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OUTLINE

e \What can we do with dijet searches?
 Dark Matter & Dijets
e How can we do more with dijet searches?
* A new trigger-to-analysis paradigm
e Data Scouting
e Twist on a classic search
* Boosted Dijets

e Summary and outlook
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DARK MATTER & DIJEES
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EXAMPLE DARK MATTER MEDIATOR

q ) X

o At colliders, we search for
dark matter production with
large missing energy and

some radiation to trigger on
(MET+X)

* Mediator may directly
oroduce a low-mass dijet 89
resonance
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LTS DIJET EVENT IN CMS

* Dijetmassmy =7.7 TeV

CMS Experiment at the LHC, CERN
Data recorded: 2016-May-11 21:40:47.974592 GMT
Run / Event / LS: 273158 / 238962455 / 150
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BASICS OF A DIJET SEARCH

antikr __ highestpr __ dijet

' =0.4 | ' system
* Collect data with a R=04jets ~  seedjets y
trigger based on Hr &7 & &
(sum of all transverse jet T L T
energies in the event)
wide jets
e Cluster and select two ' R=1.1
n_ooo- . T, Signal
wide jets
e Search for a bump on top
of the smoothly falling
QCD dijet background
Background
>
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H‘GH MASS F‘T PLB 769 (2017) 520

EXO-16-056

e With HT > 900 GeV B 36 b (13 TeV)
. . = 10°E Amne T I IR R R
trigger, high mass CEN: CMS + Data -
; 10° & — Fit =
spectrum fit starts at S b e e E
m;; > 1.25 TeV 5 b —
S e ;
ot T .
do _ P(1-x)"  _ SN - -
ET ’ — Y 107 & =
dmj xPatP31n (x) ,E 72/NDF=38.9/39=1.0 E
10~ = Wide PF-jets +—§
~ mjj>1.25TeV ““““ -

e Yv2/dof=10 10'4?|n|<2-5,|ml||<7-3| I
X Ab 3 T T T ]
=S 2F -
* How do we get s|S i :
: T8 §
constraints on 215 o E
-3 . .,
dark matter models? 2 3 4 5 6 78
Dijet mass [TeV]
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DARK MEDIATOR

* A simplified model of a dark matter mediator

O | I I B B | | 1T T 11 | | L

weaker quark]| .,

coupling i Z>aa :
_} S m a ‘ ‘ e r B 95% CL exclusions —
Cross section ) | |
107 750 100 200 300 1000 2000

R N VI /YY)
higher resonance mass

* Javier Duarte

? Fermilab



DARK MEDIATOR

* Precision measurements of the Z boson width from LEP

(o)

[e)

10
Z'—qq

95% CL exclusions

Z width
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DARK MEDIATOR
 UAZ dijet search at the SppS at CERN, 1993

_@D‘ I B B

1= —
10 —
B Z'—qq _
: 95% CL exclusions :
— c = UA2 Z width B

1 0—2 A B | | | Loy | |

90 100 200 300 1000 2000
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DARK MEDIATOR

e CDF dijet search at the Tevatron at Fermilab, 2009

_ T
(@))
1= —
10— —
B Z'—qq _
B 95% CL exclusions ]
B -+ UA2 CDF Run1 CDF Run2 N
i Z width |
1 0—2 | | | 11 | | | | | | | || | |
50 100 200 300 1000 2000
M, [GeV]
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DARK MEDIATOR
e CMS dijet search the LHC (8 TeV), 2012

_O)C' | | | [ | | | | | | Il |
e LHC E
B e 8 TeV. -
i Lo RA i
- SppS ,' -
RN

107 \ E
B Z'—qq _
: 95% CL exclusions :
B -+ UA2 CDF Runf CDF Run2 N
i = = = CMS Dijet, 8 TeV Z width |

1 0—2 ] ] ] 1 | ] ] ] ] ] ] 1 | ]

20 100 200 300 1000 2000

M, [GeV]
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EXO-16-056
e Higher energy only let us exclude new physics at high mass

- O | I I B B | | IIIII'| R | | L

(@)) _I.
I ! _
- v .
: o <TIN 8 TeV. -
N v, - - "\" I p —
- SppS i T -
S Tevatron °
UL 13 TeVt
E 95% CL exclusions E
B -+ UA2 CDF Run1 —+++= CDF Run2 N
i = = = CMS Dijet, 8 TeV = CMS Narrow Dijet, 13 TeV Z width |
— | | | | | | | | | | | | | | | | | | | |
10 —55 100 200 300 1000 2000

M, [GeV]
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DARK MEDIATOR  PLB769(2017) 520

EXO-16-056
 How can we look for weakly-coupled new physics at low mass?

_@cr T T T T 1 1 1 T T 1T 7] 1 1 1 1

1= —
10

- 13 TeV,
: 95% CL exclusions :
B -+ UA2 CDF Runt CDF Run2 N
i = = = CMS Dijet, 8 TeV = CMS Narrow Dijet, 13 TeV Z width |

1 0—2 A B | | | Loy | | | | L1
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TWO METHODS

e Data scouting: lower trigger thresholds

by recording only information
necessary to perform certain analyses
(to get around data-taking constraints)

e Boosted dijets + associated ISR jet:
Use ISR jet to get above the
trigger thresholds

* Javier Duarte
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DATA SCOUTING
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TWO-LEVEL TRIGGER

1 MB/evt
A4 40 MHZz

V) A

e Level-1 Trigger (hardware) e High-Level Trigger (software)
° 99.75% rejected * 99% rejected

e decisionin ~4 us e decision in ~100s ms

o After trigger, 99.99975% of events are gone forever

* Javier Duarte
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TWO-LEVEL TRIGGER

Everything not saved will be lost.

—Nintendo “Quit Screen” message

h Javier Duarte
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TRIGGER LIMITATIONS

e Two limitations for standard stream given data
acquisition and computing resources:

e CPU time < ~100s ms

» Total Bandwidth = event size X event rate < ~1 GB/s
= 1MB x 1kHz < ~1GB/s

* Javier Duarte
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TRIGGER LIMITATIONS

e Two limitations for standard stream given data
acquisition and computing resources:

e CPU time < ~100s ms

» Total Bandwidth = event size X event rate < ~1 GB/s
= 1MB x 1kHz < ~1GB/s

| !

Can we shrink size to increase rate”?

