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LHC: Discovery Machine

I The following have been there for decades:
I Higgs �ne-tuning problem can point to new EW scale physics
I Dark Matter (WIMP �miracle�) suggestive of new EW scale particle

I Strong motivation for direct exploration of new physics at the
Electroweak Scale with Electroweak Couplings

I Nothing to do with any speci�c model

I If you had a 13 TeV proton-proton collider, how much data would
you need for this exploration?

I Depends on the kind of new physics
I Answer known for > 30 years: O(100 fb−1), for a given scenario

Capri, June 11-13, 2016 A. Boldyrev (Udine Univ.) 2/66
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Inclusive Cross-sections
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Road map

I B-physics:
I Measurement of B0

s → J/ψφ decay properties
I Study of B0

(s) → µµ decays

I Higgs
I Lepton Flavour Violating Higgs decays
I ttH(H → bb): all-hadronic and H → bb combination

I Anomalous couplings in t →W+b

I FCNC decays with top
I Search for t → Hq
I Search for single t-quark production via FCNC
I Search for t → qZ
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B-Physics
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Measurement of B0
s → J/ψφ decay properties

I B0
s → J/ψφ expected to be sensitive to BSM physics

I CP-violation phase: φs

I CPV due to interference between:
I Direct decay
I Flavour oscillation + decay

I SM Predictions:
I φs = −0.0364± 0.0016 [rads]
I Indirect determination via global �ts
I SM precision much smaller than experimental
I Experimental measurement a viable BSM search

I Method uses observables on the �opposite side� of the event to the B0
s candidate

I Observables include charge of tracks within a b-tagged jet or cone around µ/e
on opposite side of event

I Distributions used to built per-candidate Bs tag probability (untagged events
assigned probability of 0.5)

Full likelihood uses m(µ+µ−K+K−), τ , δτ , φT , cos(θT ), cos(ψT ) and initial �avour
probability used as input
arXiv:1601.03297 (January, 13)
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Measurement of B0
s → J/ψφ decay properties
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Measurement of B0
s → J/ψφ decay properties
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C.L. are statistical only

I New measurement (8 TeV) statistically

combined with previous measurement

(7 TeV, PRD 90 (2014) 052007)

I Simultaneous measurement of φs and

∆Γs consistent with Standard Model

8 TeV data 7 TeV data Run1 combined
Par Value Stat Syst Value Stat Syst Value Stat Syst

φs[rad] −0.123 0.089 0.041 0.12 0.25 0.05 −0.098 0.084 0.040
∆Γs[ps−1] 0.096 0.013 0.007 0.053 0.021 0.010 0.083 0.011 0.007
Γs[ps−1] 0.678 0.004 0.004 0.677 0.007 0.004 0.677 0.003 0.003
|A‖(0)|2 0.230 0.005 0.006 0.220 0.008 0.009 0.227 0.004 0.006
|A0(0)|2 0.514 0.004 0.002 0.529 0.006 0.012 0.514 0.004 0.003
|AS |2 0.090 0.008 0.020 0.024 0.014 0.028 0.071 0.007 0.017
δ⊥ [rad] 4.46 0.48 0.29 3.89 0.47 0.11 4.13 0.33 0.16

δ‖ [rad] 3.15 0.13 0.05 [3.04, 3.23] 0.09 3.15 0.13 0.05

δ⊥ − δS [rad] −0.08 0.04 0.01 [3.02, 3.25] 0.04 −0.08 0.04 0.01
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Measurement of B0
s → J/ψφ decay properties

Latest Heavy Flavour Averaging Group (HFAG) result on weak phase

di�erence.
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Study of B0
s → µµ and B0 → µµ decays

Analysis strategy. BRs extracted applying the formula:

B(B0

(s) → µ+µ−) = Nd(s)×[B(B+ → J/ψK+)×B(J/ψ → µ+µ−)]× fu

fd(s)
× 1

Dnorm ,

with Dnorm =
∑

k

Nk
J/ψK +αk

( εµ+µ−

εJ/ψK +

)
k

I From an unbinned ML �t to m(µµ) distribution

I From an unbinned ML �t to m(µµK±) distribution

I Hadronisation probabilities

I Trigger conditions and luminosity categories

I Acceptance and e�ciencies form simulation

* k runs over the 4 mutually exclusive data categories (2012 data split in 3 trigger categories
and whole 2011 data) and αk is the relative integrated luminosity of the two channels for the
4 data categories

arXiv:1604.04263 (April, 14)
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Study of B0
s → µµ and B0 → µµ decays

Triggers (4 mutually exclusive categories for all channels):

I 2011 data based on di-muon trigger with pT > 4 GeV

I 2012 data split into three mutually exclusive categories:
I One muon with pT > 6 GeV and second muon with pT > 4 GeV
I Both muons with pT > 4 GeV and at least one with |η| < 1.05
I Both muons with pT > 4 GeV and |η| > 1.05

Selections:

I Combined muons with pT (µ) > 4 GeV, |η(µ)| < 2.5

I Kaons (for B± → J/ψK± and B0
s → J/ψφ→ µ+µ−K+K−)

I No particle-ID → Mass hypothesis to reconstruct kaons 4-momenta.
pT (K ) > 1 GeV, |η(K )| < 2.5

I B0
s , B

0, B±, J/ψφ candidates:
I Di-muon vertex (w. or w/o J/ψ mass constraint)
I Fiducial volume: pT (B) > 8 GeV, |η(B)| < 2.5
I µ+µ− mass resolution and PV requirement

Capri, June 11-13, 2016 A. Boldyrev (Udine Univ.) 11/66



N
ot

re
vi

ew
ed

,f
or

in
te

rn
al

ci
rc

ul
at

io
n

on
ly

Study of B0
s → µµ and B0 → µµ decays

Background composition:

I Combinatorial background, the dominant component due to pairs of uncorrelated
muons and characterised by a small dependence on the dimuon invariant mass

I Partially reconstructed B → µµX decays, characterised by non-reconstructed
�nal-state particles (X) and thus accumulating in the low-mass sideband

I Peaking background, due to B0
s → hh′ decays, with both hadrons misidenti�ed

as muons
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Due to usage of multivariate analysis (BDT) for Combinatorial and Peaking
backgrounds ATLAS managed to obtain better rejection of background than CMS or
LHCb.

