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MOTIVATION AND OUTLINE

e Powerful: LHC in Run 2 is a dijet %9 9 ) 7. 9. 9
resonance factory at a new energy scale 3 >—< T

e Broad: Many BSM phenomena can be searched for

* Model independent: search results are applicable to any
model that predicts narrow quark-quark, quark-gluon, or
gluon-gluon resonances

e This talk:
* High-mass search at 13 TeV with 2015 data
* Low-mass search at 8 TeV with “data scouting”

e Data scouting at 13 TeV

) Javier Duarte
- Caltech



EXTENSIVE CMS EXO PROGRAM!
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/\; Fermions
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EXTENSIVE CMS EXO PROGRAM!
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LONG HISTORY

EUROPEAN ORGANISATION FOR NUCLEAR RESEARCH

CERN-EP/88-54
April 28th, 1988

Two - Jet Mass Distributions at the CERN Proton - Antiproton Collider

UAI Collaboration, CERN, Geneva, Switzeriand
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rrL116 20160071801 S|TG NAL MODELS

e quark-quark

Vs =13 TeV
* axigluons: axial-vector particles predicted in % 4-5J R N
a model where the QCD symmetry group = | CMS Simulation :
SU(3).. is replaced by the chiral symmetry % T .
SU3) x SU(3), CL; 350 =

e colorons: vector particles predicted by the — | -

i - - O 3= | -
flavor-universal coloron model, in which the N - Wide jets -
SU(3). is embedded in a larger gauge group C_éS o el mi<2.5, lAn I<1.3 3

e W' 2 .. o) | ] , S qugﬁt-qluaorrlj _

B AU ~ [ u -alu ]

¢ quark—gluon < 21 ————— gluon-gluon i
e excited quarks: predicted in quark 1_5f_ _f
compositeness models - 7 TEV :

* string resonances, ... = .

e gluon-gluon 0_5f_ _f
e RS graviton: predicted in the RS model of IS sy AN N I .
extra dimensions, with 5-dimensional anti de % 1 o 3 42 5 6 7 38

Sitter space and reduced Planck mass Dijet mass [TeV]

* S8 (color octet scalar) resonances, ...
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http://dx.doi.org/10.1103/PhysRevLett.116.071801

BASICS OF A DIJET SEARCH

2015 13 TeV

—~-GMS ................................................... e ATXV ._1.5.1.2..041.224.4._
Supp/ementary 3 ; -

Collect (lots of) data with a
trigger based on hadronic
activity

Cluster "wide jets”

Select events based on wide jet
properties

Search for a bump on a smoothly
falling dijet mass spectrum

Set limits

Javier Duarte
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WIDE JETS

e Jets initially reconstructed with anti-kt algorithm with R=0.4
e "Wide jet" algorithm uses two leading jets as seeds
* Adds neighboring jets to nearest leading jet it within AR < 1.1

e Recover loss in mass response due to radiation

anti kr . highestpr | it system

R=0.4 |
=U. JetS seed JetS
¢ &, . r'S L : V'S
PR o s, * W, )
& :”’ 0: ‘i” ’: 0;.’
23 oet?® 180
¢ ¢ ’. .’ .’ ‘0
&0y 09,9, & 09,9, Y
030:0, .0.:. .,’:’
LN R ® gl * gl
3% o0 R edls
R oW oWt
0% o $45¢ 53¢
Y LE23¢ 20009, Sttt
22X Tve
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wider than quark-quark
resonances due to greater

WD

* Gluon-gluon resonances are

radiation (gluon color factor) o
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DIJET EVENT SELECTION

* At least one reconstructed vertex with |z| < 24 cm

* Primary vertex is identified as the vertex with the

nighest sum of pt?
° At least 2 jets with pt > 30 GeV and

e Wide jets |An| < 1.3 to suppress bac
t-channel QCD dijet production

1+ |[cosO*|

n| < 2.5

<ground from

5:’}]2 :| njerl —H_J"EIE |: ]Il

1 - [cosG*| —— e e T
pl 7 2
/" qo,go

* mj > 1.2 TeV to ensure trigger fully efficient
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HIGH MASS EVENT

e Highest dijet mass event m;; = 6.14 TeV

CMS,
<\
_/_/
o/
Jet 1,
pt=2.88 TeV Jet 1,
eta = -0.364 pt=2.88 TeV
phi=1.915 eta = -0.364
phi = 1.915

— Jet 0,
pt = 3.04 TeV
T eta = 0.059
et 0, hi =-1.235
pt = 3.04 TeV 2
eta = 0.059
phi =-1.235