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

2015 IEEE NSS/MIC

Calo Scouting AK4 Calo Jets
* Reconstruct & store only the
. . 4 kHz x 3 kB
information necessary to 500
perform certain analyses =12 MB/s ] o
— record many AU
more events 4 —
— Scouting with Calo jets and muons

- Peak rate: 4 kHz

* Monitoring dataset \
(~1/200 of events)
is fully reconstructed

e "“Calo Scouting” |
, > HT (G
gets down to E v O
HT > 250 Gev 250 GeV Qoxev

Lowest unprescaled HT trigger

* Javier Duarte
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LOW MASS FIT

e Using “"Calo Scouting,” =
()
low mass spectrum* is fit 5
Q.
above m; > 489 GeV -
O
B
©
do Po(l — X)P1 o
dmj — xPa+Psln(x)+Piln (x)3 X = /s
e x2/dot=1.0
. —|=
* What does this mean for E|<
. C [T
dark mediators? (8
-
D

Note: only the first 27 fb-! is used due to
an inefficiency in the L1 jet Hy trigger

* Javier Duarte
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EXO-16-056
27107 (13 TeV)

—
¢ Data

— Fit

----- gg (0.75 TeV)

qg (1.20 TeV)
-+-qq (1.60 TeV)

cMs

-
PR L]
- QQ

§~.
.

= Wide Calo-jets

- 049<m <204Tev -7
= l<25,Anl<13 -7

06 08 1 12 14 16 1.8
Dijet mass [Te

<N



https://doi.org/10.1016/j.physletb.2017.02.012
https://cds.cern.ch/record/2256873

DARK MEDIATOR  PLB769(2017) 520

EXO-16-056

_ T T T T 1 | | | T T T 1 | | | | —
(@)
1= —
10 =
- 13 TeV
: 95% CL exclusions :
B -+ UA2 CDF Run1 CDF Run2 N
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EXO-16-056
* Expanded CMS reach down to 600 GeV

_C)D' | | | [ | | | | | | Il I._- | | | | |

= =
b

0E 13 TeV
E 95% CL exclusions E
B -+ UA2 CDF Run1 CDF Run2 N
i = = = CMS Dijet, 8 TeV —— CMS Narrow Dijet, 13 TeV Z width |
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BOOSTED DIJET
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DIJET TOPOLOGY

e At low pr, the quarks are resolved into separate
jets

e Difticult to trigger and buried under QCD

q background q

* Javier Duarte
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BOOSTED DIJET TOPOLOGY

* At high pr, the quarks are boosted into a single a

large-radius jet

* ISR gets us above the trigger threshola

q q

AR ~ 2mz/pr
Z’
7! -
q

* Javier Duarte
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EXECUTIVE SUMMARY

e Online selection: 1-prong. 2-prong.

* jetpr > 360 GeV (m > 30 GeV) —s= — Colinen
or Ht > 900 GeV

o Offline selection: \%Q X‘\\}g

* jetpr>500GeV, |n| < 2.5 arXiv:1609.07483

e Substructure selection:

ems 35.9 fb' (13 TeV)

r - e vE IEI\?V%%)(%?SCW o70) SRS,y

I > = qg)+e | mz'; -

» Softdropjetmass >40GeV ¢ »r  ZRE L LIRS
~ 100 E

o N1,DDT (5% QCD eff. V\/P) 2 10° - E
* Backgrounds: 10 -
1025—‘: E

« QCD 10 Lo E
_é 151 +'H*m .

. O ]

e SM Candles: W/Z + jets §oosc ot o
<§ 0 005 01 015 02 025 03 035 04 045 N(:5

2
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EXECUTIVE SUMMARY

e Online selection: 1-prong. 2-prong.

* jetpr > 360 GeV (m > 30 GeV) — st .

Collinear

Collinear

or Ht > 900 GeV

o Offline selection:

e Substructure selection: e CUt  asomraaren
r | g @l é'%%e;;(g;fo;s;;; = ébq%'(;gqas;(;o' ]

e Soft drop jet mass > 40 GeV SRCI T ==L -

< 1°E SIGNAL E

e N1,D0DT (596 QCD eff. WP) § 1CE REGION =

W 40t E;

* Backgrounds: 10 e -
10?7 & _§I

e QCD 10 e =

& 151 . ]

& bt eennesassecanssan,

| I = e ]

e SM Candles: W/Z + jets §oos ot Tt o
% 0 005 01 015 02 025 03 035 04 045 0.5

| N}
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PRL 119, 111802
2017 BACKGROUND S ........

[ QCD ( kf t 0.74) [l Single-t(qq)
(5 Bl \V(qa)+e Z(qa) m_, =100 GeV

o> 107 = ] tiqo)Hets <o Z/(qq) m, = 150 GeV—
= B Z(qq)+je + Data 3
== MC uncert. (stat)

e QCD jet mass spectrum

orediction methods:

* Monte Carlo simulation E _
g ¢ 0 ° e ¢ e 0.,
(Can we trust |t?) cé " 100 150 500 550
. Q mSD(GeV)
. , cws CUL  ssom'atey)
* Pure parametric fit < OF ES_’Y?%;;;SC")i“—S@grﬁq@}mg%%
. R =1
(large uncertainties) 2 1°F SIGNAL E
§ 1°F REGION E
e Data-driven sideband . ooE E
prediction wE .
10 & | L =
& 1s5FFf . .
(_*E ik +“+ .................. ; ............. _
-c% 05 e e ]
: R
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PRL119.111802 B A CK G RQUNDS

(2017) P oo (9700 _

[ QCD ( kf t 0.74) I Single-t(qq)
(5 B \W(qq)+e Z'(qq) m,,= 100 GeV J

o 107 = ] ti(qo)+ets - Z(qq) m, = 150 GeV—
= I Z(qq)+je ¢+ Data E
Z= MC uncert. (stat.)

e QCD jet mass spectrum

orediction methods:

e Monte Carlo simulation
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o
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SIDEBAND QCD PREDICTION

* Core idea: predict QCD jet mass distribution from failing region

* Problem: cut on N';sculpts jet mass distribution!
N2

A

T CONTROL REGION
Cut ...................................................................... TQANSFEQ
l SIGNAL REGION FACTOR

Neass/ NEa

> 0 (MASS-LIKE VARIABLE)
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SIDEBAND QCD PREDICTION

e Solution: detine new substructure variable intended to be
decorrelated from jet mass

N12 DDT -
4 Transformation:
N12 —) N12DDT= N12_X(5%)
CONTROL REGION 1000 CMS Simulation _
C?_D), 11005_ Multijet events _§I0_28 ><$
T o~ 1000F —0.26
9002— _ —0.24
Cut ...................................................................... 8002— —i .
SIGNAL REGION l 700 |
600 E
500;_ _i —0.18
400E -10-16
3005— |.| | 1 —0.14
-
p = In(r. Jp?)

> 0 (MASS-LIKE VARIABLE)

* Javier Duarte
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MORE REALISTIC

* In real data, signal region and control region have slightly
different shapes
N1, DT

TRANSFER FACTOR
CONTROL REGION

Ry /(0. pT) = a00

Cut ......................................................................

