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Experimental status
• Higgs boson discovery  

established by ATLAS and  
CMS at m(H) ~125 GeV.	


• Discovery relies on clear  
signal observation in bosonic  
channels (𝛾𝛾, WW, ZZ).	


• Fermionic channels:	


• Recently >3σ signal in H to tau tau	


• No 3σ observation yet in H to bb	


• The main question today:	


• is it the Standard Model  
Higgs boson?	


• can we find deviations from  
SM predictions which hint  
at physics beyond SM? 
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Is it a SM Higgs boson?
The observation of a Higgs boson-like resonance and the determination of its 
mass would be a great achievement, but is not enough to claim the discovery of 
the Higgs boson.

An important step in this discovery is the measurement of the Higgs boson 
properties, which are completely determined by the SM once the mass is fixed.

A crucial step in this is the measurement of the Higgs couplings to bosons and 
fermions.

At LHC these couplings cannot be measured directly, but, based on the “narrow 
width approximation”, in each channel:

where the partial decay widths at tree level
are proportional to the coupling squared.

Main problem for light Higgs bosons:

● Total decay width not directly accessible 
at LHC.

σYY → H ḂR(H → XX )≈ΓY

ΓX

ΓH Simulation

[M. Duehrssen,
 ATL-PHYS-2003-30]

-  Assuming narrow width approximation 

-  Assume the same tensor structure of the SM Higgs boson : JCP = 0++ 

-  Link to an effective Lagrangian and use scale factors 

Further re-parameterization of the ns
c yields per categories 

Coupling Properties Measurements 

Parametrize µi and µf as a function of κ’s 

For example, the main contribution (ggF) to the gg channel can be written as: 

Higgs couplings
• Deviations from SM are presently looked for by defining  

multiplicative scale factors 𝞳 for the coupling parameters  
(SM expectation = 1), leaving the tensor structure unchanged.  
 
 
 
 

• Test of absolute couplings difficult	


• Total decay width not directly accessible at LHC. 	


• A measurement of absolute couplings is possible if the total width is bound	


• NEW! Measurement through interferometry, but has assumptions!	


• Upper limit from fulfilling unitarity in WW scattering  
(valid for SM and a large class of BSM models)  
 
 
 
 
 
 
 

3 ATLAS-CONF-2014-009
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Measurement of Higgs couplings
The measurement of the absolute Higgs couplings requires to constraint 
the total Higgs boson decay width:

● Upper limit from fulfilling unitarity in WW scattering
(valid for arbitrary number of Higgs singlets and doublets)

→ g2(H,W) ≤ g2(H,W,SM)

● Lower limit from the sum of all visible decay widths

For low Higgs boson masses, >50% of the Higgs decays are in b-quarks.

Measuring H → bb decays is crucial to constraint all Higgs couplings!

ΓH≥ΓW+ΓZ+Γg+Γτ+Γb

Table 41: Approximate numerical values for resolving the H → Zγ decay partial width according to Eq. (114).

All values are given in eV.

mH Γtt
(Zγ) Γbb

(Zγ) ΓWW
(Zγ) Γtb

(Zγ) ΓtW
(Zγ) ΓbW

(Zγ) Γττ
(Zγ) Γtτ

(Zγ) Γbτ
(Zγ) ΓτW

(Zγ)

125 GeV 21.74 0.019 7005.6 −1.11 −780.4 19.90 1.5 × 10−5 −0.033 0.0010 0.594
126 GeV 23.51 0.020 7648.4 −1.19 −848.1 21.47 1.6 × 10−5 −0.035 0.0011 0.640

10.2.2.5 Scaling of the total width

The total width ΓH is the sum of all Higgs partial decay widths. Under the assumption that no additional
BSM Higgs decay modes (into either invisible or undetectable final states) contribute to the total width,
ΓH is expressed as the sum of the scaled partial Higgs decay widths to SM particles, which combine to
a total scale factor κ2

H compared to the SM total width ΓSM
H :

κ2
H(κi,mH) =

!

j = WW(∗),ZZ(∗),bb, τ−τ+,
γγ,Zγ, gg, tt, cc, ss, µ−µ+

Γj(κi,mH)

ΓSM
H (mH)

(115)

Effective treatment
In the general case, additional Higgs decay modes to BSM particles cannot be excluded and the total
width scale factor κ2

H is treated as free parameter.

The total width ΓH for a light Higgs with mH ∼ 125 GeV is not expected to be directly observable
at the LHC, as the SM expectation is ΓH ∼ 4 MeV, several orders of magnitude smaller than the experi-
mental mass resolution [13]. There is no indication from the results observed so far that the natural width
is broadened by new physics effects to such an extent that it could be directly observable. Furthermore, as
all LHC Higgs channels rely on the identification of Higgs decay products, there is no way of measuring
the total Higgs width indirectly within a coupling fit without using assumptions. This can be illustrated
by assuming that all cross sections and partial widths are increased by a common factor κ2

i = r > 1. If
simultaneously the Higgs total width is increased by the square of the same factor κ2

H = r2 (for example
by postulating some BSM decay mode) the experimental visible signatures in all Higgs channels would
be indistinguishable from the SM.

Hence without further assumptions only ratios of scale factors κi can be measured at the LHC,
where at least one of the ratios needs to include the total width scale factor κ2

H. Such a definition of ratios
absorbs two degrees of freedom (e.g. a common scale factor to all couplings and a scale factor to the
total width) into one ratio that can be measured at the LHC.

Assumptions for absolute coupling scale factor measurements
In order to go beyond the measurement of ratios of coupling scale factors to the determination of absolute
coupling scale factors κi additional assumptions are necessary to remove one degree of freedom. Possible
assumptions are:

1. No new physics in Higgs decay modes (Eq. (115)).

2. κW ≤ 1, κZ ≤ 1 [307, 309, 377]. This assumption is theoretically well motivated in the sense that
it holds in a wide class of models. In particular, it is valid in any model with an arbitrary number
of Higgs doublets, with and without additional Higgs singlets. The assumption is also justified in
certain classes of composite Higgs models, while on the other hand it may be violated for instance
in Little Higgs models, in particular in the presence of an isospin-2 scalar multiplet [414].

137

𝞳 = coupling  
λ = ratio of couplings



ΓH→Z∗Z∗→4f = 3 · ΓH→νeνeνµνµ + 3 · ΓH→ee+µµ+ + 9 · ΓH→νeνeµµ+

+ 3 · ΓH→νeνeνeνe + 3 · ΓH→ee+ee+

+ 6 · ΓH→νeνeuu + 9 · ΓH→νeνedd + 6 · ΓH→uuee+ + 9 · ΓH→ddee+

+ 1 · ΓH→uucc + 3 · ΓH→ddss + 6 · ΓH→uuss + 2 · ΓH→uuuu

+ 3 · ΓH→dddd ,

ΓWW/ZZ−int. = 3 · ΓH→νee
+eνe − 3 · ΓH→νeνeµµ+ − 3 · ΓH→νee

+µν̄µ

+ 2 · ΓH→uddu − 2 · ΓH→uuss − 2 · ΓH→udsc .

2.1.2 BR Results for Higgs masses

In this section we provide results for the BRs of the SM Higgs boson, using a particularly fine grid of
mass points close to MH = 126 GeV. The results are generated and presented in complete analogy to
the predictions in Refs. [14], including the error estimates for each BR. In the error estimates, we have
identified and removed inconsistencies in the calculation of the numbers presented in Refs. [14]. The
corresponding changes in the error estimate are at the level of one percent for mH > 135 GeV. For
mH > 500 GeV the changes increase for some decay modes, in particular for H → tt. The central
values of the BRs are not affected.

The fermionic decay modes are shown in Table A.1 to Table A.7. The bosonic decay modes
together with the total width are given in Table A.8 to Table A.14. The same information (including the
full uncertainty) is also presented graphically in Figure 2 for the low-mass region (left) and for the full
mass range (right).
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Fig. 2: Higgs branching ratios and their uncertainties for the low mass range (left) and for the full mass range

(right).

