
	   	  	  Higgs Boson Width 

•  The	  event	  yield	  for	  each	  produc-on	  ×	  decay	  mode:	  
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Table 4: The best-fit results for independent signal strengths corresponding to the four main
production processes, ggH, VBF, VH, and ttH. These results assume the relative values of the
branching fractions to be those of the SM.

Parameter Best-fit result (68% CL)
µggH 0.85+0.19

�0.17
µVBF 1.15+0.37

�0.35
µVH 1.00+0.40

�0.40
µttH 2.93+1.04

�0.97

4.3.2 Compatibility of the observed data with the SM Higgs boson couplings

Following the framework laid out in Ref. [27], the event yield in a given (production)⇥(decay)
mode is assumed to be related to the production cross section and the partial and total Higgs
boson decay widths via the following equation:

(s · B) (x ! H ! ff ) =
sx · Gff

Gtot
, (6)

where sx is the production cross section through the initial state x (x includes ggH, VBF, WH
and ZH, and ttH); Gff is the partial decay width into the final state ff , such as WW, ZZ, bb, tt,
or gg; and Gtot is the total width of the Higgs boson.

In particular, sggH, Ggg, and Ggg are generated by loop diagrams and are directly sensitive
to the presence of new physics. The possibility of Higgs boson decays to particles beyond
the standard model (BSM), with a partial width GBSM, is accommodated by keeping Gtot as a
dependent parameter so that Gtot = Â Gff +GBSM, where the Â Gff stands for the sum over partial
widths for all accessible decays to pairs of SM particles. The partial widths are proportional to
the squares 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, we introduce coupling modifiers, denoted by scale factors ki, and fit for these
parameters [27]. Here i can stand for V (vector bosons), W (W boson), Z (Z boson), f (fermions),
` (leptons), q (quarks), u (up-type leptons and quarks), d (down-type leptons and quarks), b
(b quarks), t (top quark), t (tau lepton), g (gluon, i.e., not resolving the loop), g (photon, i.e.,
not resolving the loop). Significant deviations of any k from unity would imply new physics
beyond the SM Higgs boson hypothesis.

The size of the current data set is insufficient to fully quantify all eight phenomenological pa-
rameters defining the Higgs boson production and decay rates. Therefore, we present a range
of combinations with fewer degrees of freedom where the remaining unmeasured degrees of
freedom are either constrained to be equal to the SM Higgs boson expectations or profiled in
the likelihood scans together with all other nuisance parameters.

The mass is fixed to the measured value of 125.0 GeV. Since results for the individual chan-
nels are based on different assumed values of the mass, differences should be expected when
comparing the results from the individual channels and those in this combination.

Test of custodial symmetry In the SM, the Higgs sector possesses a global SU(2)L ⇥ SU(2)R
symmetry, which is broken by the Higgs vacuum expectation value down to the diagonal sub-
group SU(2)L+R. As a result, the tree-level ratios between the W and Z boson masses, mW/mZ,
and their couplings to the Higgs boson, gW/gZ, are protected against large radiative correc-
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-‐  Par-al	  decay	  width	  into	  ff	  final	  state	  (ZZ,	  WW,	  bb,	  γγ,	  ττ,	  …)	  

•  Direct	  measurement	  of	  the	  width	  is	  limited	  by	  the	  resolu-on	  of	  the	  detector	  	  
	  response	  to	  photons,	  	  electrons,	  muons,	  jets,	  ..	  
	  H-‐>γγ:	  	  	  	  	  	  	  5.0	  GeV	  	  95%	  CL	  upper	  limit	  on	  width	  from	  observed	  mass	  spectrum	  
	   	   	   	  	  	  	  	  	  	  	  	  	  	  -‐	  assumes	  no	  interference	  with	  background	  
	  H-‐>ZZ*	  	  	  	  	  	  2.6	  GeV	  95%	  CL	  upper	  limit	  
	   	   	   	   	  	  	  -‐	  measurement	  resolu-on	  different	  for	  each	  lepton.	  
	   	   	   	   	  	  	  For	  each	  event	  4-‐lepton	  mass	  is	  obtained	  by	  convolu-on	  	  
	   	   	   	   	  	  	  	  of	  detector	  response	  with	  Breit-‐Wigner	  func-on.	  	  
	   	   	   	   	  	  	  No	  Z-‐mass	  constraint	  applied.	   	  	  

