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Jet Phenomenology at Hadron Colliders 3

LHC is the most efficient Jet Factory of the world! &}
- - —0
Jets are the experimental signatures of quarks and gluons F\ |
C
i

what can we do with jets?

pure-QCD

', & Explore the pQCD in brand new
! energy regions

, & Constrain the PDFs

,{, ¢ Probe and measure (xg

I & Access the dynamics of heavy flavors § §

¢ & Compare to NLO/NNLO predictions

. & Tune Monte Carlo Generators

! & Extensive test of the Standard Model:

‘ ! & Test the SM at NNLO precision

: ' & Beyond the Standard Model:

... much more! § {

not-purely-QCD

V+dJets, H+Jets, V+heavy flavors...

- dijet resonances

- monojet & dark matter

- new strongly produced states

- hadronic resonances ]
... much more! §




Jet Phenomenology at Hadron Colliders 4

LHC is the most efficient Jet Factory of the world! &}
Jets are the experimental signatures of quarks and gluons =0
ifl l
C
i

what can we do with jets?

explore substructure

', & exploring the inner structure of jets

High top pt

g i

mass drop

filter v

& highly boosted bosons reconstructed as jets

Low top prt

! & using sub-jets as a powerful tool for measurements
}  suchas H(bb) - jets, Z(bb) - jets, top-jets... '




Jet Reconstruction: Strategy

ATLAS anti-kr clustering algorithm CMS

(infrared and collinear safe)

topological particle-flow
calorimeter-cel ATLAS/CMS: R=0.4 (Run I1) |
clusters . L HCAL

C,
o,

: : - | Clusters
I_HCb R=0.5 22:‘,[,“,1 i, |l detector

% Had. cal.

Calorimeter jet

dij = min( fzp, k
{_particle-flow |
- 2 —>
diB = ktip’
l uses all the sub-detectors
information to reconstruct objects
LHCb (2<n<d)
LHCb acceptance calo cell Er~10 GeV saturation
forward direction l
(111
| use
& Particle Flow use the precise —> partic|es!
tracking information (AKs,m,..)




Jet Reconstruction: Energy Corrections

ATLAS <— Dpoth deliver jet energy corrections — CMS

Run2015, 2.1 fb (13 TeV)
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c_és - Flav. response, inclusive jets 2 CC) — = Jet flavor (QCD) -
o Pile-up, average 2015 conditions - i . T 7
% - Punchrfthrougr?, average 2015 conditions . > 6 < Time Stablllty ]
© 0.04 e O .
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0.02 — 4 ]
OF'I""Z"”‘“ Vevp il o b e e speny R A AR AR 2 T 2 .
20 30 40 P
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. S
¢ Pile-Up wo'© ot
" N 1O
& Jet Flavor Composition N g _ |
\ Less than 2% in the region p; > 100 GeV!

& Absolute/Relative Scale
/ LHCb: ~10-15% for pr of 10-100 GeV
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Selected Results

disclaimer!

huge amount of results from the experiments on
QCD, b jets, top physics...
this is just a (personal) selection!

see the end of the talk for links to the full list of results from the experiments
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Inclusive |et differential cross section at 13 TeV
Anti-kT R=0.4 Jets

& Inclusive jets cross section in six y bins
& theoretical comparison: NLOJet++ using CT14, MMHT, NNPDF3.0
& corrected for non-perturbative and EWK effects @
& modified Bayesian unfolding Q‘I!Thﬁ‘NST
overall good agreement with NLO predictions! arXiv:1711.02692
— 1012— | T T T T T T T I
% o 3Ntk R=0.4 | ATLAS 3 Qg s T 38 F —— ':ATLAS
O 10°E Vs=13Tev, 81nb™-321" ; |y|<0.5(x100)( . = § 1-45_ y|<0.5 m ; g 1.4 15<y|<20 ‘# ’ :
9 108E roomiaacioh 3 Sk, T 44 {L=81nb"-321h
s SO X TR IS LT
T 10 TCcee,,,,. s 20cm<ase0n S Qg 19 82 T1s5=13TeV
- Q00 A 25 <lyl<3.0(x107°) = - 0.65- 1 F 0.6f ]
Q 1= ©00 — | ] ] —_— — anti-k, R=0.
L  E= ay Coog .-..‘.\... . = 125 05<|y|<10 _ 1.6 20<|y|<25 l _Eantl k, R=0.4
c\_lg 10_ ;ZDDD 'II.I--... o ¢ ° :E 11“““"”{"{”{#{ 3 1.4F l : Data
e U SRR R LT sl oo
10—9E:A A AAAAAA EE%EE%%; .- :E 0.9 M H — 0gk 10k Ok,
107125 2a, AAAAA“AAA B 3 0.8 - -' 0'6:' —+—+H :_;“Ff“F:p$ax
— AAAN Ay, = = |y|<15 E 3 2.5s|y|<3.o 3
_15 T CBAN Ay = 12 ] 2.5F H ]
1077E T Deoantes 20, , = 1.1 | | ””IWH H ‘ 2 '| o
10_18; NLOJET++ (CT14 PDF) x AAAA :: 1 l - 1_55_ '”." h _ ¥ MMHT 2014
— Non-pert. corr. x EW corr. A _ o "“
10_21_ 1 1 l L] L L L] 09 - 15_““““"“ _ + NNPDF 30
0.8¢ 3 0.5F :
2 3 q L sl ! | R el .
10 10 p_[GeV. 107 2><102 103 2><1o3 107 2x10% 10°  2x10°
p.[GeV] p, [GeV]

