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A personal history

* |studied at Oxford for undergraduate. &= ¢ -
— CDF: B, mixing studies. .

* Then Brunel for postgraduate. o ol |
— BaBar: D,~>[v decays, a “hot topic” back ;... . e

in 2008.
* Then to SMU Dallas for my first
postdoc.
— ATLAS: Started the H>Zy search.
72 © Currently at the ULB (Brussels).
5&% — CMS: Z’—>ee search in Run 2.

a » * Also take partin a lot of outreach
D= (blogs, vlogs, comedy, writing apps,
@AMA@ interactive public talks)

T e 1ts a ULB thing:
7Y -
@'/SMU‘ — sed “/s/scalar/Higgs/"
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ULB The LHC

e The LHCis a 27 km long ring located

osity

180 ‘
F ATLAS Online Lumin

. i_ 160; O Vs=8TeV, [Ldt=2081", <u>=20-7_;
at CERN on the French-Swiss border = =« = Ve T fl-s2wl g0 01
* Capable of accelerating and E
colliding protons: §
— Run 1: A T T i
. \/S _ 7 TeV at 50 ns Mean Number of Interactions per Crossing
« Vs=8TeV at 50 ns R —_—
— Run 2: Vs =13 TeV at 50, 25 ns = —
— Also lead ions in Pb-Pb and Pb-p e I | <

collisions

e Typical luminosities of
I1x10°*cm™s!
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The ATLAS detector
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Tile calorimeters

LAr hadronic end-cap and

forward calorimeters
Pixel detector

LAr electromagnetic calorimeters

Toroid magnets

Muon chambers Solenoid magnet Transition radiation tracker

Semiconductor tracker

Aidan Randle-Conde (ULB), University of Liverpool Seminar, 2015/10/28



The CMS detector

CMS DETECTOR STEEL RETURN YOKE

Total weight : 14,000 tonnes 12,500 tonnes SILICON TRACKERS

Overall diameter :15.0 m Pixel (100x150 pm) ~16m* ~66M channels
Overalllength  :28.7m Microstrips (80x180 pym) ~200m* ~9.6M channels
Magnetic field :3.8T

SUPERCONDUCTING SOLENOID
Niobium titanium coil carrying ~18,000A

MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 468 Cathode Strip, 432 Resistive Plate Chambers

PRESHOWER
Silicon strips ~16m? ~137,000 channels

FORWARD CALORIMETER
Steel + Quartz fibres ~2,000 Channels

CRYSTAL
ELECTROMAGNETIC
CALORIMETER (ECAL)
~76,000 scintillating PbWO, crystals

HADRON CALORIMETER (HCAL)
Brass + Plastic scintillator ~7,000 channels
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ULB Resonances: Scope

* A huge number of analyses fitinto =

—

CMS Searches for New Physics Beyond Two Generations (B2G)
95% CL Exclusions (TeV)

Te-bWisomiapeop)

the topic “resonances” -
* | can only cover a fraction of these

B-imutien) P

Betss dies) Vector
B-ozien) Errm—

B-nzamien) i)

tb Resonances
[ wivwa)

P—

Excited tops

* Mostly di-something searches E il

Excluded Mass (TeV) Excluded Mass (TeV)

