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 Still many unanswered questions in Standard

Model (SM)
6.5 TeV 6.5 TeV . . .
D @ @ ) - what 1s dark matter? where is all the antimatter
/5 =13 TeV in the universe? why gravity is so weak? etc..

e LHC is the ideal place to find new physics
beyond SM at the TeV scale
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Many theory predictions
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CMS publications ok
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Show all Total Exotica Standard Model Supersymmetry Higgs

* Searches for new physics
poary ton || B Physics | Forward Physic produce the largest number
of publications in CMS

514 collider data papers submitted as of 2016-06-21

- ~100 from Exotica

100 +

- ~65 from Supersymmetry
- ~15 from B2G

* In this talk, focus on some
Exotica signatures of new
physics in jets and leptons
+jets final state

- selection of few recent results

Runl: 7 & 8 TeV Technical stop Run2: 13 TeV

Francesco Santanastasio 4



T INFN
Sl Dijet resonances &
 Nearly any new resonance that - Z jet

might be seen at LHC should
couple to quarks/gluons

WY

& )
- dijet final state ) N

* Search strategy § jet2

- look of narrow bump 1n dijet
Invariant mass spectrum

« High-mass search using standard
data stream (mass > 1 TeV)

Number of events

» Low-mass search using special
data stream (mass <1 TeV)

Dijet invariant mass

Francesco Santanastasio 5
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e, Ighest dijet mass event (~6 TeV) ™

UNIVERS I'\Ill} )H

CM>¢ Dijet Mass = 6.14 TeV

Jet 1 Jet 1,
S | pt=2.88 TeV
rediAd eta = -0.364
p ghi - 1 936415 | phi=1.915

\ ~ \ ) ///
Jet 0, : ——
pt=3.04 TeV 3 ;
eta = 0.059
. Jet 0,
phi = -1.235 pt=3.04 TeV
eta = 0.059
phi=-1.235
MS./
CMS Experiment at LHC, CERN ( \‘/S/
Data recorded: Mon Oct 12 2015 EEST /{_,//_,
Run/Event: 258749 / 549864773 N,
Lumi section: 355 T |

Dijet Mass: 6.14 TeV
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High-mass dijet search NN
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241" (13 TeV)
] 1 I L} 1 I L} I ]

» Trigger selection ~ SIS R
i Tl S e
- Hp = Zjets pr > 800GeV — 2 Fit
o R e QCD MC
. . o) N e i _
« Wide jets (R=1.1) used to recover = 10°F R Exchod querk GOToV)
final state radiation RN T Scalar diquark (6.0 Te\)
©
. . —
- 1mprove energy scale and resolution 8
1
* Fit data with smoothly falling Se
background function 10°" a S
- same parameterization successfully 10°2 + 3%y
used in previous searches Wide jets _‘ N
| 10° <25 lan|<13 e B
et — D . R Lo - 1'.1.\' ,
do _ fU-0)* o e
dm\.\s— o f2t Ps (%) ~ A3000 Lg e T —
i
Q

 No new resonance observed, sct
limits

Dijet mass [TeV]
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o High-mass limits at 13 eV ™
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2 2.4 17 (13 TeV)
310 SN B B B B B Phys. Rev. Lett. 116 (2016) 071801 [1]
Q. - CMS -= String .
Sem— B Scalar diquark - CMS 95% CL Exclusions of Dijet Resonances (TeV)
<L i . wmees Excited quark 7 S P : L :
10k \, o AXigluon/coloron [ TR R S S I I —
Q0 2 . —— Color-octet scalar String | '7'0
s ", =ee W 3 : 1 : | :
@) i 3 “. s L i} Scalardiquark! _ | 6.0 |
X s, -~~~ RS graviton - b
1E 3 |
g 95% CL upper limits = Axigluon/coloron; - 5.1
- ., —e— gluon-gluon R ' ' ' g
- “.. =—e— quark-gluon ) , C | e -
B "\ == quark-quark 7 Excited quark; 4 _—50
-1 . — i | : : ‘
10 = B : : ' :
3 E Color-octet scalar ‘ 34 |
2| _ v el
107 E | —
- . o 1 2 3 4 5 6 7
L _ ] M 20 (8 Tev) B 24 ' (13 TeV)
10-311111111111111111‘1\11111‘.'1.111411?;1
1 2 3 4 5 6 7

Resonance mass [TeV!

o Different final states considered: * More sensitive than Runl
qq, qg, g¢ resonances for resonance masses >2 TeV