2.1.3 BR Correlations for Higgs masses close to 126 GeV

In this section, we focus on the error correlations for the different BRs. The reason for the correlations is
two-fold: Varying the input parameters within their error bands will induce shifts of the different partial
widths and the resulting BRs in a correlated way. Moreover, there is trivial correlation between the BRs

5

• Lower limit from sum of all “visible” decay modes 
 
 

• At ~125 GeV Higgs boson width is expected to be  
dominated by H to bb (BR ~ 60%)	


• Precise determination of H to bb would be  
important for extracting absolute couplings!	


• Most sensitive channel is VH, H to bb (V=W/Z)	


• Leptonic signature to trigger / reduce  
backgrounds	


• Excellent b-quark ID required to reject light- and c-jets	


• Expected sensitivity at the end of Run-I LHC:	


• ~2σ (CMS), ~1.7σ* (ATLAS)	


• <15% error on H to bb signal foreseen by CMS  
with 300 inv. fb. of data  

4

[YR3, CERN-2013-004]
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Measurement of Higgs couplings
The measurement of the absolute Higgs couplings requires to constraint 
the total Higgs boson decay width:

● Upper limit from fulfilling unitarity in WW scattering
(valid for arbitrary number of Higgs singlets and doublets)

→ g2(H,W) ≤ g2(H,W,SM)

● Lower limit from the sum of all visible decay widths

For low Higgs boson masses, >50% of the Higgs decays are in b-quarks.

Measuring H → bb decays is crucial to constraint all Higgs couplings!

ΓH≥ΓW+ΓZ+Γg+Γτ+Γb

Higgs couplings (II)

4.4 Coupling-Modifier Fit 15
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Figure 11: Estimated precision on the measurements of the signal strength for a SM-like Higgs
boson. The projections assume

p
s = 14 TeV and an integrated dataset of 300 fb�1 (left) and

3000 fb�1 (right). The projections are obtained with the two uncertainty scenarios described in
the text.

4.4 Coupling-Modifier Fit

The event yield for any (production)⇥(decay) mode is related to the production cross section
and the partial and total Higgs boson decay widths via the narrow-width approximation:

(s · BR) (x ! H ! ff ) =
sx · Gff

Gtot
, (1)

where sx is the production cross section through the initial state x, Gff is the partial decay width
into the final state ff , and Gtot is the total width of the Higgs boson. In particular, sggH, Ggg,
and G

gg

are generated by quantum loops and are directly sensitive to the presence of new
physics. The possibility of Higgs boson decays to BSM particles, with a partial width GBSM, is
accommodated by keeping Gtot as a dependent parameter so that Gtot = Â Gii + GBSM, where the
Gii stand for the partial width of decay to all SM particles. The partial widths are proportional
to the square of the effective Higgs boson couplings to the corresponding particles. To test
for possible deviations in the data from the rates expected in the different channels for the SM
Higgs boson, factors ki corresponding to the coupling modifiers are introduced and fit to the
data [33].

Figure 12 and Table 3 show the uncertainties obtained on ki for an integrated dataset of 300 fb�1

and 3000 fb�1. The expected precision ranges from 5–15% for 300 fb�1 and 2–10% for a dataset
of 3000 fb�1. The measurements will be limited by systematic uncertainties on the cross section,
which is included in the fit for the signal strength. The statistical uncertainties on ki are below
one percent. As for the results on the signal strength, to illustrate the importance of theoretical
uncertainties, a fit was performed without considering theoretical systematics. The results are
shown in Fig. 13.

The likelihood scan versus BRBSM = GBSM/Gtot yields a 95% CL of the invisible BR of 18 (11)
% for Scenario 1 and 14 (7) % for Scenario 2 for 300 (3000) fb�1. This scan assumes that the
coupling to the W and Z boson are equal to or smaller than the SM values. Fits for ratios of
Higgs boson couplings do not require assumptions on the total width or couplings to the W
and Z boson. The results are shown in Figure 14 and Table 4.

The measurement of couplings can be extended to first- and second-generation fermions. Previ-
ous studies have shown that the Higgs decay to a pair of muons can be observed in gluon-gluon

*Final ATLAS Run-I result not public yet



• Direct evidence of coupling to  
top-quarks implies observation of  
ttH production	


• at least 2 b-quarks in final state	


• Most promising channel ttH, H to bb	


• Very challenging due to high backgrounds	


• Excellent b-quark ID required to suppress  
tt+light-jet backgrounds	


• 4 b-jets means it’s hard to reconstruct  
an even broad Higgs mass peak	


• Presently 0.7σ/0.5σ sensitivity (ATLAS / CMS)  
(~1σ combining all decay modes)	


• Measurement will become competitive in Run-II.
5

Higgs couplings (III)

tt̄H ! tt̄ + bb̄ analysis strategy

I Tag tt decay by 1-lepton and 2-lepton

I Categorize by number jets and b-jets

I Increase sensitivity with di↵erent S/B

I Constrain systematic uncertainty by
fitting regions with low S/B

1-lepton:

I tt̄H! 6 jets 4 b-jets

I 1 electron or muon

I � 4 jets

I � 2 b-jets

2-lepton:

I tt̄H! 4 jets 4 b-jets

I 2 electron or muon

I � 2 jets

I � 2 b-jets

tt̄H! 6 jets 4 b-jets

I tt̄H signal > 90%

4 / 18

Higgs-top quark coupling

tt̄H coupling

I Drives SM properties at high energy scale

I Indirect measurement via gluon fusion production

I Direct measurement via tt̄H production

tt̄H production:

I �(tt̄H) ⇡ 130 fb for mH = 125 GeV at
p
s = 8 TeV

I ⇡ 2600 events with 20.3 fb�1

I Main background is tt̄ + jets with � ⇡ 250 pb

Decay modes:

I B(H ! bb̄) = 0.58 - dominant mode

I B(H ! ��) = 2.3⇥ 10�3 - clean resonance signature

I B(H ! WW ,ZZ , ⌧⌧) ⇡ 0.3 - multi-lepton final states

3 / 18

Higgs-top quark coupling
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• Important role in Higgs physics:	


• H to bb searches	


• ttH production	


• as a handle to veto b-jets from top production 
(e.g. VBF H to WW)	


• Will review:	


• What b-tagging is about and how it works	


• What we have achieved @ LHC in Run-I  
(performance + calibration)	


• What we can improve in the next run  
(upgraded detector, improved techniques)	


• Will refer mainly to ATLAS, with a few comparisons to CMS.
6

b/c-quark flavor ID



• A b-quark fragments typically (~87% of times) into:	


• B*, B** (excited b-hadrons)	


• These decay strongly or electromagnetically (c𝜏 < 10-16 s) into:	


• a b-hadron + few additional particles (which form a jet)  
 
 
 
 
 
 
 

7

We don’t see b-quarks…

b-hadron types
Relative production rates

• The b-quark fragmentation function is hard:  
in average most of the energy of the original 
b-quark (~70%) goes into the b-hadron 
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B-hadron decays
Primary 
Interaction 
Vertex B-meson 

L,X,S,Wb-hadron

Tracks from  
fragmentation

D-meson/hadron• A b-hadron undergoes 
a weak decay with  
cτ ~ 1.5 x 10

-12
 s	


• Decay properties:	


• For a b-hadron with pT ~ 30 GeV, βγ ~ 6 → L = βγcτ ~ ~5 mm  
→ Measurable displaced secondary vertex!	


• B-hadron mass is ~ 5 GeV 	


• Since |Vcb| >> |Vub|, in most of the cases also a c-hadron is produced out 
of the b-hadron.  cτ (c-hadron) ~ 0.4-1 x 10

-12
 s.  This creates an additional 

tertiary vertex.	


• In ~42% of the cases the b-hadron decays semi-leptonically, in ~11%  
directly (b → ℓ) and in ~10% indirectly (b → c → ℓ) where ℓ=e or μ.	


• All these properties can be exploited to identify b-jets and separate them  
from u,d,s-jets (light) and gluon-jets.
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Typical topology in light-jets

• Most of the tracks really come directly from the quark  
fragmentation process.	


