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b-tagging



Introduction to b-tagging

® b-jets = jets that arise from the process of hadronization of b-quarks

® Many physics analyses (Top, Higgs, Exotics) rely on efficient identification
of b-jets

Displaced
cks

® Use B-hadron properties to identify b-jets (b-tagging):

Secondary
Vertex

B Relatively large mass [5-10 GeV]
B [ong lifetime [ct = 450 um]

= = 70 GeV gives Byct = 5 mm

N.\
~

B Daughter particle multiplicity
~ five charged tracks per decay

B Possible presence of semileptonic decays
b= puvX [Br = | %], b=c=uvX [Br = [0%]

B [ertiary vertex
(B-meson decay to a charmed hadron),ct = [20-310 um
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Challenges in Run 2

B LHC beam collisions setup during Run 2 includes:
P Higher center-of-mass energy of |3 TeV (was 8 TeV)
B Higher instantaneous luminosity of .3x103" cm2 7! (was 7x1033)

2 Smaller bunch spacing of 25 ns (was 50 ns)

B ATLAS and CMS detectors are facing new challenges:

2 Larger number of pileup interactions

Not yet in 2015 but expected to be up to = 40 by LS2
Affects track and vertex reconstruction, dynamic inefficiency, increased

occupancy
P Increased trigger rates

2 Higher probability of boosted objects imposes requirements on
tracking performance

2016/02/01 Kirill Skovpen - Seminar at LLR 5



ATLAS Phase 0 upgrade for Run 2

@ A new beam pipe and addition of Insertable-B-Layer (IBL)
in the PIXEL detector

B Distance to the beam pipe reduced from 5 cm to 3.3 cm

B Finer granularity of IBL (50 pm x 250 um) with respect to
other PIXEL layers (50 um x 400 ym)

B Improved impact parameter resolution - very important
impact on b-tagging performance - 4x more light-jet rejection
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Algorithms



b-tagging algorithms

Algorithm ATLAS CMS
Impact parameter IP2D, IP3D, IP2D, IP3D, TCHP,
based TrackCounting, JetProb TCHE, JP
B Bl TR SV0, SV1, SV SSVHP, SSVHE
based
Decay chain multi- .
vertex JetFitter [Part of CSVv2]
Soft lepton SMT, pTRel Soft Muon Tagger, ptRel

Multivariate

MV2c00, MV2c20

JetFitterCombNN, MV1c,

CSV, CSVv2

Operating points either based on
b-tagging or mis-tagging efficiencies:
b-tag: 60%, 70%, 77%, 85% (ATLAS) ot of taggers
mis-tag: 0.1%, 1%, 10% (CMS)
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ATLAS multivariate b-tagging algorithm
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CMS multivariate b-tagging algorithm
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CMS Simulation Preliminary

(13 TeV)

® CSVv2 outperforms the previous version CSV
® Now uses the Inclusive Vertex Finder algorithm

® MLP-based discriminator combines track and
vertex information:

* Track 2D and 3D IP significances
Track multiplicrty

Vertex mass

2D flight distance significance
 etc

@ Training is done In three SV categories
* RecoVertex

* PseudoVertex (SV from tracks with large SIP)
* NoVertex (no SV)

= /o
€
°
2107
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c-jet vs b-jet
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Calibration



Calibration of b-tagging performance

Calibration of b-tagging efficiencies in data and MC is usually done In:

P QCD multijet events with b-jets containing muons

P ttbar events with inclusive jets

oiRel. pgReI/IPSD,
System8 T ystems,
Lifetime Tag (LT)
Tag counting, Flavour tag consistency,
Kinematic selection, bSample,
Kinematic fit, Flavour tag matching,
Combinatorial likelihood LT, KIN

Eventually, a combination of the measured data/MC b-tag SFs from different
methods Is performed
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b-tag calibration in QCD events

24" (13 TeV, 25 ns

o Crrryprrrrprrrrprrrrprrrrpr e e T e e T e e T T
® Template fit methods based on prRel 3 1%00- CMS
. : C 14000 Preliminary
and Jet Probability (JP) discriminant (LT) S -
; 12000 tagged jets (70<pT<100 GeV)
? ptRel - momentum of muon T 10000 m bjets

. . B light flavour + charm
transverse to muontjet axis

B JP - compatibility of a set of tracks
from a jet to originate from a

prRel

[ 11 IIIIIIIIIIIIIIIIIIII
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primary vertex: ‘ 5 5
p?' [GeV/c]
00 24fb' (13 TeV, 25ns
3 300007 T T T T T T T T T T
Pon(S) = sign(S) / R(x)dz g 0000 e  Toooms e
S 5 25000} Prelimin $ Swin
S| T § \ ary B b-jets
: : : ts
Resolution function built 20000 =ﬁ::9.,,,s

with negative IP tracks

® Fits are done before (or for jets failing b- 10000
tagging) and after b-tagging requirement 5000

to measure the efficiency

0 0.2 04 06 08 1 1.2 1.4 1.6
JP discriminator
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b-tag calibration in ttbar events

2.4fb' (13 TeV, 25ns)

CcMS @ Data mm
Preliminary

@ Kinematic fit methods exploit kinematic
variables from ttbar reconstruction

Jets / (0.08)

KIN
* Allows continuous calibration of b-tag

welght

2 ATLAS kinematic fit and CMS bSample
methods use b-enriched region

B CMS KIN method is based on template £ "ensersssresssssnesssnece
fit to MVA kinematics discriminator 8 057 =08 05 04 02 002 04 06 08 |

Kinematics discriminator
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o — SARRERRRRE "SRR RRARE RN | LA RARAF
<70 ' P b-depleted ' 7000¢ b-depleted & :
P ATLAS Data s B it signal :
c g Correctly matched % 6000} ' 01 other =
5 600F =gttt 7 b @ Inorrectly matched > 5000F b-enriched @@ Single-Top -
- [ Unmatched 0] 3 Ew-lv 3
= © 4000} o .
' H . H = - uminos! 1
S , Kinematic fit 5 000f ;
- I : o 2
= 1 - > 2000
' Signal sample — w r bsamp le
' - 1000F
1 - -
: MV1, g, = 70% = -
= O 1.4
. % 0.8} :
D 0-6 = .l”'l"'lnt'-l'"l'”l-“l”1..l”'l“'i"i"l.”l”.l'“l“‘l“t“l”'l“'l."l.q"l'”l"'I“-i"l-.i.'i”i"'l"1.'i."l'"l"'l“t”l‘.'1“'l'“l“.t“l'“i“i”.l'-
0 50 100 150 200 250 300 350 400 450 500