Francesco Santanastasio



Low-mass dijet search .
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Important to cover the full 13-

mass range in BSM ~ X/ 2 v ~ S
searches .\ 7 7 S
Hot topic Y
- diphoton excess at 750 GeV [2]
- decays to jets are expected dN __

Ojets | ar — ¢ x L

Experimental difficulties

- large dijet cross section at

: Run 2 trigger threshold
hadron colliders at low-mass :

(standard data stream)

- limited resources to process
and store data low-mass

uncovered

- trigger thresholds raise with :
increasing inst. luminosity(£) -1 TeV

>

dijet mass

Francesco Santanastasio 9
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)
‘Data scouting” in CMS ok

First introduced by Physics Goal: recover sensitivity to new physics in phase space

CMS in 2011 [3,4]

Online Monitoring

Events
Reconstru n@TO0,1

L1

Calibration &
Alignment

@Gﬁ@) .

Ul
. |

Offline Monitoring
& Certification

tribution @T2 cerv analysis

Courtesy of
G. Franzoni

Trigger
selection

Event rate

Event
content

Bandwidth

1 calo scouting _| 3KB ~ i % !

event

Francesco Santanastasio

not accessible via the standard trigger selection

Main data stream  Data scouting

All CMS triggers ":’r‘:"'p:r’:t
ex. for dijet f gg
Hr > 800GeV Hr > 250GeV
FULL REDUCED
(RAW data + (store calo jets
offline reconstructed at
reconstruction) trigger level)
~1 GB/s ~0.01 GB/s

s —
cmslogo.gif
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https:/arxiv.org/abs/1604.08907, Accepted by PRL [5]

18.8 fb™' (8 TeV)
—

|

L DL AL A LA BN

—&— Data

~—— Background fit

womeme Z' (M =700 GeV.gB=0.37)
= Z'g (M =1200 GeV, g, = 0.84)

cMs

llllll,ul lllllll‘ 114

do / dmlj [pb/GeV]
-~ O

Trigger-level

107"
jets
1072 -
10—3 il ."\‘ é
10-*L- Wide jets -
il <25, An < 1.3 3
3

Ogtan

(Data-Fit)

400 600 800 1000 1200 1400 1600 1800
Dijet mass [GeV]

e No excess at 750 GeV

Coupling g

N
o

)
Low-mass limits at 8 eV N

9B

Leptophobic Z->qq model 6 2o+ 11"

18.8 b (8 TeV)
I 1 1 L] I 1 ] L] 1 ] L] L]
[ CMS \ CDF 106 pb™* (1997) CMS 19.7 b (2015) .
-~ pp, \s = 1.8 TeV, [21] pp, \s =8 TeV, [18] =
5 l CDF 1.13 fb™" (2009) i
= ) PP, \S = 1.96 TeV, [21] -
_ UA210.9pb” (1993) i
— pp. \s = 0.63 TeV, [21] -
=== CMS 18.8 fb"' (Data scouting) ’
— - - CMS 18.8 fb™' (Expected) - —
[~ [ + 1 std. deviation (Expected) sl 1J1 :
- + 2 std. deviation (Expected) (Gaussian resonance shapes) 1
B l 1 1 A 1 ' A A 1 l A T
100 200 300 400 1000 2000 3000
MZB (GeV]
Best limits in the 500-800 GeV region

Recently ATLAS released similar analysis with
13 TeV data (called “TLA™, trigger level
analysis) [6]

- similar sensitivity of CMS 8 TeV, no excess

Francesco Santanastasio 11
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* Predicted by many BSM theories: grand unified
theories, composite models, technicolor,

L eptoquarks (LQ)

Three Generations
of Matter (Fermions)

INFN

superstring-inspired, SUSY RPV, and others mass—+ EEREVIE T [ o
. . charge-| 24 u 7 C s t 0 Y
* Possible explanation for observed quark-lepton  sein~|3% Z Z 1
ha hot
symmetry of SM name- ERRERTT |EENATI (RSP (TRneten
4.8 MeV 104 MeV 4.2 GeV 0
* Spin O or 1, coloured, fractional electric charge, 0 ;/"3d . S | b X g
2
carry both baryon and lepton number | down || strange || bottom || gluon
- proton is stable — baryon and lepton number ;"\e; ;“{;ﬂ f,lsi;w o =0
conserved separately , Ve (|12 YHI||v2 VT |2 Z
electron muon tau réeak
. . . . neutrino neutrino | | neutrino rce
- FCNC suppressed in SM — only coupling within e e ) e
each generation e 1 1 £1
g é s e 5 p Y T 1
§ electron muon tau ?:5
lepton
M > f(B) M > f(B) M > f(B)
I_Q q=n3 q=n3 qQ=n3
0 0 0
LQ,(|:LQ, | LQ,
leptoquark | | leptoquark | | leptoquark