New	  idea	  –	  	  interference	  between	  Higgs	  signal	  and	  SM	  background	  
	  

SM	  expectaBon	  	  	  	  	  	  	  	  	  Γtot=	  4.15	  MeV	  	  for	  	  MH=125	  GeV	  

1	  



	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Interference	  for	  Higgs	  -‐>	  γγ	  
S.P.	  Mar-n,	  arXiv:1208.1533(2012)	  
L.J.Dixon,Y.Li,	  arXiv:	  1305.3854(2013)	  
F.Coradeschi	  et	  al.,	  arXiv:1504.05215(2015)	  

	  
•  Destruc-ve	  interference	  between	  H-‐>γγ	  signal	  and	  con-nuum	  background	  	  

	  induces	  a	  shif	  of	  the	  mass	  peak.	  
•  Mass	  shif	  depends	  on	  Higgs	  pT,	  ΔMγγ=	  -‐120	  MeV	  at	  LO	  and	  -‐70	  MeV	  at	  NLO	  
	  	  	  	  	  	  	  	  	  

Destructive interference between Higgs signal and continuum background.
H→γγ (S. Martin, L. Dixon) 
Mass shift (depends on Higgs pT, maybe already interesting with 2-bin analysis.) 
ΔMγγ = -120MeV at LO and -70MeV at NLO for SM.
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Destructive interference between Higgs signal and continuum 
background.
H→γγ (S. Martin, L. Dixon), Mass shift (depends on Higgs pT) 
ΔMγγ = -120MeV at LO and ΔMγγ = -70MeV at NLO for SM.
No experimental results yet. Takes time ...
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De Florian et al., EPJ C73 (2013) 2387 

3	  Experimental	  result	  –	  shif	  of	  -‐35	  MeV	  



	  	  	  	  	  	  	  	  	   	  Interference for H -> 4l 
•  	  F.Caola,	  K.Melnikov,	  Phys.Rev.D88(2013)054024	  
•  N.Kauer,	  G.Passarino,	  	  JHEP08(2012)	  116	  
•  	  J.M.Campbel,	  R.K.Ellis,	  C.	  Williams,	  JHE04	  (2014)	  060,	  FERMILAB-‐PUB-‐13-‐508-‐T	  
	  

Off-‐shell	  Higgs	  boson	  signal	  strength	  is	  independent	  of	  the	  width,	  	  
while	  on-‐shell	  cross	  sec-on	  is	  propor-onal	  to	  1/Γtot	  
	  
	  
	  
	  
	  
On-‐resonance	  	  M2

4l	  ≅	 mH	  and	  σ	  ≈	  1/ΓH	  	  	  	  	  
Off-‐resonance	  the	  term	  (M2

4l	  –	  m2
H)	  in	  denominator	  is	  large	  -‐>	  width	  can	  be	  neglected.	  

	  

dσ (pp→ H → ZZ )
dM4l

2 ~
gHgg
2 gHZZ

2

(M4l
2 −mH

2 )2 +mH
2 ΓH

2

FIG. 1: Representative diagrams for the partonic processes considered in this paper.

proposal [13] exploits this to similarly constrain the total width. This latter method requires a
precise measurement of the shift in the mass (when compared to the results in other channels such
as ZZ) caused by the interference, to constrain the couplings of Higgs to photons and gluons. This
can then be used to constrain the total width given the form of the total cross section formula. An
alternative to these strategies is to combine experimental results across all Higgs boson production
and decay channels and apply extra constraints on individual Higgs boson couplings based on
theoretical arguments [14]. The method of ref. [14] currently provides rather stringent limits on
the Higgs boson width, ΓH

<∼ (3− 4)ΓSM
H , albeit with the caveat of mild theoretical assumptions.

In this paper we shall consider the hadronic production of four charged-leptons in the final
state. As we have already discussed, this proceeds both by the standard electroweak production1,

p+ p → Z/γ∗ + Z/γ∗

|
|

|→ µ− + µ+

|→ e− + e+

(2)

and by the mediation of a Higgs boson produced in the s-channel,

p+ p → H → ZZ
|
|

|→ µ− + µ+

|→ e− + e+ .

(3)

The underlying parton processes for the hadronic reactions in Eqs. (2) and (3) are shown in Table I,
(a)–(c), with representative Feynman diagrams depicted in Fig. 1. We shall refer to the amplitude

1 The extension to the case of identical leptons (4e or 4µ) is easy to implement. However the effects of this interference
are known to be small [15].

3

Use	  the	  raBo	  of	  signal	  and	  background	  cross	  secBons	  on	  and	  off	  
resonance	  to	  esBmate	  width.	  
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	   	   	  Interference for H -> 4l 
•  	  ATLAS:	  arXiv1503.01060	  (2015)	  

	  

Interference	  effects	  (signal-‐background)	  due	  to	  real	  part	  of	  the	  amplitudes	  
are	  nega-ve	  throughout	  whole	  mass	  region	  >	  2MV.	  

where g,o↵-shell(ŝ) and V,o↵-shell(ŝ) are the o↵-shell coupling scale factors associated with the gg ! H⇤
production and the H⇤ ! VV decay. Due to the statistically limited sensitivity of the current analysis,
the o↵-shell signal strength and coupling scale factors are assumed in the following to be independent
of ŝ in the high-mass region selected by the analysis. The o↵-shell Higgs boson signal cannot be treated
independently from the gg ! VV background, as sizeable negative interference e↵ects appear [7]. The
interference term is proportional to pµo↵-shell = g,o↵-shell · V,o↵-shell.

g

g

H⇤

V

V

t, b

(a)

V

V

g

g

q

(b)

q̄

q V

V

(c)

Figure 1: The leading-order Feynman diagrams for (a) the gg ! H⇤ ! VV signal, (b) the continuum gg ! VV
background and (c) the qq̄! VV background.

