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Beyond the Standard Model

Big Questions

Compositeness,

Complete mOdels 9 Extra dimensions

Extended
Higgs Sector

[6670°1 1 € 1:A1¢® 4adeyg @UYAA SSRBWUMOUS]

New matter fields / { Wiz
Interactions Minimal
Hidden
- Sector
The Unknown Multiverse

» Model-based searches
» Sighature-based searches
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Searches?

Particle physics has coined the term
“Searches for New Physics”
but aren’t these just measurements!?
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Searches?

Particle physics has coined the term
“Searches for New Physics”
but aren’t these just measurements!?
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Overview

» Methodology
» Searches

e Diboson resonances Emphasis on new results
with personal

involvement / interest
e Vector-like quarks not complete selection

e tt resonances
L

e Leptoquarks
» Improving jet substructure methods

» Measurements

Disclaimer: focus on simple interpretations in benchmark
models, more complete interpretations possible and available
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Methodology
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Events/2 GeVY

qq/gg Resonances -

[UA2, Z. Phys. C 49, 17 (1991)]
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e Data
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+%/NDF = 36.63/ 38
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+%/NDF = 42.04/ 32
-gg (2.0 TeV)
qg (4.0 TeV)
-qq (6.0 TeV)

[Z¥6€0°1 16 ]:A1XIE ‘SWD]

m; > 1.5 TeV
ml <2.5, IAnl < 1.1
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pp—>X—*WW—jets

/(N

Boost!

Mx ~ 2 Mw
p¥V small,y =5

aj

4 jet final state

combinatorics, background!
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pp—>X—*WW—jets

v |
P

Boost!

Mx ~ 2 Mw
p¥V small,y =5

aj

Mx > 2 Mw
p)V large,y > 5

\'A%
S q
q

P

4 jet final state

combinatorics, background!

Dijet final state
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W/Z/H Boson-Tagging |

Separation of QCD branching and 2-prong structure

2
1) Jetmass Vv, = (Z pi> q —ele |"
'i \E%\A " jet
Subject to many systematic sources (rad, had, UE, PU...) ‘\y"‘\\
4 (
oMyg/pu X prR .
S L ATLAS Simulation Preliminary 13
corrections through dedicated 3 [ ¥s=18TeV. W2 ~aqa 15
. 8 0_25_antl-ktR=1.Ojets, ml <2.0 —
a|go|~|thms = - Trimmed (f_=0.05,R_, =0.2) 10
0 - LOW + JES + JMS calibrated - CZ)
» PF+PUPPI (cal, PU, CMS) E o2p 07
2 N pemrnmnnannned S
» Track-assisted jet mass (cal, ATLAS) @ i £ L, J o
& 0.15( 19
» Soft-drop (UE/had, CMS) g L 1.5
» Trimming (PU/UE/had, ATLAS) T — Calormetermass
E ---------- Combined mass E
10-15% misidentification at 0.05 505 " ~"J000 1500 2000 2500
70-80% signal efficiency Truth jet p_ [GeV]

VIS, i
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W/Z/H Boson-Tagging 2

2) Substructure

250 < pt <260 GeV 250 < pt <260 GeV [Luke de Oliveira et al.,
65 < Mjer < 95 GeV 65 < Mjer < 95 GeV JHEPO7,069 (2016)]
S I S I 10—
v 1 o 1 102 %
> | % | oS
< < 1 -
— 05 — 05 10 &
R R <
5 5 0% X
E 0 E o 10° O-
2 2
10°

-05 -0.5

Pseudorapidity N Pseudorapidity N
Exploit characteristic radiation pattern

» N-subjettiness ratios T2/T| (CMYS) o . .
| -5% misidentification at

» Energy correlation ratios D, (ATLAS) 50-60% s'gnal efﬁciency
- o SI

» Subjet b-tagging for H—bb (ATLAS/CMS)
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Top Quark Tagging

[CMS, DP-17-049] (13 TeV)
> T
O soft drop mass,
= CMS |
2 , _ o " T3, subjet b
= Simulation Preliminary H  [cMs-PASME-15-002]
O 1000 < p_ < 1400 GeV, | < 1.5
o 107 T ) A
= TOp vs QCD multuet "/C,_.’ - tOda)"S Standard
5 " n ° ° ° °
= ~ BT EW/O)b'tag) {  2-3% misidentification at
-«BDT (Full -
D lo) . .
O 102 DNN (Particle kinematics) _ 707 signal efficiency
o — DNN (Particle full ' -
1 A prime example for
1 machine learning
-3 ) .
10 1> gain from a BDT
gain from a deep
v neural network
1075 0.2 0.4 0.6 0.8 1
ffici [see also CMS-PAS-JME-18-002,
Top efficiency ATL-PHYS-PUB-2017-004]
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Searches

with heavy SM particles in the final state
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Diboson-tagged dijet event, Mj; = 5.0 TeV

M(JJ)=5.0 TeV

ATLAS
Event: 2054422947

2016-09-01 16:52:46 CEST EXPERIMENT

& |
i
g
8



VV Resonances

Improved jet substructure resolution
with tracking information (TCCs): Vie 3
50% improvement at high pr

Optimal S/B with pt dependent

. g 104 EI IAI iIAISI T | T T T 1 | T 11 | T T 1 | I T T 1 | T 11 | I I. I. I | |§
mass and D2 selectlons I E Observed 95% CL upper I.|m.|t E
% 103 - /s =13 TeV, 139 ! T Expected 95% CL upper limit -
< = == -~ HVTmodelA g =1 =
= f VV — qqqq HVT model B, g, =3 .
>1O4§'|""|""|""|""|""|""|""|§ ,,II\-IOE_ _E
S 3L ATLAS ¢ Data 3 = -
5 = Vs=13TeV, 139 b — Fit = X 10 |
=~ 10?2 --- Fit + HVT model A m=2.0 TeV - — = =
£ -.- Fit + HVT model Am=3.5TeV 3 > AR N 3
S 10 1 ! T s i
= . g 1 IE
t - =
T 139
Y S __aaa >~ 3
N T |E_ 10—2 _I cao v vy v v b s b v v by by g | |_
3 SRR i T ] E 1.5 2 2.5 3 3.5 4 4.5 S
S o ] : m(V") [TeV]
R e Excluded masses up to 3.5 and 3.8 TeV
m,, [TeV]
Extension to 4- and 5-prongs: [CMS, arXiv:1806.01058]
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VV Resonances

P
[CMS, arXiv:1906.05977] ,
. x10° 77.3 17 (13 TeV) Viet
T T T | T T T T T T | T T T | T T T |
S - ] QCD Pythia8 -
AR T m. 26 (2253 Stat. unc 1
o 800 B [Zﬂﬁlu 3 GV T QCD Herwig++ ] ?
—~ - 55”< m <215GevV = T QCD MG+Pyth|38 _|
_|UEJ - o I W+ets -
O 600 I Z+jets ]
z - o ) Myy = X TeV
. —— G, (2 TeV) = Ww
400+ —— W (2TeV) »WZ —
i -~ G, 2TeV) >2Z ]
200~ o _:
LT f'ﬂ_::;*ﬁ—%— : acnfa
OlE
£
[T. Arrestad]

2 Signal categories Background estimation
(WW,WLZ, ZZ) x (HP, LP) 3 dimensional fit in my;, mp2 my
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VV Resonances

g [CMS, arXiv:1906.059771 77 3157 (13 TeV) g 77.3 6" (13 TeV)
i e e 103 — L T I L '_:
8 18003_ CMS ¢+ Data = 8 - CMS ¢ Data =
ﬁ 1600 — Signal+background fit - 8 N — Signal+background fit -
% - i z1ounc. n — -  _z1ounc. 7
= 1400 : --- ijets, it = E 102 --- W-l.-jetS, it —
Ll>J 1200F- -.- Z+jets E qc) . -.- Z+jets =
- Z' (2 TeV) — WW (x5) . Lﬁ - Z' (2 TeV) — WW (x5) ]
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I e ST T R T P Ry ROPN N 0 It | I | ]
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% © 0 . .é o (.)IT_L_-“I-_-—f—_— _:
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2 0o R T 200
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107"

— WW) (pb)

21072

oXx B(G

107°

[CMS, arXiv:1906.05977]

VV Resonances

T T
CMS

I=

_|

)
IIIIIIS

95% CL expected upper limits

35.9 fb”, Phys. Rev. D97, 072006 —
— 35.9 fb, this analysis
“ --- 77.3 fo’, this analysis

20

00

3000

40

00
Mg

bulk

5000

GeV]

1074

77.3f" (13 TeV)

CMS = W'SWZ, HVT,

vvvvv

95% CL upper limits
— Observed

..... Median expected
mm 68% expected
95% expected

RS

RN
—r||||||||||||||||||||||||||||||X/§||||||1—

1500 2000 2500 3000 3500 4000 4500 5000
m,,. [GeV]

Limits better by 25-50% than ATLAS analysis
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f

Fermion coupling g

|
o
\V

VV, VH, 20, /v Combination

[ATLAS, PRD 98, 052008 (2018)]

. EWiits4TeVv | | EWfits5TeV

. EWfits 3 TeV

1

o O 0 O
N A O ®

o

'3 -2 -1 0 1 2 3
Higgs and vector boson coupling g

CMIS ]
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Other Possibilities?