0 10 20 30 40 50 xgo M, [GeV/c

2016/02/01 Kirill Skovpen - Seminar at LLR |4



— ! |
S u i
8 [ ATLAS Preliminary f Ldt=2031" (s=8TeV _
% | -
8 1 _—_—_1—
g [ .
2
s f ttbar (ATLAS) .
= u i
::5_" 0'5__ [ tttopo kin. sel. (total error) -
- * i topo kin. sel. (stat. error) MV1, & =70% -
L L L L L ! L L | L L
20 30 40 50 60 7080 10° 2x10°  3x10°
jetp_[GeV]
1.6-2.4fb" (13 TeV, 25 ns)
L L L L e e e e
+» mu+jets = TagCount ‘
Sncs + Kin
reliminary
. QCD vs ttbar
CSVv2M o
cswwal —
1 1 I 1 1 1 I 1 1 I 1111 I 1111 I | I | l | T I | I I
07 075 08 08 09 095 1 1.05 1.1
Data/Simulation b-tag SF
2016/02/01 Kirill Skovpen - Seminar at LLR

Scale factors for b-tagging
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b-jet trigger in Run 2

B || isa hardware-based trigger [output rate =100 kHz]

B HLT (L2+EF for ATLAS) Is a software-implemented trigger executed on a
multi-processor farm [output rate = | kHz]

» Many analyses that rely on b-jet identification (VBF H(bb),

Z(VV)H(bb), HH(4b), etc.) suffer from very high trigger rates due to
QCD multi-jet production

2 Implement b-tagging selection at trigger level to significantly reduce the
rate

P b-jet triggers already extensively used during Run | with several important
upgrades for Run 2

New Fast TracKer

hardware-based (in HLT-based trigger
2016) + HLT @ATLAS o
EXPERIMENT
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b

-tagging sequence at HLT in CMS

? Regional reconstruction of pixel clusters compatible with LI calo jets
2 Fast Primary Vertex (FastPV) reconstruction using only pixel information [0, = 2 mm]
p ' i | :
Regional pixel track reconstruction Also: L1 stage-2 trigger
» Primary vertex from pixel tracks [0~ 100 um]  added in 2016 (topological
selection at L1)
2 Pixel+Strips full track reconstruction
using iterative tracking [0 = 20-30 pm]
- : - in rforman HLT
2 Apply CSVv2 b-tagging algorithm b-tagging performance at
1 CMS Simulation, 2014, \s=13 TeV, Prellmlnary
Timing performance for FastPV resolution g
Z(vv)H(bb) trigger path o CMS Sulston, 2014, 5=t Tov, Premie & |
o CMS Simulation. 2014, \s=13 TeV, P.r?'em'n?r.v,.l....,....l...: of- T 2020, =46mm g
% 9002_ Intel® Core™ i7-2600 CPU3.40GHz ] %~ improvements for 2015, o =
+ 800 =
% 700F- — 2012, mean =121 ms _i
= 600%— — improvements for 2015, mean = 104 ms _f
5005— —i
400 £ = A
- - 0.8
300 — — b-jet efficiency
2005— _z
100 - =
ot W I I ) ' ) ' ' ! PV z rza'ssolution (%m)
0
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processing time [ms
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Trigger updates in ATLAS for Run 2

] I ] I ] ] ' 1 ] ] ] 4
Barrel (Inl <1.1) ]
<u>=46
— Offline Light-Flavor
— Offline b-Jet
—*= FTK Light-Flavor

2 LI Topological triggers (L1 Topo)

* Hardware-based

« Real-time event selection based on kinematic

properties of trigger objects

» Muon-jet association at L |

2 Fast TracKer (FTK) - Spring 2016
 Hardware-based in-between L| and L2

Use Pixel, SCT and IBL data

Reconstruction of charged track candidates
(pT > | GeV) with pattern recognition and

primary vertex [0, = 56 um, 0 = 20 pm]

* Tracking information for the whole
detector without HLT processing

Track-jets, track-based isolation, etc. after L|

ATLAS-TDR-021 FTKPublicResults
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Light jet rejection
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New developments




Tagging of b- and anti-b jets

* b-quark hadronizes before its charge could

be measured

P Previous method Q) to tag the b-charge
based on the sum of jet track charges
weighted by pr

» Useful to reduce combinatorial background
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b-jet efficiency

? The new method Jet Vertex Charge

(JVC) MVA-based to add displaced

vertices information to distinguish
between b and anti-b jets

* Several jet charge categories based
on all associated, all selected, SV, TV
and muon tracks

ATL-PHYS-PUB-2015-040
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http://cds.cern.ch/record/2048132

c-tagger

® A broad range of analyses benefit from c-jet
identification (SUSY, FCNC, etc.)

® Discrimination of charm from light and b flavours is
challenging:

+ Smaller decay vertex displacement for c-hadrons
relative to b-hadrons, smaller impact parameters

* b-hadrons can decay via c-hadrons
B ATLAS developed JetFitterCharm tagger

* Improved version of JetFitterCombNN trained to
select charm with an addition of:

* Transverse displacement of secondary and
tertiary vertices

« Min and max track rapidity along jet axis
* Calibration

* b-jets: Combinatorial Likelihood in ttbar

* c-jets: multijet D* mesons

* |-jets: negative tag in QCD multijet

2016/02/01
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c-jet efficiency scale factor
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CMS Phase | Pixel upgrade

® The present pixel detector was designed for a luminosity

of 1034 cm2 s°! and pileup of 25 @25ns Lot
® After LS2, luminosity to reach 2x1034 and will result in & i

0.4/

the large data losses in ROCs

2 The new beam pipe [Ri, = 22.5 mm] installed in LSI, o2
full replacement of the pixel detector by the end of 02
2016

* Significant improvement in b-tagging due to extra
layers, finer granularity, decrease in the amount of

material
2E34 cm’’s”
= ; - Upgrade i
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b Jet Efficiency
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ATLAS Phase Il Inner Tracker upgrade