CMS Experiment at LHC, CERN

Data recorded: Mon Oct 12 03:26:27 2015 EEST
Run/Event: 258749 / 549864773

Lumi section: 355

Dijet Mass: 6.14 TeV

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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MODELING DIJET SPECTRUM

LARGEST VARIATION AFFECTS
° Four—parameter THE CONCAVITY OF THE TAIL

. . . ,:-:-...1_03|_| L Y L B I |_
empirical function to model = :
dijet spectrum [1]: =1 0ok b

...CE - — Default 7
(D) - --+1o
do  Py(1—x)" Q401 - -1611 .
I P Y= m/Vs ST :
i X T e ]
v 1_ ......
D -
e How do the parameters =
B0 .99 -
O .
affect the shape? =
* Can look at the variations 0-98¢ U
after diagonaliZing the 0 97?' L1 1 | L1 1 1 | L1 1 1 | Ll 11 | L1 1 1 | L1 11 | |:
. . . “~1000 1500 2000 2500 3000 3500 4000
covariance matrix from a fit Dijet Mass [GeV]

[1] Phys. Rev. D 79, 112002
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PRL 116 (2016) 071801 D‘J ET MASS F‘T

247 (13 TeV
I I I I I I

[ N—

L i T 1 T T 7 | -

* Dijet mass goodness of fit: E oo Lovs Data =
2 . =

X = 31 for 35 degrees of freedom = N D MG -

. . 2 102 ;_ SETEREIEY Color-octet scalar (3.1 TeV)

¢ Four—parameter fUﬂCtIOﬂ 'FIJ[ (red = — Excited quark (5.0 TeV) s
: E:: = —mme Scalar diquark (6.0 TeV) .

solid curve) S 10k -

* PYTHIA 8 QCD Monte Carlo 3 4L _;
(dashed blue curve) - =
= —

| | 107"k

* Three signal models with resonance - -
masses corresponding to 95% CL 107 =

: C - Wide jets L L o
exclusion limit (dash-dotted curves) 10°F m<2s ani<ts LN TE

* Lower panel: difference between . —
the data and the fitted | |
parametrization, divided by the

(Data-Fit)

statistical uncertainty
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http://dx.doi.org/10.1103/PhysRevLett.116.071801

LIMITS

PRL 116 (2016) 071801

Ce -1

¢ MaSS ||m|tS In Run 2 (1 3 Tev) ShOW | e | 1 02 T T 1 | T T 1 T T 1 T T 1 T I2|4-Iflb [ (I1:|3 I-I-Iev—)
. . e . . cie O - -
significant improvement in sensitivity o - CMS -.- String ]

) L — B Scalar diquark .

over previous Run 1 (8 TeV) limits < - ‘ R Excited quark -

L *, N e Axigluon/coloron _|

from CMS QQ 10 = ~. —— Color-octet scalar 3

- \\ c"':\ "\, - W _

e Stri 50TeV—27.0TeV © [ e \© z ]
trlng resonances. . e ° e B ;:‘o \“ \'," RS graviton n

95% CL upper limits
—e— gluon-gluon
—e— quark-gluon

‘s == quark-quark

e Scalar diguarks: 4.7 TeV — 6.0 TeV
* Axigluon/coloron: 3.6 TeV — 5.1 TeV e

Final Observed mass Expected mass
Model state limit [TeV] limit [TeV] 5
String q9 7.0 6.9 10 3 E
Scalar diquark qq 6.0 6.1 u Z
Axigluon/coloron qq 5.1 5.1 i ’ ]
Excited quark (¢*)  gqg 5.0 4.8 3 | | L ™, n |
COlOI‘-OCtet Scalar gg 31 33 10‘ I I I I | -1 b | I I I I RN | -
Heavy W (W) 74 26 23 1 2 3 6
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http://dx.doi.org/10.1103/PhysRevLett.116.071801

Q: WHAT ABOUT /750 GEV?

e Possible resonance seen at 750 GeV in diphotons; could expect 10-10°x
more events in dijets

* To record events with ~100% trigger efficiency down to m; ~ 500 GeV need
to trigger at least Hy > 400 GeV

2 4
, BR(X — H)/BR(X — W) (as/a)*(Qs/Q)* ~ 10 —10° %
arXiv:1606.04093 | ~ e e i arX|v 1606.03833

27fb (13 TeV 38T) s 10g— 1 —— 1T T 1T I =
> L & = ATLAS E
8 ¢ Data = . * Data N
cc\)HO2 = =S58 — Elt1 rgc:jdel 2 0 - Background-only fit =
Py E + 90 S:d: Ij'::’ 102 ;_ Spin-0 Selection _;
s L N - /s =13TeV, 3.2 fo .
T 10 = =
L ; e % 10§ ¢ +++ g
Mg -0 :
- 1= =
e I. i : ‘ H -
- CMS I 101 .
L e oy 3
*(75 2_+ ...................................................................................................................... 5_) 10{._ _f