Capri, June 11-13, 2016 A. Boldyrev (Udine Univ.) 12/66



N
ot

re
vi

ew
ed

,f
or

in
te

rn
al

ci
rc

ul
at

io
n

on
ly

Study of B0
s → µµ and B0 → µµ decays
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−0.8 · 10−9

]
10−

 [10)− µ +µ → 
0

BB(

0 1 2 3 4 5 6 7 8

p
 v

a
lu

e

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9
Observed CLs

Observed CLs+b

Observed CLb

Expected CLs ­ Median

σ 1 ±Expected CLs 

σ 2 ±Expected CLs 

ATLAS
­1 = 7 TeV, 4.9 fbs

­1 = 8 TeV, 20 fbs

B0:
Observed upper limit: 4.2 · 10−10 at 95% CL
Expected upper limit: 5.7+2.1

−1.2 · 10−10

]
9−

 [10)− µ +µ → s
0

BB(

0 1 2 3 4 5 6 7

p
 v

a
lu

e

0

0.2

0.4

0.6

0.8

1

Observed CLs

Observed CLs+b

Observed CLb

Expected CLs ­ Median

σ 1 ±Expected CLs 

σ 2 ±Expected CLs 

ATLAS
­1 = 7 TeV, 4.9 fbs

­1 = 8 TeV, 20 fbs

B0
s :

Observed upper limit: 3.0 · 10−9 at 95% CL
Expected upper limit: 1.8+0.7

−0.4 · 10−9

Capri, June 11-13, 2016 A. Boldyrev (Udine Univ.) 13/66



N
ot

re
vi

ew
ed

,f
or

in
te

rn
al

ci
rc

ul
at

io
n

on
ly

Study of B0
s → µµ and B0 → µµ decays

BRs in the world...
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The result is compatible to 2.0σ with the SM prediction.
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Higgs
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Lepton Flavour Violating Higgs decays

I Not present in initial formulations of the SM (neutrinos assumed to have
exactly zero mass), but can occur in 2HDM and other models. Lepton
number and Lepton Flavour number are accidental symmetries of the SM

I LFV is observed in ν oscillations
I Requires modi�cations of the SM (e.g. add neutrino masses and νR).

New physics phenomena could be related to LFV
I The LFV of charged leptons expected as consequence of neutrino

oscillations is too small to be experimentally observed at LHC
I We hope to �nd additional manifestations → The Higgs and the Z

bosons decays are excellent candidates

I The Higgs is a totally new playground for such searches

I 2.4σ excess in H → µτ from CMS: Phys.Lett. B749 (2015)

I Z -boson is studied in this direction for a long while (last search at LEP)
arXiv:1604.07730 (April, 22)
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Lepton Flavour Violating Higgs decays

Three new searches:

1. H → eτhad and H → µτhad (see dedicated analysis in JHEP11(2015)211)

2. H → eτlep and H → µτlep

3. Z → µτhad

(1), (3) use same techniques, similar to H → ττ analysis

(1), (2) use same statistical combination.

τlep channels τhad channels

Electrons I(ET, 0.3) < 0.13 I(ET, 0.2) < 0.06
I(pT, 0.3) < 0.07 I(pT, 0.4) < 0.06

Muons I(ET, 0.3) < 0.14 I(ET, 0.2) < 0.06
I(pT, 0.3) < 0.06 I(pT, 0.4) < 0.06

Summary of isolation requirements

Calorimeter based isolation:

I e(µ)(ET ,∆R) =
∑

E cone∆R
T

E e
T (pµT )

Track based isolation:

I e(µ)(pT ,∆R) =
∑

pcone∆R
T

E e
T (pµT )

arXiv:1604.07730 (April, 22)
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Lepton Flavour Violating Higgs decays
H → eτhad and H → µτhad
Background sources:
W+jets, t, tt̄, Z → ττ + jets, Z → ee + jets, Diboson, QCD, H → ττ

Trigger and topology:
Single electron, ET > 24 GeV (single muon, pT > 26 GeV). pT (τhad ) > 45 GeV and
|ηe(µ) − η(τhad )| < 2. One ν collinear with the τhad

Missing Mass Calculator used as more sophisticated version of the collinear approximation:
NIM A654(2011)481

SR and CR de�nition based on m
(e(µ),E miss

T )

T and m
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Lepton Flavour Violating Higgs decays

H → eτhad H → µτhad

Capri, June 11-13, 2016 A. Boldyrev (Udine Univ.) 19/66
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Lepton Flavour Violating Higgs decays

H → eτlep & H → µτlep

Background sources (data-driven estimation):

I Symmetric components

I SM sources with prompt e and µ

I Asymmetric components

I Events with fake and non-prompt leptons
I pT dependent e�ects

Data samples:

pµT ≥ pe
T (µe sample); pe

T > pµT (eµ sample)

Topology:

One electron and one muon of opposite sign. 2ν collinear with the sub-leading
lepton

Final estimator (collinear mass):

mcoll =
√
2p`1T (p`2T + Emiss

T )(cosh∆η − cos∆φ)
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Lepton Flavour Violating Higgs decays
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Lepton Flavour Violating Higgs decays