The 3rd Generation

» Focus on t and b quarks in model building

* Addresses a number of questions 101 |

(Naturalness, mass hierarchies...)

* Couplings to t and b dominant 02|

» Weak constraints from EVWPO and low

energy measurements 10-3

» Many incarnations: new gauge groups,

extended scalar sectors, extra 10-4
dimensions...
v t T /3 T /
E \‘W ss~~z
Resonances Vector-like quarks (VLQs)

A/ branching fractions

tt | T T T | T T T T

[ [K.Agashe et al,, PRD76,
[ 115015 (2007)]

T IR RRRRTT R
2 3 4 5
Mai [TeV]
T /
5‘~ H
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tt Resonances

ton Lepto
solation ,. ) let
’ cone

CNIS Simulation ) 13 TeV
q) I I I | I I I I I —
T 1 @)
=T <
S i
_,6 el LT LT > ..(Q FrrrTrr T T T T T T T T T T T T T T T T T T T TR e
G_J. - (0s] c o E — n
o - ¢ 19¢ CMS mmmm Other 1 £
- A 4 LI o[ WHets, 1ttag WHets 1 2
S T 8 10" ¢ = B E E
s .. T E Z'4.0 TeV, 1% width (1pb) 1
~~~~~ i . 10
Z>tt, M, = 2 TeV S 1R
AR, p'® selection (muon) N = 3 O
T E 3 W
0 AR, p_rrel selection (electron) i_ _i —
BRRLLLLLLLLRE Mini-isolation (muon) - =
T e Mini-isolation (electron) _ 1
| | | | | | | | | | | | | | | | | | : E E :I/
0.85 0.9 0.95 1 . .
Prompt lepton efficiency CTT T[T T
| o e e —
» improved PU mitigation, b-tagging o — O T 0"
A L L = —
+. 1 —4 __I | | | | | | | | | | | | | | | | | | | | | | | | | | | | 'F
» BDT for W+jet suppression 3565 1655 S
» CRs to constrain backgrounds m. [GeV]
UH
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tt Resonances

35.9 fb™ (13 TeV)
}L) E I T T 1 | T 1T 1 | I T T 1 | T 1T 1 | I T T 1 | I T T 1 E
- 5
10° = ¢ Data E
g’ i |(A;IYIS1 0 QCD multijet :
L 4 | yi=T. et B
10 = 2btag 7' 4.0 TeV, 1% width (1 pb)
10° ] = 2 t tags, 2 b tags E
only 25% 10k § [CMS, JHEP 04,031 (2019)]
p
= = o) - — Observed
background | : : 2 10*tCMS EX;’:;‘;: y
107 = \ NN = = 103;? I =1 s.d. exp.
4 — I I I I I I I I I | I I I I I I I I I | I I I I I I I I I - T! 2 E \:| 12 S-d. exp.
bl 107 —— 9, (LOx13)
D=3- N: |_|_;_|_| 'J_I_ll_,'_'._.l_l—l E 10 ;? Combination
_4 - | | | | | | | | | | | | | | | | | | | | | | | | | | | | | - O)x _‘I -
0 2000 4000 6ooo © 10 F
m._ [GeV] 107°F
107° 3
Combination of ££, £+jets and all-hadronic channels: 10™*E o R | |
Kaluza-Klein gluons excluded below 4.6 TeV
UH
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VLQ Pair Production

TT and BB pair production
» Rich phenomenology

e T = bW, tZ, tH

* B — tW,bZ, bH

E‘ :I 1T | T 11 | T 11 | T 11 | T 11 | T 11 | 1T |: —
L [ === Theory (NNLO prediction =1o) 1 >
4 Numerous searches PI’Oﬁt from i~ 10 — 95% CL combined observed _| |:|
. . =R 95% CL combined expected 1 2
]et SUbStrUCture tagglng i_ - 95% CL expected limit 1o 1 7
. . o '_ 95% CL expected limit +20 _‘ IJ_U
e orthogonality: leptonic and N | =
hadronic channels (tags) o 1w
] ®
— 12
. : 102 002020200 eSS 2 o
» Grand combination:  TLAS S S
. i ] &
Exclusion of T / B below gol (5=13TeV, 36117 SU@) singlet | =

= —— H(bb)t+X — W(v)b+X — Z(Ib+X 3

I .3 / I .2 Tev E |'I'riI./sj[s. di:ep. | — Fullyll-had. | ;(LII\F;Z_;(( .

700 800 900 1000 1100 1200 1300 1400

m; [GeV]
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VLQ Single Production

» Electroweak production can dominate for heavy VLQs

» Model dependent cross section:

° Couplings (mlxmg parameters) [J.A.Aguilar-Saavedra et al., PRD 88,094010 (2013)
LV e e B e L L B L E
* Weak quantum numbers N -- Q@
sl Ybj

—_— TEj
— Bbj| ]
—_— 7?, -

Xi | 3

» Signature: one forward jet and
associated production £
with a heavy quark o

13 TeV

—
o
[ IIIIIIII T llllllll I IIII_l‘I'l[. ! .I'IIIIIII T TR

. -1 1 I 1 | 1 I | | | I 1 | 1 I | 1 | I | | I | 1 | I | 1

400 600 800 1000 1200 1400 1600 1800
mg, (GeV)

2000

- highly boosted decays

soft quark
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VLQ Single Production

Single B—tW (£+jets)

» Various decay possibilities

e Jet assignment through t tag or y2 probabilities

e VLQ mass reconstruction with ~10% resolution

» SM backgrounds from control region without forward jet

e Validation region: small y2va

35.9 b (13 TeV)

> :I 1T | 1T 17T | |||||||| | 1T 17T | T 1T | 1T I:
8 - CMS t tag category
2 L _
E’ 10 = u channel ¢ Data
CICJ i Background
o 10 3 —— B+b, mg =1100 GeV, RH
: ----- B+b, mg = 1700 GeV, RH 1
1 § =
107 E R
o
I: 1 L1 1 | L 111 | L 111 | L 111
[ T 1T T 7T I LI I B | I T 1T T 7T I T 1T T 7T I 1T T T I T 1T T 7T
2 1.5+ |
g TF
®© C
D 0.5 T e I L1 1 1 I 111 I 111 I_-

ues

102

10

o x B(B — tW) [pb]

107!

0 500 1000 1500 2000 2500 3000 3500

Myeo [GEV]

Obs 95% CL upper limits _|

B+b, LH ---  (T/m)yLq=10% ]
----- (T'/m)vLq =20%
----------------- (T'/m)vLg =30%

Theory 3

35.9 fb~! (13 TeV)
T T I T T T T T

(P/m)VLQ = 10%
(F/m)VLQ =20%

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

oy,
.,

A

800

1600 1800 2000
mvLQ [GeV]

1 L1 [ R T I
1000 1200 1400

Roman Kogler
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Resonant VLQ Production

No signals in tt or TT production
[C. Bini et al., JHEP 1201, 157 (2012)]

» Traditional searches: hole in
sensitivity in tT

BR(G¥*)

0.1}

0.01 .............. E .............
500 1000 1500 2000 2500 3000

Mg+ [GeV]

» Final state: resonant ttZ and ttH production

* Collimation depends on ratio of Z’ and T masses
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Resonant VLQ Production

» Search with Z/W/H/t tags

* Validation of efficiency and mis-identification rates

» £’ reconstruction through minimum of y%term

» Constrain dominant backgrounds from control regions (W+jets, tt)

35.9 fb"' (13 TeV) 35.9 fb” (13 TeV)
> 0.8 T T T T [ T 1 T ] 1 T T T ] 1 T T 1] L [ [ [ [ [ [ [ ] 1 e
® - CMS -¢-Data T—Ht : %) 5000 7 — i =
@ o7f Wt M;=13TeV - D 2500 CMS t - =
> u channel . — L T— Ht i -
€ 06 H,+nottag [ Wrlets —M, =1.5TeV - E 5100 0 L
0 - DY+ST - M, = 2.0 TeV > - 1
w05 R N\ Tot. unc. = M, =2.5TeV 1800 N
0.4 :i‘\: . — =
R 1500
0.3¢F = —
C 1300
0.2F — —
- i . 1200
0.1E L, = ~
bio) 1000
_d T 7 T 1 T T ] 900 ,
r;“_J H! * _i 800 | Zand)l
- ¢ ------------------------------------------ :
IS E 700
D 1 1 1 1 1 1 1 1 1 1 | | | | | | | |
1 ooo 2ooo 3000 4000 5000 1500 7750<000 <250 <500 <750 S000 3500 %000