SIGNAL REGION

> P (MASS-LIKE VARIABLE)

* Javier Duarte
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FITTING TRANSFER FACTOR

* Fit directly for a parametrized transtfer tactor
N1, DDT

TRANSFER FACTOR
CONTROL REGION

Ry /¢(p, p1) Z Ao p

R —— | \___

SIGNAL REGION

> P (MASS-LIKE VARIABLE)
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BOOSTED DIJET FIT

JHEP 01 (2018) 097

QCD multijet background from
control region failing substructure

e Fit results per pr bin

35.9fb™" (13 TeV)

> : T T T | T T T | T T T | T T T T T T | T T T | | :
3 25000~ CMS ¢t Data e W(qa)+ets (x3) v
To) = —— Total SM pred. == Z(qQ)+jets (x3) -
> a 25 Multijet pred. - t(qQ) Hets (x3) transfer factor Ro4(p , pr)
*GEJ 20000 — B Z/(qq), g, =0.17, m,=135 GeV —
if - T p.: 500-600 GeV
15000 — -
10000 — -
5000 — A 7
= T ]
s 1IF - - .
% 1 4.......v..l....'.V..‘ﬁ‘v.v.,‘.,‘o—‘:s.:y:s;a.ﬂa::s;‘@;s;:s;:ﬁ;:s:srﬁss;:s‘;s‘a.,‘.y.\‘.\‘«.yly.m‘«.v.\Q.m.\s.v.\‘.Q«.v.Q.\‘,y.,?,‘.,.,‘.‘,,‘.\‘.‘v.\‘,yQ‘.,.,‘.y..,‘A‘.,Qy.,‘.,96‘.,‘.,‘,‘4‘.,!#
o 09t . . —
8 50 100 150
A Mg, (GeV)

SM candles: W/Z(qq) peak
provides in-situ constraint of
Z'(qqg) signal systematics
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BOOSTED DIJET FIT

JHEP 01 (2018) 097

QCD multijet background from
control region failing substructure

e Fit results per pr bin

35.9fb™" (13 TeV)

> '— T T T T T T T T T T T T T T T | T T T | T T T | —|
O]
ONY 35.9 fb" (13 TeV) X
LO > : 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 : f f R
o & 899 cms ¢ Data e W(qa)+jets (x3) transfer tactor Ry(p , pr)
T ‘o 2000 = —— Total SM pred. -+ Z(qo)+ets (x3) 3
G>') ?) A i Multijet pred. -= t/tt(qqg)+jets (x3) 3
- ; % 6000 Bl Z(qq), 9 =0.17, m,=135 GeV =
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1 4000F =
3000 —
2000— —
c 1000 —
9 — ]
.9 = L | —_— P R | —]
©
© 5 14F =
S o .
S B ot b ot
% § ‘|-&«Qa-:‘-,v-ss-satwesﬁszssﬁzssa*a@;ﬁzs@a@%; 5 [ IS — s ; +§+ ,*+ : + 3 *+
() —
o 0.9=_ . . . . . . . —
S 80 80 100 120 140 160 180 200 220 SM candles: W/Z(qq) peak
S mgp (GeV)

provides in-situ constraint of
Z'(qqg) signal systematics
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BOOSTED DIJET FIT

JHEP 01 (2018) 097

QCD multijet background from
control region failing substructure

e Fit results per pr bin

35.9fb™" (13 TeV)

> E LN L B B N B B B B
()
ONY 35.9 fb" (13 TeV) X
LO > '_I T T T T T T T T T T T T T T T T | T T T | T T T | T T I_|
© transfer factor R
2|0 35.9 fb™ (13 TeV) AP, PT)
C E Lo > 2500 _l L LI I B ) I B L — LN N I Y B B B B |_
o .
R 3 -CMS ¢ Data e W(ga)+jets (<3)
1S |0 — Total SM pred. - Z(qq)Hets (x3) -
O = o5ppolte ' Multijet pred. - - tE(qq)+ets (x3)
11l 7)) =z | i
e B B Z'(qq), Qq.=0-17, m_=135 GeV ]
o - |
1 > - .
W 1500 p_: 700-800 GeV -
1000~ -
c B ]
2 500— .
5 B ]
() c - TR
A~ (@) — 1 Aol . |
o — | i- . b it i ™ i |
3 O 0 e :
©T D c
() — o 1 2 — ]
o =
g S 1*..\m.,.,.34z,..gmgsm.&.;,.~.:_,$~.,¢.,,,_,,49_,.V,.‘._,_x_F.,,y,_\_‘,,,_*..,gﬁ.,,,,.,.4.4.¢,.,,}.,t.v.;‘..y*,a,,*?.,*.,¢.~.i.,:.,..; SM candles: W/Z(qq) peak
q) . . . .
O & o8k . . . = provides in-situ constraint of
3 50 100 150 200 250 , . ,
a Mgp (GeV) Z'(qqg) signal systematics
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BOOSTED DIJET FIT

JHEP 01 (2018) 097

QCD multijet background from
control region failing substructure

e Fit results per pt bin

35.9fb™" (13 TeV)

> = LI LA N LN B N
)
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I.O > |_| T | T T T | T T T | T T |_|
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BOOSTED DIJET FIT

e Fit results per pr bin

Events / 5 GeV

Data/Prediction

35.9fb™" (13 TeV)
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QCD multijet background from

control region failing substructure
X

transfer factor Ro(p , pr)

SM candles: W/Z(qq) peak
provides in-situ constraint of
Z'(qqg) signal systematics
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BOOSTED DIJET FIT

JHEP 01 (2018) 097

QCD multijet background from
control region failing substructure

e Fit results per pt bin

35.9fb™" (13 TeV)
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https://doi.org/10.1007/JHEP01(2018)097

BOOSTED DIJET  JHEPO01(2018)097
e Expanded CMS reach down to 50 GeV

_ T
(@)
1= —
q q i |
\\ e B
4 1 - Z'5qq N
— 95% CL exclusions ]
/\Q_Q_QQQQ—(L : -+ UA2 CDF Runt CDF Run2 :
q g B — = = CMS Dijet, 8 TeV =——— CMS Narrow Dijet, 13 TeV  ——— CMS Boosted Dijet, 13 TeV |
Z width
1 0—2 l R B I I I I R I
50 100 200 300 1000 2000

M, [GeV]
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https://doi.org/10.1007/JHEP01(2018)097

SENSITIVITY TO DARK MATTER

* Sensitive to large range of dark matter parameter space by
looking directly for resonant production of the mediator

q g x(mpwm) o
CMS Preliminary LHCP 2017

;‘ 2000 [ | I I 1 | I I I I I I I I I I I I I I I I I I I I I m 1 |'! I ' | | I | | | | I | | | 1 -~
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SENSITIVITY TO DARK MATTER

e Converted to plane of nucleon-dark matter cross section versus

dark matter mass

CMS Preliminary LHCP 2017

[cm?]

10°%

10738

DM-proton

GSD

1073

10740

104

///////////////////////

!