• Few light jets present a real displaced vertex due to:	


• Hadronic interactions in the detector material  
(mostly on beam pipe and first pixel layers)	


• Photons converting into an electron-positron pair (track pair emitted collinearly)	


• Long lived particles: Ks/Λ decaying to π+π-
 / p π-

  
(cτ(Ks) = 2.7 cm / cτ(Λ) = 7.9 cm >> cτ(B)=0.46 mm)	


• Badly measured tracks (hard scatter, nuclear interactions,...) / tracks with shared hits 
in the first pixel layers can significantly increase the rate of fake tracks / fake vertices.Giacinto Piacquadio

(CERN)
Bottom-jet identification with the ATLAS Experiment 10
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Typical topology in light-jets

Most of the tracks really come directly from the quark fragmentation process

Few light jets present a real displaced vertex due to:

● Hadronic interactions in the detector material (mostly on beam pipe and first 
pixel layers)

● Photons converting into an electron-positron pair (track pair emitted collinearly)

● Long lived particles: K
s
 / Λ decaying to π+ π- / p π- 

(cτ
Κs

 = 2.7 cm / cτ
Λ
 = 7.9 cm >> cτ

B
=0.46mm)

Badly measured tracks (multiple scattering, nuclear interactions,...) / tracks with 
shared hits in the first pixel layers can significantly increase the rate of fake tracks / 
fake vertices.

Primary
Interaction
Vertex

Tracks from 
fragmentation K

s
,Λ decays

Hadronic interactions

Pixel Layers

γ → e+e-

Hadronic interactions
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Ingredients to b-tagging
• 1. Tracks	


• Can only measure  
trajectory of  
charged particles	


• Tracks associated to jets  
based on:	


!

	
 	
 (ΔR cut pT dependent)

• 2. Jets	


• Direction: allows to assign a 
“lifetime sign” to tracks	


• Transverse momentum/
rapidity: exploit dependence of 
physics properties and detector 
resolution on jet kinematics

• 3. Leptons	


• Muons are used to identify  
semi-leptonic b-decays.

Giacinto Piacquadio
(CERN)

Bottom-jet identification with the ATLAS Experiment 11
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Inputs to b-jet identification

Tracks

● Only the trajectory 
of charged particles 
can be measured 
precisely

● Trajectories are 
represented by 
5-parameter helices. 

Tracks are associated to jets based on:

●

∆R depends on pT(jet).

Leptons

● Muons and electrons are used 
to identify semi-leptonic b-decays. 

Jets (the physics object whose flavor 
needs to be identified)
● Direction: important to assign a 

lifetime sign to tracks
● Transverse momentum and rapidity: 

exploit correlation of physics 
properties and detector resolution 
with jet kinematics

Jet 
Axis

2. B-hadron
vertex

Track 
from SV

1. Impact

Parameters (rφ + z)

Primary
Vertex

3. Muon/
Electron

Giacinto Piacquadio
(CERN)

Bottom-jet identification with the ATLAS Experiment 11
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Inputs to b-jet identification

Tracks

● Only the trajectory 
of charged particles 
can be measured 
precisely

● Trajectories are 
represented by 
5-parameter helices. 

Tracks are associated to jets based on:

●

∆R depends on pT(jet).

Leptons

● Muons and electrons are used 
to identify semi-leptonic b-decays. 

Jets (the physics object whose flavor 
needs to be identified)
● Direction: important to assign a 

lifetime sign to tracks
● Transverse momentum and rapidity: 

exploit correlation of physics 
properties and detector resolution 
with jet kinematics

Jet 
Axis

2. B-hadron
vertex

Track 
from SV

1. Impact

Parameters (rφ + z)

Primary
Vertex

3. Muon/
Electron



Tracking detector

11

• Impact parameter resolution of tracks determined by first 
layers of pixel detector	


• Crucial to distinguish displaced tracks from b-hadron decays 
(c𝜏 ~ 0.5mm) from tracks from fragmentation (compatible 
with the primary vertex).

Giacinto Piacquadio
(CERN)

Searching for H → bb decays with the ATLAS detector at the LHC
SLAC Experimental Seminar

8
8

The tracking detector
PIXEL detector
Layers: 3 barrel, 3 end-caps

Pixel size: 50 µm (Rφ) – 400 µm (z/R)

Resolution: ~10 µm (Rφ) – ~115 µm (z/R)

~80M channels (ToT information)

BB

Secondary Vertex

Primary vertex

Jet-Axis

Impact parameter resolution of tracks determined by 
first layers of pixel detector.

Crucial to distinguish displaced tracks from b-hadron 

decays (cτ ~ 0.5mm) from tracks from fragmentation 

(compatible with the primary vertex).

Typical b-jet
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Impact parameter resolution
• Can be parameterized as:  
 
 
 
 
 

• Measured in data 	


• After improvements in  
alignment iterations  
~reached nominal  
resolution goal  
(wasn’t the case in 2011).

from 2011
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Primary vertex reconstruction
• The main challenge is the the  

reconstruction of multiple vertices  
due to pile-up.	


• Present strategy: iterative vertex  
finder. Outliers of first vertex used  
to find further vertices	


• “Adaptive” vertex fitter used. Downweights outliers smoothly  
iteration after iteration.  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B-tagging algorithms
• Two main categories:	


• “Lifetime” based	


• Impact parameter based 
→ exploit (in)compatibility of single tracks to PV	


• Inclusive secondary vertex based 
→ determination of weak B hadron decay vertex +  
     production / decay properties	


• PV → b- → c-hadron decay chain based 
→ more detailed determination of vertex topology	


• “Lepton-ID” based 
→ Exploit identification of muons from B or B → D decay



Impact parameter algorithm

15

• For each track define 2d 
likelihood with IP significance  
in r𝜑 and z	


• Assign lifetime sign to both of 
them	


• Compute LH as:  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Inclusive SV algorithm
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• Finding strategy:	


• Find all displaced 2-track vertices within the jet	


• Remove all vertices with di-track mass compatible with 
KS, Lambda decay, or photon conversion.	


• Remove all vertices in correspondence of pixel layers 
(likely to stem from material interactions).	


• Using only tracks from any of the non-vetoed 2-track 
vertices, form a single inclusive secondary vertex  
(only require “loose” vertex with Prob(𝜒2)>0.1%)	


• Combine variables:	


• invariant mass at vertex	


• # of non-vetoed 2-trk vertices	


• energy fraction of tracks at vertex w.r.t. all tracks in jets	


• into a 2d+1d likelihood function.

• χ2
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•
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σ

•
b
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JetFitter
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• Constraints all tracks stemming from 
both B/D-hadron vertices to intersect B-
flight axis	


• Basically a new Kalman Filter relying on 
the “ghost track” method first introduced 
in SLD [SLAC-PUB-8225 (1999)]	


• Two vertices  
or 1 vertex  
+ 1 single  
track  
reconstructed  
in ~6%/~14%  
of cases in real  
b-jets	


• Can be used  
to better  
separate  
b- from c- jets

B D
μ



Combination of “lifetime” algorithms
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• Combines the three discriminators into a single 
final Neural Network. 	


• Performance against light- and c-jets:  
 
 
 
 
 
 
 
 
 
 
 

• For VH optimized b-tagging cut yields:	


• 70% b-tagging efficiency 

• ~5 c-jet rejection 

• ~130-150 light-jet rejection

weight_IP3D

# 2-trk vertices

Mass

# vertices with >1 track

# 1-track vertices

# tracks at vertices

Mass

Energy(vtx) / Energy (tot) 

DeltaPhi(b-momentum, b-axis)

DeltaEta(b-momentum, b-axis)

LH(SV1)

NN(JetFitter)

LH(IP3D)

Rejection = 1 / efficiency



And in CMS?

• Very similar geometry of pixel detector (despite all-silicon tracker). Pixel 
size 100x150 μm instead of 50x400 μm.	