LFV H combination. Upper limits on LFV decays of Higgs boson
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, SR
lep

τµ

, Comb   
had

τµ

, SR2     
had

τµ

, SR1     
had

τµ

σ 1±Expected 

σ 2±Expected 

Observed

Excluded

H → µτ hypothesis

* µτhad channel is from JHEP11(2015)211
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Fully hadronic ttH(H → bb)
H coupling to top quarks �seen� in gluon fusion process, and loop in γγ decays but
important to probe directly for model independent determination of coupling.
Analysis strategy:

I Largest BR among all ttH channels, but lowest purity due to large multijet
production

I Preselection:

I 5 jets pT > 55 GeV, |η| < 2.5 each
I At least one additional jet with pT > 25 GeV, |η| < 2.5
I Lepton veto
I ≥2 b-tagged jets (@60% e�.)

I Data-driven multijet estimation (TRFMJ method)

I Background sources:

I Multijet
I tt̄+jets

I Output of a Boosted Decision Tree (BDT) used as �nal discriminant

EPJC75(2015)349 (update from April, 13: arXiv:1604.03812)
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Fully hadronic ttH(H → bb)

Event yields as a function of log10(S/B)

(S/B)
10

log
-4.5 -4 -3.5 -3 -2.5 -2 -1.5 -1 -0.5

D
at

a/
B

kg
d

1

1.5

2
=1.6) + Bkgd.

fit
µH (tt

=6.4) + Bkgd.
95% excl.

µH (tt (S/B)
10

log

-4.5 -4 -3.5 -3 -2.5 -2 -1.5 -1 -0.5

E
ve

nt
s 

/ b
in

10

2
10

3
10

4
10

5
10

Data

=1.6)
fit

µH (tt

=6.4)
95% excl.

µH (tt

Background

ATLAS

=8 TeVs

-1
20.3 fb

Signal strength:
µ (mH = 125 GeV) = 1.6± 2.6
Obs.(exp.) signal signi�cance:
0.6(0.4)
Obs.(exp.) p-value:
27%(34%)

Observed and expected upper limits at 95% CL on σ(ttH) relative to SM prediction:

assuming the SM prediction for σ(tt̄H) is shown in the last column.

Observed
Expected if µ = 0 Expected if µ = 1

−2σ −1σ Median +1σ +2σ Median

Upper limit on µ at 95% 6.4 2.9 3.9 5.4 7.5 10.1 6.4
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ttH combination results

CL limits (left), µ measurements (right)

=125 GeV
H

 for mµ95% CL limit on 

0 2 4 6 8 10 12

H Combinationtt

)b b→H(H tt

/ZZ)ττ WW/→H(H tt

)γγ →H(H tt

ATLAS

-1=8 TeV, 20.3 fbs

-1=7 TeV, 4.5 fbs

σ 1±Expected 
σ 2±Expected 

Observed
=1)µInjected signal (

=125 GeV
H

 for mµBest fit 

-2 0 2 4 6 8 10 12

H Combinationtt

)b b→H(H tt

/ZZ)ττ WW/→H(H tt

)γγ →H(H tt

 
- 0.8
+0.8= 1.7    µ  

- 0.5
+0.5= 1.7             µ

 
- 1.0
+1.0= 1.4    µ  

- 0.6
+0.6= 1.4             µ

 
- 1.2
+1.4= 2.1    µ  

- 1.0
+1.1= 2.1             µ

 
- 1.8
+2.6= 1.2    µ  

- 1.7
+2.5= 1.2             µ

 ( tot ) ( stat )
total
statistical

ATLAS -1=7 TeV, 4.5  fbs
-1=8 TeV, 20.3 fbs

Analysis
95% CL upper limit Signal strength

Observed
Expected

µ−2σ −1σ median +1σ +2σ median (µ = 1)

tt̄H(H → γγ) 6.7 2.6 3.5 4.9 7.5 11.9 6.2 1.2+2.6
−1.8

tt̄H(H → leptons) 4.7 1.3 1.8 2.4 3.6 5.3 3.7 2.1+1.4
−1.2

tt̄H(H → bb̄) 3.3 1.3 1.5 2.1 3.0 4.4 3.0 1.4 ± 1.0

tt̄H Combination 3.1 0.8 1.0 1.4 2.0 2.7 2.4 1.7 ± 0.8

See also slide no. 51 (backup) for Log-likelihood contours of κF vs. κV
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Anomalous couplings in t → W+b
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t-channel single top anomalous Wtb couplings

De�ning the anomalous Wtb couplings:

I In the Standard Model: LWtb = g√
2
b̄γµ 12(1− γ5)tW−

µ

I The most general lagrangian adds couplings VR , gL and gR :

Leff = g√
2
b̄[γµ(VLPL + VRPR) + iσµνqν

MW
(gLPL + gRPR)]tW−

µ

I Sensitive to new physics in complex coupling ratio gR/VL:

q′

W+

b

t

ℓ+

ν

W+

b

q q′

W+

b
t

ℓ+

ν

W+

b
b̄

g

q

JHEP04(2016)023 (April 5)
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t-channel single top anomalous Wtb couplings

Measurement de�nition: (see slide no. 52 (backup) for the analysis strategy)

I W helicity fractions Fi = Γi
Γ
,

i ∈ [L, 0,R] sensitive to θ∗ between
~p` in the W frame and W
momentum q̂ in the t frame

I Top spin in t-channel production is
≈ 90% polarized along spectator
quark direction p̂s