102 10°
Dark matter mass m,, [GeV]

CMS observed exclusion 90% CL
Axial-vector med., Dirac DM; gq =0.25,¢ o= 1.0

Boosted dijet (35.9 fb™)
[EXO-17-001]

Dijet (35.9 fb™)
[EXO-16-056]

DM +j/V__ (359 fo™)
[EXO-16-048]

DM + vy (12.9 fb™)
[EXO-16-039]

DM +Z, (35.9 tb™)
[EXO-16-052]

DD/ID observed exclusion 90% CL

PICASSO
[arXiv:1611.01499]

PICO-60
[arXiv:1702.07666]
Super-K (bb)
[arXiv:1503.04858]
IceCube (bb)
[arXiv:1612.05949]
IceCube (tt)
[arXiv:1601.00653]

NOTE: MODEL

DEPENDENT
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CMS DARK MATTER -MEBIATLORS

SUMMARY AND OUTLOOK

* Javier Duarte
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SUMMARY AND OUTLOOK

* More to dijets than meets the eye

_ T
(@))
1 —
10— =
B Z'—qq _
[ 95% CL exclusions ]
B - =+ UA2 CDF Runf CDF Run2 o
i = = = CMS Dijet, 8 TeV Z width |
1 0—2 | | | 1 1 | | | | | | | 1 1 | |
50 100 200 300 1000 2000
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SUMMARY AND OUTLOOK

* More to dijets than meets the eye

-
e Dark matter ;
e Data scouting

e Jet substructure

e b-tagging

* Machine leaning 1o
* Higgs couplings

e New triggers

e and more... 102

L4
.
V.4
~
¥
N -
. R 1
~". ‘1'.

95% CL exclusions

- CMS Boosted Dijet, 13 TeV

-+ UA2
= = = CMS Dijet, 8 TeV
—— CMS Narrow Dijet, 13 TeV

- e e o

CMS Dijet w/b Tag, 8 TeV
CDF Run1

= CMS Narrow Dijet, 13 TeV= = =

CMS Wide Dijet, 13 TeV

Z'—qq
CMS Dijet i, 13 TeV

CDF Run2
CMS Dijet Scouting, 8 TeV

ATLAS Boosted Dijet, 13 TeV_|

ATLAS Dijet, 8 TeV - UA2 CDF Run1
CDF Run2 Z width
L T L L L L R L L L L L
20 100 200 300 1000 2000
M, [GeV]

e Looking forward to the rest of Run 2 and Run 3!

* Javier Duarte
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CMS DARK MATTER -MEBIATLORS

BACKUP
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PRL120,071802 B O OSTED H—BB

8000

7000

6000

5000

IIII|IIII|IIII|III4‘|IIII|IIII|III |IIII|I

35.9 fb™ (13 TeV)
| T | T T T | T T T | T T T | T T T | T T T | T T T —r
CMS 450<pT<1000 GeV ---- W
double-b tagger T %
. . SEORE
passing region Multjet
—o- “a Total background
e I H(bb)
™ + Data

 Simultaneous search for Z(bb) and H(bb)
«10° 35.9 fb™ (13 TeV)
> I L B L BN | >
8 500 CMS 450 <p_<1000 GeV -~ w ] 8
N~ = double-b tagger tzt ] N
® 400 - failing region Multijet ] ®
CIC) B “s Total background ] CIC.)
> - I H(bb) - >
L 300:_ ¢+ Data _: L
200 —
100
o
= 6o = i
S| 40+ W - . g
2lE 20l A - E
..CE O_‘_.__‘_I_-Q-J ..... .": . i . . : . | E
a 40 60 80 100 120 140 160 180 200 a
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10 | .
5 - . .
0 60 80 100 120 140 160 180 200
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observed H(bb) significance:

1.50, pp = 2.3*184 4
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https://doi.org/10.1103/PhysRevLett.120.071802
https://doi.org/10.1103/PhysRevLett.120.071802

SENSITIVITY TO DARK MATTER

* Sensitive to large range of dark matter parameter space by
looking directly for resonant production of the mediator

q g x(mpwm) o
CMS Preliminary LHCP 2017
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SENSITIVITY TO DARK MATTER

e Converted to plane of nucleon-dark matter cross section versus
dark matter mass

CMS Pre“mlnary LHCP 201 7 CMS observed exclusion 90% CL
QE 10_35 T T T T T17T] ST T T T 117 T T T 1T 177T] Vector med., Dirac DM;gq=0.25,gDM=1.O
O, 10°%6 Boosted dijet (35.9 fb™)
c [EXO-17-001]
o
L) -37
o 10 = Dijet (35.9 fb™)
c ~ = [EXO-16-056]
_s 1078 » ==
wa = » = DM +j/V_ (35.9 b
b -39 —— qq
10 N = [EXO-16-048]
_ L VD _
1070 A = DM + v (12.9 o)
g 5 [EXO-16-039]
1 0—41 ,,,,,, —= 1
= DM +Z, (35.9 fb™)
10742 ' p— [EXO-16-052]
—43 — DD observed exclusion 90% CL
10 =
= CRESST-II
-44 [arXiv:1509.01515]
10
CDMSIlite
1 0_45 [arXiv:1509.02448]
PandaX-ll
_46 [arXiv:1607.07400]
10 LUX
| | | [arXiv:1608.07648]
10—47 ] ] L1111 ] ] L1111 > ] L1 11t - XENON1T
1 10 10 10 [arXiv:1705.06655]

Dark matter mass m,, [GeV]
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DARK MATTER MEDIATOR

e |f our leptophobicZ' couples
to dark matter as well
quarks, then it acts as
mediator between the dark
sector and visible sector (SM)

e How do our limits on the
mediator change as we turn
on gpm > 0 and mpy < mp/2 ?

Ly = ~8oMZp, X' X H8q Y Z,97"4

q
q
4D parameter space: gpm, 9q, Mbpm, Mm

* Javier Duarte
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SENSITIVITY TO DARK MATTER

* We can convert these limits in the (mp, mpwm) plane into limits in
the (mpwm, Osp) plane to compare with ID/DD DM experiments

For axial-vector mediator with universal quark
. , . ,q , fP= f" = 032¢.
coupling g4, mediator-nucleon coupling is

2 2
_ 3/7(8q)8DMINY arXiv:1603.04156
_ ﬂmﬁned
gleom\” /1TeV\* / iy \2
~ 24 x 10 % em? - [ 22 X
<107 em <0.25> <mmed> (1GeV>
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https://arxiv.org/abs/1603.04156

DM COMPLEMENTARITY

THERMAL OARK VATTETL
T ey -

* Javier Duarte
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DM COMPLEMENTARITY

experiment types:

proton / electron
beam dumps / fixed target

visible dark photon searches

HPS, LHCb, APEX
(proposed) SeaQuest,

MAGIX,...
missing momentum/mass/energy
& DM scattering searches
Q/((‘* miniBoone, NAG64,
P\// (proposed) LDMX, BDX, SBN, DarkLight,
\ PADME, SHiP, ...