ATLAS Exotics Searches* - 95% CL Exclusion ATLAS Preliminary

LQ1(ej) x2  |— stopped gluino (cloud)  |mu—_ Status: March 2015 -1
‘ atus. via =(1.0-20. =7,8TeV
LQ1(E)+LQ1(v)  j— stopped stop (cloud) [HE - o JLdt=(1.0-203) b V5=7,8Te
LQ2(u) x2 - |E— HSCP gluino (cloud)  [WESmmm— Long-Lived Model Ly Jets ET™ [raqm”) Mass limit Reference
LQ2(uj}+LQ2(v)) [ Lepfoqucrks HSCP stop (cloud) [RESSEEEN . T
LQ3(vb) x2 |mu— q=2/32 HSCP [ Particles ADD Grk +g/q - =1j  Yes 203 n=2 150201518
LQ3(th) x2  [m— q=3eHSCP Mt ADD non-resonant £¢ 2e -0 s no3mz 14072410
LQ3(tt) x2 — ADD QBH — fq Teu 1j - 203 n=6 1311.2006
(Gt s - e, oo aiiss. . g oo v
Single LQ1T (A=1) [e—— . s GIEUS d S ADDBH high Now 24(88) - - 203 1= 6. Mp = 3To, nonot BH 1308.4075
b - = < ADD BH high 3. pr zlen z2j - 203 n =6, Mp = 3 TeV, non-rot BH 1405.4254
Single LQ2 (=1) 0 ! 2 3 4 Tov £ | ADDBH high multjet - =2j - 203 n=6, Mp =3 TeV, non-rot BH Preliminary
0 1 2 3 4 TeV J+MET, vector DM=100 GeV, A | [ | RS1 Gk - (0 2eu - - 203 14054123
. RS1 Gkk = vy 2y - - 203 Preliminary
RS Gravitons J+MET, axial-vector DM=100 GeV. A g Bulk RS Grk — ZZ - qqlC 2eu  2j/1 - 203 1409.6190
J+MET, scalar DM=100 GeV. A W BukRS G — Ww — qaty leu  2j/1J  Yes 203 1503.04677
DQ rk Mqﬁer Bulk RS Gy — HH — bbbb - 4b - 195 590-710 GeV [l ATLAS-CONF-2014-005
y+MET, vector DM=100 GeV. A Bulk RS gkk — tT lep 21b21J2) Yes 203 ATLAS-CONF-2015-009
y+MET, axial-vector DM=100 GeV, A 2UED / RPP 2e,4(SS) 21 Yes 203 Preliminary
I+MET, &=+1, SI/SD DM=100 GeV. A o SSMZ' - 2en - - 203 1405.4123
0 1 2 3 4 Tev _ - £ ssMZ o 27 - - 195 150207177
. . +MET, £=-1, SI/SD DM=100 GeV, A 2 ssMw o e - Yes 203 1407.7494
( :MS Prellmlnqry 1+MET, £-0, SUSD DM=100 GeV. A 8 emw o wzoocr e - Yes 2083 1406.4456
EGM W' — WZ — qqlt 2epu 2j114 - 203 1409.6190
S
3 HVTW - WH - ivbb Ten 2b  Yes 203 s =1 Preliminary
3 H
3 & LRSM W, — 1B Tes 2b01] Yes 203 14104103
SSMZ'(ry) # LRSM W, — (b Oeu >1b1J - 203 14080886
SSM Z'(j)) ADD (y+MET), nED=4, MD Lorge Extra
. ADD (1 MET), nED=4. MD I . _ Claaaq - 2j - 13 =1 Preliminary
SSM Z'(ob) T T T ADD (ee.pp. nED=4, MS Dimensions O Claat 2es - - 28 e =-1 14072410
SSM Z'(ee)+Z'(up) ADD (yy), nED=4, MS Cluutt 2e,u(88) 21b,21j Yes 203 Cul=1 Preliminary
SSM W' (jj) ADD (j), nED=4, MS | S EFT D5 operator (Dirac) Oept 1] Yes 203 at90% CL for m(y) < 100 GeV 150201518
SSM W'(lv) QBH, nED=4, MD=4 TeV Q' EFT D9 operator (Dirac) Oep  14<1) Yes 203 a190% CL for m(y) < 100 GeV 1309.4017
—_ 4
SSMW Wzl | B PED WD Tay g Sealrla gen 2e s2i - 10 |toms 660 Gev /e )
SSM W'(WZ—4)) Jet Extinction Scale = Scalar LQ 2" gen 2u 22j - 10 |Lamass 685 GeV' B=1 12033172
U ;mm‘ Seao @) Scalar LQ 3" gen femtr 1b1) - 47 |iQmass 534 GeV. = 1303.0526
0 1 2 3 4 Tev VIQTT - HE+ X, Wb+ X e
- B u 21b23) Yes 203 isospin singlet ATLAS-CONF-2015-012
Excited E‘% VLQ TT = Zt+ X 223eu 2221b - 203 Tin (T8) doublet 1409.5500
XCite §8 viaBB-2b+X 28epn  22021b - 203 8in (B.Y) doublet 14095500
T & viaBB - Wi+ X Tep 203 isospin singlet Preliminary
e’ (M=A) Fermions " Tes —» Wt Tepu 203 Preliminary
u* (M=A) dijets, A+ LL/RR @ Botedquarkg’ — ay 1y 203 oy u and o, A = m(a") 1300.3230
a @9 dijets, A- LL/RR 8§ exicdquarkq - s - 5 - s oy anc A m(e) 1071376
N dimuons, A+ LLIM SE Excited quark b — Wt lor2eu1b2jortj Yes 47 | b*mass. 870 GeV. left-handed coupling 1301.1583
q'(qy) @ § Exciedlepton (' ty 2euly - - 130 A=22Tev 1308.1364
b dimuons, A- LLIM Excited lepton »* — (W, vZ Seur - - 203 A=16Tev 1a11.2021
dielectrons, A+ LLIM t
LSTC ar — Wy Temly - 14078150
dielectrons, A- LLIM LRSM Majorana v 2eu 2j 15TeV m(Wr) = 2 TeV, no mixing 1203.5420
coloron(jj) x2 Multiiet single e, A HNCM 5 :wggs :Np:e: : - [// 2; u(ss) - g:pvo:uc:\on ::i:," - ‘m]:t‘ 14120287
i iggs triplet H** — (1 et - production, BR(H;* — fr)= 1411.2021
corentd) 2 s single . A HnCM — S oroop honres oo AR
u inclusive jets, A+ F— Multi-charged particles - - DY producton, q] = 5e Preliminary
gluino(jjb) x2 Resonances inclusive jets, A- I Magnetic monopoles - - monopolo mass 862 GeV O producton, g = 1g0 12076411
1 1
0 1 2 012345678 910111213141516171819 TeV Vi=7Tev 10-1 4 10

Mass scale [TeV]

CMS Exotica Physics Group Summary — Moriond, 2015 selection of the a tes or phenomena is shown.
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ULB Run 1 “fast” results
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ULB Dilepton resonances

 Both ATLAS and CMS have searched for dilepton
resonances:

— Simple final states, low backgrounds.