I q̂ and p̂s de�ne per-event 3D
coordinates:
ẑ = q̂, ŷ = p̂s × q̂, x̂ = ŷ × q̂

I The W and b from polarized top
decay have four possible helicity
combinations

I Only amplitudes with matching b
helicity interfere

ẑ

p̂s

~p`

ŷ

x̂

φ∗

θ∗

The angular probability density is expressed
with spherical harmonics, parameters ~α and
polarisation fraction P
α = (f1, f

+
1 , f

+
0 , δ+, δ−)

f1 - fraction of decays containing transverse
W s
δ− - phase between longitudinally and trans-
versely polarised W s with left-handed bs
f1 & δ− can be expressed in terms of gR

VL
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t-channel single top anomalous Wtb couplings

Projections of the likelihood function into the fraction f1 of decays containing
transverse W s vs. phase δ− between longitudinally and transversely polarized W s with
left-handed bs (left); Re

[
gR
VL

]
vs. Im

[
gR
VL

]
(right)

−δ

­0.15 ­0.1 ­0.05 0 0.05 0.1 0.15

1f

0.1

0.2

0.3

0.4

0.5

0.6
 ATLAS

­1
 = 7TeV, 4.6 fbs

Best Fit

SM

68% CL

95% CL

]
L

/V
R

Im[g
­0.4 ­0.3 ­0.2 ­0.1 0 0.1 0.2 0.3 0.4

]
L

/V
R

R
e

[g

­0.6

­0.4

­0.2

0

0.2

0.4  ATLAS
­1 = 7TeV, 4.6 fbs

Best Fit

SM

68% CL

95% CL

f1 = 0.37± 0.05(stat.)± 0.05(syst.)
δ−/π = −0.014± 0.023(stat.)± 0.028(syst.)

Re
[ gR

VL

]
= −0.13± 0.07(stat.)± 0.10(syst.)

Im
[ gR

VL

]
= 0.03± 0.06(stat.)± 0.07(syst.)

ρ
(
Re

[ gR
VL

]
, Im

[ gR
VL

])
= 0.11 (correlation)
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FCNC decays with top
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Search for t → Hq FCNC decays

Much interest recently in �avour-violating Higgs interactions:

I Flavor-violating interactions could also be present in the quark sector

I If o�-diagonal Yukawa coupling goes like λfi fj H ∼
√

mfi
mfj

ν
→ large e�ect expected in tcH interaction!

I t → Hq decays:
I Highly suppressed in the SM: B(t → Hc) ∼ 10−15

I Can receive large enhancements in BSM scenarios:
e.g. B(t → Hc) ∼ 10−3 in 2HDM

JHEP12(2015)061 (December, 2015)
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Search for t → Hq

Strategies for tt̄ →WbHq:

I H → bb̄:
I B(H → bb̄) ∼ 58%
I Lepton+jets
I Large background, some mass resolution

I H →WW ∗, H → ττ : see backup slides 53 and 54
I B(H →WW ∗) ∼ 21.5%, B(H → ττ) ∼ 6.3%
I SS dileptons, trileptons
I Small background, essentially no mass resolution

I H → γγ: see backup slides (from slide no. 61)
I B(H → γγ) ∼ 0.2%
I Diphoton+lepton+jets, diphoton+jets �nal states
I Very small background, excellent mass resolution
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Search for t → Hq

H → bb̄ search: analysis strategy

I tt̄ →WbHq → (`ν)b(bb̄)q: lepton+jets �nal state

I Event preselection:
I Single lepton trigger
I 1 lepton (e or µ), pT > 25 GeV, |η| < 2.5
I ≥4 jets, pT > 25 GeV, |η| < 2.5
I ≥2 b-tags

I Main background: tt̄(→WbHq) + jets

I Categorise events according to jet (4, 5, ≥6) and b-tag (2, 3, ≥4)
multiplicities:

I Signal-rich regions: (4j, 3b) for WbHu and WbHc ; (4j, 4b) for WbHc
I Rest for the Signal-depleted regions
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Search for t → Hq

H → bb̄ search: signal and background modelling

E
v
e

n
ts

1

10

210

3
10

410

5
10

6
10

710

8
10 Data

WbHc (BR=1%)→tt
WbHu (BR=1%)→tt

+light­jetstt
c+ctt
b+btt

Vtt
Htt

tNon­t
Total Bkg unc.

  ATLAS

­1
=8 TeV, 20.3 fbs

Pre­fit

4
 j
, 

2
 b

5
 j
, 

2
 b

6
 j
, 

2
 b

≥

4
 j
, 

3
 b

5
 j
, 

2
 b

6
 j
, 

3
 b

≥

4
 j
, 

4
 b

4
 b

≥
5

 j
, 

4
 b

≥
6

 j
, 

≥

D
a

ta
 /

 B
k
g

 

0.5

0.75
1

1.25

1.5    0

Final discriminant: D = Psig (x)
Psig (x)+Pbkg (x)
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Search for t → Hq
H → bb̄ search: results

E
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Best-�t branching ratios:

B(t → Hc) =
[0.17± 0.22± 0.17]%
(assuming B(t → Hu) = 0)
B(t → Hu) =
[−0.07± 0.17± 0.28]%
(assuming B(t → Hc) = 0)
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Obs.(exp.) limits
(@95% CL; one BR at a time):
B(t → Hc) < 0.56%(0.42%)
B(t → Hu) < 0.61%(0.64%)
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No signi�cant t → Hq excess
Most sensitive single search for

t → Hc!
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Search for t → Hq

Combined results: best-�t branching ratios

Hc) [%]→BR(t

0.2− 0 0.2 0.4 0.6 0.8 1 1.2

S
M

Total Stat.Hu) = 0→BR(t
ATLAS

­1 = 7 TeV, 4.5 fbs
­1 = 8 TeV, 20.3 fbs 					Total     Stat.    Syst.