MgV GeV




QCD TRANSFER FACTOR

* |f tagger were completely
uncorrelated from jet mass and
ot in data, the transter factor
would be flat

NP (imsp, pr) = Ry/¢(p, pr) - N&P (msp, pr)

\

CD CD
N}(DQaSS (mSDi/ PT]) — - Nf%l] mSDZ’, PT])

* Javier Duarte
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QCD TRANSFER FACTOR

* |f tagger were completely
uncorrelated from jet mass and ® Fisher F-test to determine

ot in data, the transfer factor order of polynomial
would be flat needed to fit the ratio:

* Taylor expand as a polynomial 2 order in p and
in p and pr to parameterize Tst order in pr is sufficient

any small correlations

NQCD(mSD/ pT) = Rp/f(pl pT) - Nf(aQSD(mSD' pr)

pass

NI%(;_? (mspi, PT]‘) =

“ Fermilab



BACKGROUND STRATEGY

e Backgrounds estimated from do“b'i'b @8 pass”
data double-b tag = 0.9 ——
* QCD (20%): from failing g
double b-tag x transfer b fail”
factor > msp

o tt+jets (3%): from Tu
control region

* Backgrounds estimated from
corrected simulation:

o W/Z+jets (5%)
e single-t, VW (<1%)

* Javier Duarte
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arXiv:1501.04198 C LA S S ‘ C D | J E—l—

19.7 fb' (8 TeV)

10
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% % — Fit %
L 0 = %, e QCD MC =
E= :_ JES uncertainty _:
% 10'2§ %
T 100 WOSTED Wide jets (R = 1.1) "=
. - 104 = M <2.5&Anl <1.3 —=
e Classic dijet search @ : S
10° = q* (3.6 TeV) =
LHC (CMS, 8 TeV) £ E
s \
10'8%— —%
@ 4E E
©
>
o
wn
O
o

1000 2000 3000 4000 5000
Dijet mass (GeV)
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http://arxiv.org/abs/1501.04198

CMS DETECTOR

Muon

Electron

Charged Hadron (e.g.Pion)

] )))| ]]' — — — - Neutral Hadron (e.g. Neutron)

----- Photon

3.8T,
Transverse slice
through CMS
N
\\. 2 N
£ N o | L
¢ A ¢
=) o S

,,,,,

-
o,

.
_—

e Yt =

N
Electromagnetic
Calorimeter

Hadron
Calorimeter Superconducting
Solenoid
Iron return yoke interspersed
with Muon chambers
Om m 2m 3m 4m 5m 6m 7m
| ] ] ] ] ] ] ]
Detector pr-resolution n/®-segmentation

Tracker 0.6% (0.2 GeV) - 5% (500 GeV) 0.002 x 0.003 (first pixel layer)
ECAL 1% (20 GeV) - 0.4% (500 GeV) 0.017 x 0.017 (barrel)
HCAL  30% (30 GeV) — 5% (500 GeV) 0.087 x 0.087 (barrel)

* Javier Duarte
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arXiv:1706.04965 - PARTICLE FLOW

e Efficient combination of complementary detector subsystems

A
' neutral

\ y \ y
" hadron HOAL
clusters

Detector

—>
b

Particle Flow

“ Fermilab


https://arxiv.org/abs/1706.04965

arXiv:1706.04965 - PARTICLE FLOW

e Efficient combination of complementary detector subsystems

e Holistic particle interpretation of the event improves energy/
spatial resolution for jets, among many other things...

C [ [ [ T T 1T | [ [ [ T T 1T | [ C [ [ [ T T 1T | [ [ [ I T T 1T
S 6L cMs Anti-k,,R=0.4 —= Calo | S | cMs Anti-k,R=0.4
= _ Simulation mRefl <1.3 —eo— PF =) _ Simulation mRefl <13
S | 2 ¢ M
D i ] D 0.1~ o —=a— Calo |
= - . = B O —o— —o— PF
> | - O
> 0.4 _ g | %
2 2
c
LL] <L B . |

005_ .I O T

O
\S)

%QQOO .l O
- AR EE T ETT)
O ] ] L1 1 11 || ] ] 11 1 11 || ] O ] ] 11 1 1 ||| ] ] L1 1 11 || ]
20 100 200 1000 20 100 200 1000
pie (GeV) pe (GeV)
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https://arxiv.org/abs/1706.04965

arXiv:1307.0007 JET MASS

arXiv:1402.2657

e Provides good separation between W/Z/H-jets and g/g jets

e Grooming removes soft and wide-angle radiation (soft
drop / modified mass drop tagger)

CMS  Simulation Preliminary 13 TeV
(/) 12000 ——— | 11 | 11 | T 1 | T 1 | T 1 T 1 | LI | 11 | L
Remove sub- ; | RSGraviton — WW, Anti-kT (R=0.8) — B = i
clusters not £ £ 10000]— <Nw>=40 N
satisfyin £ - |
Decluster so:nye J L P> S00cey - B — O ]
- <25 m
|teratlve|y Crlterlon 8000|— |
S’[Op when 6000 L |
both subjets B ]
satisfy - S ]
criterion 40001~ ]
2000 _— fj ]
min(pr1, pr2) AR5 \" : /;“;
143 . [N ST R el BTN B A RN TR S
SOft Drop Cond]‘t]‘on' > Zcut R 900 -80 -60 -40 -20 0 20 40 60 80 \‘I/OO
pTl _|_ pT2 0 Myeco-M, ( )

CMS: Leut = 01, B = (
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https://arxiv.org/abs/1307.0007
https://arxiv.org/abs/1402.2657

arXiv:1609.0/483 J ET SU BSTRUCTU RE

e How many “prongs” are in the jet?

* Generalized energy correlation 5
functions are sensitive to N-point NP — 263 B =
: L : 2
correlations within a jet (165)2
* Two-pronged jets have se3 « (1€2)? 2-point

e Stable under grooming

1
1eh = —— Z pTiijARiBj

p2
TJ 1<i<g<ny

1 .
25 =—— »  prprpremin{ AR AR, ARARY AR AR
Py 1<i<j<k<ngj

* Javier Duarte
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https://arxiv.org/abs/1609.07483

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

2015 IEEE NSS/MIC

PF Candidates
e How can we trigger .
b | H 9009(93 V? PF SCOUtIng AK4 PF Jets MET
OW = eV’
© T 500 Hz x 15 kB
Vertices p
* Reconstruct/save - §F
only necessary AU.
: - & A Hr> 250 GeV:
information . | Gl S } Scouting with Calo jets and muons
to perform analysis '\ * Peak rate: 4 kHz

— record more

events Hr > 410 GeV:

PEScolIN | Scouting with PF candidates
- Peak rate: 500 Hz

\; HT (GeV)

(Not to scale)

e "PF Scouting” is
more flexible but
imited by timing @

E

250 GeV 410 GeV 900 GeV

HLT (tracking) 4

* Javier Duarte

Lowest unprescaled HT trigger
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http://www.nss-mic.org/2015/public/welcome.asp
http://www.nss-mic.org/2015/public/welcome.asp