— Look for peak above smoothly falling background.
q 2

ZIy*IX
q £t
* Many Z' models available

— Sequential SM, extra dimensions, extended electroweak
sectors
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Dilepton resonances

* Main selections: PRD 90, 052005 JHEP04(2015)025
E;> 40,30 GeV E;> 35,35 GeV
ee Il < 137 or 1.52 < Iyl < 2.47 Iyl < 1442 or 1.56 < Iyl < 2.5
pr> 25,25 GeV pr> 45,45 GeV
Ul Iyl < 1.05 Inl < 2.4 (Inl < 2.1 for triggering muon)

* Leading systematic uncertainties come from the PDFs for background

modeling (more information in backup slides), and lepton scale
factors (statistically limited at high transverse momentum.)

— ATLAS: 4% for all channels.

— CMS: 3% for dimuon, 4(6)% for dielectron barrel-barrel (barrel-endcap) .

e (Ditau in backup- please ask if you want to see details.)
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e Results from ATLAS and CMS:

o 10 L @ — " a0z g 1g—T — g
5 ~oae 5 ATLAS °Daa s F 3
s ;TiAei gz 2 0 Z - 0z o F ATLAS --- Expected limit J
i BTop quark 8] . . WTop quark o) [ s =8TeV ] Expected = 1o ]
10° Ldt=203f" [CJDijet & W+Jets 10 Ldt=20.5fb [biboson 10 Z sl P B =
i E SSM + 3
10° Vs=8TeV Dg-'bs"ss&”“_mv, 10° s =8TeV 7' SSM (1.5 TeV) DEXpeCted‘_Z(_’ E
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10 10 102 E — Zsem 3
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a ek ] & o8k b ] 05 1 1.5 2 25 3 35
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19.7 fb™" (8 TeV) 20.6 fb™' (8 TeV) : 20.6 fb" (8 TeV, uu)
> 100 . ———————7 s> 10— . ——— 7 = v LU = o e
8 10° ; v Dat CMS é 8 10° + Dat CMS g_ FCMS S e Median expected
~ E ata 3 ~ ata [ .
%2} C B (2] ! 68% expected B
2 10'k [ viz—e'e E g 10 C vz—w'w % 95% expected
o 10°E 3 & tw, ww, Wz, 2z, w o o 10° [ £, tw, ww, WZ, ZZ, tc ’?‘ 10° -y =
102 [ Jets (data) 3 107 [ Jets (data) 2 . :
E 3 T N Z'ssm 4
10 - 10 :? r . = 95% CL limit §
13 E : 0L ~- ]
10"F - 10" & F ]
E = +
" CMS ete o CMS utu (| ]
E e e 107
3 . 107 &= —
10°F 10° //{ /u u 87k " E
Y S : : : 0ol j WY : : [ H © Dol b b b b Py
10720 100 200 300 400 1000 2000 10720 100 200 300 400 1000 2000 500 1000 1500 2000 2500 3000 3500
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e Exclusion limits:
ATLAS: m(Z’ ¢, > 2.90 TeV CMS: m(Z’ ¢, > 2.90 TeV

Aidan Randle-Conde (ULB), University of Liverpool Seminar, 2



Dilepton resonances

* Models and interpretations are not trivial:
— Should we pick a width and make ourselves model dependent?

e ATLAS: Yes! And include a relevant choice of interference terms.

* CMS: No! We should assume zero width and be agnostic about structure.

— Should we quote a cross section or a ratio?
e ATLAS: A cross section (assuming 100% BF) so it’s easier to interpret.
* CMS: A ratio, to cancel out systematic uncertainties.

20.6 b (8 TeV, uu

~

';8- g T I T T I T T T T I T T T T I T T T T I T T T T I T T T T g A1 0_4 i — I \ i i i I i i i i I i i i i I ! ! ; i I
R = - X . =
m - ATLAS --- Expected limit + - * . -
- _ i = el — ~ - e Median expected ]
© 107 = Vs =8TeV [T Expected = 10 _| ,ﬁ . ]
E Zeoy— | [ ] Expected = 20 E ¢ 68% expected ]
7 & 95% expected
— Observed limit ] '}' 10 ‘ =
102 — Z'sgm E S 2 .
= = v o T Zssu .
L . § —— 95% CL limit N
-3 = — -6 R —
E . = rC ]
. ’ U ]
o L N X F T -
= ee:fL dt=2031" g N
C _ Ic|\)_1 0’ —
C W:fL dt=20.5fb" . a 3
1 0'5 1 1 1 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 b ~ L I L L L L l L L L L l L L L L l L L L L l L l“"‘l L l 'T: L L L
0.5 1 1.5 2 2.5 3 500 1000 1500 2000 2500 3000 3500
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ULB Diphoton resonances
 Both ATLAS and CMS investigate diphoton

resonances. arXiv: 1505.04306 CMS-PAS-EXO-12-045

 There are many models, with popular benchmarks
including Randall-Sundrum graviton models.

* Generally slightly higher cross section due to
presence of gluon-gluon fusion.

* Sensitive to spin-0 and spin-2 resonances.
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ULB Diphoton resonances

e Kinematic selections: PRD 92, 032994 (2015) CMS-PAS-EXO-12-045

pr> 80 GeV
| |<13];To?1522Gj\|/|<247 fij < Laaaz
= DEeSIS L m(yy) > 300 GeV
* |solation selections:
ECAL E;*°(AR<0.4) < 8 GeV HCAL v, (AR<0.3)/EL(y) < 0.05

* Dominant systematic uncertainties: PDFs for
background modeling, photon reconstruction
efficiency, luminosity.
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Diphoton resonances

- —_ T e s
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% 10* CMS —4— Data :C_)_( 0.005 :— P —e— 95%C.L. Observed (§ = 0.01) {
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o 103 [I Photon+Jet > C I, || :I: i;f&i%eecc(tee%(&::%%?) ]

§ B Jeteset T 0.004[— Lo ! B

o 102k [ oy, wy, 2y " L : |‘ Gy K=0.03 i

s O 0,003 Vo .
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Limits for k/Mp, = 0.1 : ATLAS: m(Gg) > 2.66 TeV CMS: m(Gyg) > 2.78 TeV
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ULB Dijet resonances

* Dijet resonances tend to have very high mass
reaches:

— Coupling to hadronic initial and final states lead to high
cross sections.