In contrast, the cross-section for on-shell Higgs production allows a measurement of the signal strength:

µon-shell ⌘
�gg!H!VV

on-shell

�gg!H!VV
on-shell, SM

=
2g,on-shell · 2V,on-shell

�H/�SM
H

, (2)

which depends on the total width �H . Assuming identical on-shell and o↵-shell Higgs couplings, the ratio
of µo↵-shell to µon-shell provides a measurement of the total width of the Higgs boson. This assumption is
particularly relevant to the running of the e↵ective coupling g(ŝ) for the loop-induced gg! H production
process, as it is sensitive to new physics that enters at higher mass scales and could be probed in the high-
mass mVV signal region of this analysis. More details are given in Refs. [12–16]. With the current
sensitivity of the analysis, only an upper limit on the total width �H can be determined, for which the
weaker assumption

2g,on-shell · 2V,on-shell  2g,o↵-shell · 2V,o↵-shell , (3)

that the on-shell couplings are no larger than the o↵-shell couplings, is su�cient. It is also assumed
that any new physics which modifies the o↵-shell signal strength µo↵-shell and the o↵-shell couplings
i,o↵-shell does not modify the predictions for the backgrounds. Further, neither are there sizeable kinematic
modifications to the o↵-shell signal nor new, sizeable signals in the search region of this analysis unrelated
to an enhanced o↵-shell signal strength [18, 24].

While higher-order quantum chromodynamics (QCD) and electroweak (EW) corrections are known for
the o↵-shell signal process gg ! H⇤ ! ZZ [25], which are also applicable to gg ! H⇤ ! WW, no
higher-order QCD calculations are available for the gg! VV background process, which is evaluated at
leading order (LO). Therefore the results are given as a function of the unknown K-factor for the gg! VV
background. QCD corrections for the o↵-shell signal processes have only been calculated inclusively in
the jet multiplicity. The experimental analyses are therefore performed inclusively in jet observables and
the event selections are designed to minimise the dependence on the boost of the VV system, which is
sensitive to the jet multiplicity.

3

signal	   	  background	   background	  

σ (i→ H → f ) =
σ i (κ j ) ⋅Γ f (κ j )

ΓH (κ j )

For	  zero-‐width	  approxima-on	  

κj	  	  	  -‐	  	  scale	  factor	  of	  the	  Higgs	  coupling	  to	  par-cles	  j,	  	  for	  SM	  	  	  κj	  =	  1	  
For	  off-‐shell	  measurement	  assume	  non-‐running	  coupling	  strength	  	  

σ off (i→ H ∗ → f ) ~κ i,off
2 ⋅κ f ,off

2

5	  



µoff −shell ≡
σ off −shell

gg→H∗→VV

σ SM ,off −shell
gg→H∗→VV

=κ goff −shell
2 ⋅κVoff −shell

2

µon−shell ≡
σ on−shell

gg→H→VV

σ SM ,on−shell
gg→H→VV =

κ g,on−shell
2 ⋅κV ,on−shell

2

ΓH ΓH
SM

µoff −shell

µon−shell

≅ ΓH
SM

ΓH

Interference for H -> 4l 
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Interference	  for	  H	  -‐>	  4l	  
	  

SimulaBon:	  gg	  -‐>	  H	  -‐>	  ZZ	  and	  gg	  -‐>	  ZZ	   Data:	  4	  lepton	  invariant	  mass	  

Region	  of	  expected	  interference	  

7	  



H	  à	  ZZ	  à2l2ν	  

arXiv:1503.01060	  

H	  à	  WW	  à	  eνμν	  

Higgs decays to 4 leptons including 2 neutrinos 
2	  neutrino	  present	  in	  the	  final	  state	  -‐>	  no	  reconstruc-on	  of	  the	  4	  lepton	  mass	  
-‐	  	  	  	  	  	  	  	  for	  ZZ	  use	  transverse	  mass	  mT

ZZ	  reconstructed	  from	  pTll	  and	  ETmiss	  

4.1. Event selection

As the neutrinos in the final state do not allow for a kinematic reconstruction of mZZ , the transverse mass
(mZZ

T ) reconstructed from the transverse momentum of the dilepton system (p``T ) and the magnitude of the
missing transverse momentum (Emiss

T ):

mZZ
T ⌘

s q
m2

Z +
���p``T

���2 +
q

m2
Z +

���Emiss
T

���2
!2

� ���p``T + Emiss
T

���2 , (8)

is chosen as the discriminating variable to enhance sensitivity to the gg! H⇤ ! ZZ signal.