O X H |le

= I % 4 1 8 i
= L% ncanaainn 5 -
:(5 0 e % i é 0; j +ﬂ . - ;
i-g/ 2__ ............ % ........................................................................................................................ “: —5'%— \“ —;
7200 600 800 1000 1200 1400 1600 5 1% ‘ ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, E
200 400 600 800 1000 1200 1400 1600 1800 2000

m,, (GeV) m,, [GeV]

Javier Duarte

Caltech


http://arxiv.org/abs/1606.04093
https://arxiv.org/abs/1606.03833

TRIGGER SYSTEM

 How can we trigger down to Ht > 400 GeV?
e Two limitations:

e Bandwidth = event rate X event size
imited by read-out of O(100M) detector
channels, disk storage, and everyone

else’s favorite physics channel

e CPU time limited by computing resources
for online reconstruction

Total Reco. &
BW:1kHz x1 MB H. Brun, LP 2015
CPU time: 150 ms

) Javier Duarte
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D. Anderson "Data Scouting at CMS" A D ATA S C O U T ‘ N G

2015 IEEE NSS/MIC

. . PF Candidates
e Technigue of data scouting AK4 Calo Jets

(implemented in 8 TeV and 13 TeV LHC runs) AK4 PF Jets ~ MET

. . Vertices Vertices p
e Reconstruct/save only necessary information Gl

to perform analysis = record more events

* "PF Scouting” limited by CPU time: allows Calo Scouting PF Scouting
us to get down to 3kHz x 1.5 kb 300 Hz x 10 kb

A.U.

Hy > 450 GeV 4

| {HT > 250 GeV: Scouﬁng with calo-jets
‘ {- Peak rate: 3.8 kHz (too high for parking)

* Improved in 2015: .'\ |
"Calo Scouting” allows us to Parking #
get down to H; > 250 GeV

* New in 2016: Saving
tracking information around
Calo jets to allow us to perform

Calo Scouting

HT > 450 GeV: Parking
* Peak rate: 420 Hz

HT > 450 GeV: ’
} Scouting with PF candidates
i+ Peak rate: 420 Hz

HT (GeV)
“’ (Not to scale)

b—tagging dOWﬂ to HT > 250 Gev 250 GeV 450 GeV 800 GeV
Rate estimates assume a *
luminosity of 7e33 cm2 s-1 Lowest unprescaled HT trigger

Javier Duarte
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http://www.nss-mic.org/2015/public/welcome.asp

axivieososssy RUN T DATA SCOUTING RESULT

 Run 1 result already provides constraint at 750 GeV!

18.8 b (8 TeV) 18.8 b (8 TeV)

; E LA B L L L R L AL I L El — 5 | | | | | | | | | | | |
8 102E CMS —— Data —= '8_ 1 O E_ CMS 95% CL upper limits ==~ 'Iixgitled quark _E
< = : = e — = Xigiuon =
o ~ Background fit m : —=— g|uon-g|uon Scaﬁar diquark :
& 1 O E? —rmn—e Z'B (M =700 GeV, gB =0.37) ?E T 1 4 L o rk-aluon W' _|
= - - Z, (M =1200 GeV, g_ = 0.84) 7 Q 0 = quaregiue z' 3
T e — 5 u —&— quark-quark RS graviton ]
© 1 0—1 'E_ _E' § E
102 . B |
10°% 7 .- E - ]
104 & Wide jets h . 10 3 E
- <25, IAnjjI <13 3 B 7
107° & | | | = 1e =
gl 107 & 3
Qo — -
- 5 é é é 3 I B S SN BN ER M

“%00777600 800 1000 1200 1400 1600 1800 400 600 800 1000 1200 1400 1600

Dijet mass [GeV] Resonance mass [GeV]

imit ~1-3 pb at 750 GeV
depending on gg or gg
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http://arxiv.org/abs/1604.08907

awxiv1306229 BEFORE DATA SCOUTING

 Run 1 result also extends sensitivity to Z’ in coupling-mass plane to

previously uncovered regions!
2.5 —

20 -

1.5+

RQ
Q0

10

___ ICDFl.1fb! EXPLORED @ LHCH
SPPS BE : ]
: : CMS 20 fb~! .

05T R —_

00—t
0 500 1000

1500
M 7'y (G@V)

2000

2500
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https://arxiv.org/abs/1306.2629

aivicnosr AFTER DATA SCOUTING

 Run 1 result also extends sensitivity to Z’ in coupling-mass plane to

previously uncovered regions!