rec "
MZ° [GeV] M. [GeV]
UH
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Improving Jet Substructure
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Substructure Taggers

» Groomer (trimming, pruning, mMDT, soft drop...)

» Selection on substructure variables (mass, Tn, Dn, NN...)
» Dedicated algorithms (Johns Hopkins, HEP, HOTVR...)

Scale

» Machine learning taggers Impossible to name them all...

Analytical calculations e - !

» Complicated: different scales involved P

» Many calculations completed recently I_'[

» Knowledge not fully exploited IS . 1 -
@ i = Ao

Application in analyses

» Commissioning: dedicated measurements! arXiv:1709.04464]

» Systematic uncertainties important for performance

[Larkoski, Moult, Nachmann,
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Efficiency Measurements

Tag-and-probe measurements

[ATLAS-CONF-17-064]
» tt production for W and t SR AR AR A R A
’ 8—_ATLAS Preliminary
T Vs=13TeV, 36.1 fb” —_:_—ggmggpythia e
1.6 lepton+jets selection ] Stat. uncert.

— W tagger (&, = 50%): D2+mcomb Sys. @ Stat. uncert.

Signal efficiency (&)
N N O

—

WV tagger with D and mcomb

—

Background € ~ 1.5%

o
os)

ﬁ

o
o))

o
)]
EARER

15__ ................................................................................................................................................ __

O;*_H;' _______________________________________ + __________________________________ i

200 300 YOO 500 600 700 800 900 1000

Data/MC

» extrapolations to Z and H from Largo-R jot b, [GoV]
simulation '
systematic uncertainty by factor ~5

larger than statistical uncertainty
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Data/Pred.

6000

4000

2000

[y
9]

Large modelling uncertainties

Modelling of D>

[ATLAS-CONF-17-064]
L L LI L L B B BN
— ATLAS Preliminary —e— Data 2015+2016
- Vs=13TeV, 36.1fb" [ tt (top)
]t (W)

~ AR(large jet, b-jet) > 1.0

I
[
@

o
\
N
o
S
Q)
)
<

I i1 (other)

I Single Top (W)

I Single Top (other)

[ ] W+jets

Bl VYV, Z+jets, QCD
Total uncert.

I Stat. uncert.

— tt modelling uncert.

I|III|III|III|III+

Trimmed large-R jet D,

(radiation, hadronization)

Expected?
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Modelling of D>

[ATLAS-CONF-17-064] [Larkoski, Moult, Neill, [HEP 1605, | 17 (2016)]
O as Preiminary || e Datazote12016 | T
g - Vs=13TeV, 36.1fb" [ tt (top) . %),
%12000_— AR(large jet, b-jet) > 1.0 W) - D;™": Z Boson .VS° QCD
© " Jet p_ > 200 GeV B ! (othen) ] 1TeV, e'e” — dijets
>10000— T [ Single Top (W) 1
- - B Single Top (other) - 10 m;y € [80, 100] GeV, R=1
B [ ] WH+jets i
8000 B V'V, Z+jets, QCD — >
B Total uncert. ’ 8
6000:_ : tsftrar:é)gglcl:iig.uncert. _: § 5 7
C 107}
4000— Ea f
_ A
2000 8
. — Analytic, Qp=0.2
1073 — Analytic, Qp=0.5
_8' ............................................................................................................................................. — Pythla
o Herwig++
5
() R A i i i i  }E 10—4 L I R S T R
R T 0.0 0.2 04 0.6 0.8 1.0
Trimmed large-R jet D, Z Efficiency
Large modelling uncertainties Two-prong structure: smaller phase
(radiation, hadronization) space for perturbative radiation
Expected? — larger sensitivity to NP effects
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Power to the Data: 1. Measurements

[CMS, PRD 98,092014 (2018)]

35.9 fb' (13 TeV) 35.9 fb'' (13 TeV)

N — E o 14—

'lc-; 4 52_ ® Data CMS prd — @ Data CMS
~ TE - . O . —— - .

5 E POWHEG+PYTHIA 8 ff - lepton-+jets C o POWHEG+PYTHIA 8 ff - lepton-jets
Z 4 o PPEFSRuw inclusive jets g [ 4 PPEFSRup inclusive jets
. 35E. v PP8FSRdown 30(% v S 0. Vv PP8FSRdown 3océ v
2 E -3- POWHEG+HERWIG 7 P =L € 5 [ --3- POWHEG+HERWIG 7 Py >oU e
— 3F - SHERPA?2 < gl -~~~ SHERPA2

2 5F --+-- DIRE 2 ~ --+-- DIRE 2
2 6/
1.55— 4:_

o
9)
7Tl
!
!
§
y
]
!
]
!
1
4
¥
i
1
\®)
i
1
|
|
i
1
|
i
!
|
i
i
l
|
|

MC/data
!
!
!
!
E
h
L,
I
L
MC/data
:
!
!
!
!
!
!
!

0 01 02 03 04 05 06 0.7 08 0.9 1 . . . . .
T, (charged) N (charged)

» Unfolded distributions in tt production: great!
» Measurement on inclusive small-R jets: | -prong

» Two- and three-prong measurements not available yet
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Power to the Data: 2. In-Situ-Det.

[ATLAS, arXiv:1808.07858]

> iy L L L L L L B B (AL AL BNLEL N NI N
8 2500— e Data2015+2016 ATLAS
0 - [_]tt(top) Vs=13TeV, 36.1 b
; B ] tt (W) Trimmed anti-k, R=1.0 jets
€ 2000 M 1t (other) AR(large-R jet, b-jet) < 1.0
g) [ Single Top (W) p_ > 350 GeV
T [ Single Top (other) T
[ 1 W+jets
1500 Bl vV, Z +jets, multijet
Total uncert.

8 Stat. uncert.
—— tt modelling uncert.

1000

500

prefit _

5 1.5F

o

o

3 1

©

£

_IGO 80 100 120 140 160 180 200 220 240
Leading large-R jet m®°™ [GeV]

» Fit tagging efficiency and systematic uncertainties simultaneously
» Statistical precision sufficient to constrain modelling uncertainties!

» Can we learn from this for modelling NP effects?
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Power to the Data: 2. In-Situ-Det.

_ATLAS, al"XIVZ I 808.07858] MS r Iiminal’y 359 fb-1 (1 3 TeV)
L I I I Y I Y I O ) L B LI I B B B —] (7)) M1 T 11 T T T T T 1T T 1T T T T T [ —
> o 600r | | | | | | B
& 2500~ ¢ Data2015+2016 ATLAS — c - ¢ Data 10
s [ [ tt (top) Vs=13TeV, 36.1 fb" _ g L T3 < 0.54 ) 1 X
5 B E g EVQ ) Trimmed anti-k, R=1.0 jets 7] i 200 = Merged top_tt -1 £
T 2000 \other AR(large-R jet, b-jet) < 1.0 —] B ° Merged W tt 41 O
() - [ Single Top (W) _ - _ 0
T ~ [ Single Top (other) p, > 350 GeV | 400 E pOStflt B Verged QBtt_ 1
L [ W +jets f't _ - I Not merged tt 1
1500— W VV, Z + jets, multijet pre | —] - P W+dets 1 ©
B Total uncert. 7 300 - Single t ] R
— [ Stat. uncert. - ° B —_
1000 - — tt modelling uncert. ] flt ] - DY-+Jets ]
- 1 —pp 2007 B oo ]
- 7 B AKS8 PUPPI i
5001(¢- ] 100 - . « pT > 400 GeV _]
] E : T4/ T, < 0.54 .
. - o O 15 T i
3 15 = 5 + ¢ ‘ :
SR < 1R ﬁ-wﬂw#ﬁ' 3% ZRAENT S A
S = g ++ ]
o 3 o05F l :
L I T NS N N N R . A n s

_IGO 80 100 120 140 160 180 200 220 240 0 50 100 150 200 250 300 350 400
Leading large-R jet m®°™ [GeV] Soft drop mass [GeV]