The selection criteria are optimised to maximise the signal significance with respect to the main back-
grounds, which are ZZ, WZ, WW, top-quark, and W/Z+jets events, as described in Sect. 4.2. The impact
of the background uncertainty is considered in the significance calculation.

First, events with two oppositely charged electron or muon candidates in the Z mass window 76 GeV <
m`` < 106 GeV are selected. Events with a third lepton (e or µ) identified using looser identification
criteria for the electrons and a lower pT threshold of 7 GeV are rejected. A series of selection requirements
are necessary to suppress the Drell–Yan background, including: Emiss

T > 180 GeV; 380 GeV < mZZ
T <

1000 GeV; the azimuthal angle between the transverse momentum of the dilepton system and the missing
transverse momentum ��(p``T , E

miss
T ) > 2.5; and

����
���Emiss

T +
P

jet pjet
T

����p``T
����/p``T < 0.3. Events with a b-jet

with pT > 20 GeV and |⌘| < 2.5, identified by the MV1 algorithm [52, 53] with 70% tagging e�ciency,
are rejected to suppress the top-quark background. Finally, the selection on the azimuthal angle between
the two leptons ��`` < 1.4 is applied to select events with boosted Z bosons to further discriminate the
signal from the background.

4.2. Background estimation

The dominant background is qq̄ ! ZZ production, followed by qq̄ ! WZ production. Background
contributions from events with a genuine isolated lepton pair, not originating from a Z ! ee or Z ! µµ
decay, arise from the WW, tt̄, Wt, and Z ! ⌧⌧ processes. The remaining backgrounds are from Z ! ee or
Z ! µµ decays with poorly reconstructed Emiss

T , and from events with at least one misidentified electron
or muon coming from W+jets, semileptonic top decays (tt̄ and single top), and multi-jet events.

The qq̄! ZZ background is estimated in the same way as for the ZZ ! 4` analysis using the POWHEG-
BOX simulation as described in Sect. 2.3. The WZ background is also estimated with the simulation
(described in Sect. 2.3) and validated with data in a three-lepton control region. The observed number of
events in the control region for Emiss

T > 180 GeV(300 GeV) is 30 (3), whereas the predicted event yield is
22.9 ± 0.8 (3.4 ± 0.3). No significant di↵erence is observed between the data and simulation.

The WW, tt̄, Wt, and Z ! ⌧⌧ backgrounds are inclusively estimated with data assuming lepton flavour
symmetry in an eµ control region using a relaxed selection. The following equations show how these
backgrounds in the signal region can be estimated with eµ events:

Nbkg
ee =

1
2
⇥ Ndata,sub

eµ ⇥ ↵,

Nbkg
µµ =

1
2
⇥ Ndata,sub

eµ ⇥ 1
↵
,

(9)

10

-‐	  for	  WW	  use	  mT
WW	  	  to	  form	  a	  variable	  R8	  with	  pTνν	  is	  pTmiss	  obtained	  from	  tracks	  only	  
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Figure 4: Observed distribution of the ZZ transverse mass mZZ
T in the range 380 GeV < mZZ

T < 1000 GeV combining
the 2e2⌫ and 2µ2⌫ channels, compared to the expected contributions from the SM including the Higgs boson (stack).
The first bin only contains events in the range 380 GeV < mZZ

T < 400 GeV. The hatched area shows the combined
statistical and systematic uncertainties. The dashed line corresponds to the total expected event yield, including
all backgrounds and the Higgs boson with µo↵-shell = 10. A relative gg ! ZZ background K-factor of RB

H⇤=1 is
assumed.

5.1. Event selection

As with the ZZ ! 2` 2⌫ channel, the neutrinos in the final state do not allow for a kinematic reconstruction
of mVV . Thus a transverse mass (mWW

T ) is calculated from the dilepton system transverse energy (E``T ),
the vector sum of lepton transverse momenta (p``T ), and the vector sum of neutrino transverse momenta
(p⌫⌫T ), measured with pmiss,track

T :

mWW
T =

r
⇣
E``T + p⌫⌫T

⌘2 � ���p``T + p⌫⌫T
���2, where E``T =

q�
p``T
�2
+
�
m``
�2. (10)

The transverse mass is modified compared to the definition in Eq. (8) as the neutrinos do not come from
the same parent particle, and there is no mZ constraint.