B Several scoping scenarios are
planned

2 New all-silicon tracker (ITk)
to replace ID
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CMS Phase Il Inner Tracker upgrade
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Higgs associated production

with top quarks



Motivation

@ In the SM, a Higgs boson is expected to have a strong coupling to a top
quark (y; = 1)

@ Production of Higgs in association with top quark pair provides a direct

measurement of the top quark Yukawa coupling

@ Associated production of Higgs with a single top quark allows to measure

the sign of the top quark Yukawa coupling

@ Probe new physics in the top quark-Higgs sector
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6(pp — H + X) |pDo]

2016/02/01

Higgs production and decay

pp — H (NNLO + NNLL QCD + NLO EBW)

10

1 Illlllll
1 IIIlIIlI

pp — qgH (NNLO QCD + NLO EW)

O
O
A
b=
I
Z
Z
-
O
o
O
O
+
Z
[y
@)
m
2

pp — ZH (NNLO QCD + NLO EW)

| <
| 4

M. Farina et al., JHEP 1305 (2013) 022

| ! | ! | ! | ! | 1 | 1 | ]
120 122 124 126 128 130 132
M, [GeV.

pp — ttH (NLO QCD)

I
LHC HIGGS XS WG 2014

10

pp — tHg (NLO QCD)

102

o(ttH) = 129 fb
o(tHq) = 18 fb

LHCHXSWG

my = 125 GeV

1 I I I

|

\S
Y/

><

Higgs BR + Total Uncert
Q
|

| NS
’v

7
/
1 0-4 | | | | | | | | | 1 1 | | | | | | | | |
80 100 120 140 160 180 200
M, [GeV]

B H-bb channel is dominant [Br ~ 58%]

but overwhelming ttbar background

@ H-yy channel is clean

but suffers from small Br ~ 0.2%
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Eur. Phys. dJ. C 75

Search for ttH, H—=>bb with MEM at CMS [@iBES

CMS, 20 fbl, 8 TeV

Use MEM to suppress the combinatorial background

signal hypothesis background hypothesis ~ Event signature:
one (single-lepton=SL channel) or

© canmssanon—e—— ¢ two leptons (dilepton=DL channel),
t > 4 jets, > 4 b-jets, missing Er
______________ H
A ‘
g —— Fotos pTos P
£ a0 CMS P<0.5 | P,>0.5 ;::;z ::)Tew
Build 2D likelihood ratio: SIPV I S =i
—ttH (125) x 10 B+
Ett+b
. . Bt + b
signal vs P, — ] w(if|[ttH) . i sl op
background w(y|ttH) + ks pw(i/|tt+bb)
Heavy vs . f (&|tt+hf)

Light flavour e £ (E|tt+hf) + kp /1 f (E|tE+1f)

Kem,Kn - Optimization parameters § 2' I | —t
8 o
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http://arxiv.org/abs/1502.02485

Eur. Phys. dJ. C 75

Search for ttH, H—=bb with MEM at CMS [@iBES

CMS, 20 fbl, 8 TeV

19.5fb™ (8 TeV)

CMS f=:== Expected + 10
sL . im T Expected + 20
----- Expected (sig. inj.)
-l Observed
oL 19.5 fb™ (8 TeV)
CMS
SL L
Combined —
l DL — .
1 10 =
95% CL limitonp = GIGSM atm, =125 GeV
] ] ] Combined — -
Observed (expected) combined limat: 1 1 o |
-4 -2 0 2 4
u<4.2@3.3) Best fitn = o/c_ atm, =125 GeV

Best fit:
p=12+6 .
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http://arxiv.org/abs/1502.02485

Search for ttH, H—all channels at CMS

Tty
4|

3l

Same-Sign 2|

Combination

2016/02/01

CMS {s=7TeV, 5.0-5.1ft"; {s =8 TeV, 19.3-19.7 fb
— L
— L
— L
— L
— L
— L
= -
vl by v b by by by s by by

-4 -2 0 2 < 6 8 10

Best fit o/cg), at m, = 125.6 GeV

Combination:
u=28 10 09
S=34

3l

Same-Sign 2

Combination

JHEP 1409 (2014) 087

CMS ys=7TeV, 5.0-5.1fb";{s=8 TeV, 19.3-19.7 fb"

#=- Expected+ 10

--- Expected+ 2 ¢
--- Expected (sig. inj.)
-&- Observed

10
95% CL limit on o/cg,, at m,, = 125.6 GeV
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http://arxiv.org/abs/1408.1682

ATLAS-CONF-2015-044

ATLAS+CMS Run | combination for ttH [RIEEEEERE

7+8 TeV
ATLAS and CMS Preliminary - ATLAS ATLAS and CMS Preliminary -—ATLAS
LHC Run 1 - CMS LHC Run 1 - CMS
- . = ATLAS+CMS B | :ﬂ;A&CMS
i —%To L —+2¢

n : B 5 Significance (ttH):
Ky — Moo L ATLAS: S =2.7

- B e CMS: S =3.6

K _.=_ IJ, . n |
t ' -
—— WH ;
B ___‘__; Strength (ttH):
: : o 0.8

K. - b —s ATLAS: p=1.9 +08

| : CMS: U= 2.9 LD 0.9
K — i

b D é u'ttH § .
Kt . : 1 ey
01lblélblinblélbléll!'l|‘|‘|21|:'l4|1‘|||6||‘|'|8|||2 lllllllll_m_lllllllllcombination(ttH):
I " Parameter value 0 05 1 15 2 n=23%"7 4
S=44

2016/02/01 Kirill Skovpen - Seminar at LLR 34


https://cds.cern.ch/record/2052552/




Search for tHq

small contribution

B Suppressed in the SM by destructive interference:

15

yeyw < 0!
B Single top+Higgs production is sensitive to both o
magnitude and sign of y, o
@ BSM predictions can be tested by probing negative y, “ o»g Signal Strongth Fi
still allowed from global fits (arXiv:1303.6591) N e
B For y; = -1 there is a 15x increase in the cross section B
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http://arxiv.org/abs/1303.6591

Search for tHq, H—bb at CMS

Events

Data-MC

1000

Muon channel
3T region
m,=125 GeV

20 b (8 TeV)

CMS

Preliminary

Event signature:
one lepton,

> 4 jets,

> 3 b-jets,

missing Er

Efficient b-jet

assignment 1s crucial

20 fb' (8 TeV)

CMS-PAS-HIG-14-015

CMS, 20 fbl, 8 TeV

Event selection

l l
tHq MVA reco tt MVA reco
l l
tHq it global
observables observables observables

—

!