» Fit tagging efficiency and systematic uncertainties simultaneously
» Statistical precision sufficient to constrain modelling uncertainties!

» Can we learn from this for modelling NP effects?

Roman Kogler 34 Boosted Searches and Measurements at the LHC



Signal significance: (eg/V gg)hadron

3. Get Help

performance for various g5 working points

| | | | |
L e M= s e e e e - fu" _—
. : . == Pgroom: T21,groom
g€s=0. D e e Ttagged
Q : ; Ptag: 121
e : fll -
‘u : : . Ptag: thi,groony
' e =t = full
RTINSV . 77" 7 Prag Tél ) 49
D i — ichroic =
" : Ptag: T21,groé>m g
e =0 = dichroic 3
_Q ............................ o Ptagr 121 : 4 n
: 0
' 2
A
. LY SNy AUURUIUE: \SURRURURURRT . NPT R SO _ ?T
X (0]
: ©)
; ~
e o e s s e ape e . go.; .................................................. — CIPI
f T
—
e i e e It SN - O
€5=0.6 <
o
I S, ... NS, DN SO © 3 o M. ! .. (S 4 W
£s=0.75 | ©
: : : N
: : . X : : N
—-taggel-“.--mMDT(zc-ljt=0-.1)----’? .............. 2 TV 495
. . . . " ()
groomer: SDg—2(Gcy+=0.1) : 60 <m < 100 GeV | ]
I I I I I —
0 0.2 0.4 0.6 0.8 1 1.2

Background NP effects: gfadron/gparton

Dichroic 12 ratios

/» less sensitive to non-

perturbative effects at
similar or better signal
significance

» could reduce
dominant uncertainties
considerably

» experimental studies
needed

e full analysis with all
systematics included
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Collimation

» Collimation depends on pt

AR(qq')

2M

— (rule of thumb)
pr

AR ~

» Ensure high signal efficiency:
Jet distance parameter of

¢ R = |.0 (ATLAS)
¢ R =0.8 (CMS)

I'.__: 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1
WT — qq
Percentiles for qu > 20 GeV:

80% 90% —

e IR TR TTRRY ) fssmssssEsEsEsEEEEEESE

-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-

N 70%

| | | I | | | I | | | I | | | I | | | I | | | I |
800 400 600 800 1000 1200 1400

p_ [GeV.

R~1 optimal for pt = 600 GeV, catchment area too large at very high pt

Possible to compensate for OM ~ pt R4 with shrinking R
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Variable R for W Tagging

Variable R jet clustering [Krohn, Thaler,Wang, JHEP 0906, 059 (2009)]
» IRC safe and computationally not more expensive than other algorithms

[ATLAS, PHYS-PUB-2016-013]

-? B T | T T T T | T T T T | T T T T | T T T T | T T T T H ? B T | T T T T | T T T T | | | |
g 0.14 — A.TLAS. Preliminary (] Sig - VR600 ] S 0.14 — A.TLAS_ Preliminary [_] Sig - VR600 =
o - Simulation, \s=13 TeV I ** Bgr - VR600 ] o - Simulation, \s=13 TeV i *"% Bgr - VR600 ]
5 0.12 T 10< Iojet <15 TeV [ Sig - AKT10 trim. E S 0.12 ~ i5< pjet <3.0 TeV [ Sig - AKT10 trim. -
@ - ot T +" " Bgr - AKT10 trim. ] @ E o i T +" "% Bgr - AKT10 trim. ]
T 01— Sig - AKT10 — T 01— Sig - AKT10 —
£ - Bgr - AKT10 . £ - Bgr - AKT10 .
§ 0.08 :— —: § 0.08 :— —:
0.06 |- — 0.06 |- —
0.04 — 0.04 —
0.02 [ — 0.02 |- —
O 5 e e | . . O W L. R e o et e _

0 100 200 300 400 500 600 0 100 200 300 400 500 600
m*® [GeV] m*® [GeV]

» Signal: similar effect as trimming, background less effected
» Performance studies promising, none with full systematics

» Reduction of modelling uncertainties (esp. NP)?
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Efficieny

0.9}
0.8}
0.7}
0.6
0.5
0.4} !
0.3}
0.2}
0.1

Top Tagging at Hig

[CMS, DP-17-026]

. CMS

Preliminary

35.9fb7 (13

TeV)
| | |

—— tt simulation —

—— Data —
drop at high pr
of fully-merged €

AK8 PUPPI )
fully-merged tt, 7/, < 0.54
105 < mg, <210 GeV -

400

800 I1 000
probe-jet P [GeV]

Drop at high pt usually not
seen as merged Vs get tagged

Events

Data / MC

Events

Data / MC

250

200

150

o
)

SRR + _+_++_;_+ """""""""""""""""""""""
T B B B B
0 100 2D0 300 400

140
120

100

100 |

50 F

'y
»
L L L

—_

PT

19.7 b (8 TeV)

-~ Data ]
B ]
Il W+jets

Single t

Multijet

Total unc.

400 <p_ <500 GeV ]

500
Leading-jet m]_et [GeV]

400 < pt < 500 GeV

> peak shifts by ~ 20 GeV

19.7 b (8 TeV)

-~ Data ]
M ]
Il W+jets
Single t -
Multijet ]
Totalunc. ]

P> 500 GeV

0 100

200

300 400 500
Leading-jet mjet [GeV]

pT > 500 GeV

[CMS, EPJC 77,467 (2017)]
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Heavy Object Tagger

[Lapsien, RK, Haller, EP] C 76,600 (2016)]

. : T Wevent1 T FRentz T
WIth varlable R 2:_clustered,w.lth HOTVR o . ] 2:_. clustered with' HOTVR, ]
. . . . 1_ ..'.-:*. ] 1_ : ]
» Adaptive jet radius with VR iy R Q‘ A ‘. . e
ofF . =~ e - e . 4 o B ° g
* drawback: large catchment R IR - E SATNES ST
-1F . ' N Lo B
area at low pr b 1 b
2 1 2k . E
» Solution: vetoed jet clustering b Dt ] SRl B e
. .« ¢ ¢
* mass jump condition
. <"‘)(j) 0_6— | | | | | | | | | | | | | | | | | | | | | I_
* remove soft/wide angle rad. | —HOTVR cMs _
[Stoll, JHEP 04, I 11 (2015)] - HEP OptimalR I
» Proof of principle: [ o sl
Stable performance with little
algorithmic complexity )
» Interesting in combination ol
. 0 500 1000 1500 2000 2500
with advanced methods! o [GeV]
)
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Top Tagger Performance

[CMS-PAS-JME-18-002]

(13 TeV) (13 TeV)
a 1 O E 1 1 1 | 1 1 1 1 1 1 1 1 1 1 | E 55 1 0 E L L L L L L | L |E
s [ CMS : & [ CMS 1
2 [ A : e i 2 [ A : . i
5 - Simulation Preliminary ] 5 - Simulation Preliminary i
g e Top quark vs QCD multijet E 2 e Top quark vs QCD multijet E
[ _ > [ ]
% - 300 < p"“th <500 GeV, ™" < 2.4 . % - 1000 < p"““‘ <1500 GeV, ™" < 2.4 .
S - 105<mg‘§8<21o GeV . S - 105<m2§8<210 GeV .
s 10k 110 <mgp'® <210 GeV — B 10k 110 <mgp'® <210 GeV —
- 140 <my, g < 220 GeV . - 140 <m,, g5 < 220 GeV .
2L ] 2| _
10 - DeepAK8 ] 10 == T DeepAK8 ]
[~ -- DeepAK8-MD ] [~ e > -- DeepAK8-MD ]
] ImageTop il i mage 7o i
5 [ ImageTop-MD | . [ Ir:]nagfl'op-MD i
10°F Msp + T2 E 107 F —---ng+r§z+b E
- TMgp+Tp+b - — BEST ]
B — HOTVR i B — HOTVR i
, — N,-BDT (CA15) A - ;. — N5-BDT (CA15)
1 0—4 | | | | | | | | 1 0—4 i / L J_L L1 | I | I | I | I | I |
0 0.4 0.5 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Signal efficiency Signal efficiency
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Measurements

with highly boosted final states
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35.9 fb”' (13 TeV)

4000

3000

