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WJS2013

100 ———— . —— . ,
_ [ ratios of LHC parton luminosities: 13 TeV /8 Te I;/
>increased centre-of-mass energy of : ;
the LHC opened up a new energy /
regime 2 :
. N > ., E
>final states including partons often g '} : E
dominate beyond standard model € | :
(BSM) phenomena “1 3
e s : >
>these are ob§erved as multi-jet [ —
final states in the detector ¥ Sttt it
M, (GeV) [website]
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http://www.hep.ph.ic.ac.uk/~wstirlin/plots/plots.html

i) universityof how do multi-jet resonances relate to the di-
<5y Zurich™
photon excitement?

oo ?

should be something
coloured and charged
In production and decay

Physik-Institut

> neutral resonance cannot directly couple to photons =» loop of charged
particles (e.g. W, top, ?) in decay (and production?)

>there must be more than just a di-photon resonance

> searches presented in this talk constrain what physics models this
potential resonance could be
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University of

zurich ~ Multi-jet final states with and without leptons
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Ofit

@®signal
¥ data

N

>major difference between pure
multi-jet final states and final states
with leptons: background
estimation methods

> 0-lepton final states:

= dominated by QCD multi-jet events mJJ
= mostly use functional forms for .
background estimation @ signal
_ _ N background 1
>leptons+jets final states: © background 2
. — % @ background 3
= multi-jet background significantly reduced * * data

by requiring presence of lepton

= different composition of background
processes, not necessarily one dominant

= estimate individual background
components
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universityof 0-lepton (and multi-jet background dominated)
o final states
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Search for (narrow) di-jet
resonances & new phenomena in
di-jet angular distributions (ATLAS
& CMS)

Search for strong gravity/black
holes in multi-jet final states
(ATLAS & CMS)

Search for resonances in di-jet
events with one or two identified b-jets
(ATLAS)
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> background functional form
mostly chosen arbitrarily

>assume falling spectrum

> define procedure to choose
functional form and number of
parameters based on statistical
tests

>need to account for potential bias

>MC simulated events used for
validation

zuich™ ~ how to perform a bump hunt

Functional form D1 D2
1 file) = 0= (0,400)  (0,400)
2 folw) =po(l — w)Prer” (0400) (00 ,+00)
3 fa(x) =po(l — x)PraP2® (0,400 ) (00,400 )
4 fy(x) = po(1l — x)PrgpzInz (0,400 ) (-00 ,4+0)
5  fs(x) = po(1 —x)Pr(1 + x)P2* (0,400 )  (0,400)
6  fe(x) =po(l—x)Pr (14 z)P2m* (0,400 ) (0,400 )
7 fr(z) = B(1—g)lPr-p2ing] (0,400 ) (0,40 )
8  fes(z)=153(1— g)lP1—pz Ina] (0,400 ) (0,400 )
9 fola) = U2 (0400) (0,400 )
10 fio(x) = po(1 — x!/3)Prgp2Inz (0,400 ) (-00 ,400 )

CMS di-jet function:

do  Py(1—x)"

dm]]  xPt+PIn(x)
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2015-09/

University of
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| jet pr > 500 GeV or
m jetpr>360GeV 1 800 Gev CMS, |

jet1 pr>440 GeV  pr> 30 GeV =
jet2 pr > 50 GeV m; > 1.2 TeV | Oa

ly*| <1.7 |An;| < 1.3 '
(99.5% trigger eff.) (100% trigger eft.)

>discriminant: m;jj and rapidity difference

> sensitive to quantum black holes, excited
quarks, W'/Z’, contact interactions, ...

eta = 0.059
phi = -1.235

>aim for model-independent limits

CMS Experiment at LHC, CERN

Data recorded: Mon Oct 12 2015 EEST
Run/Event: 258749 / 549864773
Lumi section: 355

Dijet Mass: 6.14 TeV
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zuich™~ di-jet resonance and angular analysis selection

Jet 1,
pt=2.88 TeV
eta =-0.364

phi=1.915
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zuwich” ~ di-jet resonance spectrum
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2 3 4 5 6 7
. m. [TeV no signal found, both analyses
arXiv:1512.01530 j LTeV] - ’ J

significantly extended limits w.r.t. 8 TeV
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2015-02/
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University of

zuich™ ~  di-b-jet spectrum
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>use same background estimation method as di-jet analysis

>single and double b-tag categories sensitive to different signal hypotheses
(4" generation b-quark and Z’' models)