—

tHq vs bkg discrimination

| Muon channel
| 4T region

40 |- My=125 GeV

Events / Bin width

l

CMS | -th, yt=-1

Preliminary | B+b

lepton charge

2016/02/01

i (light jet)!
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Observed limit

(95% CL):
o/oly=-1] < 7.57

37


https://cds.cern.ch/record/1952829

CMS-HIG-14-027

Search for tHqg at CMS (combination) Grmanin

'-35 CMS 19'7 fb-1 (8 TeV) A16w lclMlsl LI L I LI :19|.7 Tbl-1 l(8l Telvl
o‘i’! _ pp — tHq . ) - I I [ ]
2 t = blv § & 1400l — Observed -
g 30 C=-1,m =125GeV ] ST - Expected -
:E E —@— Observed E % 12001 ] =10 exp. N
:l 25 — e Expeded — (@) - D +20 exp. _.
(g N I = foexp. : 3\‘; i :
§ 20:_ ] =20exp. _: 01000:— —:

- i 800 =
15 = i ;
. 600 B

10 - i ]
] 400 _

5 — 200F" =
oL = S

g Swe Slop Hue by Y Co'"b'hed 05 1.0 15 2.0 25 3.0

B(H—yy) /B, (H—=>vy)
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FCNC in tH events

—— .
L= X [V2g =" t0™ Tu(f4,Pe+ &P 4Gl
q—uc !

’izqt
toh” P+ f7 Pr)qZ,,
\/—CW (qu L qu R)q 7]

K
_ 6%ta””(§;lPL+fﬁlPR)qAW |

9 z—.(rL R |
+ i CagJiigPu + fii Pr) q H|+h.c.

@ FCNC = Flavour Changing Neutral Currents
but could be highly

@ Forbidden in the SM by the GIM mechanism,
enhanced in BSM scenarios:

only possible via loop-induced processes
(highly suppressed) SM: Br(t—qH) =~ 10

@ Observation of FCNC events would mean the MSSM: Br(t—qH) ~ 10

new physics
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Search for t—Hq in ttbar events at ATLAS &t

PROTOS @LO
t

Events
S
©

ATLAS i J OBTBOBO00)
- - - - tt>WbHec ( %)

| -1 BR
\s=8TeV,203f0" ... tt—>WbHu (BR=1%)

. [ ti+light-jets
Pre-fit ] tiect
10° I tt+bb
o ttv
e ttH

H—bb

ok - channel
= 7, Total Bkg unc.

104?:: 7/ Tot g I—’['

10y 9 555000000 » ‘

10°E T " T t \

10 L

;E IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII Event signature: > 4 jets of .
%’ ;jz_ R R e _ which > 3 jets are b-jets, one Combination with JHEP 06
S oSt lepton and missing Et i (2014) 008 (H—Yy) and
T 5 5§ T 8 7 T o= = i Phys. Lett. B 749 (2015)

Main background: ttbar+jets 519 (ttH, H—>WW/t71)

Camas T TTTTTTTmTTTITT 1 1
BRGSUH) < 061 % (0bg) | iy, e e e | KOS O Ko S B
O 64 0/0 (eXp‘ H->WW, 7z . b - - - | 023+0°2:(+0:+0)Z;% BR(tQUH) < 0'45 0/0 (Obs)
. | i ——{  0.23%0.28(£0.18+0. .
BR(t%CH) < 0.56 0/0 (ObS) H-yy :{E 4 0.23+0.28(+0.27+0.10) % 0.29 /0 (eXp)
0.42 % (XD, |- - R BR(t—cH) < 0.46 % (obs) |

Combined 5- I — 0.16 + 0.16 ( £0.11£0.12) % BR(T;%CH) < 0.25 0/0 (eXp)
06 '—0|.4' ' —o|2 ' '(I)' ' '0!2' ' '0.|4' ' 'o.lel ' I0!8| = ; =L

BRUDHU) [%]  teeesssssssssssmssninsnnsnnssnasnnest
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Summary on FCNC limits

ATLAS Preliminary ATLAS Preliminary
BR(t— cy) BR(t— uy)
F\I; : TERAT T E LA B B AL A ’N; : Sy TE T TTm T @
\i, ; LEP J% \\ : i LEP % :I-,
€ ol TEVATRON }i \ 15 S0 TEVATRON \ T
107 : 10°F

- — —_
(@) o o
& o N
T T
Preliminary
Preliminary
=
luy g I ul
—
o
A
T
Preliminary
% Preliminary
E

10 ATLAS 3 10 ATLAS E

1 0_3%_ CMS Preliminary j 1 0_3: CMS s el
— —25_ jé —~ _ 2| —
52 10 : ] ok o 10 o4
Lok ERNURTIS iy
i Ir o E i e
2 By Ly hu s I st st i N ul 4 0 at Ly L L l PN - ul e m

E""' R Ll (NS NN 1) ISR 11 ERRETIT EREERETIT BN ARETIT BT il il Ll 1111 Ll 11 L1l L1l 1111l 11 1 1
102 10° 10 10° 10° 10™ 107 10 107 0 _10% 10° 10 107 10° 10% 10° 102 10
BR(t— cH) BR(t— cy) BR(t— uH) BR(t— uy)
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Conclusion

B Study of the top+Higgs sector is one of the hot topics at LHC

B A good performance of b-tagging is crucial for these analyses

B Presented overview of b-tagging activities and the latest top+Higgs
results from ATLAS and CMS suggests good prospects for Run I1

B A first observation of the ttH process 1s anticipated at 13 TeV

(or, 1f lucky enough, a non-observation)

B Challenges and excitement ahead !