Combined  0.10) %± 0.10 ± 0.14 ( ±  0.22 

bb→H  0.17) %± 0.12 ± 0.21 ( ±  0.17 

γγ→H  0.10) %± 0.26 ± 0.28 ( ±  0.22 

ττWW*, →H  0.21) %± 0.18 ± 0.27 ( ±  0.27 

Hu) [%]→BR(t

0.6− 0.4− 0.2− 0 0.2 0.4 0.6 0.8 1 1.2

S
M

Total Stat.Hc) = 0→BR(t
ATLAS

­1 = 7 TeV, 4.5 fbs
­1 = 8 TeV, 20.3 fbs 					Total     Stat.    Syst.

Combined  0.12) %± 0.11 ± 0.16 ( ±  0.16 

bb→H  0.28) %± 0.17 ± 0.33 ( ± ­0.07 

γγ→H  0.10) %± 0.27 ± 0.28 ( ±  0.23 

ττWW*, →H  0.21) %± 0.18 ± 0.28 ( ±  0.23 
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Search for t → Hq

Combined results: 2D limits
Upper limits on the BRs can be translated* into upper limits on the
non-�avour-diagonal Yukawa couplings |λtqH | from
LFCNC = λtcH t̄Hc + λtuH t̄Hu + h.c .

Hc) [%]→BR(t
0 0.1 0.2 0.3 0.4 0.5

H
u

) 
[%

]
→

B
R

(t

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

 ATLAS

­1 = 7 TeV, 4.5 fbs

­1 = 8 TeV, 20.3 fbs

Combined

Observed

σ 1±Expected 

σ 2±Expected 

|
tcH

λ|
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14

|
tu

H
λ|

0

0.05

0.1

0.15

0.2

0.25
 ATLAS

­1 = 7 TeV, 4.5 fbs

­1 = 8 TeV, 20.3 fbs

Combined

Observed

σ 1±Expected 

σ 2±Expected 

Obs.(exp.) @95% CL upper limits on the coupling constants:
|λtcH | < 0.13(0.10)
|λtuH | < 0.13(0.10)

* |λtqH | = (1.92± 0.02)
√
B(t → Hq), from JHEP06(2014)008
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Summary of the FCNC limits

Summary of the current 95% CL FCNC limits for t → qX decays

(q = u, c ; X = g , Z , γ or H)
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P
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P
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in
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R
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Search for single t-quark production via FCNC

Analysis strategy:

I

I Event preselection:

I Exactly 1 isolated lepton, pT > 25 GeV, |η| < 2.5
I Emiss

T > 30 GeV
I Exactly 1 jet, pT > 25 GeV, |η| < 2.5
I Exactly 1 b-tagged jet (@50% e�.)
I mT (W ) > 50 GeV
I Triangular cut:

p`T >90 GeV
(
1− π−|∆φ(`,jet)|

π−2
)

I Dominant background: W+jets

I Control region: same except 85% b-tagging e�.
)|l-jet, b(φ∆|

0 0.5 1 1.5 2 2.5 3

 [G
eV

]
l T

p
30

40

50
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100
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-1= 8 TeV,  20.3 fbsATLAS Signal region

D
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a 
- 
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d

EPJC76(2016)55 (January)

Capri, June 11-13, 2016 A. Boldyrev (Udine Univ.) 39/66

http://dx.doi.org/10.1140/epjc/s10052-016-3876-4


N
ot

re
vi

ew
ed

,f
or

in
te

rn
al

ci
rc

ul
at

io
n

on
ly

Search for single t-quark production via FCNC

Observed 2D limits on the BRs and on the coupling constants

ug)→B(t

0.00 0.02 0.04 0.06 0.08

-310×

cg
)

→
B

(t
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0.15
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0.30

-310×
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Expected

σ 1 ±

 ATLAS

 Excluded region

-1= 8 TeV,  20.3 fbs

]-1 [TeVΛ /ugtκ
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Λ
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16

-310×

Observed
Expected

σ 1 ±

 ATLAS

 Excluded region

-1= 8 TeV,  20.3 fbs

Observed upper limits @95% CL on the branching fractions:
B(t → ug) < 4 · 10−5
B(t → cg) < 17 · 10−5

Observed upper limits @95% CL on the coupling constants:
κugt/Λ < 5.8 · 10−3 TeV−1

κcgt/Λ < 13 · 10−3 TeV−1

Capri, June 11-13, 2016 A. Boldyrev (Udine Univ.) 40/66



N
ot

re
vi

ew
ed

,f
or

in
te

rn
al

ci
rc

ul
at

io
n

on
ly

Search for t → qZ

Analysis strategy:

I Searching for top quark pairs with one top decaying through FCNC

and the other through the SM dominant mode

(tt̄ → bWqZ → b`νq``)

I Consider only Z boson decays to charged leptons, and W boson

leptonic decays

I Final state topology:
I 3 isolated leptons with pT > 15 GeV, |η| < 2.5 each
I 2 leptons must have mass within 15 GeV of mPDG

Z
I ≥2 jets with pT > 25 GeV, |η| < 2.5
I Emiss

T > 20 GeV
I 1 or 2 b-tagged jets (@70% e�.)

I Background sources:
I 3 real leptons (WZ , ZZ , tt̄V , tZ , Tribosons)
I Jets fake leptons (Z+jets, tt̄, Zγ, single top, ...)