> 8000 — T I I | I I I | I I I | I I I | I I I | I I I | I I I | I I I —I—  —
0O
8 CMS 450 <p_<1000 GeV -~ W <
N 7000 double-b tagger Z -
; passing region ottt 2
< 6000 ~~ - Multijet _
GCJ —o- =it Total background B
> = = - I H(bb) -
L 5000 NS ¢ Data N
oy
o
o
(S,
o
2

_ 2000
First observation of Z—bb in

. . , 1000
a single jet at an hadron collider

II|IIII|IIII|IIII|IIII|IIII|IIII|IIII|

Data — multijet - tt
OData

||||||||||||||||||||||||||||||||

Promising channel for Higgs
PT measurements

Result obtained with N;!.bDT:

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

. B
constant background efficiency! 10 760 80 100 120 140 160 180, 200
SD

Ztjet with 5.10 Signal resolution of ~10 GeV
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tt Cross Sections

All-hadronic channel

» t tag: jet mass and
T32 (pt dependent cuts)

» t and b tagging offer unique
opportunity to constrain
backgrounds

2nd large-R jet

Leading large-R jet

» Leading uncertainties:
* tand b tagging (12 / 8%)
* |et energy scale (6%)
* Modelling (18%)
* Statistics: 2%

[ATLAS, PRD 98,012003 (2018)’
‘_'_| — 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 T
> | ATLAS » Data |
& 107E s=13Tev,36.1 0" PWG+Py8 E
s -~ Parton level PWG+H7 -
= ~ pb'>500 GeV, p?> 350 GeV "7 MG5_aMC@NLO+Py8 1
g T T Sherpa 2.2.1 7
_g- 1072 . Stat. Unc. =
g - Stat. ® Syst. Unc. 3
o - i
k N N
10°% = E
1074 \ ................................... =
10° = E
- - | L | | L | N
fle
e :
g | | | -
900 1000 1100 1200

t,1
pt' [GeV]

Measurement starts where

others stop!
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Top Quark Jet Mass

First unfolded measurement:
fully-merged top quark decays

» Large CA jets,R = .2

19.7 b (8 TeV)

— | T ] |
v sufficient statistics at 8 TeV = - CMS, —¢— Data
G I _
X susceptibility to PU and UE ? 5 0.015¢ D U m=178.5 GeV _
o o|E - - m,=172.5 GeV
» Sensitivity to top quark mass: -5 S LA 21665 Gov _
001F | | .
my =170.8 = 6.0 (stat) = 2.8 (syst) - -
+ 4.6 (model) + 4.0 (theo) GeV

. . 0.005 |1 -
» Large improvements with |3 TeV ——| :
data possible | T

» Will help to establish a firm connection 9555200 280 300 - 350
between theory and experiment for m; Leading-jetm_ [GeV]

[CMS, EPJC 77,467 (2017)]

(:;N\/\\S\ !
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Improvements [CMS,TOP-19.005]

XCOne [I. W. Stewart, F. J. Tackmann, J. Thaler, C. K. Vermilion and T. F. Wilkason, JHEP 1511 (2015) 072]

m exclusive jet algorithm — returns exactly N jets
m jet axes found by minimizing N-jettiness

m cluster particles inside R around axes Resolution of 8 TeV

Improvements with XCone 0B ———————.
o -
. . 5 L CMS 0<NPV<10
» jet mass resolution (factor of 2) S | Simulation
Q _ Preliminary + 1
. . 7 0.1 NPV > 20 B
» particle level width (factor of 2) g 01 e |
- : o 3
» stability against PU and UE fiaas a=s : :
: . . . 0.051 N
» higher statistical precision : |
On the arXiv today: 1911.03800, o
500 1000 o (G 1\?]OC
. , e
Submitted to PRL e
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[CMS, TOP-19-005]

Clustering with XCone

set-up for lepton—jets tt idea from: [J. Thaler and T. F. Wilkason, JHEP 1512 (2015) 051]
1. find 2 jets with large radius

calculate AR(lep, jet) for both jets

lowest AR — leptonic jet; other — hadronic jet

find subjets: 3 in hadronic jet, 2 in leptonic jet

S

combine subjets to final jet

_Ll F I-It _e_ 3 rI_I L I I. I I.j L |.I I‘I.I.l _I.__
i ] - . CMS ]
- N o[ y Simulation ]
] i ' “ : ]

[ 3 1__ Tl oL Pt ]
- : of SR
o o . Ap . ha .
K e o - "l '.'.","" " ’

- S L. - oL E C -
- XCone . Bl . XCone .

1 Rje1=.1'2’ N'et=2 ] i Rjet=12’ Niel_2 ]

L5 i i i ¢ " Rp=04,N: =20r3]

+ | L Lo d | 1 -3 | | Lo d g 1 i
-3 -2 -1 0 1 2 3 -3 -2 -1 0 1 2 3
M N
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Events / 20 GeV

Data / MC

3500
3000
2500
2000
1500
1000

500

[CMS, arXiv:1911.03800]

Experimental Performance

35.9 fb (1

3 Te

CMS

Single t

B WHjets
Total unc.

XCone, Rjet= 1.2
N =3, Rsub= 0.4

P > 400 GeV

IIII|IIII|IIII|IIII|IIII|IIII|Illlllv

| | | | | | | | | | | | | | | | | | | | | | | | ]

N Total unc. Stat. unc. .

: + + ¢ { ) ® g ¢ + + + *z

= m e T2 -.-'----.—- PR SEEEEEEE IRt (el deiiniely inh ik et —

. e +

- | | | | | | | | | | | | | | | | | | | | | | | | E
0 100 200 300 400 500

m,, [GeV]

190

> [GeV]

2 180

<m

170

90

80

70

60———

B | |3|5.9fb'1l(13'll'e|V)
C|V| S [CMS, TOP-19-005]

Preliminary

¢ tdecay data
B t decay

* W decay data
0 W decay tt

!
|

—20 30 40
number of primary vertices

10
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0.01

Jet Mass Measurement

35.9 b (13 TeV)

[ I L L Y

- CMS ~+ Data -
- m,=169.5 GeV
B — m,=1725GeV _
S m,=175.5 GeV -
I —— -
u —{—l =

» mjet spectrum well
described by event
generators

me= 172.6 £ 2.5 GeV
(£ O.4seac = |.6exp
+ | -5model + | -Otheo)

» feasibility of analytical
calculations

» opens door for precision
measurements in the

05 b = E boosted regime
B S T N T S S
120 140 160 180 200 220
m., [GeV]
J [CMS, arXiv:1911.03800]
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sSummary

Searches

» Huge gain from jet substructure techniques

» Exciting interplay between:
* model building

* tools development Candidate Z jet
* commissioning A
. . 4L m\g\ y 079
* application S L S
£ T T 0.29
Measurements ,
» Jet substructure goes precision Pv

» Coming years will bring a number of novel
measurements using jet substructure

* tt, single top, ttW/Z,
differential H production,
jet mass of top,W and Z...

single top (tW)
with high pt?
b*? VLQ?
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Additional Material
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The Intriguing Flavour Story

» No hints for BSM effects from direct searches so far

* Never stop looking for all (im)possible signatures
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The Intriguing Flavour Story

» No hints for BSM effects from direct searches so far

* Never stop looking for all (im)possible signatures

» We can get inspired by existing riddles

e Anomalies in flavour data:

B(B — DY)

Rpe = B(B = Do) |y, BaBar, Belle, LHCDb 3.80