comparisons with NNLO also in the paper



Inclusive |et differential cross section at 13 TeV

e & ¢ @

Inclusive jets cross section in seven y bins

Anti-kt R=0.4 ; Anti-kt R=0.7

theoretical comparison: NLOJet++ and Powheg+Pythia8, CT14 PDF

measured jets up to 2 TeV and |y |<4.7

Bayesian unfolding

<71 pb' (13 TeV)

CMS

—NLOJet++ CT14
Anti-kt R=0.7

—e— |y| <05 (x10°)
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200 300

2000

1000
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overall good agreement with NLO predictions!

Eur. Phys. J. C 76 (2016) 451

<71 pb* (13 TeV)

=10"
(%D) i CMS —e— |y| <0.5 (x10) .
310 . —m— 0.5 <|y| < 1.0 (x10°)
2 PieS OO e 10 <Jy] < 1.5 (x10%)
=10 ik R=07  _ 15<|y <20 (x10°
3 ——2.0<|y| <25 (x1 of)

~10° —=—25<y| <3.0 (x10))
g —— 3.2 <|y| <4.7 (x10°)
o 107 vy 2™
X -:f o

103 A-===;:=e=ee

10 > A ====_-e==9,
10" T
10° o o
200 300 1000
Jetp. (GeV)

2000

11



12

Inclusive |et differential cross section at 13 TeV

71 pb™ (13 TeV)
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Determination of the strong coupling &s )

& pr>100GeV, |n|<2.5, anti kt - R=0.4

EXPERIMENT

Eur. Phys. J. 77 (2017) 872

& energy-energy correlations and their associated asymmetries in multi-jet event

& bins of the scalar sum of the transverse momenta of the two leading jets

& unfolded distrib

utions fitted to NLO calculations
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Determination of the strong coupling &s

& coupling extracted from double-dift o at 8 TeV JHEP 03 (2017) 156
¢ theoretical comparison: CT10 NLO x NP x EW PDF
& measured jets up to 2.5 TeV and |y |<4.7
& ratio between 8 and 7, 2.76 TeV also performed
— 10" S— N L CMS 19.7 fb"! (8TeV)
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Measurement of the jet charge

8 TeV
access the . 1 ,
k JHEP10(2017)131
initiated parton Q) = — Z Qr(pr)’ ( )
charge Pr L

& data compared to LO predictions Pythia/Herwig CTEQ6L1 and NNPDF30

1.2
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Measurement of the jet charge s ey A@)s

EXPERIMENT

access the - 1 - Phys. Rev. D93
k y
initiated parton Q' == Quph) (2016) 052003
charge Pr

¢ unfolded data compared to LO predictions Pythia8 w/ CT10
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& average |et charge of quark-initiated jets decreases as the jet energy increases y



Selected Results

part [

Jets from b quark
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Heavy flavor tagging at collider
recgpe

reconstruct jets with the anti-kTO5 algorithm

* ¢ ¢ ¢ ¢

tagging using b- and c- inclusive tagger

reconstruct the two-body vertices in the event

merge SV n-body by linking tracks and vertices associated

associate vertices/jets requiring AR(SV, jet) < 0.5

BDT trained on SV/j properties to separate heavy/

o 1_ T l IFRPRN ]
S bjets ol ammE
E o l:==== o
0.5 - .
I TTTI LR
i EEEENES -
O saams. ]
0.5 -
- LHCb simulation
| | I

s 05 0

|'d5|"1
BDT(bcludsg)

BDT(blc)
—
N

o

-0.5:

-1

[ N B AL L AL L

- Cc-jets

LHCDb simulation ]

lllldélllélllldgllll
BDT(bcludsg)

BDT(blc)

JINST 10 (2015) PO6013

LHCD
THGA

L""I""WJJJ.J .....
- udsg-jets. . 1L,

0.5F ammns :

R EEEEEES - -

[ T I I [

i -«nmmEB HEEs = - .
0_ -I..-- .-.Il-_

i -snEEEENNESE = - - -

| s nEEEENEE = = - -

s s EEEEES®E = - - -
N -
LHCDb simulation ]
_];1 1 1 1 l_(:)I.SI L 1 1 (I) L 1 L I0!5I L 1 1 1
BDT(bcludsg)

light-jet mistag rate < 1% for b-tag efficiency of 65% and c-tag efficiency of 25%
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Heavy flavor tagging at collider