• 3D impact parameter resolution very similar to ATLAS  
(momentum resolution much better in CMS, but doesn’t impact b-tagging)	


• Most advanced algorithm “CSV” (Combined Secondary Vertex)	


• Combination of impact parameter, “pseudo-vertex” and vertex algorithm	


• Comparison of c-jet and light-jet rejection factors for 70% efficiency 
working point:	


• c-jets: ~5 (ATLAS) vs ~5 (CMS)	


• light-jets: ~130 (ATLAS) vs ~50 (CMS)	


• Take comparison with some care (depends a bit on sample/cuts)



Where does it matter? ttH…
• Light jet rejection is for example critical in ttH, H to bb	


• Below a comparison of the tt+light jet contamination in 
the main 1-lepton channel signa regions	


• Light jet rejection is a bit less critical in VH, H to bb. 7

�6 jets 4 jets 5 jets �6 jets 4 jets 5 jets �6 jets
2 b-tags 3 b-tags 3 b-tags 3 b-tags 4 b-tags �4 b-tags �4 b-tags

ttH(125) 33.4 ± 8.1 14.0 ± 3.0 21.1 ± 4.5 23.1 ± 5.5 1.8 ± 0.5 5.2 ± 1.4 8.3 ± 2.3
tt+lf 7650 ± 2000 4710 ± 820 2610 ± 530 1260 ± 340 74 ± 30 79 ± 34 71 ± 36
tt+b 530 ± 300 350 ± 190 360 ± 200 280 ± 160 21 ± 12 29 ± 17 33 ± 20
tt + bb 220 ± 120 99 ± 52 158 ± 85 200 ± 110 13.1 ± 7.3 38 ± 21 78 ± 47
tt + cc 1710 ± 1110 440 ± 230 520 ± 290 470 ± 280 19 ± 11 32 ± 18 52 ± 31
ttV 99 ± 27 16.2 ± 3.8 23.9 ± 5.7 28.8 ± 7.4 1.1 ± 0.4 2.5 ± 0.7 5.8 ± 1.8
Single t 264 ± 54 235 ± 41 116 ± 22 55 ± 14 3.4 ± 1.6 10.3 ± 5.3 7.3 ± 3.1
V+jets 160 ± 110 122 ± 95 44 ± 38 29 ± 27 2.1 ± 2.4 1.9 ± 1.7 1.2 ± 1.3
Diboson 5.9 ± 1.6 6.3 ± 1.4 2.4 ± 0.7 1.0 ± 0.4 0.3 ± 0.2 0.1 ± 0.1 0.2 ± 0.1
Total bkg 10630 ± 2790 5970 ± 1060 3830 ± 790 2310 ± 620 133 ± 44 193 ± 62 249 ± 90
Data 10724 5667 3983 2426 122 219 260

Table 1: Expected event yields in 19.5 fb�1 for signal and backgrounds in the lepton + jets
channel.

3 jets + 2 b-tags �4 jets + 2 b-tags �3 b-tags
ttH(125) 7.7 ± 1.4 16.1 ± 3.1 11.2 ± 2.5
tt+lf 7460 ± 1060 3190 ± 680 289 ± 83
tt+b 189 ± 97 172 ± 93 149 ± 82
tt + bb 38 ± 20 58 ± 31 80 ± 44
tt + cc 480 ± 260 510 ± 300 147 ± 79
ttV 30.2 ± 6.3 54 ± 12 11.9 ± 2.9
Single t 229 ± 35 97 ± 16 17.3 ± 5.1
V+jets 350 ± 130 151 ± 66 40 ± 23
Diboson 10.4 ± 1.7 3.1 ± 0.6 0.7 ± 0.4
Total bkg 8770 ± 1250 4230 ± 850 740 ± 190
Data 9060 4616 774

Table 2: Expected event yields in 19.5 fb�1 for signal and backgrounds in the dilepton channel.

2 jets 3 jets �4 jets 2 jets 3 jets �4 jets
1 b-tag 1 b-tag 1 b-tag 2 b-tags 2 b-tags 2 b-tags

ttH(125) 0.4 ± 0.1 0.6 ± 0.1 0.6 ± 0.2 0.1 ± 0.0 0.2 ± 0.1 0.4 ± 0.1
tt 225 ± 69 119 ± 38 64 ± 22 48 ± 15 38 ± 12 27.0 ± 9.1
ttV 1.1 ± 0.3 1.3 ± 0.3 1.4 ± 0.4 0.4 ± 0.1 0.6 ± 0.2 1.1 ± 0.3
Single t 11.2 ± 4.0 3.0 ± 1.4 1.1 ± 1.0 1.9 ± 1.1 0.9 ± 0.6 0.6 ± 0.7
V+jets 33 ± 17 11.7 ± 6.8 3.8 ± 2.8 1.4 ± 0.9 0.4 ± 0.3 0.5 ± 0.6
Diboson 0.9 ± 0.2 0.7 ± 0.2 0.1 ± 0.0 0.0 ± 0.0 0.1 ± 0.0 0.1 ± 0.1
Total bkg 271 ± 82 135 ± 41 71 ± 24 52 ± 16 40 ± 12 29.2 ± 9.4
Data 292 171 92 41 48 35

Table 3: Expected event yields in 19.5 fb�1 for signal and backgrounds in the tau channel. All
events have two additional t tagged jets.
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CMS analysis ATLAS analysis

tt̄H ! tt̄ + bb̄: backgrounds

tt̄ + jets

I Dominant background

I +5% �6% uncertainty

I Modeled with Powheg+Pythia

I Di↵erence between Powheg and
Madgraph is taken as uncertainty

I ptt
T and pt

T are re-weighted to
unfolded 7 TeV data

I tt + bb̄ same final state as signal

Other backgrounds:

I tt̄W /Z - Madgraph+Pythia

I W/Z+jets - Alpgen+Pythia

I Diboson - Alpgen+Herwig

I QCD multi-jet - data-driven

1-lepton yields - post-fit

5 jets, � 6 jets, � 6 jets,
� 4 b-tags 3 b-tags � 4 b-tags

tt̄H (125) 11± 1± 9 69± 3± 57 28± 2± 23
tt̄+ light 78± 9 2380± 130 78± 11
tt̄ + cc̄ 45± 12 750± 190 75± 19
tt̄ + bb̄ 149± 20 1160± 170 300± 40
tt̄ + V 3.3± 1.0 44± 13 8.9± 2.7
non-tt̄ 23.2± 2.5 218± 23 18.8± 2.2
Total 309± 11 4620± 80 507± 27
Data 283 4671 516
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Rejecting c-jets
• Historically, most effort invested in light-jet rejection.	


• More recently, dedicated algorithms to reject c-jets.	


• Explicitly train NN / BDT against c-jets.	


• Take advantage of secondary vertex properties and 
topology from JetFitter (decay chain fit).

ε(B) R(c) R(light)
80% ~3 ~27
70% ~5.0 ~150
60% ~8.0 ~650
50% ~14 ~2500
30% ~78 ~40k

ε(B) R(c) R(light)
80% ~3 ~29
70% ~5.3 ~136
60% ~10.5 ~450
50% ~26 ~1400
30% ~212 ~16k

MV1 MV1c



• In the VH, H to bb analysis,  
in the 1-lepton channel (WH)	


• ttbar is the leading background  
(and will be more so at 14 TeV)

The VH analysis
• Three leptonic signatures:

• Missing ET

• 1-lepton + Missing ET

• 2-leptons

• Main analysis selection criteria:

8Acceptance:                        ~3.3%                                          ~8.4%                                     ~2.5%

1-lepton 2-lepton 0-lepton

• Jets reconstructed 
with an AntiKt4 
jet algorithm.

• Leading two jets in 
pT used to form 
Higgs candidate.
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Where does it matter? VH…

b-tagging doesn’t help! b+c-jets: c-jet rejection crucial!



• Neural Network trained against both light- and c-charm jets, with 
three output nodes (Pb,Pc,Pu)	


• Uses combination of cuts on log(Pb/Pc) and log(Pc/Pu)	


• Presently used for SUSY analysis with c-quarks in the final state	


• Presently proposed working points:	


• c-tag eff: 20%  → b-jet eff: 20%, light-jet eff: ~0.7%	


• c-tag eff: 95%  → b-jet eff. 50%, light-jet eff: ~100%	


• Algorithm being refined through the use of Deep Neural Networks	


• But main problem is that in most of the discriminant variables c-jets 
are always between light- and b-jets.