§>p ., qaH (NNLO QCD + NLO EW)

/E—-
Hp— WH (NNLOQCD ¢ NLO EW)

= ZH (NNLO QCD + NLO EW

31 02 :I I 1 T I : ] 1 T 1 I 1 1 1 T I 1] 1 1 I I 1 1 1 1 I 1] ] 1 I E ] 1 I T t g
 F : : ¢
< [ L 4 (NNLOSNNLLOCD + NLOEW . 13
- S
10 4x larger ttH cross
o 'VE . . E
% - section @13TeV : .
: 4/:

T II‘IIII

M, = 125 GeV _
MSTW2008 -

E] D ; p oo e by s b by B
7 8 9 10 11 12 13__ 14
\s [TeV]
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Commissioning of b-tagging variables

o Vs=13 TeV, 25ns
N10 ARSI B B ELELELE BLELELELA BLELELELEN B EMELRLE B B
- g 107 CM ¢+ Data
- b quark
Validate the data/MC 2y o Preliminary —
for b : T m];i (50 < p, < 250 GeV) BN udo quark or ghuon 5=13 TeV, 25ns
_ <Pyp< [ b from gluon splitting N L A
agreement 1or b-tagging w — e 3w ows arss
' ' ® s E_ Preliminary b quark
0
variables In e o ot E- Muliet B e or gon
= WY 10 AK4 jets (50 < p_ < 250 GeV) 0 b from gluon splitling
X - ‘ 1 10¢ [ pile-up
3
QCD multijet and o o
10?
1.5F ==
ttbar events g " ~ L |
g g 1:._‘.o...........o.......o... ...Q........‘..‘....'Q.'......v..'.'....5..;.',55"."_!: 1
. a 05:_| L = 10"
0 o0f 02 03 04 05 06 07 08 09 1 : : . . : : :
CSVv2 Discriminator % CE { - [ LS
g 150 # $ ; } { { { { { { [ 55
> L I B l L B A l L A | ' LI A | l L T l Ll . 0‘5,_ A ALY T AL SRR R A AL SA MO SRS S
o ATLAS Preliminary « Data 2015 . o —— 77— 0 10 20 30 40 50 60 70 80
E‘D) 103 {s=13 TeV, 85 pb’’ -bjet a o 10* ATLAS Preliminary +« Data 2015 SV 3D flight distance significance
pe cjet s > s=13 TeV, 85 pb’ [ b jet
= o Light-flavour jet & Licjet
P B 3103 pu Light-flavour jet o R G
9 R O 10° -CMS eu channel, > 2 jets
- o 107 Preliminary
7 2
E 8 10°
- 105
10*
10°
o 102
o o 10
o
3 o
8 % O 15.'__ A —
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0 1 2 3 4 5 e e | | I I ' E
m(SV) [GeV] -1 -0.5 0 Mvg'go t t1 0 0fi 02 03 04 05 06 07 08 098 1
c<D outpu CSVv2 Discriminator
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Mis-tag rate measurement

40 pb' (13 TeV, 50ns)

* Mis-tag rate (E?necg) - efficiency to tag
udsg as b-jets

 Due to finite resolution of the inner
detector; displaced vertices from long-
ived particles and material interactions

P A negative tag method - use jets with
negative iImpact parameter tracks (or
negative decay length significance)

 Correct for b/c-jet contamination and
long-lived particles

» K
. neg ne ne
]CH—EZ/EZ k’hfzel g/e. <

1ncC

€1 = €. Cknekn

1I1C

Jets/0.04

max(p‘)>5060vm
—e— Data
B vco
3 mcc
B C uosg

. 3
CSVv2 discriminator

[ L IR L LN L I L
= " ATLAS Preliminary
2 [ ]brjets

B ciets

B light-flavour |ets

10 15 20 25

2016/02/01 Kirill Skovpen - Seminar at LLR SV0 weight



b-tag calibration in QCD events

- System 8 method is based on extracting b-
tagging efficiency from a system of 8 non-

linear equations n="MNp+ Nl b-tagging
. efficiency
» Equations constructed from different b-tag P = Pb + Pel /
samples (n, p, pTrel) defined by the /
referelnce and complementary b-tag ntag — %Zaqnb 4 6?;9 -
selections s

tag ta’g’..-" tag
. = 3 + (v12€
« Numerical methods are used to find a P Pr2gy, " 12€¢) Pel

SO|Ut|Oﬂ ,in'rel — SpTrel nb + 6pTreln l
Unknowns b cl &

e, ‘ el DT rel DT rel

: : = € Q93E

: Tvpy Thel, Pby Pel pp '823 b Db + Q23 cl Pecl

gzag 815?9 8§T7~el gplTrel . t

»~el s : tag, L ag _p ag _p

.............................................. P ntAIPTrel = Biae, e T g + ause e T N

lllllllllllllllllllllllllllllllllllllllllllll
*

H tag,pT I — tag PTrel tag PTrel
12, (023, 413, V123 D el = B1a3€y €< Pb + Q123E L €l " P

6127 5237 6137 5123

* *
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

Correlation parameters
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b-tag calibration in ttbar events

B Combinatorial likelihood method exploits kinematic correlations
between jets in event via unbinned maximum likelihood fit to data

* PDFs binned in jet flavour, pt and b-tag welight

* Done separately for two and three jet cases

Jet b-tag weight

In the two-jet-case: ~ PDF (pr,flavour)

o
‘0
*

“
‘0
-

L(pr1, pr2.wi,w2) = 5 Z [ { fooPbb (Pr.is PTa) P wilpri) P (wilpric)

(i,k)
e T +  fo/Pj (Pris P1) Po (Wilpr,i) Pj (Wil i)
& | ATLAS Prelimi =20.3fb" | s,
% reliminary J‘;;t: 821_(:\3/“) + f’}?.)‘{‘!’.(m’” pT,k) PJ (w,-IpT,,-) PJ (U)klp'r,k) ]
¢ 0.8 | "
& | e e | V., Jet 2D PDF
. _
o - (p,flavour)
a :
04- - ipoF(MC)  wmvie-7o%-  D-jet efficiency — & (pr) = ’ dw'Py (W', pr)
| e i PDF (Data) | Weut
20 3040 1 20

Jet p_[GeV]
e ATLAS-CONF-2014-004
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b-tag calibration in ttbar events

® Tag counting method / Flavour tag
consistency method is a likelihood fit for and k I-jets before b-tagging
the expected number of n b-tagged jets: i, j k- number of pre-tag jets
i’, j°, K- number of post-tag jets

<N,> = Z{(O‘;f°BF°A;{°£ thk+ka8 bl(g))(

Fii 1 -fraction of events with ib, jc

ijk
i,J,k

Z (') ey’ - (1—gp)™" (1) gt (1 —g) T . (") e (1 - sl)k—k'}
4 7 K

i+ +k'=n

» Rate systematics cancel out as fractions of
events are used 16517 (13 Tev, 251

rrrryrrrr|yrrrrrrrrr[rrrrr[ T T T

eu channel =2 jets-

« But relies on flavour composition from MC &** 5
¢+ Data

® Simplified tag counting method is limited to
the case of Njets = 2

* No fit, calculate b-tagging efficiency as:

15
§ 1? 4 * ¢ LA ASAA ‘/ ,,,,,,,,, /f//////yf‘{‘ /;//;,4
F Ft?auth 80.5;_ ............ e ............... .............. .............................. Rresseesss
2tag — L non2b 05 0 05 1 15 2 25 8 35 4 45
E:b T b-tagged jet multiplicity
f 2b
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Shape correction for b-tag discriminator

_CMS ttH bb Is=8TeV,L=19.3fb"
Lepton + =6 jets + 3 b-tags

® b-tag discriminator shape is often 5
used In signal extraction techniques In
many analyses

® Efficiency correction Is needed over
the whole range of discriminator

values

075 08 08 09 095 1
Average CSV output (b-tags)

& ATLAS does b-tag continuous (directly
from the Combinatorial Likelihood

method) or pseudo-continuous 2 CMS uses b-tag re-weighting approach

with correction factors measured with

calibration:
e Tag&Probe method
F; F; L . .
SEFSO™ — > +1§£1 Sac i P> b-jet in ttbar dileptonic events
e
Sobl T B> et in Z+ets

2 Also a shape correction via interpolation
between the measured SFs Is used
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b-jet trigger performance at CMS

CMS Simulation, 2014, Vs_13 TeV, Preliminary

-—

* 2012

R

P oo

—
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uds-jets efficiency

CSV pérformahce
Run 1 vs 2

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

improvements for 2015
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b-jet trigger performance at ATLAS

> 3500 > 3500 ]
& - éTL/}St Preliminary fiys=14TeV,<u>=60 | & ~ ATLAS Preliminary tt, ¥s = 14 TeV, <u>=60 _
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b-tagging in boosted topologies

* More boosted objects with the increase of total
energy, Increased sensitivity to high energy search
regions (ttbar resonances, new heavy quark decays)

+ b-quarks could be present in decays of boosted

particles

» Decay products clustered in a single fat (large-R) jet

B Use jet substructure techniques to reconstruct sub-

jets and apply b-tagging

« Resolve b-jets from top quark and Higgs decays,

gluon splitting

 Different signatures define several methods:

P top-tagging

2 Double-b-tagging £ =

For two-body
decay: 'm
- PT
2016/02/01

ies

> 0.4
(8]
©
S 0.35
=
W 0.3
0.25
0.2
0.15
0.1
0.05
%)
5
O
=
()
2
e errerrCMS Preliminary, 19.8 fb"at /s =8 TeV_ §
Do mmamn and = e 42
- double-b-tagged CAS8 jets) I uds quark or gluon
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Double-b-tagging

? Dedicated tagger to tag X—bb events

* Improve discrimination against g—bb
* Trained on G*—=hh—4b vs QCD

CMS Simulation Preliminary (13 TeV)
8 | — double-b-tag
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Top-tagging

CMS Simulation Preliminary, /s = 8 TeV

b-tagging etticiency
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LHC roadmap

LHC / HL Lurm
-LHC Plan Luminosity
LHC
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Run 1 | Run 2 | | Run 3 Run4-5...
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LHC roadmap

LHC roadmap: according to MTP 2016-2020 V1

Physics
LS2 starting in 2019 => 24 months + 3 months BC Shutdown
LS3 LHC: starting in 2024 => 30 months + 3 months BC :::h:;::ssm'"g
Injectors: in 2025 => 13 months + 3 months BC - °
2015 2016 2017 2018 2019 2020 2021

Q1Q2/Q3/04|Q1/Q2|Q3|04|Q1Q2 Q304 |Q1|Q2|Q3Q4|Q1Q2 Q304 |Q1|Q2(Q3 Q4 |Q1 Q2 (23 n4,

- e e

LHC |
Injectors Run 2 LS 2
® PHASE 1
2022 2023 2024 2025 2026 2027 2028
Q1/Q2!Q3!04|Q1!02]Q3|Q4|Q1 02|03 |04|Q1 |@2|Q3|04|Q1 Q2!Q3 |04 |Q1 <2 02 Q4|Q1:Q2 Q3 Q4
LHC Run 3 LS 3 u Run 4
Injectors .
. > —— PHASE 2
2029 2030 2031 2032 2033 2034 2035

a1]c2i2sia4|a1]a2]a3]a4]a1ia2ia3]a4]a1az]a3|as|a1ia2 w3 [a4|a1]a2]a3 /04 |a1]a2 @3 a4
LHC

| LS 4 I LS5 l
Injectors
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Systematics in b-tag efficiency measurement

B Several uncertainties affect the measurement of b-tagging efficiency

™ Gluon splitting

source size at ATLAS size at CMS

LM Jow pT: 0.1% - 0.2%, high pT for b-prod.: 1.2% - 2.0% low pT: 0.1% - 0.3%, high pT: 0.5% - 1.3%

™ b/c-quark fragmentation

M M uon p_|_ mu pT first pT bin: 2.5%, 0.2% - 0.9% elsewhere low pT: 0.1% - 1.1%, high pT: 0.1 - 0.9%
HINEULEN <0.1% - 0.2% <0.1% - 0.2%
I Away-jet tagger I 0.2% - 2.7% @ ATLAS 0.2% - 0.8%
M C/l ra’uo 0.1% - 1.5% EXPERIMENT 0.3% -0.6%
0.3% - 1.4% 0.3% - 0.6%

I Selection on pTRel
I Difference between inclusive and muon |jets

M (Generator uncertainties
(PDF parton shower, ISR/FSR, underlying event, B decay, etc.)