— But also suffer from large backgrounds.
— And have poor mass resolution due to jet energy scales.
— Mass reach depends very much on the choice of model.
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ULB Dijet resonances

* Both ATLAS and CMS investigate dijet resonances.

* Many possible interpretations, including excited
quarks, W’ and Z’ bosons, black holes etc.

 Kinematic selections: PRD 91, 052007 PRD 91, 052009
pr(j) > 50 GeV pr(j) > 30 GeV
In(Hl < 2.8 Ml < 2.5
2(N(Dieading — MPsubleading) < 0-0 m(jj) > 890 GeV to remove trigger bias

and m(jj) > 250 GeV to remove p bias

* Dominant systematic uncertainties: jet energy
scale, jet energy resolution, luminosity.

* (More final states in backup slides.)
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ULB Run 1 “fast” searches summary

 The “fast” searches give unprecendeted mass
reaches.

* Typically in the range of a few TeV.

e Results generally comparable between ATLAS and
CMS

* Most sensitivity comes early on
— We are limited by the energy of the collisions.

* Classic bump searches with high discovery
potential.

* Let’s look at something more fun!

Aidan Randle-Conde (ULB), University of Liverpool Seminar, 2015/10/28



ULB  Run 1 complex final states
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ULB Fat jet tagging

e At the LHC with centre of mass energy of 7-13 TeV
—m, =175 GeV,my, =125 GeV,m, =91 GeV, my, = 80 GeV
— We can expect boosted bosons and top quarks at the LHC!

* How does a boosted object decay?

* A top quark decays a bit like this:

Lo 2 * For all hadronic decays
q the jets tend to overlap
with each other.

* Overlapping jets are hard
/ to work with.
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ULB Fat jet tagging

* Should we care about the hadronic decays?
* Yes! They make up > 50% of decays:

t decays H decays Z decays W decays
 What we need is “fat” jet reconstruction.

* With that we can search for resonances involving
top quarks and massive bosons in the final state.

Aidan Randle-Conde (ULB), University of Liverpool Seminar, 2015/10/28



ULB Top jet tagging

 "Top jets” have a distinctive substructure.

 ATLAS and CMS have developed “top tagging” algorithms.
 Example from the CMS tagger:

— 140 <m(j,) <250 GeV
Sutbletzgé i S;tbiefsg'z.so
_ Nsub—jets > 2 S%_: :?_'ggg AN Sﬁ::g:?g: Subjet 3
— Minimum pairwise mass, da=0 150
T . t, 3 i=-2.095
m,.. > 50 GeV p(t)gj‘(la 090.42 . ‘
etqf-0.0ZO YN
* Further selections per analysis  fusZ25s ‘N
e Excellent discussioninthe -~ AR
ATLAS paper: B

Eur. Phys. J. C(2015) 75:165
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ULB Top jet tagging

* The “sub-jettiness” variable is defined
as Ty
Ty = Y pymin{AR,,...AR, } / Y PiR,

— R, is the characteristic jet radius. TN \ |

— T,y measures consistency with atop  »/Ar Pr'AR
decay. S . Track t; compared

— ri/rj are discriminating variables, to sub-jets /,, j-:
peaking

near 1 for i sub-jets and O for j sub-jets.

* Similar algorithms exist for W, Z, H
bosons
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Latest results: T2 tH,

arXiV: 1505.04306

 ATLAS and CMS investigate vector

arXiV: 1503.01952

like T quarks decaying to a tH. o

* The CMS search makes use of
boosted t-jet reconstruction: 1

T \ \ \
[ Total background
—— TT singlet (600 GeV)
....... TT doublet (600 GeV)
.......... oo — titt (600 GeV)

ATLAS
Simulation Vs = 8 TeV

— At least one t-jet with p; > 200 GeV, that =

contains at least one b tagged jet. 3

— At least one jet consistent with a scalar boson
(two b tagged jets and m(j-,) > 60 GeV).

— H.>720 GeV

Data / BG

For ATLAS there are non trivial
kinematic selections and multiple final

\ ! ‘ | \ i :
5 6 7 8 9 10 M1 12
Jet multiplicity

500 1000 1500 2000 2500 3000

states e
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Latest results: T2 tH

* Dominant systematic uncertainties:
— QCD estimate, Flavour tagging, Jet energy corrections, H-tagging

19.7 b’ (8 TeV)

QCD (from data)

ft

{ e TT—>tHtH (500 GeV/c?)
E— TT—tHtH (700 GeV/c?) x10
wxxx TT—>tHtH (1000 GeV/c?) x10

* Need more than just mass
variables to gain sensitivity.

Events/(GeV/c?)