From c-jet rejection to c-tagging



• Higgs to cc BR is ~2.9%, against ~57% of bb  
(20 times smaller)	


• “C”-tagging for now is not able to reduce b-jet much more 
than c-jets:	


• Efficiency for c-jets significantly lower than for b-jets (εc
2)	


• Background from b-jets not significantly suppressed	


• Additional backgrounds from c+b and c+c 
(e.g. top rejection at high pT won’t work anymore)	


• Without really a significant improvement in b-tagging, Higgs to 
cc seems out of reach.

Higgs to cc ?



Performance calibration
• Performance is not  

everything	


• Efficiencies/rejections need 
 to be calibrated with data	


• The calibration uncertainty  
can be a limiting systematics  
in analysis with b-jets  
(dominant systematics in the VH  
EPS 2013 analysis!)	


• Both ATLAS and CMS have developed a complete set of calibration 
measurements, for b-, c- and light-jets	


• Will briefly describe the main techniques

Standard tagger missing in this plot



B-jet calibration in ATLAS

• Previously main calibration  
method was “pTrel”, based  
on having two nearly  
independent taggers, a “muon”  
and a “lifetime” based one	


• The dominant systematics with this method is the extrapolation of 
the MC-to-data Scale Factor from b-jets with B →μ+X to inclusive 
b-jets	


• ATLAS estimated such uncertainty to be ~4%, but no good way 
to rigorously justify it (+ no correlation model vs pT).	


• CMS claims this is a percent level effect and therefore negligible

Giacinto Piacquadio
(CERN)

Bottom-jet identification with the ATLAS Experiment 35
35

 Data based calibration – b-tagging efficiency (I)

The main method used so far 
is called “pTrel”.
The number of b-jets before and 
after tagging can be obtained for 
jets containing muons.
Fit to pTrel template distribu-
tions for b-,c- and light-jets, 
before and after a “lifetime 
based” b-tagging algorithm is 
applied.

Apart from the fitted fraction of 
b-jets and the total number of 
jets before and after tagging, the 
factor C corrects for biases due 
to the choice of the templates.

Light jet template derived from 
data. B-jet contamination 
accounted for.
Scale factors k=data/MC are 
derived. The use of the same 
scale factors for inclusive b-jets 
as derived from semi-leptonic b-
jets also adds a systematic 
uncertainty.



B-jet calibration in ATLAS (II)
• Will present most precise of the calibrations based on 

ttbar events.	


• Within the H to bb analysis group, we designed a new 
calibration method, based on applying a maximum 
likelihood fit to di-leptonic ttbar events with 2 jets:  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Figure 2: The (a) b-jet efficiencies and (b) b-jet efficiency scale factors obtained from the combination of
the four channels for the MV1 b-tagging tool at the 70 % b-jet efficiency working point. For (a) the error
bars on the data points represent the total statistical and systematic uncertainties. For (b) both statistical
only (black lines) and total errors (green shaded region) are shown.

pT interval [GeV] 20-30 30-40 40-50 50-60 60-75 75-90 90-110 110-140 140-200 200-300
SF 0.968 0.979 0.986 0.985 0.971 0.980 0.965 1.000 0.989 1.008
Total error [%] 6.5 3.4 2.8 2.5 2.3 1.8 2.1 2.2 3.6 8.4
Stat. error [%] 2.3 1.2 1.0 1.0 0.9 1.0 1.0 1.0 1.4 3.2
Syst. error [%] 6.1 3.1 2.7 2.3 2.1 1.5 1.9 2.0 3.3 7.6

Systematic Uncertainties [%]
Hadronisation (tt̄) 1.0 0.6 1.5 1.4 1.1 0.5 0.8 0.3 1.0 2.0
Modelling (tt̄) 1.1 0.4 1.0 1.1 1.0 0.5 0.7 0.9 0.7 1.7
Top pT reweighting (tt̄) 0.2 0.3 0.3 0.2 0.2 0.1 0.1 0.4 1.4 4.6
More/less PS (tt̄) 0.5 0.6 0.9 0.8 0.9 1.0 0.9 0.8 1.4 1.9
More/less PS (single top) 0.2 0.0 0.1 0.1 0.2 0.1 0.2 0.2 0.0 0.0
Modelling (Z+jets) 0.8 0.3 0.2 0.5 0.3 0.2 0.3 0.3 0.9 2.4
Modelling (dibosons) 0.7 0.7 0.6 0.6 0.6 0.6 0.7 0.8 1.3 3.1
Norm. single top 0.5 0.4 0.3 0.2 0.2 0.2 0.2 0.2 0.3 0.0
Norm. Z+jet 0.9 0.6 0.9 0.4 0.7 0.5 0.6 0.7 1.1 1.7
Norm. Z+b/c 0.1 0.1 0.2 0.1 0.1 0.0 0.1 0.0 0.1 0.2
Norm. lepton fakes 0.3 0.3 0.2 0.3 0.2 0.2 0.3 0.3 0.3 0.4
Pile-up reweighting 0.1 0.1 0.1 0.1 0.1 0.0 0.0 0.0 0.0 0.1
Electron eff./res./scale 0.1 0.1 0.2 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Muon eff./res./scale 0.2 0.3 0.2 0.3 0.1 0.2 0.1 0.1 0.0 0.0
Emiss

T soft-terms 0.1 0.1 0.2 0.0 0.2 0.0 0.1 0.2 0.3 0.5
Jet energy scale 4.1 2.2 1.2 0.7 0.7 0.3 0.7 0.8 1.2 2.6
Jet energy resolution 2.6 1.0 0.3 0.3 0.1 0.2 0.2 0.0 0.2 0.2
Jet vertex fraction 0.8 0.1 0.0 0.1 0.1 0.1 0.2 0.2 0.2 0.2
Mis-tag rate 2.8 1.1 0.5 0.4 0.3 0.2 0.3 0.4 0.5 1.1

Table 4: Systematic uncertainties on the MC to data scale factors measured for the combined result using
the MV1 b-tagging tool at the 70 % b-jet efficiency working point.
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B-jet calibration in ATLAS (III)
• Flavor fractions and non b-jet efficiencies from MC.	


• Fit extracts from data b-jet efficiency in bins of pT(jet)	


• B-efficiency uncertainty  
reduced from ~5%  
to ~2% in intermediate  
pT region	


• Leading systematics:	


• Top pair modeling	


• Amount of residual non-top background (Z+jets, diboson)	


• Jet energy scale, jet energy resolution	


• Uncertainty on pT dependence still significantly impacts ATLAS top mass  
measurement.

SF = eff(data)/eff(MC)

SF~0.98



B-jet calibration in CMS
• Main calibration provided by multi-jet events:	


• Either using muon in jets	


• Or using cross-calibration of different  
taggers (e.g. Jet Probability (JP) based on impact  
parameters before/after applying a cut  
on the algorithm to calibrate)  
 
 
 
 
 
 
 
 

• While these methods introduce some MC dependence, they have the advantage that they allow to 
calibrate jets well above 200 GeV (for which ATLAS right now only uses MC extrapolation).	


• At lower pT (20-200 GeV) a precision of 2-4% is obtained. Still relies mostly on multijet events, 
while the top based measurement has still larger uncertainties.

16 4 Performance measurements in multijet and tt events
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Figure 14: Fits of the summed b, c and light-parton templates, for simulated jets, to the JP-
discriminant distributions from tt into dilepton (ee, eµ, µµ) candidate events in data. (left)
and (right) show the results for jets before and after identification with the CSVM tagging
criterion, respectively. The small discontinuities in the JP distributions are due to the single
track probabilities, which are required to be greater than 0.5%. The black line is the sum of the
contributions from the templates. Overflows are displayed in the rightmost bins.
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Figure 15: In tt into dilepton events with the LTtop method for the CSVM criterion: (upper
panels) b-tagging efficiencies and (lower panels) data/MC scale factor SFb as a function of
(left) jet pT, (middle) jet |h| and (right) number of primary vertices. In the lower panels, the
grey filled areas represent the total statistical and systematic uncertainties, whereas the dotted
lines are the average SFb values within statistical uncertainties.