guark

Francesco Santanastasio

Bosons (Forces)
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Bt L Q model and signatures &
oPIENZA
 Pair-production cross section known at NLO Model parameters
- 1ndependent of unknown 1-q-LQ coupling MLQ LQ mass
« Several different final states N
| | | B BR(LQ — (*q)
- rich physics program in CMS
- interesting signatures also beyond leptoquark models )\ {—q¢—-LQ coupling
q 26(1—p) q|(1-25)7°
g:: 14
q q
V V
2 leptons + 2 jets 1 lepton + 2 jets + MET 2 jets + MET
EXO-16-007: pujj (13TeV) EXO-12-041: evjj, pvjj (8 TeV) EXO-11-030: vwbb (7 TeV)

EXO-16-016: tt+jj (13TeV)
EXO-12-041: eejj, upjj (8TeV)

EXO-14-008: tT+tt (8TeV)
EXO-12-032: tt+bb (8TeV) Final state covered also by CMS Final state covered also by CMS SUSY

EX0O-12-043: singleLQ eej, pyj (8TeV) SUSY searches searches

Francesco Santanastasio 13
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2 muons + 2 jets [7

* Selection optimized for each
LQ mass hypothesis

- M, : dimuon invariant mass

- St pr(p) +pr(p2) + pr(jetr) + pr(jets)

- Mm™in . smaller of two LQ
masses which minimizes LQ-LQ
mass difference

* Counting experiment
- no excess in data

* Exclude scalar LQ2 with mass
<1150 GeV and B=1

- exceeding 8 TeV limits

)

L Q2 - pugo o

Preliminary 2.7 " (13 TeV)
10° —e— Data
cms 0 Ziy* + jets
10% E g
Other background

—
o
w

—— LQ, M =650 GeV, B = 1.0
—— LQ, M =950 GeV, B = 1.0

Events / bin
2

pre-selection

ek

RN NN Ny X T PSR
1000 1500 2000 2500
ME" [GeV]

e e
0 500

CMS Preliminary 2.7 o (13 TeV)
1] L3 L] I 1 1 L ] L] 1 L] 1] L] I 1 : 1 L ] '
Scalar LQ LQ - pujj

xB* with unc. (B=1)

10

— G

theory

=== Expected 95% CL upper limit

1

—=— Observed 95% CL upper limit

o]
Q.
p— -1
o 10 -
Q
X
©

10°

10°
0 8 TeV
1074 ‘ SRS TR ST | - |1|mlr 151 | ]
200 400 600 800 1000 1200 1400
M o (GeV)
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N P R RS R R R R I IR R :
e First search for LQ3 at 13 TeV S E signal region ~ mw
5 F N~
LHC i ? Tiaiic Eggoo N
10.2% [JLQ(800)-—»tb .é,
+ 2 taus + 2 jets [8] i
- hadronic tau decays (BR = 42%) t0*
- no explicit jet b-tagging (model ® g
independent) 1 : + l 1'—}—‘ I ‘I lﬁ :Z :ﬁ ;ﬂ ;ﬁ ;' m ﬁ: f. ﬁl Zl Zl i. ﬁl ﬁ 'ﬁ lﬁ v'
0 80600 800 7000 1200 1400 1600 1800 2000

* Main physics observable

CMS Preliminary 21", (s=13TeV
[ ——— — ———

— Observed

- St: pr(n) +pr(m)+ pr(jeti) + pr(jets)

[JExpected tc -
..... Expected n
I Expected + 20
—6(NLO)

-t
o
w
T

* Shape analysis

—_
o
N

- data 1n agreement with predictions

» Exclude scalar LQ3 with mass <
740 GeV and =1

T . an

..
"""""
-------
.
..........

------
.........
........................

o(pp— LQLQ) x Br¥(LQ—1 b) [fb]

10.:

TR T — RS TR S S (SN VO WO WS ——

L ]
600 70 800 900 1000
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LQ1 - evijj [9]

Events / bin

Other background
Multijet

19.7 b (8 TeV)
e

g - LG M 650 BaV, B = 0.075 3

.