EPJC76(2015)12 (December, 2015)
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Search for t → qZ

Reconstructed masses of the top quarks and Z boson after the �nal selection
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­1 = 8 TeV, 20.3 fbs

The test statistics for comparison the observed data events:
Xd = n ln(1 + s

b )
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Search for t → qZ

Results
No evidence for signal found

)γ q→BR(t

5−
10 4−10

3−
10 2−10 1−10 1

 q
Z

)
→

B
R

(t

5−10

4−10

3−10

2−10

1−10

1
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 only)γ=uγ(q
   ZEUS

 only)γ=uγ(q
      H1

∅D

 only)γ=cγ(qCDF 

ATLAS  

CMS

95% C.L.

EXCLUDED

REGIONS

 qH)→BR(t

5−
10 4−10

3−
10 2−10 1−10 1

 q
Z

)
→

B
R

(t

5−10

4−10

3−10

2−10

1−10

1

LEP

ZEUS

∅D

CDF

ATLAS  

CMS

95% C.L.

EXCLUDED

REGIONS

@95% CL limits on the B(t → qZ ):
Observed: 7 · 10−4
Expected: 8 · 10−4
(−1σ): 6 · 10−4
(+1σ): 12 · 10−4
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Conclusions

I ATLAS has published to date more than 500 physics papers

I LHC is exploring a new energy frontier

I Direct and indirect search campaign for physics beyond the Standard

Model is in full play

I LHC plan is to take data in 2016, 2017 and 2018 at full steam before

another long shutdown period

I New results coming soon with 2016 data
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Backup slides
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∫
L dt

[fb−1] Reference

t̄tZ
σ = 176.0 + 52.0 − 48.0 ± 24.0 fb (data)

HELAC-NLO (theory) 20.3 arXiv:1509.05276 [hep-ex]

t̄tW
σ = 369.0 + 86.0 − 79.0 ± 44.0 fb (data)

MCFM (theory) 20.3 arXiv:1509.05276 [hep-ex]

ts−chan
σ = 4.8 ± 1.1 + 2.2 − 2.0 pb (data)

NLO+NNL (theory) 20.3 ATLAS-CONF-2015-047

ZZ
σ = 6.7 ± 0.7 + 0.5 − 0.4 pb (data)

MCFM (theory) 4.6 JHEP 03, 128 (2013)

σ = 7.1 + 0.5 − 0.4 ± 0.4 pb (data)
MCFM (theory) 20.3 ATLAS-CONF-2013-020

WZ
σ = 19.0 + 1.4 − 1.3 ± 1.0 pb (data)

MCFM (theory) 4.6 EPJC 72, 2173 (2012)

σ = 20.3 + 0.8 − 0.7 + 1.4 − 1.3 pb (data)
MCFM (theory) 13.0 ATLAS-CONF-2013-021

Wt
σ = 16.8 ± 2.9 ± 3.9 pb (data)

NLO+NLL (theory) 2.0 PLB 716, 142-159 (2012)

σ = 23.0 ± 1.3 + 3.4 − 3.7 pb (data)
NLO+NLL (theory) 20.3 arXiv:1510.03752 [hep-ex]

H
σ = 22.1 + 6.7 − 5.3 + 3.3 − 2.7 pb (data)

LHC-HXSWG (theory) 4.5 arXiv:1507.04548 [hep-ex]

σ = 27.7 ± 3.0 + 2.3 − 1.9 pb (data)
LHC-HXSWG (theory) 20.3 arXiv:1507.04548 [hep-ex]

WW
σ = 51.9 ± 2.0 ± 4.4 pb (data)

MCFM (theory) 4.6 PRD 87, 112001 (2013)

σ = 71.4 ± 1.2 + 5.5 − 4.9 pb (data)
MCFM (theory) 20.3 ATLAS-CONF-2014-033

tt−chan
σ = 68.0 ± 2.0 ± 8.0 pb (data)

NLO+NLL (theory) 4.6 PRD 90, 112006 (2014)

σ = 82.6 ± 1.2 ± 12.0 pb (data)
NLO+NLL (theory) 20.3 ATLAS-CONF-2014-007

t̄t
σ = 182.9 ± 3.1 ± 6.4 pb (data), top++ NNLO+NNLL (theory) 4.6 Eur. Phys. J. C 74: 3109 (2014)

σ = 242.4 ± 1.7 ± 10.2 pb (data), top++ NNLO+NNLL (theory) 20.3 Eur. Phys. J. C 74: 3109 (2014)

σ = 829.0 ± 50.0 ± 100.0 pb (data), top++ NNLO+NLL (theory) 0.085 ATLAS-CONF-2015-049

Z
σ = 27.94 ± 0.178 ± 1.096 nb (data)

FEWZ+HERAPDF1.5 NNLO (theory) 0.035 PRD 85, 072004 (2012)

σ = 55532.0 ± 199.0 ± 5152.0 pb (data)
FEWZ + CT10NNLO (theory) 0.085 ATLAS-CONF-2015-039

W
σ = 94.51 ± 0.194 ± 3.726 nb (data)

FEWZ+HERAPDF1.5 NNLO (theory) 0.035 PRD 85, 072004 (2012)

σ = 179194.0 ± 212.0 ± 17594.0 pb (data)
FEWZ + CT10NNLO (theory) 0.085 ATLAS-CONF-2015-039

pp σ = 95.35 ± 0.38 ± 1.3 mb (data)
COMPETE RRpl2u 2002 (theory) 8×10−8 Nucl. Phys. B, 486-548 (2014)

σ [pb]
10−5 10−4 10−3 10−2 10−1 1 101 102 103 104 105 106 1011

data/theory
0.5 1 1.5 2

Theory

LHC pp
√
s = 7 TeV

Data
stat
stat+syst

LHC pp
√
s = 8 TeV

Data
stat
stat+syst

LHC pp
√
s = 13 TeV

Data
stat
stat+syst

Standard Model Total Production Cross Section Measurements
Status:
Nov 2015

ATLAS Preliminary

Run 1,2
√
s = 7, 8, 13 TeV
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Measurement of B0
s → J/ψφ decay properties

Analysis uses �opposite side tagging� calibrated with B± → J/ψK±

I Method uses observables on the �opposite side� of the event to the

B0
s candidate

I Observables include charge of tracks within a b-tagged jet or cone

around µ/e on opposite side of event

I Distributions used to built per-candidate Bs tag probability

(untagged events assigned probability of 0.5)

µ
­Q
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d
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Study of B0
s → µµ and B0 → µµ decays

B± yield extraction
E

v
e

n
ts

 /
 2

5
 M

e
V

0

2000

4000

6000

8000

10000

12000

14000

16000
ATLAS 2012 data

Total fit result
+

 Kψ J/→ 
+

B
PRD
Combinatorial bkg.