£

ATLAS

EXPERIMENT

¢ several taggers: ATL-PHYS-PUB-2017-013

track based (impact parameter tag)
soft muon (discriminate py from b decays)
vertex based

& high-level taggers: MVA using all the information BDT
available to maximize the b-tag performance <

ATLAS-FTAG-2017-003

trained on top + Z'bb events
(hybrid training)

Deep Learning Neural Network

combine inputs from track, particle and vertex-based physics taggers using multivariate classifier

C 1 > 1.2_ T T T T I T T 1 1 I T 1 T T I T 1 T T I 1 T T 1 I T L [ ] [ ]
€  [ATLAS Preliminary .. € [ ATLAS Preliminary E]ﬁ SLT&P (stat) b tagoeffICIency
@ Data 2016 - Jutt stat.+syst. unc. | -
S 10-" s =13TeV, 2507 Mo £ 1'15 Vs =13 TeV, 36.1 fb" -©-Simulation - 77 %> and c-tag
2 D dets a0 j efficiency of 25%
= [ light-flavour Jets = B _
S 10 § 0.9F- I3
< ' S A g iR
< = I i ¢ 1 mistag rate of
g T - 1 light flavored jets
0.7} - using dijet events
o g '++'+ o 06 ttlepton + jets events 3 with negative tag
S 1F= oo 0 _ O o —o— - O ! 7]
308 ’ ’ - tag & probe analysis  Mv2c10, e, = 77% -
g0-6'...|...|...I...l...l...l...l...l...l... 0.5_11||g|||p||||||}|’||||||||b|||||_<2%underpT=1
1080604020 02040608 1 0 100 200 300 400 500  TeV
V
MV2MuRnn ittt bl
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Heavy flavor tagging at collider

¢ several taggers: CERN-CMS-DP-2017-005
Jet Probability: likelihood that jets is coming CMS-PAS-BTV-15-001
from prlmary Vertex us'“g traCkS Tagger operating point discriminator value e (%)

) ) ) 3 JPL 0.245 ~ 82
Combined (CSV): combination of JetProbabilty ) TEM 013~
dlSplaced traCkS Wlth SV Info Combined Secondary Vertex (CSVv2) gSS\\IZ\YZzhL;I gggg :23

. . . CSVv2T 0.935 ~ 49
associated to the jet using an MVA MVAV2L B715 ~ 5
Combined MVA (cMVAv2) cMVAv2M 0.185 ~ 72

cMVAv2T 0.875 ~ 53

CSVv2 evolution of CSV using neural
networks deepCSV: based on CSVv2 &

cMVAvz combines all the taggers + more charged particles, based on deep NN

F 13 TeV 2016

{s=13 TeV, 25ns 1er
> 1 T ..Z" . -
= S Iimproves
O
_cng V /a g ~4% the b-
2-1 0= : Egg(nzwg ) o= ;—1 0 ta g
§ — clVAv2 o E eff, iciency
%10 2 B 1072 With a
G [l GO mistag rate
= L e A e i‘ of 0.1%
e : A : i 107 =
0 04 02 03 04 05 06 07 08 09 1

o 7 08 O
b jet efficiency b-jet efficiency 20



First observation of forward Z — bb 8TV LHCh

21

o

Phys. Lett. B776 (2017) 430-439

& standard candle of the SM: background for many new physics processes, Hbb

& first measurement in forward region ever made!

& challenging measurement (huge QCD background at

colliders)

& >2 antikT05 jets, =2 b-tagged, pr>20 GeV and 45 < myy< 165 GeV ; A¢(bb)<2.5 .
& MVA to separate QCD from signal b-jets

(3.75 GeV)
(@)
)
)

NN
S
S

Candidates /

200}

(O
S
S

S

I I 1 1 1 1 I I

LHCb 8 TeV l
Signal Region -
—_—Z 1
—— Data
Total uncertainty |

! o(pp = Z)B(Z — bb) =

— 150 |
Dijet Mass [GeV]

100

simultaneous fit to the dijet mass in the signal+control regions
Nz
L (1 — quB) ) 6SZ ' (1 + fZ—>cc‘:)

syst: flavor tagging eff. ~17%, JEC ~2%, trig. eff. ~2%

stat — \

measured o(pp — Z)B(Z — bb) = 332 £ 46 £ 59 pb

theory  o(pp — Z)B(Z — bb) = 27277,(scale) + 5(PDFs) pb

\ NLO using aMC@NLO+Pythia;NNPDF3.0



22
_ : ' 8 TeV @
D-hadron pairs cross sections o ATLAS

EXPERIMENT

JHEP 11 (2017) 62

& production of two b hadrons in the 3 muons final state through:

B JIP(-pp) + X & 3 muons fiducial, particle level total and differential o
.............. < several observables:
B U+ X AGWID, p), pT (WD, p), AR/, p),mJ/, b), pT/m(upp). ..