The combination is based on a weighted mean of the scale factors [23], taking into account
correlated and uncorrelated uncertainties. The shared fraction of events between the muon-jet
measurements has been evaluated. Typical values are 6–24% between the LT and PtRel/IP3D
methods, 46–58% between the PtRel and System8 methods, and 10–34% between the System8
and LT methods. This overlap has been taken into account in the combination, whereas the tt
into dilepton sample is independent from the muon-jet sample. Correlation between systematic
uncertainties has been discussed at the end of sections 4.2.1 and 4.2.2. If the c2 from the fit
exceeds the number of degrees of freedom, the uncertainty is scaled by the square root of the
normalised c2, when combining the results.

Summaries for the individual and combined scale factor measurements for the JPL and the
CSVM tagging algorithms are shown in Figs. 16 and 17. Also shown are the parameterisations
of the combined scale factor of the form SFb(pT) = a(1 + bpT)/(1 + gpT).

The four data/MC scale factor values measured in tt events in section 4.2.2 can be also com-

before   /   after tagging

18 4 Performance measurements in multijet and tt events
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Figure 17: Same as Fig. 16 for the CSVM tagging criterion. Results from tt into dilepton events
(“LTtop”) are also included.

Table 3: b-tagging efficiency scale factors derived from tt events. The overall uncertainties are
given.

Method bSample FTC LTtop FTM Combined
JPL 0.992 ± 0.018 0.965 ± 0.012 0.967 ± 0.013 0.966 ± 0.015
CSVL 1.007 ± 0.015 1.014 ± 0.014 0.98 ± 0.03 0.977 ± 0.009 0.987 ± 0.018
JPM 0.974 ± 0.026 0.966 ± 0.015 0.960 ± 0.012 0.961 ± 0.012
CSVM 0.967 ± 0.017 0.973 ± 0.013 0.95 ± 0.04 0.952 ± 0.009 0.953 ± 0.012
TCHPT 0.930 ± 0.024 0.922 ± 0.017 0.92 ± 0.06 0.921 ± 0.009 0.921 ± 0.010
JPT 0.926 ± 0.032 0.923 ± 0.017 0.927 ± 0.022 0.922 ± 0.017
CSVT 0.977 ± 0.021 0.976 ± 0.015 0.93 ± 0.05 0.928 ± 0.010 0.926 ± 0.036

Table 4: Scale factors SFb obtained in muon-jet data, J/y events and tt data for b jets in the pT
range of tt events. The overall uncertainties are given.

b tagger SFb in muon jets SFb in LTJ/y events SFb in tt events
JPL 0.982 ± 0.020 1.003 ± 0.056 0.966 ± 0.015
CSVL 0.983 ± 0.017 0.985 ± 0.070 0.987 ± 0.018
JPM 0.947 ± 0.034 0.977 ± 0.066 0.961 ± 0.012
CSVM 0.951 ± 0.024 0.964 ± 0.071 0.953 ± 0.012
TCHPT 0.896 ± 0.035 0.926 ± 0.084 0.921 ± 0.010
JPT 0.866 ± 0.036 0.901 ± 0.080 0.922 ± 0.017
CSVT 0.916 ± 0.032 0.920 ± 0.104 0.926 ± 0.036

SF~0.96



Light-jet calibration

• Relying mainly on negative tag method	


• Hypothesis: tracks from light jets  
are symmetric with respect to  
their lifetime sign.	


• Procedure: use “fake tracks or  
vertices” with negative lifetime sign  
to emulate the ones with positive sign	


• However two corrections are needed to ε(neg):	


•                        due to the contamination of tracks from  
b- and c-jets 	


•                  , because of tracks in light jets which are not  
symmetric in lifetime sign  
(e.g. from conversions, Ks, Λs, …)	


• Mistag rate determined as:	


!
• Errors of the order of ~30% 	


• CMS uses ~same method, but ends up with  
smaller uncertainties.

4.2 b-tagging efficiency 11
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Figure 9: Same as Fig. 8 but for the CSVM tagging criterion.

Table 1: Misidentification probabilities in data and the data/MC scale factors SFlight for dif-
ferent algorithms and operating points for jet pT in the range 80–120 GeV/c. The statistical
uncertainties are quoted for the misidentification probabilities, while both the statistical and
the systematic uncertainties are given for the scale factors.

b tagger misidentification probability SFlight
JPL 0.0944 ± 0.0004 1.03 ± 0.01 ± 0.07
CSVL 0.0990 ± 0.0004 1.10 ± 0.01 ± 0.05
JPM 0.0105 ± 0.0002 1.10 ± 0.02 ± 0.20
CSVM 0.0142 ± 0.0002 1.17 ± 0.02 ± 0.15
TCHPT 0.0026 ± 0.0001 1.27 ± 0.06 ± 0.27
JPT 0.0013 ± 0.0001 1.11 ± 0.07 ± 0.31
CSVT 0.0016 ± 0.0001 1.26 ± 0.07 ± 0.28

|h| < 2.4 for the medium operating points. For each b-tagging algorithm, the scale factors are
compatible with one within about 10-30%. From the loose to tight operating points, the SFlight
values are measured with a precision of about 5-10 to 30%, respectively. The deviations of SFlight
from unity increase as the cut on the discriminant is tightened, as tails of the distributions are
more difficult to describe in the simulations. Also, we notice that the values of SFlight for JP are
closer to one, as a consequence of the fact that this algorithm uses a calibration mostly based
on tracks from light-parton jets, both in data and simulation.

4.2 b-tagging efficiency

4.2.1 b-tagging efficiency from multijet events

The b-tagging efficiency is measured in data using several methods applied to multijet events [4].
Comparing the measured value with the identification efficiency for b jets in the simulation, a
data/MC scale factor of the b-tagging efficiency is inferred: SFb = #data

b /#MC
b .

The PtRel, IP3D and LT methods are based on a sample of jets enriched in heavy flavour content
by requiring a soft muon within a cone DR < 0.4 around the jet axis (muon-jet). The fraction
of jets from b-quark hadronisation in the selected sample is estimated by fitting the data dis-
tribution of a discriminant variable, providing a good separation between b and light-parton

ATLAS CMS
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Figure 4: The mistag rate in data and simulation (top) and the data-to-simulation scale factor (bottom) for
MV1 tagging algorithm at 70% efficiency obtained with the negative tag method (left) and the sv0mass
method (right) for jets with 1.2< |η |< 2.5
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Upgrade for Run-II

31

• Insertable B Layer: new pixel  
layer, closer to interaction point	


• It is installed on top of a new (thinner) beam 
pipe	


• Was inserted into ATLAS on May 7th 2014.	


• Planar sensors in central region, 3d sensors 
in forward region.

Giacinto Piacquadio
CERN

B-tagging with IBL for WH  /  Page 5
 “Status and issues”

IBL in the ATLAS Simulation

IBL implemented as 4IBL implemented as 4thth Pixel layer in Geant 4 Pixel layer in Geant 4

new beam pipe (Rnew beam pipe (Rminmin = 25 mm) = 25 mm)

IBL with staves, modules, ISTIBL with staves, modules, IST

IBL material 1.5% XIBL material 1.5% X00 (60% of actual b-layer) (60% of actual b-layer)

Reconstruction: 4 pixel layer tracking geometryReconstruction: 4 pixel layer tracking geometry



B-tagging performance with IBL
• Tracking resolution: multiple scattering term reduced by ~70%, 

intrinsic resolution in z improved by ~80% for |η|<0.4	


• B-tagging (top pair events):	


• factor 2 improvement in 
light-jet rejection	


• counteracts degradation 
due to up to ~50 
additional pile-up 
interactions	


• More detailed studies show:	


• Improvement mostly at 
low pT (up to x3-4).	


