted photons
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Significance Of the eXCGSS University of Sussex

« ATLAS quotes:

- Spin 2: 3.6¢ local (1.80 global) for mg = 750 GeV, g = 7% mg ATLAS-CONF-2015-081
CMS-PAS-EXO-2015-004

+ Spin 0: 3.90 local (2.30 global) for variable width (largest deviation for I' = 45 GeV)
CMS-PAS-EXO-2016-018

* Run 1 results (spin 0) compatible with the excess at 1.2c for gg. p|US material from Moriond
* CMS quotes 3.40 local (1.60 global) combined with run 1 (2.9 local in run 2 Conferences
alone). Best fit for narrow width and m = 750 GeV.
% rrtrrrrrrrrrrrrrrrrrrrrrrrr T 5 CM§ Prflimip_«é_lf}f__ _ 3.3fb’1(13TeV)+1?-.7fb-'1-(8TeV)
g E v WY E < EVURN 7w A TR
o C o ) . R O SR ) T\ R
g 107 E 107 Y
o = - C
102 = o N - 2o
- . 102 H
T30, e .. 7 = L
10°E - = -
= ATLAS Preliminary 3 i r “
B {s=13TeV,3.2fb" ] gl m=14x100J=0 Al ] 30
1074 = 10 g —— Combined
= . NW.result.......... e : E 8TeV
10_5 _I 1 I 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 |_ QT 13TeV
200 400 o600 800 1000 1200 1400 1600 1800 104 L .
5x10° 6x10? 7x10° 8x10?
my [GeV] ms (GeV)
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- The LHC opened up a new energy frontier (twice!)

- Direct searches (together with Higgs measurements and precision

measurements) do have severe impact on constraining BSM
physics.

* Few interesting excesses spotted (above all the diphoton bump at
750 GeV)

 We need more data...

- ... but they are coming real soon!
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US
What does CMS say”/ Universty of Sussex

CMS-PAS-SUS-15-011

- 47 signal regions, looking on- and off-Z (CMS had 2.6 o below
the Z peak)

 Defined with different jet and b-jet multiplicity, ET™ss, Hr, my

- Background estimation similar to the ATLAS case.

2.2 (13 TeV)
[T

(%) T T T T 1T T T T T T T T 22 b (13 TeV)
= [ CMS 1 £7 =192 L e s s e e e e e e et S B B B
o - Preliminary Data —background ncert. | qc) B CM,S. Data — Total baCkgrounds -
> 80k _ 700 — Preliminary —
L i
- LIJ — —
- 1 600 — Drell-Yan ]
- N =2-3 1 - _
60 jets Niets >4 =
L H; > 400 GeV i 500 —
400 — —
300— 1 —
. & _
210100 el N N R I U I O P I e [ P ]
I T bed o [ ) [T | Le 7
I 100 — o
20000000000 DO BB DB 0
838888888888888880
BAISSBLS8388383888T 2222>8323%8>838232>8323%2>8%3%2%8z>3
TANDO T YOO YOO GO0 3af8cac 3o gefgaloef i@ gRages
c T £ o C T £ o C T £ ! c T £ o€ 7 £ !
S3K&.,83¢8,,888,888, % s © = 2 ° = 2 © = 2 © = 4 <
P N,g - ~ g}_v— — NE»—‘_ — N'E,_
2 %3 % 0ig 3 8 Tig g2 8 g 8 g
E-E- E E- EF EH E-E- E E- E- E
W oW w w w W w w W w

This is identical to the ATLAS selection
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ATLAS Z+E7miss

« Z+ET™ss background tricky (it mainly

- Flavour symmetric background
comes from detector effects)

(top pair production, WW, etc.):

ee:uu:ep events are in ratio 1:1:2 - Estimated from y+jets events

- Validated with a sideband fit to - S0t T T
. [0) = ATLAS Preliminary e Data 2015 3
M . g E \5=13TeV, 321" 2Z giandard Model (SM) E
~— 2L+MET+Jets ee+uu - Z/v* (from y+jets)
_.\@1 03 __ |:| Flavour symmetric
idea: y+jets and Z § ¢ [ ] Rare top
+jets events are the u>J1 02 Owzzz

same (beside Z
. mass and lepton/
e(,u) : photon resolution

E- measure Ermiss
|:> . shape in y+jets and
. use it to predict

signal region yields

—
(@)

—_—
TTTT

Data/MC

0 50 100 150 200
E™sS [GeV]
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Additional info ATLAS Universityof Sussex

>
3 - Data Z—e'e
‘8 s~ SIMC Stat. @ Syst. Unc.  ATLAS Preliminary
g [ Sioee 13 TeV, 85 pb”
* At E{Y> 100-200 GeV, resolution Cl Ez'ﬂ;'f“
dominated by constant term... @ Top
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OE — _Q b c 2
i5 75 SRS
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Region Emiss Hr Njets My SF/DF  A¢(jet o, p25)  mrp(l3, EF)  npjess

[GeV] [GeV] [GeV] [GeV]
Signal regions
SRZ > 225 > 600 >2 81 <myy <101 SF > 0.4 - -
Control regions
7 normalisation < 60 > 600 >2 81 <myy <101 SF > 0.4 - -
CR-FS > 225 > 600 >2 61l <myy <121 DF > 0.4 - -
CRT > 225 > 600 > 2 myee ¢ [81,101] SF > 0.4 - -
Validation regions
VRZ < 225 > 600 >2 8l <myy <101 SF > 0.4 - -
VRT 100-200 > 600 > 2 mee ¢ [81,101] SF > 0.4 - -
VRS 100200 > 600 >2 8l <myy <101 SF > 0.4 - -
VR-FS 100200 > 600 >2 61l <my <121 DF > 0.4 - -
VR-WZ 100-200 - - - 3/ - < 100 0
VR-Z7 < 100 - - - 44 - - 0
VR-3L 60—-100 > 200 >2 81 <myy <101 3/ > 0.4 - -
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VRS VR-WZ VR-ZZ VR-3L
Observed events 56 89 20 7
Total expected background events 52.6 +9.1 87+10 155+34 65+1.6
Flavour symmetric (tz, Wt, WW and Z — 77)events 18.9+4.8 13+04 0 0.3+0.2
WZ/ZZ events 75+17 82+10 155+34 49+1.6
Z|[y* + jets events 248+7.6 2.7+2.8 0 02+0.2
Rare top events 1.4+£02 09+04 0.04+0.02 1.0+0.1

SRZ
Observed events 21
Total expected background events 10.3+2.3
Flavour symmetric (t7, Wt, WW and Z — 77) events 5.1+2.0
WZ/ZZ events 29+0.8
Z[y* + jets events 1.9+0.8
Rare top events 0.4+0.1
p-value 0.013
Significance 2.2
Observed (Expected) $°° 20.0 (10.2*39)

Region Flavour-symmetry Sideband fit

SRZ 5.1+ 2.0 6.1 £1.7
VRS 18.94+4.8 20.5 £ 5.6

Source Relative systematic uncertainty [%]

SRZ

Total systematic uncertainty 22

Flavour symmetry (statistical) 14

Flavour symmetry (systematic) 12

Z/~* + jets (systematic) 7.8

W Z generator uncertainty 7.6

Z/v" + jets (statistical) 2.2

W
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