& modelling of b dynamics in generators and background for Higgs measurements

& access small-angle bb™ pair sensitive to pQCD (loosely constrain by data)

3 [ atLas . Data  —— MG5 aMC Pv8 4i" |

Event Selection JE AT R G

OF C Stat.+Syst—-— Sherpa 5fI .

& first B: pT(U) > 4 GeV and |n(u)| <24 g [ fs=8TeV. 11410 ~= Pythia8 Opt. 4 .

- E —7 Herwig++ E

& 25 <m(puy) < 4.3 GeV —ﬁ;&; == ]

i . .

& second B: third u in the event required 0l === E

& signal extracted by fitting Mup and B decay time S IS e

+3rd p from B is determined :QU 1;} |

(S) 111}:Z:=)§——A~—:8:=é= O o =

& BDT + IP for prompt/signal discrimination I SR R -

| o : : - - T 4l —
() —

& several g — bb splitting options investigated in P8 S Vb o T i ]

= gk g r—u— —— . ]

4-flavor and 5-flavor modes tested using MG5_aMC obL. . . . . =

MG5_aMC 4-flavor best agreement!



23
_ : ' 8 TeV @
D-hadron pairs cross sections o ATLAS

EXPERIMENT

JHEP 11 (2017) 62

& production of two b hadrons in the 3 muons final state through:

B JIP(-pp) + X & 3 muons fiducial, particle level total and differential o
.............. < several observables:
B U+ X AGWID, p), pT (WD, p), AR/, p),mJ/, b), pT/m(upp). ..

& modelling of b dynamics in generators and background for Higgs measurements

& access small-angle bb™ pair sensitive to pQCD (loosely constrain by data)

Event Selection B oo ATHAS b e et
| . = - Stat.+Syst—— Sherpa 5fl* =
& first B: pT(y) > 4 GeV and |n(p)| < 2.4, oS [ Ts=8Tev, 114t = Pytia8 Opt.4 -
32 —~ Herwig++ -

& 2.5 <m(uy) < 4.3 GeV g 'E —= -
| . . . o %% == §
& second B: third p in the event required : e -
o —_—r—— _

s . " , 107" : .
& signal extracted by fitting Mppu and B decay time S S S -
+3rd p from B is determined 5 1_2: _

= 159\}'-2::2__=5g—*_ — A

& BDT + IP for prompt/signal discrimination @ JeE 7
4] | —

& several g = bb splitting options investigated in P8 S 11‘2:— - :5'_:%‘:=@=_ B
S plm—— =7

4-flavor and 5-flavor modes tested using MG5_aMC S 1 - H -y -

MG5_aMC 4-flavor best agreement! AO(JNy ) [rad]



b quarks In association with a Z boson

Eur. Phys. J. C 77 (2017) 751
& two categories: Z boson (uu+ee) plus >0 and >1 b tagged jets (CSV tagging)

8 TeV
& b jets pr > 30 GeV, |e| <2.5, Z+b unfolded to particle level 19.8/fb

& several differential cross sections: angles, pT, HT, bbZ and bZ system explored

& compared to NLO predictions by MadGraph and Powheg, 4F and 5F schemes tested

/Q sensitive to QCD sensitive to new physics
MS

A 1 q ——("\/"\/\/\v
19.8 fb " (8 TeV) CMS 19.8fb (8 TeV) Z
f./_ ——6— Data %: 102F —€— Data
ch MadGraph 5FS + Pythia6 % M bb MadGraph 5FS + Pythiaé 4
§ MadGraph 4FS + Pythia6 £ x MadGraph 4FS + Pythia6
_8 MadGraph-aMC@NLO + Pythia8 %ﬁ i ' ——; MadGraph-aMC @NLO + Pythia8 _ b
Powheg MINLO + Pythia8 % 10° ; ‘%— Powhag MINLO + Pythia8 q —
Fa— ! §
101 S S == I b

T = | R 4-flavor, mb=0

= | | T‘:F

t - ZIy*(— ll) + at least 2 b jets 10°F  Ziy*(— ll) + at least 2 b jets

I anti-k; (R = 0.5) jets anti-k; (R = 0.5) jets [
10%F P >30GeV, ™| <24 p_ > 30 GeV, | <2.4
| RS S | | BT

PR S S S N T S S

15F h5FS + Pythia, oy

1.5 ‘ MadGraphISFS + Pythia6, normalized to o, o, Stat. uncertainty only t MadGr rmalized to G, . Stat.-unpertainly only L
1F $ 2 ) ) g ° 1f
0.5 | MadGraph 4FS + Pythia6, normalized to o, stat. uncertainty only 0.5F MadGraph 4FS + Pythia6, normalized {0 oy, ¢, stat. uncertainty only 1
ML 1 1 1 | 1 1 | | g - A ! " | | I

15F ———

1.5

- e —_— 2
£ F 1 I
e 3 rec N S S B 1
0.5 MadGraph-aMC@NLO + Pythia8, normalized to oy, 5, stat. + syst. uncertainties oply 05k raph-aMlC@NLO + Pythia8, normalzedto o, o, stat. + gyst. uncertainties only

Theory / Data
Theory / Data

—_

15F — 1.5 =
1 —l—f —— b ; E};—{—=i=§ %*"*'T % g b
 Foune oy st bl

0.5} Powheg MINLO + Pythiag, normalized to o o, stat, +syst. uncertainties O}W | 05 9 MINLO -+ Pythiaa,linnalizedltoam_o. stat.