PRL 120, 071802 ANALYSIS SELECTION

(2018)

Substructure: two prong discrimination,  Double-b tagger: 30% sig. efficiency,
50% sig. efficiency, 26% bkg. efficiency 1% bkg. efficiency (tight working point)

CMS  Preliminary 35.9 fb" (13 TeV) CMS  Preliminary 35.9 fb" (13 TeV)
w 108 %I T T | T 1771 | T 1771 | IIIIIIII | T 1771 | Il IIIIIIIIIIIIII % w 108 T T | T T T | T T T | T T T | T T T | T T T | Il T T | T T T | T _I T | T T
-E = 1 QCD (k-factor 0.77) B Z(qq)+jets ggH(bb) = -E 1 QCD (k-factor 0.77) B Z(qq)+jets ggH(bb) n
O — B W(qq)+jets B single-t ¢ Data — O B W(qq)+jets B single-t ¢ Data 1
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= 1 = 1
— = = .
— ° -
6
= signal E e '
— = 0000090044 o |+
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, pT-Ieading jet double-b tagger discriminator

pT-Ieading jetN
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https://doi.org/10.1103/PhysRevLett.120.071802
https://doi.org/10.1103/PhysRevLett.120.071802

MULTIPLE APPROACHES

fatjet subjets double-b
* Based on standard e Defines sub-jets e |dentifies two b hadron decay
b-tagging algorithm » Standard b-tagging chains in the same fat jet
* Not designed for two applied to each subject » Does not define subjects, but
b's in the same jet uses N-subjettiness axes

* Javier Duarte
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HIG17:010 S TG NAL COMPOSITION

35.9fb™' (13 TeV)

I | L | L | L | T 1 | T 1 | 1T 1 | 1T 1
450 < p, < 1000 GeV

* Analysis is inclusive in Higgs LCMS

—— Z(vv)H(bb)
Simulation L W@HeE) ]
poroduction mode Preliminary i
10 - e VBF H(bb) E
* Dominant contribution is f e o

ggF (74%) -
. 12% VBF | —
» 8% VH | |

cy :
. 6 O tt L1 1 ||T| | m-:__l___l__l_: | | | :_'_J ] | L1 1 | L1 1
40 60 80 100 120 140 160 180 200

AK8 mo ' (GeV)
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http://cms.cern.ch/iCMS/analysisadmin/cadilines?line=HIG-17-010

arXiv:140/7.6013 P U P P ‘

* PUPPI (PileUp Per Particle Id): general framework that determines,
per particle, a weight for how likely a particle is from PU

o Key insight: using QCD ansatz to infer neutral pileup contribution

[1] define a local discriminant, a, i . -
between pileup (PU) and leading af =log 27}’2,3 O(Ro — AR;;)
vertex (LV) jeCmv ” _

[2] get data-driven a distribution for PU using
charged PU tracks

T T T T | T
[ charged LV
charged PU
------- neutrals LV
------- neutrals PU

fraction of particles
o
o
T

0.04

0.02

* Javier Duarte
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https://arxiv.org/abs/1407.6013

arXiv:140/7.6013 P U P P ‘

* PUPPI (PileUp Per Particle Id): general framework that determines,
per particle, a weight for how likely a particle is from PU

o Key insight: using QCD ansatz to infer neutral pileup contribution

[1] define a local discriminant, a, i . -
between pileup (PU) and leading af =log 27}’2,3 O(Ro — AR;;)
vertex (LV) jeCmv ” _

[2] get data-driven a distribution for PU using
charged PU tracks

neutrals LV

— neutrals PU

fraction of particles
S

[3] for the neutrals, ask “how un-PU-like is a for
this particle?”, compute a weight

—
<
\V]

[4] reweight the four-vector of the particle by this 10-3(; e oi 0 o3 _1
weight, then proceed to interpret the event as usual |

* Javier Duarte
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https://arxiv.org/abs/1407.6013

PUPP]

1407.6013
e PUPPI (PileUp Per Particle Id)
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https://arxiv.org/abs/1407.6013

SYSTEMATICS

Systematic uncertainty source Type (shape or normalization)  Relative size (or description) //
QCD transfer factor both profile a3y and QCD normalization
Luminosity normalization 2.5%
V-tag (N%’DDT) efficiency normalization 4.3%
Muon veto efficiency normalization 0.5% W
Electron veto efficiency normalization 0.5%
Trigger efficiency normalization 4% .t
Muon ID efficiency shape up to 0.2% O p R
Muon isolation efficiency shape up to 0.1% .’ b
Muon trigger efficiency shape up to 8% b ,
tt normalization SF normalization from 1p CR: 8% e
tt double-b mis-tag SF normalization from1py CR:15% O oSN e’ .t
W /Z NLO QCD corrections normalization 10% . O p
W /Z NLO EWK corrections normalization 15% — 35% L’ W
W /Z NLO EWK ratio decorrelation normalization 5% — 15% L’ ’
double-b tagging efficiency normalization 4% R
Jet energy scale normalization up to 10% V u
Jet energy resolution normalization up to 15%
Jet mass scale shape shift mgp peak by +0.4% §
Jet mass resolution shape smear mgp distribution by +9% cn CI\IIISI Pr?/imlinarl ———— I35-I9 f|b I(13I TleV)
Jet mass scale pr normalization 0.4%/100 GeV (pr) T 2000 , B _+_ CMS data -
Monte Carlo statistics normalization - 4 Data x*/nDOF = 0.875 —+— Total MC .
(H pr correction (gluon fusion) both 30% ) L 1800}~ MC #*/nDOF =1.783 - “Dn%t?iz't E
—— Gaussian Data comp-|
1600 8.2 W Gaussian MC comp.™]

* Signal systematic uncertainties from merged
W sample in semi-leptonic ttbar events
(external constraint)

* SM candles: presence of W/Z(bb) in final jet
mass distribution provides in-situ constraint

1400

1200

1000

800

600

400

200

—— ErfExp Data comp.
.— - ErfExp MC comp.