+
π ψ J/→ 

+
B

­1 = 8 TeV, 2.7 fbs

 [MeV]+
 KψJ/m

5000 5100 5200 5300 5400 5500 5600

P
u
ll

­5

0

5

J/ψK + invariant mass

I B± → J/ψK± and

B± → J/ψπ± yields are

simultaneously extracted →
Measure their BRs ratio

I Ratio is the weighted average of

the ratios in the 4 trigger

categories

Category NJ/ψK+ NJ/ψπ+

T1 46 860± 290± 280 1 420± 230± 440
T2 5 200± 84± 100 180± 51± 89
T3 2 512± 91± 42 85± 77± 30

2011 95 900± 420± 1 100 3 000± 340± 1 140

.

B(B+→J/ψπ+)
B(B+→J/ψK +) = 0.035± 0.003± 0.012

World average: 0.040± 0.004
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Lepton Flavour Violating Higgs decays

Z → µτhad

Background sources:

W+jets, t, tt̄, Z → ττ + jets, Z → µµ+ jets, Diboson, QCD, H → ττ
(new w.r.t. H → eτhad)

Trigger and topology:

Single muon (pT > 24 GeV). µ and τ are back to back. One ν collinear with
the τhad

SR and CR de�nition based on m
(e,E miss

T )
T and m

(τhad ,E
miss
T )

T :

Cut SR1 SR2 WCR TCR

pT(µ) >30 GeV >30 GeV >30 GeV >30 GeV
pT(τhad) >30 GeV >30 GeV >30 GeV >30 GeV

|η(µ)− η(τhad)| <2 <2 <2 <2

m
µ,Emiss

T

T >30 GeV and <75 GeV <30 GeV >60 GeV –

m
τhad,E

miss
T

T <20 GeV <45 GeV >40 GeV –
Njet – – – >1
Nb−jet 0 0 0 >0
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Lepton Flavour Violating Higgs decays

Z → µτhad results

Br(Z → µτ)[10−5] SR1 SR2 Combined

Expected limit 2.6+1.1
−0.7 6.4−1.8

+2.8 2.6+1.1
−0.7

Observed limit 1.5 7.9 1.7
Best fit −2.1+1.2

−1.3 2.6+2.9
−2.6 −1.6+1.3

−1.4
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ttH combination results
Log-likelihood contours of κF vs. κV

V
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ATLAS SM
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b, bττ, WW, ZZ, γγ→H, Htt

­1
 = 7 TeV,  4.5 fbs

­1
 = 8 TeV,  20.3 fbs

Capri, June 11-13, 2016 A. Boldyrev (Udine Univ.) 51/66



N
ot

re
vi

ew
ed

,f
or

in
te

rn
al

ci
rc

ul
at

io
n

on
ly

t-channel single top anomalous Wtb couplings

Analysis strategy:

I Event selection:

I 1 isolated lepton, pT > 25 GeV, |η| < 2.47;
excludes 1.37 < |η(e)| < 1.52 and |η(µ)| < 2.5

I 2 jets, pT > 30 GeV, |η| < 4.5;
or pT > 35 GeV in 2.75 < |η(e)| < 3.5; ∆R(j , `) > 0.2

I 1 b-tagged jet (@55% e�.)

I Emiss
T > 30 GeV

I mT (`,Emiss
T ) > 30 GeV

I p`T >40 GeV
(
1− π−∆φ(j1,`)

π−1
)

I Background: tt̄, single top, diboson, Z+jets, W+jets
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Search for t → Hq

H →WW ∗, H → ττ search: analysis strategy

I Reinterpretation of tt̄H
multileptons (see

arXiv:1506.05988)

I Event categories:
I 2`0τhad :

sensitive to
tt̄ →WbHq → `±`±qqqb2ν
(ee, eµ, µµ) × (4 j, ≥5 j)

I 3`:
sensitive to
tt̄ →WbHq → `±`±`∓qb3ν

I 2`01τhad :
sensitive to
tt̄ →WbHq → `±`±τ∓qb3ν
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Search for t → Hq

H →WW ∗, H → ττ search: results

Best-�t branching ratios:

B(t → Hc) =
[0.28+0.18

−0.17(stat.)+0.22
−0.19(syst.)]%

(assuming B(t → Hu) = 0)

B(t → Hu) =
[0.23+0.19

−0.18(stat.)+0.23
−0.20(syst.)]%

(assuming B(t → Hc) = 0)
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Search for single t-quark production via FCNC

Important discriminating variables in Control (top) and Signal (bottom) regions
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Higgs couplings results
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Higgs couplings from ATLAS & CMS

Based on event rates from all accessible combinations of Higgs

productions and decays

Assuming a single Higgs state with the SM tensor structure,

mH = 125.09± 0.21(stat.)± 0.11(syst.)