—_

1.

. - 5 5 /O
S ’ . " = = 300 Mbb(Ge\j;)O 5-f|av0r, mb:tO
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Selected Results

part [l

Top Quark
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Top quark production at colliders
tt dominated by gluon fusion (qa/gg=10%/90%) at LHC

q { R
vast phenomenology: standard model, QCD
calculation and new physics searches
. )

top Factory:

g » t

LO diagrams @ LHC

High rate of tt at LHC
(30m only in 2016)

g > t

g 0000000

A

g 0900000/

t
S t calculations are
, + challenging: NNLO/NNLL
corrections important
t g t

final states: & fully hadronic & dilepton & |epton+jets

Present times top quarks general news

¢ tt

& Jet

production cross section @ 13 TV measu?‘ed at
~5.5%(beyond NNLO+NNLL precision!)

substructure and shape observables @ 13 TeV

& first measurement of the forward production

(LHCDb)

20



First observation of forward top at 13 TeV

Forward top quarks in LHCb

& unigque probe of higher Bjorken-x and constrain PDF in
this region

13 TeV

arXiv:1803.05188
& expected larger charge asymmetry in the forward region  (submitted to JHEF)
than in the central region.

« previously measured at 7+8 TeV. With 13 TeV x10 in a(tt)

ueb channel

& Isolated prompt y,e
pr> 20 GeV, 2.0<n< 4.5

& SV-tagged Jet
¢ AR(/lJ)>0.5 AR(u,e) > 0.1

Events / (30 GeV)

OO DO\

o rrrjprrryrrrjprrryprrrjprrryprrrgprrorjprrngi

¢ 1t shape normalised to data
purity of ~ 87%

100 200 300
M(eub) [GeV] 27



First observation of forward top at 13 TeV

arXiv:1803.05188
LHCb H (submitted to JHEP)
= H-0—
\'s=13 TeV ) . 13 TeV
Bel  data ource 0
Ho+H POWHEG - trigger 2.0
. %%ﬁMO G(ppet,_,uebx) [fb] muon tracking 1.1
electron tracking 2.8
disagreement | muon id 0.8
between Powheg { H-o-H electron id 1.3
i" a?: :xf;%ﬁlg.?,e?e | o jet reconstruction 1.6
I o . , , , jet tagging 10.0
5 ) 5000 10000 1?2‘(’0 —>t22)0([)(f)l(;] selection 4.0
otheory = 0“ + da“ +dscale pp background 51
acceptance 0.5
N — N, bkg total 12.7
Ot — + Fres
L€ e — , e —— 71
e | ott = 126 + 19 (stat) + 16 (syst) 5 (Iuml) fb |
1.93 fb-1 ! e —— f

extrapolated to top quark Ievel 2 0 <yt <5. O ptT > 10 GeV

compatible with the SM (<20)
20% precision achieved!

migration in to

calculated in MC and out of the
validated in Data  fiducial region
o8



Jet substructure observables in tt events

& using lepton+jets final states to measure several unfolded substructure
observables: tuning generators and describe fragmentation of quarks

AR

& relative uncertainties relevant for top measurements (i.e. top mass) 35.9/fb 13 TeV
CMS-PAS-TOP-17-013

& |ots of different shape-observables have been measured!

;T - — =N . 35.9 fb' (13 TeV)
| phace space =1e/upT >26GeV, |n|<2.4 3 4 CMS Profiminary
(gen~reco) - 4j anti-kT04, pT > 30 GeV, || <2.5 | 2* 4f —=— POWHEGHYTHAS tt> lepton+jets
T - A —FSRup inclusive jets
=2b-tag + > 2 untag from W (within 15 | 2* 3% v _FsrRdown p; > 30 GeV
9 GeV Mw) )< of -3~ POWHEG+HERWIG 7
’ B T C -0 PA 2
Eccentricity 250 e
—0: perfectly circular jet 2F Herwig7 gives e
e — 1 Umin < s best agreement
Umax —1: elliptical jet 1—
osb- [
With Vmin, Vmax €igenvalues of 5
]
M=>3"Ex ( (Ania)?  AniaAdis, ) §
S

2 0. . . . A . . . . i
: AginAnis  (Adia,) 0 01 02 03 04 05 06 07 08 09 1
: e (charged)



Jet substructure observables in tt events

& using lepton+jets final states to measure several unfolded substructure
observables: tuning generators and describe fragmentation of quarks

s 2 T

& relative uncertainties relevant for top measurements (i.e. top mass) 35.9/fb 13 TeV
CMS-PAS-TOP-17-013

& |ots of different shape-observables have been measured!