_.(L) — [ [ [ [ | [ [ T 1T T T T T T TTT lE
o — g [ ATLAS Preliminary Vs=13 TeV, 3.2 b -
= u ! 1 Z L B e Data ’
S oL ATLAS Preliminary \s=13 TeV, 3.2 fb il 10° _ |
T = e Data = = C%QD% Background fit E
- Backaround fit ] - O BumpHunter interval ]
104 - 9 ! _ B O 0 SSMZ,1.25TeV -

= —— BumpHunter interval = » -
— O b* 2 TeV 3 10° O  Leptophobic Z', 1.5 TeV—
10° - O b*25TeV - - ]
N - 10 —
21— — = =
10 = = SSMZ, 5 x 50 -
— ] ~ Leptophobic Z', o x 50 + ]
10 §_ o-value = 0.87 —§ 1 p-value = 0.71 | | %
- ] ® 3 I I —t | —t—+— EEEE EENE
= | = % 2E E
8 E_ I I I I | I I I I | T 11 | T T | T I_E 9 15_ _g
c 2 E g O ]
o TF 3 o -1E E
[ E )2 E
D2 -1E = = =
= L L L1 1 L1 11 Ll 115 mjj [TeV]

1 2 3 4

5
m; [TeV] exclude b* in mass range of 1.1-2.1 TeV,

not yet sensitive to SSM Z’
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di-jet angular distribution

distribution expected to be flat for Rutherford scattering

\s=13TeV,36f'  ATLA 2.6 (13 TeV)

x C T T T T T T I ) ) ]

© L _ : = -

20.08_4 m;>54Tev - ©Da@ SM & 03  + Daw CMS =

© | Clin, =+1,A=12TeV <3 0.25E WSS NLO QCD+EWK prediction Preliminary =

o 0.25 —

%0' """ Chn, =-1,A=17TeV S = A?, (LO) =10 TeV 3

0.04 -+ QBH (QBH), M,,= 8.0 TeV 3 02 A (GRW) 28 TeV E

[]Theoretical uncertainties l'_;i 0.15F ! —
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006 — T sose e T —
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e E
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e S S S U G — ——

0.02 ] 0.05 | | | | | | | —

— -+ | 3 | | . 24<M <30TeV E

0.06 ' 0.1 i E

2.5 < mjj <2.8TeV 005;_!—.—_'_F—l—.——.—-—l — - - —.—_;
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0.02 . 0.05E- e B
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arXiv:1512.01530

data are compared to NLO predictions (NLOJET++
& EW corrections) in different dijet mass bins
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2015-02/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-15-009/

University of

zuich ~  search for strong gravity in Hr spectrum
Physik-Institut
>search for signs of strong gravity (e.g. oM, ATas % &HE:VM L
thermal black holes) in 3-8 jets final states 3 we fs=19Tev, [Lot=s0’
o 102 % Nt = 6
>Hr-search: fit low Hr, validate and choose in ™ °F _
medium Ht (among 10 functions) e T
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control regions (6.5 pb™!, 74 pb', 440 pb and 3.0 3 *hemtmmenss :""'"::;f;t;:gﬁ,ﬁ:ﬁ:ﬁ:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
o) D ansnseds L] E— _

I
43
13
(0]
112

arXiv:1512.02586
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2015-09/
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zuich ~ search for black holes in St spectrum
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> select jets, electrons, photons and muons and search in spectrum of
scalar sum of their transverse momenta (St)

>normalise background fit in low St region in different object multiplicity

L -1 )
bins (2-10) 220" (13 Tev) 2.21b" (13 TeV)
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zuich™ ~  jets+leptons final states
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@ signal
NA background 1
@ background 2
% @ background 3

* * data

Search for pair production of
second generation leptoquarks
(ATLAS & CMS)

Search for strong gravity in
lepton+jets final states
(ATLAS)
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zuich ~ searching for strong gravity in lepton+jets events
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>black holes and string balls
expected to decay democratically
according to d.o.f. of SM due to