• Performance for pT>200 
GeV nearly unchanged.

[IBL TDR, CERN-LHCC-2010-013]



Tracking in the core of high pT jets
• Degradation due to 

collimated tracks in core 
of high pT jets: for R~3cm 
already relevant at pT ~ 
O(200 GeV)	


• relevant for VH analysis 
at high pT(V)• Neural Network based clustering:  

allows to identify and split correctly 
most of the shared clusters	


• Status: already commissioned with 
present pixel detector, now being 
retuned for IBL.	


• Aim: be able to exploit the improved 
track resolution also at high pT!



Beyond Run-II
• Phase-I Upgrade	


• Instantaneous luminosity up to ~2.2 x 1034 cm-2 s-1 (μ~50?)  
→ Run from 2019 to 2012 to get ~300 fb-1	


• Phase-II Upgrade (High Lumi - LHC)	


• Ιnstantaneous luminosity up to ~5 x 1034 cm-2 s-1(μ~140?)  
→ Run from 2023 to 2034 to get ~3000 fb-1	


• Inner Detector Upgrade	


• CMS: for Phase-I (ATLAS plans to live with present detector 
+ IBL) [TDR 2012]	


• ATLAS: for Phase-II, all-silicon Inner Detector [LoI 2012]



Upgrade of ATLAS Inner 
Detector (ITK)

35

• Present pixel detector designed  
to survive until ~400 fb-1,  
IBL until ~850 fb-1	


• SCT and TRT not  
be able to cope with  
High Lumi occupancy  
→ build more granular all-silicon  
detector  	


• Barrel: 	


• Presently: 3 pixel, 4 SCT, TRT	


• Proposed: 4 pixel, 3 short-strip,  
2 long-strip layers	


• 3 → 6 pixel discs	


• Plan to use ID earlier in trigger chain  
(100 kHz → 200-500 kHz, challenging!)

Figure 6.1. An all-silicon-detector tracker is proposed, with pixel sensors at the inner radii sur-
rounded by microstrip sensors [43]. In the central region, sensors are arranged in cylinders, with
4 pixel layers followed by 3 short-strip layers then 2 long-strip layers. From current knowledge
of the LHC conditions the outer radius of the beam pipe is assumed to be at 33 mm. Given the
required modularity discussed above, an inner support tube (IST) will be implemented at a radius
of 110 mm, and a pixel support tube (PST) at 345 mm, taking account of the required clearances for
service routing. The forward regions will be covered by 6 pixel disks and 7 strip disks. Strip layers
are double-sided with axial strip orientation on one side and sensors rotated by 40 mrad on the
other side, giving the second coordinate measurement. The tracker is surrounded by a polyethylene
moderator to reduce the energies of neutrons, which decreases the 1MeV neutron equivalent silicon
damage fluence arising from the flux of neutrons entering from the calorimeters [44] (which for the
current ID are partially moderated by the material of the TRT).
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Figure 6.1: The baseline layout of the replacement tracker showing the active areas of silicon detectors
arranged on cylinders and disks.

In the optimisation process, gaps have been preserved between subdetector parts to allow for
supports, services, and insertion clearances. The resulting sensor areas and channel counts are
shown in table 6.6.

The biggest changes to the current inner tracker are replacement of the TRT with 47.8 mm long
silicon strips; the pixel system extends out to larger radii; more pixel hits in the forward direction
to improve the tracking in this dense region; and smaller pixels and 23.8 mm long inner strips to
increase the granularity. The outer active radius is slightly larger, improving momentum resolution.
Services have been routed out of the active area as soon as possible, minimising the effects of non-
sensitive materials. The layers of silicon are more evenly spaced, especially in the forward region,
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New pixel detector	

•Withstand 1016 neq / cm2	

•60M → 600M channels	

•25x150 μm pixels	

•Planar, 3d or diamond 	




Projected performance

36

• 9 → 11 hits per  
track, to suppress  
fakes

Track parameter Existing ID with IBL Phase-II tracker
|h |< 0.5 no pile-up 200 events pile-up

sx(•) sx(•)

Inverse transverse momentum (q/pT ) [/TeV] 0.3 0.2
Transverse impact parameter (d0) [µm] 8 8
Longitudinal impact parameter (z0) [µm] 65 50

Table 6.7: Performance of the existing ID with IBL, and of the Phase-II tracker for transverse momentum
and impact parameter resolution. sx(•) refers to sx for pT ! •, to remove the contribution due to material.

Some of the main considerations leading to this layout are listed below:

Number of hits along a track: Experience with the current detector indicates that to minimise the
number of fake tracks (tracks found by the software with hits that do not belong to a single
particle) at high pile-up requires tracks have at least 11 hits. Figure 6.3 (a) demonstrates
an increase in the ratio of reconstructed to generated tracks with increasing pile-up, which
signifies an increase in the number of fake tracks, for reconstructed tracks requiring at least
nine hits. This is avoided in the case of requiring at least eleven hits per track, as shown in
Figure 6.3 (b).
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Figure 6.3: Ratio of reconstructed to generated tracks from tt̄ at various levels of pile-up for two different
track selections: requiring track reconstruction with at least 9 hits per track (a), and with at least 11 hits per
track (b).

The 11 hit requirement leads to a close correlation of the radii and lengths of the barrel layers
with the z-positions of the disks. Given that each strip module provides two hits, to ensure
robust tracking even in the presence of dead modules, the layout aims to have at least 14
silicon hits. Figure 6.4 shows this is effectively achieved to |h | = 2.5 for primary vertices
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Figure 6.10: Performance of b-tagging in tt̄ events, for a range of pile-up levels for the proposed Phase-II
Tracker layout in comparison with ID+IBL (left). On the right, the number of reconstructed primary vertex
candidates as a function of the number of pile-up interactions.

6.2.1 Alternative layouts

A few alternative layouts are considered, which modify the pixel part of the inner tracker. These
are the conical layout, which smoothes the transition between barrel and end-cap with a cone
shaped structure at the end of the barrel; the 5-layer pixel layout, which simply adds an extra pixel
barrel; and the alpine layout, with a novel arrangement of sensors on structures. These layouts are
considered as options requiring more detailed studies and development work.

Conical layout

The conical layout [47] is based on a bent integrated stave, with a flat middle section and bent ends.
This concept reduces the material in the forward region, because the end of stave cards are moved
to higher h . The crossing angle for particles incident on the stave is closer to perpendicular in the
conical region, further reducing the material traversed by a track.

One possible layout is shown in Figure 6.11. The outer barrel layers are at the same radius
as the default layout, but they are shortened, taking advantage of the fact that the modified conical
section covers the gap. As a result, the barrel pixel silicon area is reduced from the default 5.1 m2

to 4.6 m2. The resulting material budgets are depicted in Figure 6.12 and shows some reduction at
| h | > 1.5.

Other layouts with conical structures use a larger radius of the outermost pixel layer without
introducing a significant gap to the disks, and the end cap outer radius can be reduced to match the
barrel, which has additional advantages for mechanical assembly and integration.

Five pixel layers

The impact of modifying the layout by adding a fifth pixel layer. This allows, e.g., a more robust
pattern recognition seeded in the pixel detector alone, and a better two-particle separation in high
pT - jets.

A possible layout is shown in Figure 6.13. It assumes shorter outer pixel barrel layers relative
to the baseline layout [48] to reduce costs. The strip stub barrel is removed, since the extra pixel
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• First b-tagging studies  
show improvement x4 in  
light-jet rejection with  
no pile-up w.r.t. present ID + IBL	


• Much less degradation  
due to pile-up	


• Algorithms not yet  
optimized for pile-up
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• Five pixel barrel layers	


• More robust pattern  
recognition	


• But more material
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Figure 6.13: The alternative layout with five pixel barrel layers.

silicon required to 4.6 m2. A prototype of a small section of an alpine stave is shown in Figure
6.15 which has been used to demonstrate the low material and required thermal performance are
achievable.
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Figure 6.14: The pixel sensors in the alpine layout. Whereas the barrel region is not changed, the default
end caps are replaced by modules placed perpendicular to the long stave direction.