T - — ~N . 35.9 b’ (13 TeV)
| phace space =1 e/b pT > 26 GeV, |n| < 2.4 £ T Lo ba CMS Preliminary
(gen~reco) > 4] anti-kT04, pT > 30 GeV, |ﬂ| <25 \.‘i | —o— POWHEG+PYTHIA 8 tt—_> Iept9n+jets
Z " A -FSRup inclusive jets
—2b-tag + > 2 untag from W (within 15 | % *F v _Fsrdown b, > 30 GeV
\_ GeV Mw) ) £ [ -3- POWHEG+HERWIG7
7 ) - " J[ - SHERPA2
N-subjettiness - DIRENLO
_ . B A
7'1[\37 = d, ! ZPT,z’ : mm[(ARu)B, (ARQ,i)'B...(ARNﬂ')B] 21 fj%f
: High top pt i ¢
TMN = TM /TN L
& cvaluate compatibility with N %‘—f—*—f-'-:-‘—-'—TQ—'-:-'--'-?-'»-'-:'— N
sub-jet hypothesis g g ol e o
g === Peeas M
O
=

& allows to distinguish between
M and N subjets within a jet

0O 01 02 03 04 05 06 07 08 09 1
T4, (charged)
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Color flow using jet-pull observables in tt

13TeV {0 o 2"
36.1/fb |

& gluon radiation and the jet structure are affected by the
color connection of the generating particles (color flow)

& color connection may be used to distinguish different event topologies
. | , | | ATLAS-

Strategy: the jet-pull vector/angle is predicted to encode color information: CONEF-2017
- : -069

P (J) = Z ’Ar"' 'plTA—}. | constituents of the jet J with momentum

- i pl ’ oTi located at Ari = (Ayi,Adi)
A(b = ¢ — Qle \
A J2

system with 2 colour-connected et : Op~0
® system with 2 jet with no C.C. : Op~uniform

Legend l

«) Pull Vector P,
.  Jot Comection Vector Two systems used to measure 6P and color flow
* oP ansti‘ill%crelt o]f ‘;: :
(size weighted by p;) . .
o* N =y W—>J.J in ttbar events (color singlet)
7 ® Dbbar in ttbar events (uncorrelated colors)
Opr (J1,J2) relates local color structure l

of J1 to the global structure of the dijet unfolded differential cross section for in Op ttbar
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Color flow using jet-pull observables in tt

13 TeV
36.1/tb

& gluon radiation and the jet structure are affected by the
color connection of the generating particles (color flow)

& color connection may be used to distinguish different event topologies

W-JJin tt events (color singlet)

"""" R B B I I L IR R
5 13 = ATLAS Preliminary E
S 'Ari' . pT 5 g%\s 113 :_\/_ =13TeV, 36.1fb" o Data _;
PJ) = Z T Ar; < 105 E Statistical Unc. E
ie7 P © ev Total Unc. E
o —E {0 —+— Powheg+Pythia8 3
AP=90= ¢ — ° : —+ Powheg+Pythiab -
Js 1.15 & = aMC@NLO+Pythia8 —
|  disagreement 1.1 =F— b gﬁ"e"rhpef*"'erw'w =
| for different 105 = ° =
— SM predictions JE —— E
: Legend = % A =
:: Pcu ! Xﬁfg IZ)Dri ector 095 :_ =§=' —
.0::. %gﬂjﬁ&%iﬁ?grsb) E!!!!!!!!!,!!!!,!!!!,!!!!,!!!!!!!!!!!!!!!!!!!!!!!!E
3 ) (size weighted bi/lpT) 105 I bbb —
e 4 Slo o
® Ay =1y — Y, 5 g a
- — $ O A
J1 8‘8 1T 0 o n m—
- a = o _4%=
Bp (J1,J2) relates local color structure 0 01 02 03 04 05 06 07 08 09 1

of J1 to the global structure of the dijet Charged particle 6p (j3¥, j{") [rad] /=
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Color flow using jet-pull observables in tt

13 TeV
36.1/tb

& gluon radiation and the jet structure are affected by the
color connection of the generating particles (color flow)

& color connection may be used to distinguish different event topologies

bb in tt events (uncorrelated colors)

""""" R U R I I I UL IS
- - o - ATLAS Preliminary -
y_)) J 'Ari' pfrA_) _éti\‘; 1.1 -~ vSs=13TeV, 36.1fb" e Data |
— . Q B r |
(/) Z J ri S 1.08 - Statistical Unc. i
ic7 Pt |z - Total Unc. ’
Ab=d—d, ° - —+— Powheg+Pythia8 ]
¢ ff P - 1.06 - —~— Powheg+Pythiab 5
J2 {04 L -=- aMC@NLO+Pythia8 -
disagreement T Be gﬁ‘é":‘peag+"'erw'97 -
for different 1.02 & ; —
SM predictions B ° ¢
> Pk 7 - . % :
o i B Dl e 098 — L
: e A R AR
% e el i I - Qe —
[ Ay =y—y,, 218 1.01 fr R N N
& S 1E—= % ¥ ——
a2 0.99 " 9
Bp (J1,J2) relates local color structure 08 05 05 04 05 06 07 08 09 1

of J1 to the global structure of the dijet Charged particle 6p (j, j5) [rad]/=



Summary and conclusions

®

LHC is a jet factory: a rich QCD

phenomenology

can be explored with the experiments

QC

generators on severa

Several new measurements a
top within t

QC

D can be tested at NLO with the latest

D Jets, b-jets anc

aspects

Model, all resulting |
measurements

13 TeV with

ne Standard

N outstandir

g precise

Many more are there and many more to

come... stay tuneq!!
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Summary and conclusions