-

e Higgs pr correction uncertainty of 30%

* Javier Duarte
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DATA RATES, SIZES, AND TIMING

Event Rate [Hz] | CPU Timing [ms]| File Size [kB]

Calo Scouting
PF Scouting
Standard

* Javier Duarte
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LONG HISTORY OF DIJET SEARCHES

° D |J et resonance sea I’Ch es are EUROPEAN ORGANISATION FOR NUCLEAR RESEARCH
CERN-EP/88-54

fundamental discovery probes at April 28th, 1988
nadron colliders

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

¢ Wh at klﬂd Of P quiCS Can we dO’? UAI Collaboration, CERN, Geneva, Switzerland

| T T 10 ¢ N T T T T T ]
N X: n \\ .
L Y cos 8 <0.2 - Nt 0.2<cos© <0k - - ]
10 \ . \ UAT Vs = 630 GeV
- 3337 EVENTS 2803 EVENTS - \ : .
B N\ .
-2 - \ —
= QCD x 15 - | \
\\ AXIGLUONS
- acb x 1.5 10 p— —
v L _ - \\/ .
N N o ]
ngJ Systematic errors _'_E_ : \ -
@ = L .
Sl - | - = L -
-E ] - 1 | ] = +
- : - EJ - .
E 0.4 < cosO <0.6 T 0.6<cosO <0.8 T
I w'h — i u
S 2983 EVENTS 1592 EVENTS x |
S 5 W UPPER LIMIT ™
® - (95% L) S
: GCD x 15 - -
-2 < - - = n
107 = - 4 rs0bm,
- QC0 x 15 -
L \ 10} w<0iimg
10° v L _ L \\ B
: : 0.01 ] 1 ] 1 AL
106 - L - 200 300 400
] ] TEARY ] | L&
0 100 200 300 0 100 200 300 m, (GeV/c?)
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HIG-1/-010

e LO H+0-2jet Pythia CKKW-L
merged, finite m;

e NLO H+1jet finite my up to 1/m¢

expansion: arXiv:1609.00367

e NNLO H+Tjet, m¢ = oo, p1 Up to
~200 GeV arXiv:1508.02684

* Two factorized systematic

Events/GeV

102

10

107"

102

HIGGS Pt MODELING

— Powheg
NLO(EFT)xk
NLO(EFT)xFTxk

lllll| IIIIIIII| Illllllll IIIIIIII| IRILILL

FT = full theory, finite my \

= EFT = effectlve fleld theory My = oo
ST — T T S 8 Lo Ne v b

1 00 200 300 400 500 600 700 800 900
GeV

o

uncertainties: E
o “E
e 30% overall normalization %’ =
. . O Lsg_ _,_,_l—l_‘_‘—’—’—\—‘—\—‘
e 30% linear change inslope  § = = — |
0.5; I
(no effect on overall norm.) o
_ NLO 1 jet my NNLO 1 jet my — o©
GF H(NNLO — (1 jet my — 00) X X X
( +me) = (1 jet my o0) LO 1 jet my NLO 1 jet my — o
CKKW merged  factorof?2  factor of 1.25

* Javier Duarte
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https://arxiv.org/abs/1609.00367
http://arxiv.org/abs/1508.02684
http://cms.cern.ch/iCMS/analysisadmin/cadilines?line=HIG-17-010

ONLINE CALO My, CA

e Fit to correct Online Calo jet pr

(13 TeV)

- CMS

¢ Data
- —Fit

p_ Difference (HLT - PF) [%]

T

| | | | | I | |
200 300 1000 2000 3000

Jet P, at HLT [GeV]

* Javier Duarte
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ONLINE CALO My, CALIBRATION

* Ratio of Online Calo mj;

to Ofﬂlﬂe PF mj;
CMS Preliminary

10°

1.02

*Illllllllllllllll

¢

1.00

f

0.98

0.96

0.94

0.92

|||||||||||
0-90=600 800 1000 1200 1400 1600 1800 2000

m; [GeV]
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DARK MATTER MEDIATOR

* mpy and gpwm affect mediator
decay branching ratios

e Smaller mpy < mp/2 and
larger gpm > O gives

e larger BR(Z' = xX)
e smaller BR(Z' = gqg)

e Same dijet cross section
upper limit at gpm =0

| o[Zg — qq|8s, §om) = 0(Zy — qq|g8,gom = 0)
translates into weaker )¢ g

coupling limit at gpy > 0 T99(gp) +-TAX  T99(gp)
(smaller branching to dijets) -

* Javier Duarte
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SENSITIVITY TO DARK MATTER

For nucleons, Cy, , are related to axial-vector current matrix
elements by generalized Goldberger-Treiman relations,

Cp = (Cu —m)Au + (Cqg — nz)Ad + (Cs — nw)As,

Cn = (Cy —n)Ad + (Cg — nz)Au + (Cs — nw)As. ()

Here, n = (14 z4+w) ™! with z = my/mg and w = my/ms < 2
and the Aq are given by the axial vector current matrix element
Aq S, = (p|@yuys9|p) with S, the proton spin.

Neutron beta decay and strong isospin symmetry considera-
tions imply Au—Ad = F+D = 1.269+0.003, whereas hyperon
decays and flavor SU(3) symmetry imply Au + Ad — 2As =
3F — D = 0.586 £ 0.031 [25]. The strange-quark contribution
is As = —0.08 &= 0.01stat &= 0.05gyst from the COMPASS experi-
ment [26], and As = —0.085 =£ 0.008¢xp % 0.013¢heor £ 0.009¢vol
from HERMES [25], in agreement with each other and with
an early estimate of As = —0.11 £ 0.03 [27]. We thus adopt
Au = 0.84 £0.02, Ad = —0.43 £ 0.02 and As = —0.09 £ 0.02,
very similar to what was used in the axion literature.

* Javier Duarte
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MANY SIGNAL MODELS
\s=13 TeV

e quark-quark

E

* axigluons: axial-vector particles predicted

> | T T T T T T | T T | L | T T T

in a model where the QCD symmetry © 0.0045— CMS =

- . Q) - -

group SUQ)c is replaced by the chiral = - “ _ _ o -

symmetry SU(3), x SU(3)x o 0-004:_ Simulation Preliminary B

() - _

» colorons: vector particles predicted by > 0.0035[ o ]

the flavor-universal coloron model, in 9 - Wide jets :

which the SU(3)c is embedded in a larger N g 003 Ml <2.5, 1An [ <1.3 i

gauge group e - — quark-quark -

e W .Z', ... = 0.0025— ]

> - M quark-gluon

e dark matter mediators = -

0.002 - w A e gluon-gluon 1

e quark-gluon - -

e excited quarks: predicted in quark 0.0015F | > TEV -

compositeness models : / TEV

| 0.001F =t

* string resonances, ... - 7

° g|UOﬂ—g|UOﬂ 0_0005:_ _]

e RS graviton: predicted in the RS model of Z,.-"- R Y . Y E
extrg dimensions, with 5-dimensional anti 00 1000 2000 3000 4000 5000 6000 7000 OO

de Sitter space and reduced Planck mass Dijet Mass [GeV]

e S8 (color octet scalar) resonances, ...