Muon channel

energy-momentum tensor coupling - wg7——+—""+—+-"—"+—"+—"—r——"r—1r3
= 0oL ATLAS Preliminary _° ot o 3
>enhance signal strength by S (5[ 0217, is=13 Tev -t EPN
selecting at least one leptonand 3 _ - . "3
suppressing multi-jet background 2 B s ne000 D400 &
10 ?— —— BH2_n6_Mth7000_MD2000 _? 8
> select at least three high-pt objects 10° L
(jets, muons, electrons) 10g Q
1k 1
. . = o)
>search in scalar pr-sum of objects i <
. . . = 27T Tt e Tt T S T ot T—_ I<_E
> confirm background modelling in R b T
dedicated control regions (and low & 1g‘..i.‘.iif.T.T..'.f.?.?.fi.‘.if..‘._'_T_?_'__'_T_?iiif_i_'i_'i_‘t?fiitij_':f:i;___.1‘_??.‘?.‘i‘?fi‘i‘i‘l‘:ﬁ'fi‘:_t'it‘;}i?_'?????????_?;
Sum—pT) OOI - IO.I5I | ;1l5 - 2I - I2.|5I - CI’; - I3.I5I - I4
D P [TeV]

> perform combined fit in all control
regions and signal region
limits w.r.t. 8 TeV improved by 2-3

TeV depending on model parameters
16.03.2016 Clemens Lange - High-pr multi-jet final states at ATLAS & CMS 14




University of search for pair production of second
uric n
generation leptoquarks
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>leptoquarks (hypothetical particles

1= Preliminary 2.7 b (13 TeV)
containing both baryon and lepton - —e— Data
numbers) expected to be produced in - s
" - E = Other back d
pairs at the LHC £ 10| Q. M—650GeV, = 1.0
] ] PN R ——— LQ,M =950 GeV, p=1.0
>2 muon + 2 jets final state £ 107 e
D 10
= veto Z-window 1 ~
= apply cuts on sum of pr (St) and min(my;) to 10" N\NAWNTERT i
minimise LQ-LQ mass difference 00 2500 3000 3500 4000 4500 ~—
. . . o
= optimised for each signal mass hypothesis Preliminary 2716 (13 TeV) 13
(200-1500 GeV) 10° —ECMS —— Data (/')
_ S S ZNy* 4+ jets >
>dominant background processes 10 k- s O
. . . - ——— Other back d
(Drell-Yan, tt) estimated in sidebands 5 154 O M Gse GV b 1.0
. . i — LQ.M=950GeV, f=1.0
>count events in each mass window B )
m 10g o] %
>exclude leptoquarks with masses AR
< 1150 GeV (assuming 100% BR to o b P R
lepton + quark) 0 500 1000 1500 2000 2500
M7 [GeV]
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Zurich™ conclusions and outlook
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CMS 95% CL Exclusions of Dijet Resonances (TeV)
String E7.o
>no matter if the di-photon bump is Scalar diquark §
real or not, there are loads of Axigluonicoloron S
reasons to search for new e citod cumnk %
physics in multi-jet final states R =
X
>largely thanks to parton w | ©
luminosity scaling, previously 01 2 3 4 5 6 7
obtained limits have been BonEry) E240'03TY)

i ifi i I > L B L L R DL
SIgnIfIcantI_y Improved Wlth 13 & I ATLASPreliminary — ooened(9 4 ©
TeV data using only a fraction of oo b 32107 /513 Tov — Smniniiy’ | S
the data statistics compared to the : —Eensimis | O
8 TeV run 5000 |- 1S

=S o

>2016, commencing the luminosity 18
ramp-up at 13 TeV, will be another ; (CDJ
exciting year at the LHC : 1 <
6000_ - IZ

2000 2500 3000 3500 4000 4500 5000
mp [GeV]
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http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-15-001/

University of
Zurich™

Physik-Institut

everybody back-up




University of

e 2uici™ backup slides

Physik-Institut

CMS di-jet search: http://cms-results.web.cern.ch/cms-results/public-
results/publications/EX0O-15-001/

ATLAS di-jet and angular distribution search: https://atlas.web.cern.ch/
Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2015-02/

CMS angular distribution search: http://cms-results.web.cern.ch/cms-
results/public-results/preliminary-results/EX0O-15-009/

ATLAS di-jet search with b-jets: not yet available (EXOT-2015-22)

CMS search for black holes: http://cms-results.web.cern.ch/cms-results/
public-results/preliminary-results/EXO-15-007/

ATLAS search for strong gravity in multi-jets: https://atlas.web.cern.ch/
Atlas/GROUPS/PHYSICS/PAPERS/EXQOT-2015-09/

CMS search for leptoquarks: not yet available (EXO-16-007)

ATLAS gravity search in |+jets: https://atlas.web.cern.ch/Atlas/GROUPS/
PHYSICS/CONFNOTES/ATLAS-CONF-2016-006/

16.03.2016


http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-15-001/
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University of

Zurich™ how to lower thresholds?