Other concepts under consideration include a greatly extended forward region either with more
disks, or, for the alpine layout, a much larger number of inclined modules. Preliminary physics
studies indicated that it may be advantageous to extend the pixel coverage |h | ⇠ 4 and this option
is also being considered. For all the alternative layouts, any final choices will require detailed sim-
ulation to compare their performance with that of the baseline, as well as evaluation of differences
in complexity of engineering and installation, along with estimation of their costs.

6.3 The pixel system

The Phase-II pixel system presented in this LoI is largely based on existing solutions. Before the
start of production of the detector there will be several more years of R&D, addressing the require-
ments of HL-LHC physics, in particular finer granularity, higher bandwidth and reduced material.
This effort should allow the use of more performant technologies as they become available.
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ulation to compare their performance with that of the baseline, as well as evaluation of differences
in complexity of engineering and installation, along with estimation of their costs.

6.3 The pixel system

The Phase-II pixel system presented in this LoI is largely based on existing solutions. Before the
start of production of the detector there will be several more years of R&D, addressing the require-
ments of HL-LHC physics, in particular finer granularity, higher bandwidth and reduced material.
This effort should allow the use of more performant technologies as they become available.
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• Alpine layout	


• Make sensors  
more perpendicular to  
incoming particles	


• Reduces traversed  
material
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• Also move to 4 pixel  layers  
in barrel (as in ATLAS  
after addition of IBL)	


• First layer 4.4 → 3 cm	


• Pixel size still 100x150 μm
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used non-template pixel positions and errors for the simulation studies of both detectors. Note
that this causes the pixel hit position resolutions in this simulation study to be slightly worse
for the current detector than what is currently achievable with the 2011/2012 data. Details for
the configuration of the track reconstruction used is given in Section 2.1.2.

2.1.1 Pixel Detector Geometry

Figure 2.1 shows a conceptual layout for the Phase 1 upgrade pixel detector. The current 3-layer
barrel (BPIX), 2-disk endcap (FPIX) system is replaced with a 4-layer barrel, 3-disk endcap
system for four hit coverage. Moreover the addition of the fourth barrel layer at a radius of
16 cm provides a safety margin in case the first silicon strip layer of the Tracker Inner Barrel
(TIB) degrades more rapidly than expected, but its main role is in providing redundancy in
pattern recognition and reducing fake rates with high pile-up.
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Figure 2.1: Left: Conceptual layout comparing the different layers and disks in the current and
upgrade pixel detectors. Right: Transverse-oblique view comparing the pixel barrel layers in
the two detectors.

Since the extra pixel layer could easily increase the material of the pixel detector, the upgrade
detector, support, and services are redesigned to be lighter than the present system, using an
ultra-lightweight support with CO2 cooling, and by relocating much of the passive material,
like the electronic boards and connections, out of the tracking volume.

Table 2.2 shows a comparison of the total material mass in the simulation of the present pixel
detector and of the Phase 1 upgrade pixel detector. Since significant mass reduction was
achieved by moving material further out in z from the interaction point, the masses are given
for a limited range in h that covers most of the tracking region.

Also shown in Table 2.2 is the mass of the carbon fiber tube that sits outside of the pixel de-
tector and is needed by the Tracker Inner Barrel (TIB) and for bakeout of the beampipe. By
convention, the material for this tube is usually included as part of the pixel system “material
budget”; this tube is expected to remain unchanged for the Phase 1 upgrade.

Another comparison of the “material budget” for the current and Phase 1 pixel detectors was
done using the standard CMS procedure of simulating neutrinos in the detector and summing
the radiation length and nuclear interaction length along a straight line at fixed values of h
originating from the origin. Figure 2.2 shows a comparison of the radiation length and nuclear
interaction length of the present and upgrade pixel detectors as a function of h. The green
histogram are for the current pixel detector while the Phase 1 upgrade detector is given by the
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• Much less material	
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Table 2.2: Total material weight for the pixel barrel and forward pixel detectors, and for the car-
bon fiber tube outside of the pixel barrel that is needed for the TIB and for beam pipe bakeout.

Volume Mass (g)

Present Detector Phase 1 Upgrade Detector

BPIX |h| < 2.16 16801 6686

FPIX |h| < 2.50 8582 7040

Barrel Outer Tube |h| < 2.16 9474 9474

black points. Note that the “barrel outer tube” mentioned above and in Table 2.2 is included in
the material budget for both present and upgrade pixel detectors for the comparisons shown
in Figure 2.2.
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Figure 2.2: The amount of material in the pixel detector shown in units of radiation length (left),
and in units of nuclear interaction length (right) as a function of h; this is given for the current
pixel detector (green histogram), and the Phase 1 upgrade detector (black points). The shaded
region at high |h| is outside the region for track reconstruction.

2.1.2 Pattern Recognition and Track Reconstruction

The normal pattern recognition and track reconstruction use an iterative procedure [10] con-
sisting of a number of steps where the idea is that better tracks are reconstructed first and their
hits removed before other tracks are reconstructed from the remaining hits. The “best” tracks
are those that are less likely to be fake tracks. Each of the tracking steps starts with a collection
of “seeds” formed from 2 (a pair seed) or 3 (a triplet seed) pixel hits consistent with some mini-
mum track pT, and coming from some region of the beam spot. The first step uses triplet seeds
and higher minimum track pT, these are followed by steps using pair seeds and/or lower pT.
The later steps use seeds that contain or only consists of hits from the silicon strip detector to
find detached tracks, e.g. from decay products of K0

s mesons or L0 baryons. For the studies
presented in this chapter the later steps used to reconstruct detached tracks have been omitted
to speed up the reconstruction and reduce memory usage that can be an issue for the largest
pileup scenario studied.

With the additional barrel layer and end cap disks, the upgraded pixel detector will have excel-
lent four-hit coverage over its whole h range. This allows for the creation of four-hit (“quadru-
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Figure 2.15: Performance of the Combined Secondary Vertex b-tagging algorithm for jets with
pT > 30 GeV in a tt̄ sample with (a) zero pileup, and (b) an average pileup of 50. The perfor-
mance for the current detector are shown by the open points while the solid points are for the
upgrade detector. The triangular points are for c-jets while the circle and square points are for
light quark jets.
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Figure 2.16: Comparison of the performance of the Combined Secondary Vertex b-tagging algo-
rithm for jets with pT > 30 GeV in a tt̄ sample for the Phase 1 upgrade detector with an average
pileup of 50, and for (a) the current pixel detector with zero pileup, (b) the current pixel detec-
tor with an average pileup of 25. The performance for the current detector are shown by the
open points while the solid points are for the upgrade detector. The triangular points are for
c-jets while the circle and square points are for light quark jets.

• Without pile-up 3x better light-jet rejection @ 70% efficiency	


• Better with respect to the current ATLAS upgrade with IBL because of the 
significant decrease in material budget	


• Will allow to efficiently counteract the effect of pile-up.
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• Projections publicly available for CMS, which rely on the performance of the upgraded 
detector (to counteract the effect of pile-up).	


!

!

!

•  

!

• Predictions are hard, as the main problem is controlling the backgrounds to levels of 
accuracy of per mille, which is VERY challenging!	


• Here the assumption is made that systematic uncertainties also scale with 
luminosity. So these are rather indications of the maximum ultimative precision one 
could reach, rather than solid predictions.	


• Nevertheless it shows the incredible potential of 300 or 3000 fb
-1
 of LHC data.
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• Identification of b-quark jets in LHC Run-I matched and exceeded 
expectations 
→ Can select 70% of b-jets, with well below 1% light-jet fake rates	


• Calibration for b-jets reached a precision of 2-4% over most of the 
pT spectrum (against ~5% of most optimistic assumptions before 
start of data taking)	


• Rejection of c-jets has been significantly improved, but more work 
needed to reach decent c-tagging performance	


• The insertion of IBL in ATLAS or, in the future, the tracker 
upgrades of ATLAS and CMS will further improve the performance, 
despite the more and more demanding high pile-up conditions.	


• Exciting times are (still!) ahead of us!