B B(B. — J/¢yTD)
Ry = B(B., = J/vu) LHCDb 200

R4E LHCb -2.50

(6—2), ES21, BNL 3.50

Consequences at high p1!
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Rp) and Ry/vy

B ' | | | | | | | | | | | | | | | | | I | I 1
| == BaBar, PRL109,101802(2012) I -
0.5 - ——— Belle, PRD92,072014(2015) Ax* = 1.0 contours 1 = SM weak decay
n LHCb, PRL115,111803(2015) . 1 >
045 - Belle, PRD94.072007(2016) e=== Average of SM predictions - <
""" ——— Belle, PRL118,211801(2017) Rp,=0.299 = 0.003 15
— = [ HCb, PRL120,171802(2018) R =0.258 = 0.005 — ﬁ
04 [ ] Average 1
. : _ N
- 1@ b
035 &
- ] ’g
03¢ 1> | Possible BSM
025 - contribution from LQs
B vV
02 | b :
0.2 | ¢
R :
o - ’ ' ¢ (s)
» Uncertainties in SM prediction \ "
T (V
* form factors for T vs £ decay ~ mr [Bauer, Neubert, PRL 116, 141802 (2016)]
* strong decay of D* LQ couplings
. .
soft PIhOth sc;rrectlons tree-level: bT, cv, €T, bV
® S ~4m=
total ° loop: €T, sv, ST, tv

CNIS,
g
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[4:2,922]

RK(*)

[Bifani et al.,arXiv:1809.06229]

Ry (0.10< ¢?2<8.12GeV?/c?) -

R, (¢%>10.11 GeV*/c*) " - "

Ry (0.10 < g2 <8.12 GeV?/c?) " =

Ry (¢>>10.11 GeV?/c?) " - "

R, (full ¢? range) ——e—

R (full ¢? range) H o

Ry (10<¢?<60GeV?/c?) i m  BaBar, PRD 86 (2012) 032012

R, (0.045< ¢? < 1.1 GeV¥/eh) vy e Belle, PRL 103 (2009) 171801
o LHCb,PRL 113 (2014) 151601

Ry (1.1< ¢ <60 GeV?/c?) —v—1 v LHCb, JHEP 08 (2017) 055

| 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 |
02 04 06 08 1 12 14 16 18 2 22 24
Experiment / Standard Model

» Hadronic effects negligible
- except with LFUYV, then could have an effect

» LHCb measurements below SM by 2.1 - 2.6C

-

: 7]
LQ couplings at
tree-level: sy, b

Can lead to enhancement
of SM prediction

LQ couplings
loop-induced: tH, cH

Roman Kogler 53 Boosted Searches and Measurements at the LHC




(8-2),

34 o |-285+-51 _y_ e'e Hagiwara+ Phys. Lett. B 649 (2007) 173
32 6 |-299+65 __y e'e Jegerlehner+ Phys. Rep. 477 (2009) 1
+ -
38 6 | -3l2+51 ©€  Davier+ Eur.Phys.J. C 66 (2010) 127
3.2 o |-25.5+-4.9 v e'e Davier+ Eur.Phys.J. C66 (2010) 1
+ -
26 ¢ | -287+49 o €€ Davier+ Eur.Phys.J. C71 (2011) 1515
33 6 | -261+49 _y ete’ Hagiwara+ J.Phys. G38 (2011) 085003
33 o | -283+-6.0 _g _ e'e +T Jegerlehner+ Eur.Phys.J. C71 (2011) 1632
+ -
gg g :g%g i: g% —— g+g- +T  Jegerlehner arXiv:1511.04473

Bennett+ Phys. Rev. D73 (2006) 072003

-60 -50 -40 -30 -20 -10 | 0 - 10 [D. Bernard, arXiv: 1607.07181]

(auth - auexp) 10"

» About 30 deviation, depending on
AChad (e*e” or T decays)

» LQ couplings loop-induced: tH
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LQ Phenomenology

» Nature of possible LQs Y | odel | B | B || B & B | B
( * * orql

* Model dependent W & | X * 0
scalar 1 o i S g :

o o . ()

* Additional constraints from 16 | B | x | X X N
B(B—KvV), Amgs, D= V... 2 IV I A ! 3

< 2/3 Uy v v v 2_

* Global fits to flavour data: VTl o | | v | x x =
suggest at least one LQ state Combinations of scalar LQs can ®
with mass O(1-3) TeV explain Rg¢ and Rp, e.g.S1and S3 &

» Probe the full flavour matrix!

, | b t
0 0 0 v
¢ cH CT
YL,R p— O YI_Z;R L,R Q
0 YL':LR Ylf,TR
[Diaz, Schmaltz, Zhong, T
JHEP 10,097 (2017)] q and £, V;
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LQ Pair = vv+bb(qq)

[CMS, PRD 98, 032005 (2018)]

» Reinterpretation of SUSY M, sbottom search

< "
Q- 5
g \Q00000 —
— \\\ V
A
,CMS 359 fb" (13 TeV)
E 10 15: [ T T T [ T T T T [ T T T T [ T 1 E
c\-l& - pp—LQLQ — Observed limit (95% CL)
3 E — = % =
@ 107 BlQ-=bv)=100% ___ Median expected limit 3
X .
O 2 N\ B 68% expected _
; 95% expected ;
---- pp—LQLQ, —
0 . 0 = Otheory, LO (K_1 ) E
E so-- PP = LQg LQg E
N N\, 0theory, NLO ]
1073 E
1072 = E
1078 =
i ol o TN |\~1~ Se

500 1000

1500 2000
m 4 [GeV]

b Both b and LQ are scalar

""" 71 - Equivalent under
g0 a— m)=m(LSP)=0
b

Mass exclusions

scalar LQs — bv: I|.l TeV
vector LQs — bv: |.8 TeV

scalar LQs — tv: 1.0 TeV
vector LQs — tv: |.8 TeV

Relevant for Rp¢+ and R
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LQ Pair — T'T'+tE [CMS, EP|C 78,707 (2018)]

. Background estimation » Cat A: £ + 2T + jets
LQ i T through ID inversion Sensitivity for low mig
t — Reconstruct top decay: » Cat B: £ + Th + jets
t P « . .
P'T sensitive to mLQ Sensitivity for high mio
35.9 fb' (13 TeV) 35.9fb" (13 TeV)
> III|III|III|III|III|III > ‘IE—l||||||||||||||||||||||—E
8 1 = CMS -o- Data tt. & Wets 8 - CMS - Data tt. & W+ets
~ - M Single t ~ - B, Single t
2 Zijets e LQ, 400 GeV = Zejets LQ, 400 GeV
() —LQ3600GeV LQ38OOGeV ()] —LQSGOOGeV LQ3800GeV =
Lﬁ 10_1 ereeirenes | Lﬁ -

etqtjets, OS high St

etptets, SS high St

1 0_2 ................................................... J HEEEEEE O OSSN SS NSNS SsSSsSS~~Y DRARRRRARRRRRRRARRD
]
10° E E 10° £ E
- | | | | | | | | | | | | | | | | | | | | | | | . - | | | | | | | | | | | | | | | | | | | | | | | .
| 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 | T T T | T T T ]
8 Tr + ] |8 ToF fT + ]
=10 ] 0 =10 3 3
D- 0.5 * 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 _: D_ 0.5 :_ 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 _:
0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200
ptT [GeV] p‘T [GeV]
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LQ Pail" — uﬁ+tE [CMS, PRL 121,241802 (2018)]

» Up to 4 leptons in final state

* two signal regions: 2u+€+jets and 2u+|ets

_J

reconstruct MLQ measure ST
measured e and Y misID tt+DY obtained from 2e+jets CR
35.9 fb™ (13 TeV) 35.9 b (13 TeV)
-E E I I I | I I I I I I | I I I | I I I -E I I I | I I I I | I I I I
- 10°E CMS +Data .Slnglet ~---LQ (M = 400 GeV) -2 - 10°E CMS +Data -+ 1Q (M = 400 GeV) -2
® 105 Bt .leoson ........ LQ (M =900 GeV) A ® 105 [t + DY [PDiboson - LQ (M =900 GeV) -
CICJ 2 DY [Mitt+V --LQ (M = 1400 GeV)E; GCJ . Singlet [tt+V --- LQ (M = 1400 GeV)E;
& 10 1 - E & 10
10° A E 10°
102 é"""""""'j ----------- i’.".".".".".".';"."."."."."."."."._ 1 02
1 O * - : 1 O
1 1
107 10~
1072 1072
_GOD. 2 é_ T T T ! T T T _qo).
s ] ;
® 05 3 T
D 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 3 D 1 1 1 | 1 1 1 1 | 1 1 1 1
0 200 400 600 800 1000 1000 2000 3000