Multiple H tag category

E 30 [ ATLAS —- Data
8 20 3 fb ‘/7 8 Tev -TT S|ng|et (600) :: E\ TTT ‘ TTTT ‘ TTTT TTTT ‘ TTTT ‘ TTT \O‘ TTTT ‘ TTTT ‘ T I:
— r tt+light-jet N L Theory (NNLO prediction +1c) |
T gl 260,245, MI™"> 100 GeV %ﬁ“g jets - [ ATLAS v (NNLOP 1 ]
2] L ! +CC Al ——— 95% CL observed limit E (= i
qC) [ Pre-fit I ti+bb 10k El Bol= .
i L v E N e 95% CL expected limit E F o
20 t k ] e e
r I tiH St |:| 95% CL expected limit+1c - 10} 2F T
L ] Non-t L B o F
/// Total Bkg unc 1 E |:| 95% CL expected limit+2c 3 ~ 1.5F * ‘
o E 3 % ] o e SR e S E
(=} E *
"l | OSFE, \ vl T S
0 N E 0 50 100 150 200 250 300
____________ ] m, 5 (GeV/c?)
..................... 19.7 b (8 TeV)
02— _ =
________________ E Ht+X o
. g | = CcMS
& - Vs=8TeV,20.3f5" SU(2) doublet E
S5 L[V = T T N B N S N = i
£ o 24 300 400 500 600 700 800 900 1000 Gl1100 g
a E 1 ’ m. eV %
05 500 1000 1500 2000 7 [GeV] °
H; [GeV] i §
. . - —— Obs.95% CL \\ ______________
o Limits: ATLAS: m(T>tH) > 855 GeV | —=is s
I I S [ ° m > e ne — - Theory TT ~
10°F Central 95% CL exp. \\
C Central 68% CL exp. AN
. C ~
m A > e -0
® 600 800 1000

Aidan Randle-Conde (ULB), University of Liverpool Seminar, 2015/10/28



Latest results: W =2tb

 ATLAS and CMS investigate W’ boson decaying to tb final state.
* Dedicated algorithms for top-tagged jets and W’ candidates.

Eur. Phys. J. C (2015) 75:165 PLB 743 (2015) 235-255 CMS-PAS-B2G-12009
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 Dominant systematic uncertainties: t-tbar production, top-tagging.
* Limits:
ATLAS: m(W’)right handed > 1-92 TeV  CMS: m(W’)right handed > 2-15 TeV
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t-tbar resonances
 Both ATLAS and CMS search for t-tbar resonances.

 Many complex final states.

e Kinematic selections: CMS-B2G-13-008 CERN-PH-EP-2015-090
- anti-kT AR =0.4: p; (j)> 25 GeV, In(j)l < 2.5 pr(j) > 100, 50 GeV In(j)l < 2.4
JELS  antikT AR = 1.0: pr(j)> 300 GeV, I(j)l < 2.0 Top-tagging

In(e)l < 1.442 or 1.56 < In(e)l < 2.5
Er(e) > 85,20 GeV
(depending on final state)

nwl<2.1,24
pr(w) > 85,45,20 GeV
(depending on final state)

E;(e)> 25 GeV
€ n(e)l < 1.37 or 1.52 < In(e)l < 2.47

pr() > 25 GeV
U ()l < 2.5

* Dominant systematic uncertainties:

— Jet energy scale, t-tbar normalisation, parton shower and
fragmentation, luminosity.
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* Many final states (/[jj, llll, lllv, jjjj, [vjj) to consider.

 Benchmark models include W’, Randall-Sundrum Graviton
(Grs), Techni-colour.

e Results are not necessarily easy to compare between
experiments.

* Leading systematics are usually jet energy scale and jet energy
resolution for hadronic final states, lepton scale factors and
luminosity for purely leptonic states.

* | cannot cover everything, so | only show the limits!
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Vector boson resonances

ATLAS
ATLAS
ATLAS

ATLAS

ATLAS

ATLAS

ATLAS
CMS
CMS

CMS

CMS
CMS
CMS
CMS

Grs2 Vjj m(Ggg) > 700 GeV
W’ 2> lvjj m(W’) > 1490 GeV
W’ 2> WZ->lljj m(W’) > 1590 GeV
G PVE G 540 eV ® KIMPL0.S
a2y m(ay) > 960 GeV
ap=2lly m(a;) > 890 GeV
W >WZ->1llv m(W’) > 1520 GeV
W 2>WZ->I1llv m(W’) > 1550
0rc2?WZ2 11y m(07¢) > 1140 GeV
WZ-> (Wv/l)+jj o(m(Ggg) = 600 GeV) < 700 fb-1
Graviton bulk o(m(Ggg )= 2500 GeV) < 10 fb-1
q*2>gW=2jjjj m(qg*) > 3200 GeV
q*29Z=2jjjj m(g*) > 2900 GeV
W’ 2>WZ-2jjjj m(W’) > 1700 GeV
Grg? WWDjjjj m(Ggg) > 1200 GeV
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W 2>WZ=2>Illv

e Benchmark model of W > WZ.
 Clean final states.