* Javier Duarte
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WIDE JETS

o 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 kKt highest pr

R=0.4 jets seed jets — dijet system

X 2
L
A ¢ % pys
30’020: A é % % 0§ 3
4 0¢.0 &4 "o ”’...
0:0’. .: Qi.’ ’: Oi.’
23 oet?® 180
o0 .00’ Q’ ‘0
e o$ede, OO
Qedo, (234 5
¢ .:Q. L 4 ’0’0: PS ’ :’:
’ *% o 2% 2%,
* ( 2 * “’ 2 2 ” )
LI 3G S
2244 -9 4/0¢ L o .
tee N X 4
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wider than quark-quark
0.2F 10 ooF
resonances due to greater i
. . 0.1? ot O
radiation (gluon color factor) o 0o
-0.1; 10° -0.1
. . C 10-7
* Mass resolution improved
b wide i . -0.35 TeV RS—qq § - -0.35 TeV RS—gg
Wlt WI e JetS even In 03 02 01 O 01 02 OSAq) 107 03 02 01 0 01 02 OSAq)
gluon-gluon case
£ 012 £ 0.071
g :
S o1 dq = Gpg — i o %°F 99 = Gig = |
S Mg, =5 TeV i M, =5 TeV
0.08— — anti k; R=0.4 jets - — anti k; R=0.4 jets
B —— Wide jets 0.04 —— Wide jets
0.06 -
- 0.03
0'04:_ 0.025—
0.02~ 0.012—
00_ | 1OI06I I2IOI0IOI I3I0|0I0I I4IO|OI0I I5IO|0I0I 6000 I7IOIOIOI I8I0|0I0I I9IO|OI0I I‘I(I)OOO 00_ 10|OO I20|OOI 30|OO 40|00 50|OO 6000 70LOIOU8IO|OI0I I9IO|OIOI I'I(I)OOO
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WIDE JETS

* Gluon-gluon resonances are

Dijet Mass [GeV]

Dijet Mass [GeV]

10"
10°
10°
10"
10°
107
107
10°®
10°



DOUBLE-B TAGGER

* Combines tracking and vertexing

. . . . . 13 TeV, 2016
information in a multivariate o r
. (e : € 918 CcMS —— QCD, single b
C|aSSIerr W|th 27 Observables > L Simulation QCD, gsgllzgr?splitting to bb
g 0 16:_ ------- QCD, light flavor
® Targets the bb Signa| Wlth % 0.14:—foée<)toeev,50<m<2ooeev e
additional aims: 012~
: : 01—
* jet mass and pr independent :
0.081_'._-.
e cover a very wide prtrange ool
* inputs are chosen to avoid pr 0041
correlation 002
sttty .+.—:TT'|"|'%F+"|“| B L b S T T S 2T |
: : -1 -0.8-06-04-02 0 02 04 06 08 1
e e.g.no AR-like variables, no oz 04 06 08

substructure info
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DOUBLE-B TAGGER INPUTS

The first four SIP values for selected tracks ordered in decreasing SIP;

For each T-axis we consider the first two SIP values for their respective associated
tracks ordered in decreasing SIP, to further discriminate against single b quark and
light flavor jets from QCD when one or both SV are not reconstructed due to IVF
inefficiencies;

The measured IP significance in the plane transverse to the beam axis, 2D SIP, of
the first two tracks (first track) that raises the SV invariant mass above the bottom
(charm) threshold of 5.2 (1.5) GeV;

The number of SV associated to the jet;

The significance of the 2D distance between the primary vertex and the secondary
vertex, flight distance, for the SV with the smallest 3D flight distance uncertainty, for
each of the two T-axes;

The AR between the SVs with the smallest 3D flight distance uncertainty and its
T-axis, for each of the two T-axes;

The relative pseudorapidity, #y1, of the tracks from all SVs with respect to their 7-
axis for the three leading tracks ordered in increasing #y.j, for each of the two T-axes;

The total SV mass, defined as the total mass of all SVs associated to a given T-axis,
for each of the two T-axes;

The ratio of the total SV energy, defined as the total energy of all SVs associated to
a given T-axis, and the total energy of all the tracks associated to the fat jet that are
consistent with the primary vertex, for each of the two T-axes;

The information related to the two-SV system, the z variable, defined as:

z = AR(SV,SV1) - % .

where SV and SV, are SVs with the smallest 3D flight distance uncertainty. The z
variable helps rejecting the bb background from gluon splitting relying on the dif-
ferent kinematic properties compared to the bb pair from the decay of a massive
resonance.

* Javier Duarte
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Simulation Preliminary QCD, gluon splitting to bb
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5 3 35 4
SV, energy ratio
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(13 TeV)
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| Simulation Preliminary QCD, gluon splitting to bb
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......... H(bB)

L AKS, p, > 300 GeV
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—_

101
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- CMS

| Simulation Preliminary
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EFFICIENCY IN DATA

36 fb! (13 TeV, 2016)
1 L L L ] L l l ] ] ] 1]

m ] ] ] l I L I I 1 1 1 I 1 1 1 l 1 1 1 l 1 1 1 I ] I I
= ¢ Data
\ S CMS B udsg
- =-
o Muon enriched multijet events [ c from gluon splitting
P Double-muon-tagged AKS jets B b
5}

[ b from gluon splitting
P, (AKS8 jets) > 250 GeV

—L—L—L—L—L—L—L—LS
- O 00 OO O O O -
(@) o w O OO N o © o

'? :.: - e
|
",“ . 1 1 | 1 | 1 | | 1 |
- t it TREXE TP
[+ I T 3 3 & SPIF S T dpaptetigrd gtifer i@ .. =
© 1E . ’*954****‘”’ ISERENE: ¢ -
0.5 :T'? ............................................................................................................................................................. ]

1 -08 -06 -04 -02 0 02 04 06 08 1
double-b discriminator

e Using g(bb) jet as proxy in double muon tagged jet sample
e Associated data/MC uncertainty 3-5%
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L A R G E | \ A D R O N CMS Integrated Luminosity, pp, 2016, Vs = 13 TeV
Data included from 2016-04-22 22:48 to 2016-10-27 14:12 UTC

e Proton-proton collisions at
13 TeVin 2016

I LHC Delivered: 40.82 b !
[ CMS Recorded: 37.76 b ! 40

T

30

25

T

20

T

15

T

Total Integrated Luminosity (fb ')

N \\ o \)QI Q
AW 2 ¥ 3 N 2 5° 2,0
Date (UTC)
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COMPACT MUON

76k scintillating
ECAL PbWQO, crystals

HCAL Scintillator/brass
Interleaved ~7k ch

3.8T Solenoid

Pixels & Tracker
* Pixels (100x150 um?)
~1m2~66M ch
*Si Strips (80-180 um)
~200 m? ~9.6M ch
MUON BARREL
250 Drift Tubes (DT) and

SOLENOID

L1 hardware trigger
HLT software trigger

MUON ENDCAPS
473 Cathode Strip Chambers (CSC)
432 Resistive Plate Chambers (RPC)

Si Strips ~16 m?
~137k ch

Steel + quartz
Fibers 2~k ch

480 Resistive Plate Chambers (RPC

3.8 T magnetic field bends particle trajectories allowing for excellent tracking

ECAL: PobWQOy crystals (high density, short radiation length and Moliere radius)

HCAL: plastic scintillator and brass absorber interleaved

Muon system: drift tubes (DT), resistive plate chambers (RPC), and cathode

strip chambers (CSC)
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