CMS Public Results

http://cms-results.web.cern.ch/cms-results/public-results/
publications/

ATLAS Public Results
hitps://twiki.cern.ch/twiki/bin/view/AtlasPublic/Publications

LHCDb Public Results

http://Ihcbproject.web.cern.ch/lhcbproject/Publications/
L HCbProjectPublic/
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3/fb
JHEP 10(2015) 172

Inclusive b quarks cross section 13T9V%

& production o of forward J/ ( )5 M
ZJ/p — RPV ) X L/

D=

& prompt and b-decays - J/{p determined t, =
& fitting the J/\ 's pseudo-lifetime
& O(J/) from b-hadron decays used to extrapolate to a total o(bb) @ 13 TeV

o (J/y-from-b, pr < 14 GeV/c, 2.0 < y < 4.5)
2B (b — J/¢YX)

asn= extrapolation factor

o(pp — bEX) = Oy

7}
Qo
ST R LHCb & o(J/P) vs. pT and y of the J
S e — Total fit \s=13TeV,L,_ =3.05pb" (Jb) P y L
s e ] [\ -fTOMM- > 3 < y < 35
2-‘ lO -\\"mng PV 2<l)-l-<3 GCV/C ‘ pT<14GeV/C and 2.0<y<4.5
% . Background
10 |
= B & prompt J/P -> & (tz = 0),
= 5N
g 102 G, N | .
@ e N & J/P-from-b -> exp decay function
T Qe
T Qe et :
S FEEEEEE L ; P
F o

double-Gaussian resolution function)

s e 4 e 02 a6 8 o(pp 2 bbX) =495 252 ub



State-of-Art of ¢t cross sections

ATLAS+CMS Preliminary
LHCtop WG G, - summary, ¥s=13TeV Nov 2017
NNLO+NNLL PRL 110 (2013) 252004 C L
"""" My, = 172.5 GeV, o (M,) = 0.118+0.001 L
scale uncertainty total stat
scale ® PDF @ a uncertainty O, T (stat) £ (syst) £ (lumi)
ATLAS, dilepton en |—H"‘| 818+ 8 +27 + 19 pb
PLB 761 (2016) 136, L =3.2 fo :
ATLAS dieploncelin” |4 w 111 7495577957800 https://atlas.web.cgrn.Ch/AtIaS/G ROUPS/
ATHAS CONFE0I048, Ly = 2500 PHYSICS/CombinedSummaryPlots/
ATLAS, I+jets * o mi— 817+ 13+ 103+ 88 pb
ATLAS-CONF-2015-049, L =85 pb :
CMS, dilept - .
oA 115 (z01e) 052002, L_-setstsotal + 1 746458+ 53 36 pb tt production cross section grand
CMS, dilepton ey | u.E 515+ 9438 19 pb summary at 13 TeV for ATLAS+CMS
EPJC 77 (2017) 172, L =2.21b", 25 ns :
CMS= I+jets p H—I 888+ 2+26+20pb
arXiv:1701.06228, Lim=2.2 fb .
g Most precise measurements from
CMS, alljets * —fe+— 834+25+118+23pb :
CMSPASTOP-1B OIS, L ~253t’ | |3l P ey at 7+8 TeV, and /+jets at 13 TeV
NNPDF3.0 JHEP 04 (2015) 040
MMHT14 EPJC 75 (2015) 5
* Preliminary |
CT14 PRD 93 (2016) 033006 | d . . d | | . h
,[ABM12 PRD]89 (2015) 054028 n |VI ua ana yses Wlt
- ocs(mz) =0.113 \ \
O
I|III|III|III|III|III|III| preC|S|OnOf3'4A)

200 400 600 800 1000 1200 1400
.. [pb]
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tt cross section and energy@