1000 1500
M,; [GeV]
19.7 fb' (8 TeV)
T 0, L B
Q0 —evj

CMS exclusion (19.7 fb”, 8 TeV)
&= o, . ¥2B(1-) with unc., (B=0.5)

- == Expected 95% CL upper limit
—-— Observed 95% CL upper limit

Sign. = 2.60
MLq ~ 650GeV

A i Fisenes, S A 4 1 A | I i 1
600 800 1000 1200
M, [GeV]

Run 1 fluctuations

19.7 fp" (8 TeV)

DY+Jets (475)
! Other (151)
My, = 2.5 TeV (29)
M, = 2.5 TeV unbinned
M = My, j2

----------

u
,>\ Y T ¥ Y ¥ Y T ' ID" '(1'717I] |
— . ala
(4)] 3 CMS """
= 10°F
D NN
N g2l 7 77 P
‘g 109} N
> NN A
w NN 7.
~ ] s | N
1 :
-1
107°E . |
% 4 L NI Systematic Unconainscs
Eg i - No Shape Uncertainty
) 2 -
o L
o 4 ko
T v p—
0 1 2

Francesco Santanastasio

INFN

Wr & Heavy Neutrino - eejj [10]

2-30 excess in
electron+jets
final states

No excess 1n
muon channels

Looking for
analysis with
13 TeV data
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e Search for BSM physics continues at CMS

- rich physics program in final states with jets and CMS Exotica Public Results

leptons+jets (covered small part in this talk) http://cms-results.web.cern.ch/cms-results/
ublic-results/publications/EXO/index.html

* Dijet resonances
- new energy territory for masses > 2 TeV

- novel data scouting technique extend search in CMS Integrated Luminosity, pp, 2016, 5 = 13 TeV
sub-TeV mass region; can confirm 750 GeV Data included from 2016-04-22 22:48 to 2016-07-09 12:36 UTC
diphoton excess | |

-
»

14
- LHC Delwered 12.46 M '

1 CMS Recorded: 11,421 '

)
N

12

\

 Leptonstjets searches

10} CMS Online Luminosity 110

- many different final states covered in CMS

- 2-3c excess 1n evj] and eej) Run 1 searches
2015 data:
4

’ 2.7b1@13 TeV '
2 - {2

,__,.-r"
el 0

0
7 ] &" e ‘A”‘se\’“ ,\"“ .b\““ ‘,\°“ 1\\’“ o o

 Excellent LHC performance in 2016
- expect ~10 fb"' for ICHEP2016 in August
- maybe 40 fb! by the end of the year

Total Integrated Luminosity (b ')

Date (UTC)

e Keep eyes open for LHC results !!!

Francesco Santanastasio 17
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Data Scouting in 2015
(next 3 slides)
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EVQ I‘It CO ntent Calo Scouting
. QLIO_S_G_OM AK4 Calo Jets

* Four-momenta of Calojets with pT>20 GeV

» \ertices (when available), “opportunistically” Vertices
from other paths in the trigger table {Opporiseticatly saved) D
e Event information Typical size: 1.5 kb
PF Scouting

* energy density p (for pile-up subtraction)

 Missing transverse energy PF Candidates

 PF Scouting

AK4 PF Jets MET
* Four-momenta of relevant physics objects

Vertices P

* e, U, YV, PRJets, PF candidates, vertices
Y

* Event information (as for Calo Scouting, but with
tracking) 4 Typical size: 10 kb



Trigger Algorithms

Rate [Hz] @3.2e33
cm-2s-1

e H dror"c tngger Scouting Trigger Paths

DST_HT450_PFScouting

e collect events with HT above some
threshold (PF/Calo scouting)

DST_HT250_CaloScouting

DST DoubleMu6 Massi10

Rate [Hz] @3.2e33
cm-2s-1

e collect events in bins of HT Parking Trigger

(parking) HLT HT450t0470
HLT HT470to500

 Muon Trigger

HLT_HT500t0550

- : HLT_HT550t0650
e collect events with muon pair —SeEe

having mass > 10 GeV HLT_HT650

Prescaled Paths (10 Hz each) Purpose
¢ AUXlll_ary trlggers DST_L1HT_PFScouting Measure HLT turn-ons

DST_L1HT_CaloScouting Measure HLT turn-ons

e measure L1-seed turn-on curve
DST_CaloJet40_PFScouting Measure L1 turn-ons

) measure ef'ﬁClenCy Of I—”_T Selectlon DST_CaIOJet40_CaIOSCOUt|ng Measure L1 turn-ons
5