I Pileup

Treatment of correlations in b-tagging uncertainties between ATLAS and CMS:
https:/twiki.cern.ch/twiki/bin/view/l HCPhysics/BTaggingSystematics
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Current FCNH limits and future

Direct search at the LHC

Process Br Limit Search Data set
t—>qH T79x107% ATLASt—>t— Wb+qH = vb+~yvyq 4.7,20 fb~! @ 7,8 TeV @
t—scH 51x103 ATLASt—t— Wb+qH — wb+~yq 4.7,20 b1 @ 7,8 TeV &

t>cH 56x1073  CMS tf — Wb+ qH — fub+ £0gX 19.5 fb-1 @ 8 TeVS
t—>qgH 5x1074 LHC tt - Wb+ qH — fvb+ yyq 300 fb~ ! @ 14 TeV &
t—>qH 2x107* LHC tt - Wb+ qH — fvb+ yvq 3000 fb~! @ 14 TeV &
t—>qgH 2x1073 LHC t — Wb+ qH — fvb+ £gX 300 fb~1 @ 14 TeVQ‘
t—-qgH 5x10~* LHC tt - Wb+ qH — fvb+ LlgX 3000 fb~! @ 14 TeV
http:/arxiv.org/pdf/ 1 508.07579.pdf
Projection for direct
Indirect Searches SearCh in é+e- COlliSionS
D°-D° mixing: Br < (5.3-7.4) - 104 Br < 4 - 1073
7—cc: Br<2.1-103 " @500 GeV,
300 fb™!

neutron EDM: Br < 6.6 - 10”7
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http://arxiv.org/pdf/1508.07579.pdf

Search for tHq, H—=photons at CMS v

No events observed in

data after final selection

CMS Preliminary, L=19.7 fb™ at /s =8 TeV

©
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http://cds.cern.ch/record/1669861/files/HIG-14-001-pas.pdf

Search for tHqg, H—leptons at CMS

Events

CMS Prelimingg 19.6 fb' (8 TeV)
40[ - @ Data =

Eope channel Bl tHg (Ct = -1) E
35 [ tiw, tiz, ttH  —
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tHq Likelihood
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CMS-PAS-HIG-14-026
CMS, 20 fbl, 8 TeV

Same-sign dilepton and trilepton signatures

overlap with ttH

. . Total | up (ttH) eu (ttH) 3/4(ttH)
Main background: Total 39 51 2
Non-prompt leptons,  ## (tHq) 66 19 0 0

eu (tHq) 117 0 39 0
ttW/Z 3¢(tHq) 42 0 0 14
26 Fr TR ‘;gfm i o5, CMS Preliminary 19.7 b (8 TeV)
3 lepton channel WtHg Ct=-1) g - pp - tHg |
N Etiw, iz, iH - v [ o0
s S ] Za0- gormameey  Observed limit
] E e gom=  (95% CL):
N o E [ + 1o CLgexp. —_
10 _: (—-1220:_ ] + 20 CLg exp. o./o.[yt 1] < 6'7
. Al
SE g 150
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pipt Combination
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https://cds.cern.ch/record/1996991/files/HIG-14-026-pas.pdf

JHEP 1409 (2014) 087
Search for ttH, H—all channels at CMS T, B i T T

@ H-hadrons

.............. ] H—photons
H—hadrons

@ H-leptons

7 Background: ttbar+jets

i,
?',

PYTHIAG Signature: lepton-+jets, dilepton-+jets

L

‘,‘, =

| H—photons

e

| H—leptons ;\
|  Background: fake leptons, ttW, ttZ i
| Signature: 2SS, 3, 4 leptons+jets

| Background: ttbar+jets, photon misID
Signature: (hadronic) diphoton+jets

(leptonic) diphoton+lepton+jets

_ _

Final discriminant;: BDT
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http://arxiv.org/abs/1408.1682

Search for ttH, H—all channels at CMS

JHEP 1409 (2014) 087

CMS, 5+20 fb'l, 7+8 TeV

CMS ttH bb

{s=8TeV,L=

19.3 b’
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CMS ttH yy leptonic

Ns=8TeV,L=19.7 ft
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http://arxiv.org/abs/1408.1682

Search for t—=>Hq in ttbar events at CMS s

H-YYy
channel

CMS-PAS-TOP-14-019

t )
> Event signature: two photons, one b-jet,
N . . .
J t N 3 jets (hadronic channel) or one isolated
H
~<  lepton, missing E and one b-jet and one
g t I", q additional jet (leptonic channel)
+ ~1
7% Vv, g
MadGraph@LO —_— 5 . .
R Main background: yy+jets, W+jets, ttbar
b

lllllllllllllllllllllll 197 fb” (8TeV) . 19.7 b (8TeV)
Non-resonant yy+jets = 12fems U U2 Fems LTI
_ Q) - Preliminary+ hadronic channel : O] 6:— Preliminary leptonic channel E
background estimated < 1ok Signal + total background fit | 9 [ T Gignal + total background fit
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o [ 7] o) N ]
= [ ] > A0 7
W ol hadronic channel { Y 4 leptonic channel :
BR(t—uH) < 0.42 % (obs) ' :

0.65 % (exp)
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https://cds.cern.ch/record/2034227

Physics Letters B 749
(R015) 519-541
ATLAS, 20 bl 8 TeV

Search for ttH, H—leptons at ATLAS

“ H—leptons
Background: fake leptons, ttW, ttZ
Signature: ZIOThada 2111:had, IIZThad, 3], 4]

= s ———————

(2} — I ! I ! | I I
"a:: 100~ ATLAS [ Non-Prompt - Data 2012
LI>J L Vs=8TeV,20.3fb" [JCharge misiD [Jl] Rare .
8o 2l0t,,, category “ZTotalunc. WV ]
i —ttH(125) X 2.4 [ |tz ]
i ] dw ]
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http://arxiv.org/abs/1506.05988

Physics Letters B 740
(R015) 222-242
ATLAS, 5+20 fbl, 7+8 TeV

Search for tHq, H—photons at ATLAS

Analysis 1s done in the context of ttH search

12
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http://arxiv.org/pdf/1403.6293v1.pdf

Matrix Element Method (MEM)

MEM feasibility pheno studies in Phys. Rev. Lett. 111 (2013) 091802

First used to Integration over

precisely measure the phase-space
top quark mass at

Tevatron ‘ K
1
vlsgiegrift * P/(?l(i) - ZV/\d‘I’(y)|Ma|2(y)W(w,y)

experimental  hypothesis

section
constructed directly

Leading-order matrix element

= parton level probability

from the theory
prediction
0.4 - signal events (Dg) [E—
MEM-based observable 02 | d.bg' events (D) ©...
i—~lepton channel

0 e A
i P( sz S) + P(mzl B) 02|  single-lepton channel

o Lt

0O 02 04 06 08 1
D
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http://arxiv.org/pdf/1304.6414v1.pdf