In order to isolate the o↵-shell Higgs boson production while minimising the impact of higher-order QCD
e↵ects on gg! WW kinematics, a new variable, R8, is introduced:

R8 =

r
m2
`` +
⇣
a · mWW

T

⌘2
. (11)

Both the coe�cient a = 0.8 and the requirement R8 > 450 GeV are optimised for o↵-shell signal sensit-
ivity while also rejecting on-shell Higgs boson events, which have relatively low values of m`` and mWW

T .
The predicted on-shell signal contamination is 0.04 ± 0.03 (stat.) events. The MV1 algorithm, at 85%
e�ciency, is used to reject b-jets with pT > 20 GeV and |⌘| < 2.4 in order to reject backgrounds con-
taining top quarks. A more e�cient working point for b-jet tagging is used compared to the ZZ ! 2` 2⌫
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The first bin only contains events in the range 380 GeV < mZZ

T < 400 GeV. The hatched area shows the combined
statistical and systematic uncertainties. The dashed line corresponds to the total expected event yield, including
all backgrounds and the Higgs boson with µo↵-shell = 10. A relative gg ! ZZ background K-factor of RB

H⇤=1 is
assumed.

5.1. Event selection

As with the ZZ ! 2` 2⌫ channel, the neutrinos in the final state do not allow for a kinematic reconstruction
of mVV . Thus a transverse mass (mWW

T ) is calculated from the dilepton system transverse energy (E``T ),
the vector sum of lepton transverse momenta (p``T ), and the vector sum of neutrino transverse momenta
(p⌫⌫T ), measured with pmiss,track

T :

mWW
T =

r
⇣
E``T + p⌫⌫T

⌘2 � ���p``T + p⌫⌫T
���2, where E``T =

q�
p``T
�2
+
�
m``
�2. (10)

The transverse mass is modified compared to the definition in Eq. (8) as the neutrinos do not come from
the same parent particle, and there is no mZ constraint.

In order to isolate the o↵-shell Higgs boson production while minimising the impact of higher-order QCD
e↵ects on gg! WW kinematics, a new variable, R8, is introduced:

R8 =

r
m2
`` +
⇣
a · mWW

T

⌘2
. (11)

Both the coe�cient a = 0.8 and the requirement R8 > 450 GeV are optimised for o↵-shell signal sensit-
ivity while also rejecting on-shell Higgs boson events, which have relatively low values of m`` and mWW

T .
The predicted on-shell signal contamination is 0.04 ± 0.03 (stat.) events. The MV1 algorithm, at 85%
e�ciency, is used to reject b-jets with pT > 20 GeV and |⌘| < 2.4 in order to reject backgrounds con-
taining top quarks. A more e�cient working point for b-jet tagging is used compared to the ZZ ! 2` 2⌫

12

8	  



Interference for H -> 4l: Likelihood fits 
	  

H-‐>ZZ-‐>4l	   H-‐>ZZ-‐>2l2ν	   H-‐>WW-‐>eνμν	  

Combined	  observed	  and	  
expected	  95%	  upper	  limits	  

ATLAS	  
ΓH	  <	  22.7	  MeV	  (observed)	  
ΓH	  <	  33.0	  MeV	  (expected)	  

9	  



Interference for H à4l - comments 
	  

ATLAS	  
ΓH	  <	  22.7	  MeV	  (observed)	  
ΓH	  <	  33.0	  MeV	  (expected)	  
CMS	  
ΓH	  <	  22	  MeV	  (observed)	  	  
ΓH	  <	  33	  MeV	  (expected)	  

•  Similar	  results	  for	  ATLAS	  and	  CMS	  
•  Similar	  sensi-vity	  for	  Higgs	  decays	  to	  4	  charged	  leptons	  and	  to	  llνν	  
•  Assump-on	  -‐	  couplings	  are	  independent	  of	  energy	  scale	  	  

	  -‐	  on-‐shell	  coupling	  and	  off-‐shell	  couplings	  are	  the	  same	  

-‐>	  	  7÷8	  -mes	  Standard	  Model	  expecta-on	  

Ques-on	  to	  theory	  experts:	  Do	  we	  understand	  phases	  of	  the	  amplitudes	  involved	  here	  ?	  
10	  



Physics	  studies	  organiza-on	  in	  ATLAS	  
	  	  	  	  	  	  	  (not	  everything	  is	  about	  Higgs)	  	  

Groups	  
	  
	  
Standard	  Model	  
B	  Physics	  
Top	  Physics	  
Higgs	  
Supersymmetry	  
Exo-cs	  
Heavy	  Ions	  
Monte	  Carlo	  

Combined	  Performance	  	  	  
SimulaBon	  and	  StaBsBcs	  
	  
e/gamma	  
muon	  
tau	  
jet/Etmiss	  
tracking	  
flavor	  tagging	  
simula-on	  
sta-s-cs	  
astropar-cles	  

Detector	  systems	  
compuBng,	  luminosity	  
	  
Overall	  ATLAS	  
Pixel	  tracker	  
Semiconducter	  tracker	  (SCT)	  
Transi-on	  radia-on	  tracker	  (TRT)	  
Inner	  detector	  combined	  
LAr	  calorimeter	  
Tile	  calorimeter	  
Muon	  spectrometer	  
Forward	  detectors	  
Trigger	  
Data	  acquisi-on	  
Detector	  control	  and	  safety	  
Luminosity	  
Event	  display	  
	  



Standard	  Model	  
Theory	  of	  electromagne-c,	  weak	  and	  strong	  interac-ons	  that	  also	  includes	  
the	  classifica-on	  of	  all	  known	  subatomic	  par-cles.	  
	  