Parameter value
0 0.5 1 1.5 2 2.5 3 3.5 4

µ

ttH
µ

ZH
µ

WH
µ

VBF
µ

ggF
µ

 Run 1LHC
 PreliminaryCMS  and ATLAS ATLAS

CMS
ATLAS+CMS

σ 1±
σ 2±

Production modes, µdecay = 1

Parameter value
0 0.5 1 1.5 2 2.5 3 3.5 4

bbµ

ττµ

WWµ

ZZµ

γγµ

 Run 1LHC
 PreliminaryCMS  and ATLAS ATLAS

CMS

ATLAS+CMS

σ 1±

Decay modes, µprod = 1

Parameter value
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

BSMBR

γκ

gκ

bκ

τκ

tκ

Wκ

Zκ

 Run 1LHC
 PreliminaryCMS  and ATLAS

 1≤ Vκ
=0BSMBR

σ 1±
σ 2±

Test BSM in loops:

Global signal strength for production and decay modes

µ = 1.09± 0.07stat. ± 0.04exp.syst. ± 0.03th.bkg. ± 0.07th.signal kV ≤ 1
BRBSM ≤ 34%

95% CL

or H BRBSM = 0
SM p-value

11%
ATLAS-CONF-2015-044, CMS-PAS-HIG-15-002
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Higgs couplings from ATLAS & CMS

Using gg → H → ZZ as a reference:

σprod × BRdecay = σ(gg → H → ZZ )× σprod

σggF
× BRdecay

BRZZ

I The most model-independent results

I Insensitive to theory
uncertainty on inclusive σprod

I Independent of the total
Higgs width

I p-value in 16% compatibility with the
SM

I σttH/σggF : 2.4σ excess over SM
prediction, mainly due to ttH,
H → multi-lepton events

I BRbb/BRZZ : 2.5σ de�cit w.r.t. SM.
Pulled down by excesses in σttH/σggF

and σZH/σggF
Parameter value norm. to SM prediction

-1 0 1 2 3 4 5 6

ZZ/BRbbBR

ZZ/BRττBR

ZZ/BR
γγ

BR

ZZ/BRWWBR

ggFσ/ttHσ

ggFσ/ZHσ

ggFσ/WHσ

ggFσ/VBFσ
ZZ)→H
→(ggσ

 Run 1LHC
 PreliminaryCMS  and ATLAS ATLAS

CMS
ATLAS+CMS

σ 1±
σ 2±

Th. uncert.
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Higgs couplings from ATLAS & CMS
Coupling modi�ers in the κ-framework

σprod × BRdecay =
σprod (~κ)·Γdecay (κ)

ΓH
, where κ2prod =

σprod

σSM
prod

, κ2decay =
Γprod

ΓSM
prod

and ΓH =
κ2H ΓSM

H
1−BRBSM

κ denotes the modi�cation of the SM coupling related to the physics beyond the SM

Particle mass [GeV]

1−10 1 10 210

vV
m  V

κ
  o

r  
vF

m  F
κ

4−10

3−10

2−10

1−10

1
Z

W

t

b
τ

µ

ATLAS and CMS
LHC Run 1 Preliminary

Observed
SM Higgs boson
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t → qH(γγ)
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Search for t → qH(γγ)

Flavour Changing Neutral Current (FCNC) involving light u, c quarks are
highly suppressed in the Standard Model (GIM mechanism)

Analysis strategy:

I Search in pp → tt̄: one of the top decays to cH, the other decays to Wb

I Besides from the standard H → γγ inclusive selection

I Two high pT (30/40 GeV/c) isolated photons (tight identi�cation
criteria)

I Add cuts on jets and invariant masses to fully reconstruct the �nal
state

I One b-tagged jet + 3 jets: hadronic channel (at 7 and 8 TeV)

I One jet + lepton (e/µ), a neutrino and a b-tagged jet: leptonic channel
(8 TeV only)

JHEP06(2014)008 (June 2014)
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Search for t → qH(γγ)

Hadronic channel

Invariant mass distributions for all selected events before mass cut:
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(a): γγj (b-tagged)
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Search for t → qH(γγ)

Hadronic channel
E�ciency for t → cH signal simulation and number events for data:

t → cH (%) Data (events)

7 TeV 8 TeV 7 TeV 8 TeV

γγ selection 34.5 34.2 23683 118500
Njets ≥ 4 15.2 15.1 227 1349
Mass requirements 5.9 6.1 36 210
At least 1 b-tag 4.2 ± 0.1 4.0 ± 0.1 7 43
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mγγ invariant mass distribution
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Search for t → qH(γγ)

Leptonic channel

Missing transverse energy Emiss
T and transverse mass mT distributions of

the W candidates:
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(a): γγj (b-tagged)
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Search for t → qH(γγ)

Leptonic channel
Invariant mass distributions for all selected events before mass cut, and without
b-tagging requirement:
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t → cH tt̄ & W (γ) Sγγj→` Data
(%) Events

γγ selection 34.9 313.7 � 118500
1 lepton 6.0 21.8 188.2 210
Njets ≥ 2, mT > 30 GeV 3.8 3.4 18.8 30
Mass requirements 1.9 1.2 3.5 4
At least 1 b-tag 1.3 ± 0.1 0.9±0.5 0.5±0.2 1
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Search for t → qH(γγ)

Evolution of CLs as a function of the branching fraction B of the t to qH
decay for the observation of a signal at 125.5 GeV

qH → tB
0 0.002 0.004 0.006 0.008 0.01 0.012 0.014

s
C

L

-210

-110

1
ATLAS

s = 8 TeV√, 
-1

L dt = 20.3 fb∫
s = 7 TeV√, 

-1
L dt =  4.7 fb∫

Observed
Expected

σ 1 ±
σ 2 ±

B(t → qH) < 0.79% observed at 95% CL (0.51% expected)
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