18.8 1o (8 TeV
25 B T :\ T T f T T T ( 2
- oS CDF 106 pb™* (1997) CMS 19.7 fo™! (2015) .
- pp, Vs = 1.8 TeV, [21] pp, Vs =8 TeV, [18] 7
21— : \ : -
B : I - CDF 1.13fb" (2009) —
B \ PP, \'s = 1.96 TeV, [21] B
x — ) _
so 1.5 :
o | UA210.9 pb* (1993) : -
= ~ PP, \s=0.63TeV, [21] _
o 1 HEE 5 : -
8 T :
= CMS 18.8 fb™ (Data scouting) : EXPLORED @ LHC
0.5 -- CMS 18.8 fb™! (Expected)
B + 1 std. deviation (Expected) |
= + 2 std. deviation (Expected) ! |
O | E A I E I I T !
1 OO 200 300 400 1000 2000 3000

MZ.B [GeV]
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http://arxiv.org/abs/1604.08907

do/dm (nb per GeV/c?)

TIME IS A FLAT CIRCLE

10 T T

higher

energy

Javier Duarte
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SUMMARY AND OUTLOOK

* No evidence for new phenomena... yet

* Stringent limits on many new physics models from dijet searches with 2012
and 2015 data

e Data scouting technique allows us to probe lower in the dijet spectrum
* 2016 13 TeV run is ongoing! Lots of data collected

e Search for resonances at low mass (including 750 GeV) with 2015 and 2016
13 TeV data forthcoming!

CMS Integrated Luminosity, pp, 2015, Vs = 13 TeV CMS Integrated Luminosity, pp, 2016, Vs = 13 TeV

Data included from 2015-06-03 08:41 to 2015-11-03 06:25 UTC Data included from 2016-04-22 22:48 to 2016-07-03 12:53 UTC

4.5 4.5 _. 10000 10000
i - LHC Dellvered 4.22 fb n CNIS, - LHC Dellvered 9005 73 pb
g 4.0 CMS Recorded: 3.81 fb ! 4.0 2 : CMS Recorded: 8202.98 pb
:'? 3.5 3.5 4? 8000 {18000
8 3.0 Offline Luminosity 3.0 8 CMS Offline Luminosity (Preliminary)
c O . c
£ £ 6000} 16000
3 2.5 1 2.5 3 1

° - - ° -
= 2015: 3.8 FB iy + IR °016: 8.2 FB
w U .
S 2 4000} o 14000
© ©
o 1.5 1.5 5 R
] 9 p—
) L [
£ 1.0 1.0 £ 2000} - 12000
.g 0.5/ - 10.5 g _
F 0.0 ‘ ‘ Jo.0 = 0 et ‘ — 1o

) \ X N < o o o
N Y- RS 6™ s e\°“ e\a“ we? ,‘e\*"‘ R RS RS Y
Date (UTC) Date (UTC)
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Q: WHAT ABOUT 2 TEV?

o Slight excess seen in dijets at ~2 TeV in Run 1 (also in dibosons)

e Not confirmed in Run 2

19.7 0" (8 TeV) 10
/>-\ 10=§l=| L | L | T 1T | T 1T | T 1T | T 1T | T 1T | T 1T | T T I%
2 I CMS —¢— Data R
= = — Fit =
O ~ ]
L e N QCD MC = 1P
E— 102 i_ JES uncertainty _i
D = 3 10
b _ I ' —_
T M0t WOTEY Wide jets (R=1.1) 1
10% == SN nl<25&IMml<1.3 =
SV W ! 3 10"
10° ‘. q*(3.6TeV) —
- - 2
0o - 10
107 = # 4 107
10—8;_ —; 104
* 4§J ________________ TN }(memjmmmmimmmm¢wmmm§ _______________ L e %
S 2 | 4 10°
S E
7)) : ]
) T -
OO g -

&

v

1000 2000 3000 4000 5000

Dijet mass (GeV)
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19.7 b (8 TeV)
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| 95% CL upper limits ]
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— —o— quarkigluon =
E —A— quarki:quark . > E
| | | | | | | | | | | | | | | ! “9 | | | I | | |
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SIGNAL MODELS

String resonances (S), which are Regge excitations of quarks and gluons in string
theory and decay predominantly to qg [1, 2].

Scalar diquarks (D), which decay to qq and qq, predicted by a grand unified theory
based on the Eg gauge symmetry group [3].