Search for FCNH

smgle top FCNH productlon top FCNH decay n ttbar events :

Interference with SM tHq

(@) ®) (© production in higher
g O S P .
it BT D orders (tH+jets FCNH)
la It . h
_ t
9 os55500———— 4 9 o000 e e— 1
(@ )
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Search for t—=Hgq in ttbar events at ATLAS

H= Yy

channel

JHEP 1406 (2014) 008
ATLAS, 5+20 fbl, 7+8
TeV

Event signature: two photons, one b-jet, 3 jets (hadronic

> R channel) or one 1solated lepton, missing Et and one jet
g t N .
# ~_  (leptonic channel)
N
,@b Py [ +, q . . .
g t w v, G Background for hadronic channel estimated from yyj data
{ sample, and from yy(j—1) sample for leptonic channel
PROTOS @LO SRR IR IS I IS IS I IS IR IR~
b 3 25 anas * Data E
O] - =
o 20¢ . 8TVILdt 203 - [CJSHERPA yyj, norm. to data -
o . T 18 Vs e =20. ; _ Eo —
Main background: yy+ijets, $ 6, [ JSignal, =5% E
10— E 14:— ::ronlésilsc;i? t E
W+ijets, ttbar § o  4mas - om or m(top) 3
o = [ i & Wiy), normalised to lumin 106 (b) in hadronic :
B 8;E=8T°VJ-Ld‘ 20315 ] SHERPA 11 - |, norm. to da o E
& B m 8F- hannel -
> L ' Dat 2011 2012 L = — Leptonic Selection [ signal. B=5% == =
8 16— ATLAS Siaa * W gENob-tag 6F 3
~  Hadronic Selection — Sig.+SM Higgs+continuum bkg. m = 156<m,_ <191 GeV 4F =
< - (m, =125.5 GeV) ’ 5F- " = b 1M
% 14F - 2 m(top) oF 4 1
— - e SM Higgs+continuum bkg. ] = (b) -
qc’ — -- Continuum bkg. R 4 in leptoni o) S e Py
o 1oF - 3 in leptonic b""50 100 150 200 250 300 350 400 450 500
w 10 :_ J‘L dt =20.3 fb.1, Vs=8TeV _: 5 ;_ ) ) Channel M [GeV]
- Ldt= 47", Vs=7TeV A 3
81— - - J. ST - 15 ,,,,,,,, ,_‘J'J'
C . % ~""50 100 150 200 250 300 350 400 450 500
6 s — my; [GeV]
4 - ".".".".".".». _:
AR ST T bl s oot BR(t—>qH) < 0.79 % (obs)
00 110 120 130 140 150 160
m,y [GeV] 0.51 % (exp)
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http://arxiv.org/pdf/1403.6293v1.pdf

Search for t—=Hgq in ttbar events at CMS

PYTHIA6 @L.O

Main background: WZ+jets, ttbar+V

Fake and charge misID lepton

H-oWW/ZZ/tt

backgrounds estimated from data

(tri-lepton), fake leptons, charge mis-ID

19.7 b (8 TeV)

° d.l t -E 220 : I T T T I T T T I T T T l T T T l T T T I :

(same-sign dilepton) S ool CMS B AC E
%, E Preliminary - Non-prompt

S 180 3 B Wz-3h E

w 160 - P Rare E

140k t- He (BR =3%) -

120 * Data

100

0 [

BG uncertainty

tri-lepton

0 2 4 6

50 100 150 200 250 300 50 100 150 200 250 300 50 100 150 200 250 300
M, [GeV/c?]
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AIC=WW/ZZ/Z+jets

10

N

jets

CMS-PAS-TOP-13-017

channel

missing Er, > 2 jets

x1 0®

CMS, 20 fb'l, 8 TeV

Event signature: three or two

same-sign leptons, one b-jet,

19.7 b (8 TeV)
T T I ]

= Preliminary

Events / bin
)

Kt < 0.18

T T T I T T T T
CMS [ Charge MisID

same-sign
di-lepton

T I T T T | T

I Non-prompt _
B wz-3v ]
[ Rare N
— 1t Hc (BR=3%) -
¢ Data ]
BG uncertainty

BR(t—qH) < 0.93 % (obs)

0.89 % (exp)

/0


https://cds.cern.ch/record/2001934/files/TOP-13-017-pas.pdf

CMS-PAS-HIG-18-054
CMS, 20 fb, 8 TeV

Search for t—=Hgq in ttbar events at CMS

Based on a combination of two analyses performed in Phys. Rev. D 90 CMS-PAS-
, 032006 (2014) HIG-13-025
multllepton (H%WW/ZZ/TT) and H—>YY channels CMS. 20 fb'l. 8 TeV CMS. 20 fb'l. 8 TeV

Multi-lepton analysis is done in the framework of the = Di-photon analysis developed for the search for

SUSY search for natural Higgsino, slepton, etc. 2HDM H—Hq\Hgy and A—ZHgy
t h
\ Z:ZD H -
A~
g Z
P] A QJ_\J\}’\]\J
t - - - -
g “;7 ~ .
Several SUSY scenarios are probed, also possible
to set limits on FCNH in this inclusive search:
Higgs Decay Mode observed | expected | 1o range
, — ! [Ho WW*  (B=23.1%) 158% | 157% | (1.02-2.22)%
Higgs boson decay mode | Upper limits on B(t — cH) P |Ho (B = 6.15%) 701% | 4.99% | (3.53-7.74)%
Obs. Exp. 1o range i |H-2z2z (B =2.89%) 531% | 411% | (2.85-6.45)%
B(H—WW*) =231% | 16% 1.6% (1.0-2.2)% i | combined multileptons (WW*, 7, ZZ*) | 1.28% | 1.17% | (0.85-1.73)%
B(H — 17) =62% |7.01% 50% (35-7.7)% ! [Ho 9y (B =0.23%) 0.69 % 0.81% | (0.60-1.17) %
BH—ZZ*) =29% | 53% 411% (2.9-6.5)% : | combined multileptons + diphotons 0.56% | 0.65% | (0.46-0.94)%
Combined 1.3% 1.2% (09—1 .7)°/o :
. o Kot < 0.14
. i Combination of results b
Kqae < 0.21 MadGraph @LO is used BR(t—>qH) < 0.56 %

BR(t—qH) < 1.28 %  for FCNH generation
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