PLB 737, 223 (2014)

e Kinematic selections:

PLB 2014.11.026

E;> 40,30 GeV E> 35 (20) GeV for Z (W) boson
€ Il < 137 or 1.52 < Iyl < 2.47 7l < 1442 or 1.56 < Iyl < 2.5
pr>25,25 GeV pr > 25,10 GeV for Z boson
pr > 20 GeV for W boson
U Il < 1.05
Nl <2.4

* Dominant systematic uncertainties:

— ATLAS: Lepton scale factors, simulation statistics, luminosity.
— CMS: Trigger efficiency, missing energy resolution, luminosity.
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W 2>WZ=2>Illv

> i' LI L L B R B ‘: — 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 T
> = = S | T | T T T | | 1
(g R ATLAS -4 Data — W’(600 GeV) | " 102 — £ 495% CL Lin .
I 10E sgTeyv, _[Ldt=20.3 ' Ewz — W(1000Gev) 3 — = ATLAS — — Expected 95% CL Limit 3
2 - [] other bkg — W(1400 GeV) ] E - 95% CL+£ 1o 3
- i - \s=8 TeV, ILdt-zosfb" % CL+ 2 .
g 10E [/} Ssoneovs. 3 i 1 =8 TeV, | Ldt = 20. 95% CL* 20
& SR, All channels combined ] o 0 E Observed Limit g
10 3 X % = EGMW ]
g E < _——— HVT A(gv=1) |
v } _ iy 1 HVT A(gv=3) -
z / E o = ———— HVT B(gv=3) 3
i N . o R N .
107 / //7 7 B ) 7
E Ly 107 =
rd 1 1 1 L I - =
2 3 7 = 3
é 2'2 // / 7 i B =
2] ] / B 3 '5'
81'51;’,¢+,‘+A+M i e - IR RPN B B P P S - W B
0.5 RARIER o 1 i Y 200 400 600 800 1000 1200 1400 1600 1800 2000
200 400 600 800 1000 1200 1400 1600 1800 GeV
My, [GeV] m [GeV]
e 95 BT , | 195 1" (8 Tov
105 L — . [ )
E ¢ Observed 3 1 CMS = o L rn t .
10* i CMS =EZ/ZY ] B —e— Observed 95% CL I I S *
E = r 1
> E I Z+Jets E FIN N e Expected 95% CL | ,
) B Cwz ] = —
O 10° W (1.0TeV) 3 107 [ Expected= 10 3 — ATLAS m( [’[’ ) >
8 102 - —W(15Tev) 3 E |:| Expected = 20 E
— E ] = o ‘ 7
T 10 3 o [ T 1
> - ] . - g )
Wy 010'3; = - CMS m(‘[‘ ) >
10.1;5 E ........................ E 1550 GCV
E 4l |
E T e _I . 107 E
] o ]
HE o—.——-._——— : ]
e 2 I 105 ! ! PR P ]
0 200 400 600 800 1000 1200 1400 1600 500 M 1000 ( Gev)‘5°° 2000
MWZ (GeV) WI' pTC

Aidan Randle-Conde (ULB), University of Liverpool Seminar, 2015/10/28



ULB The diboson bump

* Everything seemed fairly boring, and then...
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The diboson bump

* Everything seemed fairly boring, and then...
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 ATLAS saw some bumps in the diboson mass spectra around 2 TeV!

 More detailed study w
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ULB The diboson bump

* Can’t be a single new particle!

* Could it be a multiplet of charged and neutral
states?
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ULB From Run 1 to Run 2
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ULB From Run 1 to Run 2

e With LHC Run1we had 5 fb!at7 TeV and 20 fb!
at 8 TeV

 What can Run 2 offer us?
* Naively, more of the same...
e ...exceptat13TeV
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From Run 1 to Run 2

* |n fact effective luminosity increases substantially!

WJS2013
100 B L] T 1 T I T ) I Ll

ratios of LHC parton luminosities: 13 TeV /8 TeV

luminosity ratio
o
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ULB From Run 1 to Run 2

* |n fact effective luminosity increases substantially!
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ULB From Run 1 to Run 2

* |n fact effective luminosity increases substantially!

WJS2013
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From Run 1 to Run 2

* Luminosity of Run 2:

CMS Integrated Luminosity, pp, 2015, Vs = 13 TeV
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From Run 1 to Run 2

* Luminosity of Run 2:

CMS Integrated Luminosity, pp, 2015, Vs = 13 TeV
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ULB Some Run 2 results

~ Run: 271516
Event: 7786087

andful of results released so far a5 s . csr

Q..
o

QN
Lo
B

EXPERIMENT
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ULB ATLAS diphoton search

e |Latest ATLAS
results for the
diphoton search:

Events / 30 GeV

107

200 400 600 800 1000 1200 1400
m,, [GeV]

* No bump with 78 pb! m(yy) = 940 GeV
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ULB ATLAS dijet search

* The dijet searches benefit form the new mass reach
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ULB ATLAS dijet search
N

| m(jj) = 6.9 TeV
ATLAS
A\ | EXPERIMENT

un Number: 276731, Event Number: 876578955

:43:18 CEST
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CMS dijet search

* The dijet searches benefit form the new mass reach
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CMS dijet search

* Also no bump seen here
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ULB ATLAS dilepton search

ATLAS Preliminary * Data

Vs =13 TeV, 78 pb™! Dzy
Dilepton Search Selection
Top Quarks

B0
|:| iboson “ Shald
Muniz:t& WaJets 0‘: AWE N 2 EXPERIMENT

Not Included

uuuuuuuuu 1 271421, Event Number: 175666088

200

ATLAS Preliminary e Data

\s=13TeV, 78 pb™ Ozr
Dilepton Search Selection
[l Top Quarks

|:] Diboson

200 300 400 500 600 - 000
imuon Invariant Mass [GeV]