M5 [GeV] S, [GeV]
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0.2

Combination

35.9 fb' (13TeV)

||:;||'.:'I.-"r'.'|"-'1

107"

1072

Observed cross section upper limit at 95% CL [pb]

[CMS, PRL 121,241802 (2018)]

Exclusion between
0.9 and 1.4 TeV
for tT and tp
(scalar LQs)

Relevant for
RD(*), RK(*) and

(2-2)y

Numerous other
interesting channels

107 to explore...
E S, b > o T
; : :
400 600 800 1000 1200 1400 1600 1800 2000 : LQ
M,q [GeV] sh L] .
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Identifying Boosted H—bb

Subjet b tagging (ATLAYS) Double-b tagger (CMS)
Leading track jets with R=0.2 BDT based on track, SV,

inside a large jet with R=1.0 substructure inputs
i [ATL-CONF-2016-039] CMS Simulation 13 TeV. 2016
c =HIL L L L L L L L L L L BB L E - p=
) = | | _ | _ | _ _l | | | 3 %\ 1 = = = Subjet CSVv2, minimum among two subjets gV ?}
S - ATLAS Simulation Preliminary ] = :++-AK8 jot CSVv2 | | .,,ﬂ_f_f.. 2
q:)' 10 E_ p_ > 1000 GeV, No m.calo selection _E 3 AK4 jet CSVv2, AR(AK4 jet, AKS8 ]et)<0.4 ------ ‘(,)
- S T e E c - —double-b ov Rl
o) - Double b-tag 7] - L —
:_;' 104 L e Asymm. b-tag (70% wp) . 2 10 b e AT Z
g E — — Single b-tag E E =t (q
N Leading subjet b-tag . _8 —_—
10 = E o w
C . o ﬁ
g - C 102E o
102 g_ .................................... _g g ::;.o é
- e, o B = 4 AK8 jet e
10€ S, ] 50 <m <200 GeV S
: e N 107° ¢ 1200<p_<1800GeV | O
0T 03 0405 08 07 05 09 0 02z 04 06 08 1 =
Higgs-jet efficiency Tagging efficiency (H—bb)
Discrimination against boosted Improvement at high pr,
t— bW with double b-tag discrimination against g—bb
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I“IH Il \\l [T

Illlllll\ HERE

—

FETRETTT

|

|

RN

TR

N ‘I

Boosted H—bb Candidate

/-/

w

Sonoid

Compact Muon

CMS Experlment at LHC, CERN
Data recorded: Fri Aug 5 02:45:
Run/Event: 278239/ 427634
Lumi section: 287

l‘]l".l‘ll“.l

2016 CEST

pr = 2()88 GeV
n = 0.63
(f) = (.84

AKS jet
Er = 2009 GeV
n = —0.65

¢ = —2.30
muon
pr = 20.1 GeV
n = —0.64
¢ = —2.27

||1-J———-|||14;/|x11|

[CMS, DP-17-032]
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Background

Multi-jet background

A curse

» many orders of magnitude
larger than any signal

Evénts / 7 GeV

» modelling very difficult,
large uncertainties

and a blessing

Estimates
35.9 fb™ (13 TeV)
—_ T T | T T T | T T T | T T T | T T T | T T T | T T T | T T T —r
- CMS 450 <p_<1000 GeV -~~~ W
& double-b tagger 77 %
- : : SRR |
= passing region Multijet
— “& Total background
- Il H(bb)
— ¢ Data

[(8107) 708120 ‘071 T4d ‘SWDI

..........

O V | |
» jet mass: opportunity = of " ]
. 5 v sl
for dedicated control =x o M N
and validation regions o T T +"
8 _540 60 80 100 120 140 160 180 200
mgy (GeV)

» precise predictions from
data possible with in-situ validations

Numerous methods

» ABCD extrapolations, Ry, decorrelated taggers, transfer factors...
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VW Resonances (L)) v

p > € p

Simultaneous fit to jet mass and resonance mass spectra:

Vj et "/j C

—

P(X — WV) = P(mjet,mwv\mx,ﬁ)

non-
resonant

[CMS, JHEP 05, 088 (2018)]

SM bkgd: resonant non-resonant

359 (13 TeV 35.9fb" (13 TeV

~
~

> [T UL L L L [rerryprrr T T T T T T [rerrpTrrTT T
8 600 CMS muon, high-purity CMS muon, high-purity 3
ol { Data t Data .
; 500 I W+Vi [ ] W+jets 1
= [ ] W+jets 0 W+Vi 3
Q 400 _  Bkg. shape unc. ~  Bkg.shapeunc. 3
L ; — Gou(2TeV)>WW —— G, (2 TeV)>WW 7]
—— W2 TeV)»>WZ — W'2Tev)»WZ

IIII|IIII|III":§IIII|IIII|IIII|II
\

(0 x B=0.5 pb) (0 x B=0.05 pb)
200 M' : l _§
100 T R 3
0 .\ L L m i%?*m
£ 14k : =
© - 3 ©
a o8k P11 S _

1000 1500 2000 2500 3000 3500 4000 4500
my,y (GeV)

2060 80 700 124 140 160 180 200
mjet (G'ev)

Signal: resonant in mjec and mwy
[see also ATLAS, JHEP 03,042 (2018)]
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https://arxiv.org/abs/1710.07235

VH Resonances 8

Wz /
p >« p
Analysis in 6 categories: /H
H.
(vvbb, 2vbb, ££bb) x (resolved H, merged H) p
Very different background compositions in each
category, relies on modelling of SM backgrounds [ATLAS, JHEP 03, 174 (2018)]
> S ' ' 5 YL R I I I R L UL IR IR
S 1°L ATLAS ;:'ast?rev T 102 2 ATLAS 95% CL limit -
2 2§ {s=13TeV, 36.1 fb™ ﬂ" single top = Tg . Observed (CLs) -
L% 10 ?_ 2 lep., = 1 large-R jets =;V-|(-f)l:0b;)bc,cc;) _? | g 1% Is=13TeV, 36.1 fb — — Expected (CLs) =
2 b-tags, 0 add. b-tags +(bb,bc,cc - ) -
10? 75 Ge?/<md <145 cfev Bl zZ+(blcl), Z+l 3 -l [ Expected +1o -
1 Mllother 51 0! [ | Expected =20 i
o . uncertainty g - ---- HVT Model A, gv=1 ?
, e d 1 i —— HVT Model B, g =3
10 2 v
=102 E
1073 I F -
o C ]
107 % - =
-3
107° 10 = s
Q 1'5; 10—4_||||||||||||||||III|II||||||||II~I~I~LI |||||||_
= 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
@© :
s 05 m,- [GeV]
© 77300 400 1000 2000 3000 oV
My [GEV] [see also CMS-PAS-17-004]
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HH - 4b Y

1

w b
So far uncovered: semi-resolved i ?H‘ i
» resolved + merged final state Hiee /]t

» orthogonal to fully-merged analysis [cMs,PLB 781,244 (2018)]

[CMS-PAS-B2G-17-019]

35.9 fb™' (13 TeV)
' ' ' |

'_% 6of_l CMSl | |AIT|| OI.O-'II .0 | _f
2 - T —+— Daa 1 » improves limits on resonant
5 500 Preliminary Estimated background —
AT 7 Eackground stat. uncertainty ] PrOdUCtion UP to 55%
401 — Bulk graviton 800 GeV = : :
- —_— Nlcj)n-gersc\)"n(;:t Bencr?rgaik2 - — for radion with m = 0.75 - [ .6 TeV
300 o(pp — X — HH — bbbb) = 50 fb ]
- + - — above 1.6 - 2 TeV: sensitivity from
20 + = fully merged analysis
105 ”‘Ifgrp*iﬁ- = » non-resonant production:
N — ——————— better by factors of 2-3 for
o P —— -
DS of el - : some benchmarks
e — E
a]= 1000 1500 2000
M rea [GEV]
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Z/

102

10

Events / 40 GeV

—
<

I
N

Significance
o N

YH Resonances

hO
— [BA Dobrescu, P| Fox, ] Kearney
v EPJC77,704 (2017)]
VAVAVAVA

Y

[ATLAS arXiv:1805. 0I908]

Data - |

Background Fit + 1o
my=1 TeV (o B=135 fb)

||||||||||||||
2,

my=2 TeV (o B=20 fb)

ATLAS
s =13TeV, 36.1 fo'
qq — X — Hy, Spin(X)=

| I —| I:I ] IIII| 1—|—rrrn+—|—r|||||||

Data/Fit

Hjet

[CMS PAS-EXO-17-019]