Mass-degenerate excited quarks (q*), which decay to qg, predicted in quark compos-
iteness models [4, 5]; the compositeness scale is set to be equal to the mass of the
excited quark.

Axial-vector particles called axigluons (A), which decay to qq, predicted in a model
where the symmetry group SU(3) of QCD is replaced by the chiral symmetry SU(3), x
SU(3)g [6].

Color-octet colorons (C), which also decay to qq; these are vector particles predicted
by the flavour-universal coloron model, in which the SU(3) gauge symmetry of QCD
is embedded in a larger gauge group [7].

Scalar color-octet resonances (S8) [8] that appear in many dynamical electroweak
symmetry breaking models such as Technicolor. We consider the decay channel into
a pair of gluons.
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e Massive scalar color-octet resonances (S8p) [9] that result from the breaking of an

SU(3) x SU(3) gauge symmetry down to the QCD gauge group and that may have
generically large couplings to b quarks. We consider the production of a coloron that
subsequently decays into an S8}, and a light scalar singlet. We fix the singlet mass to
150 GeV. The S8}, and scalar singlet have branching fractions (B) of approximately
100% to bb and gg, respectively. The tangent of the mixing angle § between the two
SU(3) gauges is set to 0.15. This resonance search is inclusive of extra jets, so the
search strategy is insensitive to the decay of the low-mass singlet state.

New gauge bosons (W’ and Z'), that decay to qq, predicted by models that include
new gauge symmetries [10]; the W' and Z’ bosons are assumed to have standard-
model-like couplings. Consequently, the ratio between the branching fraction of the
7' to bb and the branching fraction to a pair of quarks (excluding the top quark) is
approximately 0.22.

Randall-Sundrum (RS) gravitons (G), which decay to qq and gg, predicted in the
RS model of extra dimensions [11]. The value of the dimensionless coupling k/Mp,
is chosen to be 0.1, where k is the curvature scale in the 5-dimensional anti de Sitter
space and Mpj is the reduced Planck scale. The ratio between the branching fraction
of the RS graviton to bb and the branching fraction to a pair of quarks (excluding
the top quark) or gluons is approximately 0.1 [12].




DATA SCOUTING

Delayed data analysis
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L A R G E I—l A D R O N CMS Integrated Luminosity, pp, 2012, Vs = 8 TeV

Data included from 2012-04-04 22:38 to 2012-12-16 20:49 UTC
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L A R G E | \ A D R O N CMS Integrated Luminosity, pp, 2015, Vs = 13 TeV
Data included from 2015-06-03 08:41 to 2015-11-03 06:25 UTC

e Proton-proton collisions at
13 TeV in 2015
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750 GEV YY RESONANCE?

* Excess seen in CMS (2.60 local, 1.20 global at 760 GeV) and ATLAS (3.60
local, 2.00 global at 750 GeV)

e Possible resonance is not easily explained within MSSM (tension between
oreferred small tan and 125 GeV Higgs mass)
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750 GEV YY RESONANCE?

e What do we know?

XU

— Can be spin O or 2.
> Not spin-1. Landau-Yang theorem.

> Completely identical to the argument of the 125
GeV di-photon resonance.

— Spin O is much more compelling than spin-2.

» Very difficult to write down a complete model of
spin-2.
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750 GEV YY RESONANCE?

* How can a neutral particle decay to photons, which only
couples to charged particles?

Must be charged particles here.

For the SM higgs, they are top quark and W boson

Can top and/or W do it for the X(750)?

) Javier Duarte
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750 GEV YY RESONANCE?

e Can top quark and/or W boson do it for X(750)?

t W

- am ajes . i t,w

- O s .

— Say X couples to top and or W, with arbitrary
coupling.

» BR(di-photon) is less than 107

> 4 fb to di-photon means 10s -100 pb to ttbar and or
WW.

> A factor of 4 or 5 in the production rates between 8
and 13 TeV.

» ttbar and/or WW signal of at least pb at 8 TeV.
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750 GEV YY RESONANCE?

* |s it possible that there is a tt or WW resonance with a
cross section of 21 pb in the LHC Run 1 data?

— No.

final state | 700 GeV 750 GeV
tt (narrow) 540 tb 450 fb CMS [6]
tt (wide) 620 fb 520 b CMS [6]
WW (¢vjj) | 60fb 70 fb  ATLAS [10]

—Must be more new physics in addition
to the 750 GeV resonances!!
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750 GEV YY RESONANCE?

* What about its production?

— Unlikely from qqbar:

> Suppressed by small quark masses, otherwise
suffer from sever flavor constraints.

— Possibly (like the Higgs)
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