Ma~er	  content	   fermions	  
	  	  	  	  	  	  6	  quarks	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  x	  3	  colors	  
	  	  	  	  	  	  3	  neutrinos	  	  
	  	  	  	  	  	  3	  charged	  leptons	  	  	  	  	  	  	  	  	  	  	  
	  	  	  	  	  	  	  
	  
	  
gauge	  bosons	  
	  	  	  	  	  8	  gluons	  
	  	  	  	  	  W+,	  W-‐,	  Z	  
	  	  	  	  	  photon	  
	  
Higgs	  boson	  
	  
Total:	  	  61	  dis-nct	  fundamental	  
objects	  

an-par-cles	  

x	  2	  



Theore-cal	  aspects	  of	  SM	  

Quantum	  Field	  Theory	  -‐	  Lagrangian	  	  controls	  the	  kinema-cs	  and	  dynamics	  
•  	  start	  by	  postula-ng	  symmetry	  
•  write	  down	  the	  Lagrangian	  from	  par-cles	  and	  fields	  that	  observe	  these	  symmetries	  
	  
All	  quantum	  filed	  theories	  sa-sfy	  global	  Poincare	  symmetry:	  transla-onal	  symmetry,	  	  
rota-onal	  symmetry	  and	  invariance	  of	  iner-al	  reference	  frame.	  
Poincare	  symmetry	  gives	  us	  the	  momentum,	  energy	  and	  angular	  momentum	  	  
conserva-on	  laws.	  
	  
Standard	  Model	  also	  has	  an	  internal	  –	  local	  –	  symmetry	  	  SU(3)	  x	  SU(2)	  x	  U(1)	  	  
The	  three	  factors	  give	  rise	  to	  strong,	  electromagne-c	  and	  weak	  interac-ons.	  



Quantum	  chromodynamics	  -‐	  symmetry	  group	  SU(3)	  
	  	  	  	  	  QCD	  –	  describes	  interac-ons	  between	  quarks	  and	  gluons	  with	  the	  Lagrangian	  

LQCD = iU(∂µ − igsGµ
aT a )γ µU + iD(∂µ − igsGµ

aT a )γ µD
G	  is	  the	  SU(3)	  gauge	  field	  containing	  the	  gluons	  
D	  and	  U	  are	  the	  Dirac	  spinors	  associated	  with	  up	  and	  down	  type	  quarks	  
γ	  are	  the	  Dirac	  matrices	  
g	  is	  the	  strong	  coupling	  constant	  	  
T	  generates	  SU(3)	  symmetry	  

Electroweak	  sector	  –	  symmetry	  group	  U(1)	  x	  SU(2)L	  

LEW = ψ
ψ
∑ γ µ (i∂µ − g '

1
2
YWBµ − g

1
2
τ L
!"!
Wµ

! "!!
)ψ

B	  is	  the	  U(1)	  gauge	  field	  
Y	  is	  the	  weak	  hypercharge	  genera-ng	  U(1)	  group	  
W	  is	  the	  three	  component	  SU(2)	  gauge	  field	  
τ	  are	  the	  Pauli	  matrices	  genera-ng	  SU(2)	  group	  and	  ac-ng	  only	  on	  lef-‐handed	  fermions	  
g	  are	  coupling	  constants	  



	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Higgs	  sector	  (SM)	  
Higgs	  is	  a	  complex	  scalar	  of	  the	  group	  SU(2)L	  

ϕ = 1
2

ϕ +

ϕ 0

⎛

⎝
⎜
⎜

⎞

⎠
⎟
⎟

Before	  the	  symmetry	  breaking	  the	  Higgs	  Lagrangian	  is	  

LH =ϕ⊗ ∂µ − i
2
g 'YWB

µ + g
!
τ
!
W µ( )⎛

⎝⎜
⎞
⎠⎟ ∂µ +

i
2
g 'YWBµ + g

!
τ
!
Wµ( )⎛

⎝⎜
⎞
⎠⎟ϕ − λ 2

4
ϕ⊗ϕ −υ 2( )2

The	  electroweak	  symmetry	  would	  lead	  to	  all	  gauge	  bosons	  being	  massless.	  
Contrary	  to	  observa-on	  	  à	  W+,	  W-‐	  and	  Z	  are	  massive.	  
Spontaneous	  symmetry	  breaking	  generates	  massive	  W	  and	  Z	  bosons	  while	  the	  photon	  	  
remains	  massless.	  	  
Spontaneous	  braking	  –	  Lagrangian	  obeys	  symmetry	  but	  the	  lowest-‐energy	  solu-ons	  	  
do	  not	  exhibit	  that	  symmetry	  