Measured tt cross section versus /s ATLAS

EXPERIMENT &

3 I 1 | 1 I 1 1 1 I | 1 1 I 1 | 1 I 1 1 | I |
— v Tevatron combined 1.96 TeV (L < 8.8 fb™) . —
= ° g'll\'ALSA gileptonT,n\j/eEﬁ* 5.02 fTbe>1\)/ (L=27.4pb" ATLAS+CMS Preliminary Nov2017
= eu 7 Te =46 fb —
S e CMSeu7TeV(L=5fb" LHCIopWG
= 3 m ATLASep8TeV (L=20.2fb"
O 10°F e CMSensTeV(L=19.7fb") . =
()] — v LHC combined ep 8 TeV (L = 5.3-20.3 fb™") LHC top WG N
N [ m ATLASeu13TeV(L=3.2fb") _
%) — v CMSeup13TeV(L=2.2fb" -
N — Ao ATLAS ee/up* 13 TeV (L =85 pb) .. I -
®) O ATLAS |+jets” 13 TeV (L = 85 pb”) ] _
— A CMSl+jets 13 TeV (L=221fb") [ i
© - O CMS ailjets* 13 TeV (L = 2.53 i : 1 _
= m 900 -
* Preliminary 5 ]
L 2 : ]
> 10°F . 1—=
T = 800F ]
- - _ 1 =
[3 _ ! A 1
E — 700__ 71 -
_ =——— NNLO+NNLL (pp) i _
——— NNLO+NNLL (pp) =S S S S S W
10 = Czakon, Fiedler, Mitov, PRL 110 (2013) 252004 19 ¥s[TeV] _
— Y NNPDF3.0, m, = 172.5 GeV, a(M,) = 0.118 + 0.001 =
— I | | I | | | I | | | | | | | I | | | I | | | H
2 4 6 38 10 12 1
Vs [TeV]

TeVatron+ATLAS+CMS data: impressive agreement!!

4
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Inclusive bb production

& pp->bb: testing different Feynman diagrams

& two jets pr > 20 GeV, [n| < 2.5, b-tagged

&« p11 > 270 GeV [enhance (b), (¢)], pT2>20GeV
¢ data compared to NLO by Powheg+Pythia6,

Sherpal.4 and MC@NLO+Herwigb

Eur. Phys.

8 ?«vvmvv\< b

8 b

(a) flavour creation (s-channel)
A

gj E
8 8

(c) gluon splitting
AR

S B

)

7 Tev ATLAS

EXPERIMENT

J. C 76 (2016) 670
8 ~— b
8 wrvvre e > b

(b) flavour creation (t-channel)
=

_._b
meg

(d) flavour excitation
G

%Qﬁﬂ

8

different ranges of measured observables probe different production mechanisms

— —r—— v . 77— = - : -
8 - —e— Data 2011 3 N —e— Data2011 N
[ - H
3 [ sStat + Syst. : ﬁ 1 ] stat i Syst. —
< 107y, %+ POWHEG+PYTHIAG g @ g2 PR, 4y POWHEG+PYTHIAG
+ -8 . =5 - """..._ H —
3 - <8 o ° I = [ Ece” W : -
Iy = . o C o4 5 s ATLAS 9.
8 - s, , @ . 10 ' .._’... -
1 SNl T b = e ey ° =
© 10— ATLAS : ch E \ s=7 TeV, 4.2 b M E
- o B o
~ \s=7TeV, 4.2 fb"! 3 )

L ' 4 ; L
a 2 ¥ POWHEG+PYTHIA 6 : @ 2
8 15 A MC@NLO+HERWIG 6 _+_—+— : m
0 : 5 15
9 1 o T R I -+l|-¥ ---------------- 6 1B v A5 P55 e B e A s mmmm e o n
z 05 — TR I 3 05
0 : ‘
- . . - - : - 0 H
5 2 ¢ PYTHIA'6 x 061 : ot - :
8 15 W SHERPA 1.43 : g 2 I ::;:::1‘4(3)61
A = UL L . & 15Et— gt i
05 : = 1 = E= R0 ooy op an SUR L e
oE- . 05
05 1 5 2 25 . 0 .
60 70 80 10° 3x10°? 6x10°
m,, [GeV]

NLO predictions show
large discrepancies

LO generally OK

significant
contribution
from flavour
creation
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Jet substructure observables in tt events

& using lepton+jets final states to measure several unfolded substructure i
observables: tuning generators and describe fragmentation of quarks

& relative uncertainties relevant for top measurements (i.e. top mass) 35.9/fb 13 TeV
CMS-PAS-TOP-17-013

& |ots of different shape-observables have been measured!

o i | 7 3
' phace space =1e/ppl>26GeV, |nf<2.4 A o | BB
‘ N | | < - CMS Preliminary —#&— Dat
(gen~reco) > 4] anti-kT04, pT > 30 GeV, |n| < 2.5 2 N lepton+jets —— P?)\?VHEG+PYTHIA8
~2b-tag + > 2 untag from W (within 15 | 2~ 6lp >30 Gev e
\_ _ GeV Mw) J 2 5 -3- POWHEG+HERWIG 7
= 5"’?‘";%_: -4~ SHERPA 2
Soft-drop PSR et T PRER

lterative clustering regulated by a parameter 24 = pT(jk/jz')

ji = Jj + i o
ARg = angle between |,k subjets
zg = momentum fraction of the last iteration

)

©
best agreement with angular-ordered Herwig7 S 050

S 0 005 01 015 02 025 03 035 04 045 05

ARy (charged)