untagged category >

35.9 o™ (13 TeV)

C M S Prellm/nary

—e— Data

— Fit function

—— Signal m=850 GeV
Signal m=1 TeV

Signal m=1.45 TeV
—— Signal m=2.05 TeV

1000 1500 2000 2500 3000
my, (GeV)

1500 2000 2500
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YH Resonances

> », € >
/H
hO
“““““ Hjet
F [BA Dobrescu, P| Fox, ] Kearney
! EPJC77,704 (2017)]
i [CMS-PAS-EXO-17-019]
Very similar sensitivity up to 1.5TeV  [ATLASarXiv:1805.01908]
.EI 103 §I T | T | T | T | T | T T | T | T T I§ 3 C|M|S| Plrim;m?af% ——— | — |3|5? flb-? (rsl-rle\ll_)
m - ATLAS Observed ] = | Hy: combined
B e . --- Expected Median - T Observed limit
CC) 102 = s=13TeV, 36.11b [ |Expected =10 = % S N Expected limit
- F qq — X — Hy, SpinOg=1 | |Expected =26 - x I Expected limit 68% CL
£ i : 210 ] Expected limit 95% CL
o 10 5 | :
&\2 o . IS.QIII_ IIIIIIIIIIIIIIIIIIIIIIIIIIII ;
o> 3 f !
U3 E -
; : i3 = E
107 P 5 Tev E : |
- 2 0 . - 1.5TeV: |
L1 1 | 1 1 | | | o | | 1 1 | | 11 | | L1 1 | 1 1 | | 11 | | 1 1 | | 11 | B n ]
1 12141618 2 22242628 3 00500 ' '

1000 1500 2900 2500 3000
Resonance mass (GeV)

m, [TeV]
' better sensitivity

due to untagged category
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tb and tt Resonances
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W’ = tb ()

Shower deconstruction used N :

Large-R jet top didat
Tight Loose but not  Not loose
p-tagged_tight top-tagged top-tagged

for the first time in an analysis  :| ¢ E
e o . g_ g D
Multi-jet backgrounds: sidebands /S
. [ATLAS, PLB 781,327 (2018)]
tight t tag, 2b tags
> 4__||||||||||||||||||||||||__ -—|10‘~|||||||||||||||||||||||||||||||_
o '9F arLas $ Data g " ATLAS ]
Q) N -1 & multi-jet + W/Z+jets = X —— Observed 95% CL limit :
o 1%L s =13 TeV, 36.1 fb = all-had tt | ‘,F N, {s=13TeV, 36.1 b’ — — Expected 95% CL limit n
O ' @ ronalkhadff 3 X ’ I Exvected 95% CLmit 10|
— W uncertainty N S 1B N =
N 102 IIIIIIIII pre-fit _ n):: E Expected 95% CL limit +2¢ E
"E === 3TeVW § & B NLO W' cross-section (ZTOP) |
2 N % - ]
LLI E o107 E
a e = =
] S =
75% IE B
mUItI']et 102 I B N BN B I
o1000 1500 2000 2500 3000 3500 4000 4500 5000

bkgd S =" ———— = aa——— m(W') [GeV]
D - I
o 2 e L\\\&\\\\\\\\ Wk’ lusion: 3.0 TeV
A T S R’ exclusion: 3.0 Te
g os }“ AN
- AL BT LJ (CMS): 3.6 TeV

1 000 2000 3000 4000 5000 6000
m,, [GeV] [see also CMS, PLB 777,39 (2018)]
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Z — tt (LL,L),)))

Many improvements since last result

» improved PU mitigation, b-tagging
: : 10-40% .
» BDT for W+jet suppression - jet
Improvement .
» CRs to constrain backgrounds |
IAyl < 1.0; 2 b tag 36 b’ (13 TeV) [CMS-PAS- 17-01 7]
([) 1T 11 | 1T 1T 1 | 1T 1T 1 | 1T T 1 | 1T 11 | 1T T 1
= ata 36 fb' (13 TeV
L?>.)l 10’ grlc\ellliglinary + ETtMJ g F —— Observed ( )
- g 4.0 TeV, 1% width %104 = cmMs . Expected
1 = Preliminar [ =10 Exp.
2 t tags, 2b tags N10° ’ 2050
x F ——— Z'1% Width (NLO)
10 = Combination (0l + 11 + 2I)
25% f§3 E
multi-jet ‘ | | | | | | 3 E 3.8 TeV exclusion
bkgd s == Rt §1°“§—
Y i S = : 107
o = ] C
2 E 107 g, 1
4B | Lo 1 2 3 4 5
0 2000 4000 6000 M, [TeV]
my [GeV] [see also ATLAS, arXiv: 804.10823]
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VV Resonances (J))

\'A% tagger: mass cuts

\'A% tagger: Dz cuts

EEEEEEEEEE

> 150~ =410 @ o 3 4 o
3 1405_ ATLAS Slmulatlon Prellmlnary ] -g Q - ATLAS Slmulatlon Prellmlnary . -g V )
h C i c - I 2 C .
e’ 130:_ Vs=13 TeV - > 2.5  {s=13 TeV = 10°m ]et
- antik, R=1.0 1 " antik; R=1.0 1 1
120 ez, p"'>200 GeV 1 21~ In"'I<2.0, p"'>200 GeV =
1105 w-Tagger . - W-Tagger ]
100F- i 150 2 710
- : [ATLAS-CONF-2018-016]
80F- 107 =
o8 0.5 1
605 -
S50™"500 4000 1500 2000 2500 07500 1000 1500 2000 2500
Truth jet P, [GeV] Truth jetp [GeV]
W tagging efficiency background re]ectlon
> 1 2 B T [ T T ] [ 500 = I T T T T | E— T ]
% [ ATLAS Simulation Preliminary ] = 4505_ ATLAS Simulation Prellmln ary -
(3 1__ Vs=13 TeV W-Tagger _| % = fs=13TeV  M*|<2.0, pT '5200 GeV =
= " antik, R=1.0 1 o 400 anti k. R=1.0 Z-Tagger E
0.8%_ <20, p'>200 GeV . —+— g 350;— —;
© 4 e 1 2 300F E
-ttt —+— 5 % E
0.6 | —— 4 - S 250 —
}+ =, 1% 200 + -
—— . = =
0aft HHep T L ] : + + :
B ++'+'-+-+ —4— Mass cut efficiency | 100 - _+_ 3
0.2~ —$— D, cut efficiency | s —— =
B —4— Total efficiency - 50 = R
B 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | : 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 :
0 500 1000 1500 2000 2500 0 500 1000 1500 2000 2500
Truth jet p_ [GeV] Truth jet p_ [GeV]
@ CMS, |
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VV Resonances (J))

Vjet
WV tagger: signal efficiency measurement of D> cut

[ATLAS-CONF-2018-016]

:5; 22()()()() I I T T T I T T T I T T T I T T T T T T T T T T T I

© ATLAS Preliminary

* s= -1 ¢ Data

2 1c00ol. 's=13TeV,79.81 * Fi

o .- Fit bkd.

I - W/Z+ets
---W+jets

10000 e ZHjets

Fitted W/Z+jet events: 8295+ 637

5000 sp,= 0.86+ 0.08

1T T 1 | T T T | T T T | T T T
I I | I I | | I I | | L1 1

l:’-:..
‘ ~ -
® St
NPT LA T TR Sl T Ly e TS U A U SN TR R SR TN W N U T N R R O

o
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VV Resonances (J))

Vjet

Validating the background model

ﬂ
n

|Ay12[>1.2  |Ay;2(<1.2

[ATLAS-CONF-2018-016]

A
\s =

3 TeV, 79.8 fb

102 from region D

10

= Fit

tagged
Events /0.1 TeV

—

untagged
=

x?/DOF = 4.4/6

—
<
N

104 E N I I I I I I
10° L1AS Preliminary ¢ pata events obtained
=

iLI,IlIIIIIII,Il_‘_I_LLLLLI,d IIIIII|,|,| IIIIIIII| IIIIII|,|,| Illlllw

—
<
w

N

|
N

Significance
o

15 2 25 3 3.5 4 4.5 5
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HH - 4b Y

bx el
b
4
4
Background estimation through R, /s P e F
’H
35.9fb" (13 TeV) 1
35.9 b’ (13 TeV) c T ——— H.
< 0.1 5  eob Anl 0.0-1.0 E et b
& [ CMS A0l 0.0-1.0 = 60 cms i - ]
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- Preliminary in fi 50 reliminary stimated backgroun 3
0.08;— givgel’lnatlsrggieodnm fit % A, Eackground stat. uncertainty E
0.07E- it 40¢ — Bulk graviton 800 GeV 3
E fit errors o ——— Non-resonant Benchmark 2 .
0.06- *F A [CMS-PAS-B2G-17-019]
0.05f= 201~ =
0.04F" 100 =
0.035— O-‘_|=|‘_—I_|r:—. : =
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