Physik-Institut

> parked (not promptly reconstructed) data written to tape

> dedicated data scouting analyses

L1 hardware trigger
integrated

scouting HLT data
@1 kHz per analysis

16.03.2016 Clemens Lange - High-pt multi-jet final states at ATLAS & CMS
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E‘ 10 E | | | | | | | | | | E
2 - \s=13 TeV, 3.6 fb" 1
o - ly*l < 0.6 -
A - |
% B —— GG/mG =0.15 il
< 1§ ——0g/Mm;=0.10 =
X N —— 0g/M;=0.07 2
o i —— 0g/m;=Res. |
1 0_1 E_ R ) _E
107°F =
- ATLAS —

10—3 ] | ] ] ] | ] ] | | |
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CMS dijet resonance search

Normalized yield / TeV

Vs =13 TeV

45 _—l- 1 | R LR R R | LR | R | T -I—_
- | CMS Simulation 7
4 E
3.5 —
3 | E

- Wide jets -

_ mi<2.5, [An I<1.3
2.5— ! —
B f —— quark-quark .

_ A quark-gluon i
2— o gluon-gluon )
1.5 =
e -
05[f -
0_:" el e e oA '|"" L 1 IJ[- o]
0 1 5 6 7 8
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Model Final Obs. Mass  Exp. Mass
State Limit [TeV] Limit [TeV]
String qg 7.0 6.9
Scalar diquark qq 6.0 6.1
Axigluon/coloron qq 5.1 5.1
Excited quark (q*) qg 5.0 4.8
Color-octet scalar  gg 3.1 3.3
Heavy W (W') qq 2.6 2.3
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CMS dijet angular search

Table 1: Summary of leading experimental and theoretical uncertainties on the normalized
Xdijet distributions. While in the statistical analysis each uncertainty is represented by a change
of the xij.+ distribution correlated among all ) 4je; bins, this table summarizes each uncertainty
by a representative number to demonstrate the relative contributions. For the lowest and high-
est dijet mass bins, the relative shift of the lowest ) 4;j bin from its nominal value is quoted. In
the highest dijet mass bin, the dominant experimental contribution is the statistical uncertainty
while the dominant theoretical contribution is the scale uncertainty.

Uncertainty 19 < M;; <24TeV | Mj; > 4.8TeV
Statistical 1.6% 24%
Jet energy scale 3.0% 9.5%
Jet energy resolution (core) <1% 2.0%
Jet energy resolution (tails) <1% 2.5%
Unfolding, MC modeling <1% <1%
Unfolding, detector simulation 1.0% 3.0%
Pileup <1% <1%
Total experimental 9.7% 26%
NLO scale (6 variations of yr and pr) J_rZ:ZZ/Z J_rf’;ojo
PDF (CT14 eigenvectors) 0.15% 0.4%
Non-perturbative corrections (Pythia8 vs. Herwig++) <1% <1%
Total theoretical 7.9% 13%

Table 2: Observed and expected exclusion limits at 95% CL for various CI and extra dimension
models.

16.03.2016

Compositeness model

Observed lower limit (TeV)

Expected lower limit (TeV)

AZ_L/RR (LO)

AEL/RR (LO)

ADD A7 (GRW)

ADD MS (HLZ) Ngp = 2
ADD Ms (HLZ) Ngp = 3
ADD MS (HLZ) nep =4
ADD Ms (HLZ) ngp = 5
ADD MS (HLZ) Ngp = 6

12.1
16.3
9.1
9.7
10.8
9.2
8.3
7.7

12.0 = 1.1
153 +24
9.0 0.7
9.6 = 0.7
10.7 = 0.8
9.0 0.7
8.1x0.6
7.6 = 0.6
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Figure 1: Data and MC simulation comparison for the distributions of the scalar sum of jet transverse momenta Hr in
different inclusive n;e, bins for the 6.5 pb™! data sample. The black hole signal with Mp = 2.5 TeV, My, = 6.0 TeV is
superimposed with the data and background MC simulation sample. The MC is normalized to data in the normaliz-
ation region. The vertical dashed-dotted line marks the boundary between control region and validation region, and
the dashed line marks the boundary between validation region and signal region. The boundaries shown correspond
to those determined for the nje; > 3 case.
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Figure 2: Data and MC simulation comparison for Hr distributions in different inclusive nje bins for the 74 pb~! data
sample. The black hole signal with Mp = 3 TeV, My, = 7.5 TeV is superimposed with the data and background
MC. The MC simulation was normalized to data in the normalization region. The vertical dotted line marks the
lower boundary of the control region, the vertical dashed-dotted line marks the boundary between control region
and validation region, and the vertical dashed line marks the boundary between validation region and signal region.
These boundaries are determined for each nje, sample separately.
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Figure 3: Data and MC simulation comparison for Hr distributions in different inclusive nje, bins for the 0.44
fb~! data sample. The black hole signal with Mp = 4.5 TeV, My, = 8 TeV is superimposed with the data and
background MC. The MC simulation is normalized to data in the normalization region. The vertical dotted line
marks the lower boundary of the control region, the vertical dashed-dotted line marks the boundary between control
region and validation region, and the vertical dashed line marks the boundary between validation region and signal
region. These boundaries are determined for each nj, sample separately.