* No bump with 78 pb! |8 ;e e
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ULB ATLAS dilepton search
* Latest ATLAS results for the dilepton searches:

ATLAS Preliminary * Data

Vs =13 TeV, 78 pb™! Dzy
Dilepton Search Selection
- Top Quarks

|:| Diboson

Multi-Jet & W+Jets
Not Included

200

ATLAS Preliminary
\s=13 TeV, 78 pb
Dilepton Search Selection

200 300 400 500 600 - 000
imuon Invariant Mass [GeV]

* No bump with 78 pb!
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ULB CMS dilepton search

e Latest CMS results for the dilepton searches:

42 pb' (13 TeV) 48 pb™' (13 TeV)
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* No bump with 42-48 pb-!
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ULB CMS dilepton search

* Highest mass dimuon event

ms CMS Experiment at LHC, CERN

_\ \\: Data recorded: Sun Jul 12 10:18:52 2015 FET
[
—~ A

\

N\

Run/Event: 251562 / 367325039
\ Lumi section: 414
\\

ol

+H

\

Muon 1, Muon 0O,
pt =431 GeV pt =414 GeV
eta =0.58 eta = 1.46

phi = 0.08 phi = -3.03

m(uu) = 920 GeV
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ULB CMS dilepton search

CMS Experiment at the LHC, CERN
Data recorded: 2015-Aug-22 02:13:48.861952 GMT
Run / Event / LS: 254833 / 1268846022 / 846
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ULB CMS dilepton search

CMS Experiment at the LHC, CERN
Data recorded: 2015-Aug-22 02:13:48.861952 GMT
Run / Event / LS: 254833 / 1268846022 / 846

m(ee) = 2970 GeV
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ULB CMS 3 TeV m(ee) event
e What s this 3 TeV event?

— Hard to tell for a single event ~ m(ee)>1TeV L2l
. s £ oM ‘e. m(ee) > 2 TeV 0.007
— EXpectation 0 events. m(ee) > 2.5 TeV 0.002

* Are they real electrons?

— Yes, we find no issues with the objects or event.

* The positron is more boosted than the electron
— cosl ¢ = - 0.49 (DY favours positive values.)

e ATLAS and CMS have not seen similar events in
other channels.
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ULB CMS 3 TeV m(ee) event

* Event display with kinematic variables:

CMS Experiment at LHC, CERN p
Data recorded: Sat Aug 22 04:13:48 2015 CEST
Run/Event: 254833 / 1268846022

Lumi section: 846

# Tin
) //’. & ﬁ i
P/ [
Electron 1, n s.: W '&
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A, ey
P\ Seaas | o 7 / 4
P
. 3?. “,Jao ‘ s ® pr 7 Electron 0,
s g - pt = 1256.20
= Y / eta = -0.239
}'/ g - phi = -2.741
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Dielectron strategy

* The dielectron search is relatively simple:

— A dedicated high energy electron pair (HEEP) ID has
been developed:
e Cut based by design to keep it simple and credible.
* Some tweaks to handle high energy (eg isolation.)
* Largely unchanged since 2012, except for EEHCAL)/E(ECAL).

— Normalise cross sections to the Z peak
e Cancel out most systematic uncertainties.

* Enable a very rapid analysis, no need to wait for luminosity
measurements.

— Many fail safes built in from an early stage:
 Redundant triggers, B=0 T strategy, supercluster only studies.
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Dielectron strategy
* |IDis very simple:
* E£.>35GeV (“low” enough to get a good Z peak)

* Iyl<2.5, excluding transition the regions.
e Various shower shape and track matching variables.

« F(HCAL)/E(ECAL) <0.05 + energy dependent
term

e Calorimeter isolation is relative with a constant
term

— A purely relative term is not acceptable, as 10% of 1 TeV
is 100 GeV!
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ULB Dijelectron challenges at 13 TeV

* Working at 13 TeV brings new problems...
— A 2.5TeV electron can reach the limits of the CMS ECAL.
— This is known as saturation.

— Must be taken into account if we are to see 5 TeV
objects.
— Studies ongoing.

— Use of multivariate techniques and detailed
understanding of ECAL geometry to recover saturated
crystals.

Aidan Randle-Conde (ULB), University of Liverpool Seminar, 2015/10/28



ULB Djelectron challenges at 13 TeV

* Working at 13 TeV brings new problems...
— A new SM process comes into play.

— Protons can exchange photons to give us photon
induced (P1) backgrounds:

! DY /¢ y VAN |——e™
A P
= y W\ —e—e?
q et

— Irreducible background.

— PDFs not well known.

— Some studies suggest primary vertex track multiplicities
might be lower for Pl backgrounds.
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ULB CMS dielectron summary

 The punch line is, as usual, to “wait and see”.

* We may see more 3 TeV events rain down in 2016.
* Or we may just be extremely (un)lucky.

* Let’s hope for more events!
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UL Summary
HC Run 1 has seen many very
NEW resonances.

itement with the 2 Te

. is-ajready underway with
—increased tass reach.

Run: 204153

Event: 35369265
2012-05-30 20:31:28 CEST

Aidan Randle-Conde (ULB), University of Liverpool Seminar, 2015/10/28 64



ULB Summary
'HC Run 1 has seen many very

" new resonances.

«citerment with the 2 Te

., ady underway with
2ASS reach.