EXAMPLE: The HT events

HT > 250 GeV: Scouting with calo-jets
* Peak rate: 3.8 kHz (too high for parking)

= HT > 450 GeV: Parking
* Peak rate: 420 z
S IHT > 450 GeV:
. , | Scouting with PF candidates
. * Peak rate: 420 Hz
SR —
| HT (GeV)

(Not to scale)

Calo Scouting

250 GeV 450 GeV 800 GeV
Rate estimates assume a *
luminosity of 7e33 cm2 s Lowest unprescaled HT trigger

6
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Dijet scouting limits ok

18.8 fb™' (8 TeV)
s~ T ~ T ~ T~ T *~ T * T |
10°E cms 95% CL upper limits ===~ Excited quark 3
- Axigluon :
. == gluon-gluon Scalar diquark
104 — —e— quark-gluon ;{' 3
- —+— quark-quark RS graviton -
3| _
107k
2| |
10%¢
107 E
P N R R R B B

400 600 800 1000 1200 1400 1600

Resonance mass [GeV]

« Exclude “cross section X
branching ratio X
acceptance” of about 2 pb at
750 GeV for gg resonances

- acceptance ~ 60% for scalar
resonances

Francesco Santanastasio 24



A

o L eptogquark constraints o
Proton is stable FCNC suppressed in SM
u )_L_C) /20 -
p e _ u. (SM)
d s DT < wWT |> T
\d ) L3 . g/
d o
« =L.Q must vertices must . "
¢ e ~——u, (BSM)

conserve separately baryon el Lo g
and lepton number ‘\

ol
ol

« =LQ only couple within a
single generation
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LQ1 and LQ2 limits

-----
......
........

..........
..........
.........

--------
..........

.....
......
-----

95% CL limits, scalar LQLQ
= CMS egjj + avjj (Obs.)
=++ CMS eegjj + evjj (Exp.)
—— CMS evjj (Obs.)

-- CMS evjj (Exp.)
—— CMS eejj (Obs.)
--- CMS eejj (Exp.)

ATLAS, 7 TeV, 1031b'
CMS 7 TeV, som

YT INTTE AT YT AT AR PR PR AT AT

| 1 1

800 1 OOO 1 200

M, [GeV]

]
= .
A\ —_
N eeses E
Q. 0.5 R =
N f:;:_:;’ .
0.4 ?) | 95% CL limits, scalar LQLQ |
E R . = CMS pujj + uvijj (Obs.) -
0.3 . /;':E:E:E;' *** CMS upji + wvii Exp)
= oW cuswiom) |-
0.2 N \)' _-f?}:i' --- CMS uvj (Exp.) =
T E A — CMS yuujj (Obs.) .
N Neteted == CMS ppjj (Exp.) .
0.1z JATLAS, 7TeV, 1.03 10" [
— 77 CMS, 7 TeV, 5.0 b .

IR ST T Y T T S S N |

Francesco Santanastasm

600 800 1000 1200

M q [GeV]
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W M(lljj) spectra
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19.7 fb” (8 TeV) 19.7 fb” (8 TeV)
/>\ ICIMIS T | T T T T ]Dlatal(1r717l) I T T T T />'\ ICIMIS T T T T T T IDlatal(210421) | T T T T
= . - = . -
F 10°E 77 1 (1147) - 2 10°E - 777 1 (1382) -
ol = - DY+Jets (475) - QY - ' DY+Jets (549) -
o _ Other (151) . o C Other (133) -
~ - My, =25TeV (29) - ~ - My, =2.5TeV (35) -
,"E’ 10%E My, = 2.5 TeV unbinned — *3 102/ e, e My, = 2.5 TeV unbinned —
) - My = My, /2 . () - My = My, /2 3
> N N > N -
L _ - L _ -
~ ~ ‘
10 2 4 E 10F < 7¥1 E
N _"_l . - :‘/'. , _
B L, 7 5 7
1 'E_ " ‘.-‘ —E 1 E_ "4" —E
- T RTTTEET 5 - R
1 0-1 ? PR Sl [ VA VLR 8 WA T O R T R TV | “.1 IR —f 1 0.1 E_ g 11."’ TR EE SRR PR TR R | .n T R —é‘
% 4 [ Sysw'mabc Uncenainties B % 2 . Al Systematic Uncenainties
g [ [ "o Shape Uncertainty i g [ [ o Shape Uncenainty
Q 2r } g O Aty
*
) : . t

3 4 0 1 2 3 4
Mo [TeV]

o
b
\}
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