Figure 4: Data and MC simulation comparison for Hr distributions in different inclusive nje; bins for the 3.0 fb~! data
sample. The black hole signal with Mp = 2.5 TeV, My, = 9.0 TeV is superimposed with the data and background
MC. The MC simulation is normalized to data in the normalization region. The vertical dotted line marks the
lower boundary of the control region, the vertical dashed-dotted line marks the boundary between control region
and validation region, and the vertical dashed line marks the boundary between validation region and signal region.
These boundaries are determined for each nje; sample separately.
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Figure 5: The data in 1.0 TeV < Ht < 2.5 TeV for nje > 3 are fitted by the baseline function (solid), and three Figure 6: The data in 1.2 TeV < Hy < 3.3 TeV for nj,; > 3 are fitted by the baseline function (solid), anc
alternative functions (dashed). The fitted functions are extrapolated to the validation region and signal region. The alternative functions (dashed). The fitted functions are extrapolated to the validation region and signal region.
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Figure 8: The data in 2.0 TeV < Hr < 4.9 TeV for njc > 3 are fitted by the baseline function (solid), and nine
alternative functions (dashed). The fitted functions are extrapolated to the validation region and signal region. The
control, validation and signal regions are delimited by the vertical lines. The three functions indicated by asterisks
are rejected at 95% CL by the data in the validation region. The bottom section of the figure shows the residual
significance defined as the ratio of the difference between fit and data over the statistical uncertainty of data, where
the fit prediction is taken from the baseline function.
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Figure 9: The observed and expected 95% CL exclusion limits on rotating black holes with different numbers of

extra dimensions (n = 2,4, 6) in the Mp — My, grid.. The results are based on the analysis of 3.0 fb~! of integrated
luminosity. The region below the lines is excluded.

Njee = Hr > H%‘in (TeV) Expected limit (fb) Observed limit (fb)

3 5.8 1637079 1.33
+ 5.6 177519 1.77
5 5.5 1.56f8fgZ 1.75
6 5.3 1.52f8-6(8) 2.15
7 5.4 1.02j83g6 1.02
8 5.1 1.01f§f%9 1.01

Table 6: The expected and observed limits on the inclusive cross section in femtobarns for production of events as
a function of nj; and the minimum value of Hr . The limits are derived from results of the 3.0 fb! analysis so H""
corresponds to the value of S for the last analysis step.
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Figure 11: The expected and observed limits on the string ball model with n = 6, from the analysis with an integrated
luminosity of 3.0 fb~!. The left plot shows the 95% CL limit as a function of gg and My, (solid line). The dashed
line shows the expected limit; the limits corresponding to the + 1 o and + 2 o variations of the background The
—2 o band is not shown as it almost completely overlaps with the —1 o band. expectation are shown as the green
and yellow bands, respectively. The right plot shows the limits as a function of My, and Mg for gs = 0.6.
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Figure 1: Distributions of the muon and the jet pt’s at preselection level. The contribution
denoted as “Other Background” includes diboson, W+jets, and single-top contributions. Signal
distributions are overlaid for LQ masses of 650 and 950 GeV.
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Figure 2: Distributions of St, My, and of M,,;,(u,jet) at preselection level. The contribution
denoted as “Other Background” includes diboson, W+jets, and single-top contributions. Signal
distributions are overlaid for LQ masses of 650 and 950 GeV.
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Cut Control Regions )
Z+jets W+jets tt
> pr 750-1500 GeV
Number of Objects The event must contain at least 3 objects (leptons or jets)
with pt > 60 GeV.
Leading lepton The event must contain a leading electron or muon
of good quality, isolated and with pt > 60 GeV.
mi 80 — 100 GeV n/a
ERss n/a > 60 GeV n/a
Number of leptons exactly 2, opposite sign exactly 1
same flavour
Number of b-tagged jets n/a exactly 0 > 1
Number of jets n/a > 3
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