Higgs	  mechanism	  
	  
•  In	  the	  standard	  model,	  the	  Higgs	  field	  is	  an	  SU(2)	  doublet,	  a	  complex	  scalar	  

with	  four	  real	  components	  (or	  equivalently	  with	  two	  complex	  components).	  
•  Its	  weak	  hypercharge	  U(1)	  is	  1.	  (electric	  charge	  is	  0)	  
•  It	  transforms	  as	  a	  spinor	  under	  SU(2).	  
•  Under	  U(1)	  rota-ons	  it	  is	  mul-plied	  by	  a	  phase	  that	  mixes	  real	  and	  imaginary	  

parts	  of	  the	  complex	  spinor.	  



Recent	  Standard	  Model	  results	  from	  ATLAS	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Miami	  	  	  December	  2015	  



	  B±	  mass	  reconstrucBon	  at	  13	  TeV	  
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Elegant	  test	  of	  the	  quality	  of	  tracking	  and	  momentum	  calibraBon	  at	  low	  pT.	  
	   	   	   	   	  	  	  	  	  	  	  	  	  B±	  à	  J/ψ(μ+μ-‐)	  K±	  

	  

Muon	  momentum	  determined	  by	  inner	  detector,	  pT	  >	  4	  GeV.	  
Mass	  of	  opposite-‐sign	  muon	  pairs	  in	  mass	  range	  2.6	  –	  3.6	  GeV	  fixed	  to	  J/ψ	  mass.	  
Third	  track	  with	  pT	  >	  3	  GeV	  is	  added	  with	  K	  mass	  assumpBon.	  	  
Track	  triplet	  figed	  with	  unbinned	  maximum-‐likelihood	  funcBon	  including	  	  
	  	  	  	  	  background	  due	  to	  π/K	  misidenBficaBon	  in	  16	  intervals	  of	  η.	  

ATLAS	  	  	  	  	  	  	  	  	   	   	   	  m(B±)	  =	  5279.38	  ±	  0.11	  (stat)	  ±	  0.22	  (fit	  syst)	  MeV	  
LHCb 	   	   	   	  m(B±)	  =	  5279.38	  ±	  0.11(stat)	  ±	  0.33	  (syst)	  MeV	  
World	  Average	  	  	  	  	  	  	  	  	  	  	  	  m(B±)	  =	  5279.29	  ±	  0.15	  (stat)	  	  MeV	  

ATLAS-‐CONF-‐2015-‐064	  

the entire rapidity interval, which is shown in Figure 2, right. A B± mass value of 5279.31 ± 0.11 MeV is
determined using the weighted mean of the mass values obtained from the individual fits to each rapidity
interval, where the error is statistical only.

)±Kψy(J/

3− 2− 1− 0 1 2 3

 [
M

e
V

]
)

±
K

ψ
(J

/
m

δ

0

10

20

30

40

50

60

ATLAS Preliminary
-1=13 TeV, L=3.2 fbs

Figure 1: Per-candidate mass errors for B± ! J/ K± as a function of y. These errors are calculated from track
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of the fit. (Right) Mass of the B± ! J/ K± for the entire rapidity sample. The fit functions are constructed as
a weighted sum of the individual fits in y bins. The blue line shows the total fit, the green area shows the signal
component; while the blue area shows the contribution from B± ! J/ ⇡± decays. The total background is shown
as a red dashed line and the red area is a background contributions of partially reconstructed B-hadrons decaying to
J/ X , where one hadron was reconstructed while others escaped the reconstruction.

Analogously the fits are applied to B± ! J/ K± mass candidates after applying a selection cut on the
transverse decay length, L

xy

> 0.2 mm. The results are shown in Figure 3. The value of the extracted B±

mass is 5279.34 ± 0.09 MeV, where the error is statistical only.

Our two results in Table 2, the B± mass extracted from events with and without an L
xy

cut, are consistent
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> 0.2 mm. The results are shown in Figure 3. The value of the extracted B±

mass is 5279.34 ± 0.09 MeV, where the error is statistical only.
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	  SM	  Higgs	  Boson	  
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Hint	  in	  2011,	  Discovery	  publicaBon	  in	  2012	  

Scene	  repeated	  in	  hundreds	  of	  places	  

Spring	  2015	  	  -‐	  	  CompleBon	  of	  analyses	  of	  Run1	  data	  at	  7/8	  TeV	  	  
H-‐>4l	  	  	  	  mH	  =	  124.51	  ±	  0.52	  (stat)	  ±	  0.04	  (syst)	  GeV	  
H-‐>γγ	  	  	  mH	  =	  126.02	  ±	  0.43	  (stat)	  ±	  0.27	  (syst)	  GeV	  
ATLAS	  +	  CMS	  combinaBon	  
mH	  =	  125.09	  ±	  0.21	  (stat.)	  ±	  0.11	  (syst.)	  GeV	  
	  