~Jhanks for listening. v P

Event: 35369265
2012-05-30 20:31:28 CEST

¢ O
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JFs and background unc
= ' Ditau resonances
\3‘%\\‘:\““ on flavour violating déca

=~ ““Further mult-jet resona

\ Run: 204153

Event: 35369265
2012-05-30 20:31:28 CEST
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ULB PDFs and background uncertainties

 For many searches (dilepton, ditau, diphoton) the dominant
systematic uncertainties come from PDF uncertainties on the
background

— Often vary widely as a function of mass
— Hard to quantify without giving benchmarks

— Good example from ATLAS dilepton search (arXiV: 1405.4123):

TABLE IV. Summary of systematic uncertainties on the ex-
pected numbers of events at a dilepton mass of my = 3 TeV,
where N/A indicates that the uncertainty is not applicable.
Uncertainties < 3% for all values of mee or m,, are neglected
in the respective statistical analysis.

TABLE III. Summary of systematic uncertainties on the ex-
pected numbers of events at a dilepton mass of my, = 2 TeV,
where N/A indicates that the uncertainty is not applicable.
Uncertainties < 3% for all values of mee or m,, are neglected
in the respective statistical analysis.

Source (mg =2 TeV)| Dielectrons Dimuons Source (mg =3 TeV) | Dielectrons Dimuons
Signal Backgr. | Signal Backgr. Signal Backgr. | Signal Backgr.
Normalization 4% N./A 4% N/A Normalization 4% N/A 4% N/A_
PDF variation N/A 11% | Nn/A 0 12% PDF variation N/A 30% | Nn/A 1%
PDF choice N/A ™% N/A 6% PDF choice N/A  22% | Nn/A 12%
Qs N/A 3% N/A 3% Qs N/A 5% N/A 4%
Electroweak corr. N/A 2% N/A 3% Electroweak corr. N/A 4% N/A 3%

2 TeV Photon-induced corr. | N /A 3% N/A 3% Photon-induced corr. | N/A 6% N/A 1% 3 TeV
Beam energy <1% 3% |[<1% 3% Beam energy <1% 5% |<1% 3%
Resolution <3% <3% [<3% 3% Resolution <3% <3% |<3% &%
Dijet and W + jets N/A 5% N/A  N/A Dijet and W + jets N/A 21% N/A N/A
Total 1% 15% 4% 15% Total 1% 44% 4% 23%
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ULB Ditau resonances

* Results from ATLAS and CMS
* ATLAS considers 7,,,7,,, and 7,7, final states (7, is a 7 jet)

* CMS consider 7,-7,, final states PRD 90, 052005
* Kinematic selections: CMS-PAS-EXO-12-046
pr (Th,0)> 30 GeV
Thad — n(z,,)) < 1.37 or 1.52 < I5(z,,) < 2.47
E;(e)> 15 GeV E(e)>20 GeV
€ (e)l < 1.37 or 1.52 < Iy(e)l < 2.47 7(e)l < 1.442 or 1.56 < Iy(e)l < 2.5
pr(u) > 10 GeV pr(u) > 20 GeV
U ()l < 2.5 m(w)l < 2.1

 Dominant systematic uncertainties: PDFs for background modeling,

Signal efficiency for ATLAS, data driven background estimates for
CMS.

Aidan Randle-Conde (ULB), University of Liverpool Seminar, 2015/10/28



Itau resonances
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e Exclusion limits:

ATLAS: m(Z’ ) > 2.02 TeV

CMS: m(Z’g,,) > 1.30 TeV
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ULB | epton flavour violating resonances

* Results from ATLAS and CMS
* ATLAS considers e-u, e-t, and u-t final states arXiv:1503.054420

* CMS consider e-u final states arXiv:1504.055115

e Kinematic selections:

py(T,,)> 25 GeV
(T, ) < 247

Single track
E;(e)> 25 GeV Er(e)> 35 GeV
In(e)l < 1.37 or 1.52 < In(e)l < 2.47 In(e)l < 1.442 or 1.56 < In(e)l < 2.5
pr(p) > 25 GeV pr(w) > 45 GeV
In(u)l < 2.4 Nl < 2.1

 Dominant systematics: Acceptance and efficiency, 3-6% for ATLAS,
~5% for CMS.
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ULB | epton flavour violating resonances
* ATLAS investigates eu, et, ut final states.
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ULB | epton flavour violating resonances

CMS-EXO-13-002
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ULB  Further multi-jet resonances

 CMS also investigate pair produced resonances
decaying to jets, and three-jet final states:

e 194107 (8TV) 8 TeV Phys. Lett. B 730 (2014) 193
oL 05 % CMS E E!- E I...... Top squark pair production CMS
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/85 <35 GeV
N 174l < 1.4442 1.566 < Ingl<2.5
isEcalDriven =1
|An, 5] < 0.004 < 0.006
A, < 0.06
H/E <1l/E+0.05 <5/E+0.05
Jull 5x5 0y, - <0.03
Jull 5x5 E,, JEs, s >0.83 -
full 5x5 E,, JE;, s >0.94 -
Inner layer lost hits <2
d,(first PV) <0.02 <0.05

E;<50:<2.5+0.280

EM+had depthl iso <2+0.03ET+0.280 E,>50: <2.5 + 0.03(E-50) + 0.280
T . . . T .

Track pt iso <5GeV <5GeV