Spin/Parity	  -‐	  	  consistent	  with	  	  	  JP	  =	  0+	  
Cross	  SecBon/Couplings	  –	  many	  tests	  carried	  out	  
	  -‐>Consistent	  with	  mass	  dependence	  expected	  	  	  
	  	  	  	  	  in	  the	  Standard	  Model	  	  
DifferenBal	  cross	  secBon	  pT	  distribuBons	  have	  been	  
	  measured	   ATLAS-‐CONF-‐2015-‐044	  



H-‐ZZ*-‐>4l	  	  	  	  	  fiducial	  cross	  secBon	  (low	  mass)	  
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4	  final	  states:	  4μ,	  2e2μ,	  2μ2e,	  4e	  
Largest	  backgrounds:	  ZZ*,	  Z+jets,	  ~bar	  

Acceptance	   Detector	  correcBon	  factor	  

muons:	  	   	   	   	  pT	  >	  6	  GeV,	  	  |η|	  <	  2.7	  
electrons:	  	   	   	  pT	  >	  7	  GeV,	  |η|	  <	  2.47	  
leading	  lepton:	   	  	  pT	  >	  20	  GeV	  
masses:	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	  50	  <m12<	  106	  GeV	  ;	  	  12	  <m34<	  115	  GeV	  

	   	   	   	  118	  <	  m4l	  <	  129	  GeV 	  	  

Event	  selecBon	  –	  main	  cuts	  

Background	  es-mates	  
	  	  	  -‐	  ZZ*	  con-nuum	  from	  simula-on	  
	  	  	  -‐	  reducible	  background	  from	  fit	  to	  	  
	  	  	  	  	  data	  in	  control	  regions	  enriched	  in	  	  
	  	  	  	  	  Z	  +	  heavy/light	  flavor	  or	  ~bar.	  

ATLAS-‐CONF-‐2015-‐059	  
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Figure 7: Fiducial acceptance factors (a) and detector correction factors (b) for mH = 125.09 GeV at
p

s = 13 TeV
for di↵erent production modes and separated by final state. Uncertainties are statistical only.

e↵ects. The factors are shown in Fig. 7(b) for the four final states and as a function of the production mode
for
p

s = 13 TeV. The lower e�ciency for the ttH production mode is due to the isolation requirement and
the higher jet activity. The inclusive detector correction factors averaged over final states and production
modes are also given in Table 8 for

p
s = 7 TeV, 8 TeV and 13 TeV.

Table 8: Summary of the inclusive acceptance factors (A) and the inclusive detector correction factors (C) in % as
a function of the centre-of-mass-energy and assuming mH = 125.09 GeV. Uncertainties are statistical only. The
systematic uncertainties are given in Table 9

.

p
s [ TeV]

7 8 13
A [%] 46.67 ± 0.23 45.98 ± 0.14 42.74 ± 0.24
C [%] 51.89 ± 0.36 55.32 ± 0.24 52.71 ± 0.45

7.1. Systematic uncertainties

The systematic uncertainties on the cross section measurements are divided into those related to the
extraction of the signal yield, those a↵ecting the detector correction factors and those that need to be
considered for the acceptance factors.

7.1.1. Signal extraction uncertainties

Systematic uncertainties on the signal yield arise from the background subtraction. The reducible back-
ground estimates are extracted with a precision of 25% for ``+ee and 33% for the ``+µµ final states. The
larger uncertainty in the `` + µµ final states comes from the limited statistics in extracting the simulation-
based extrapolation factor for the Z+light-flavour jet component.

For the dominant ZZ⇤ background the main systematic uncertainty comes from the theoretical prediction.
The QCD scale and Parton Density Function (PDF) uncertainties, as described in Sec. 3, amount to 2-
5%.
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Figure 7: Fiducial acceptance factors (a) and detector correction factors (b) for mH = 125.09 GeV at
p

s = 13 TeV
for di↵erent production modes and separated by final state. Uncertainties are statistical only.

e↵ects. The factors are shown in Fig. 7(b) for the four final states and as a function of the production mode
for
p

s = 13 TeV. The lower e�ciency for the ttH production mode is due to the isolation requirement and
the higher jet activity. The inclusive detector correction factors averaged over final states and production
modes are also given in Table 8 for

p
s = 7 TeV, 8 TeV and 13 TeV.

Table 8: Summary of the inclusive acceptance factors (A) and the inclusive detector correction factors (C) in % as
a function of the centre-of-mass-energy and assuming mH = 125.09 GeV. Uncertainties are statistical only. The
systematic uncertainties are given in Table 9
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A [%] 46.67 ± 0.23 45.98 ± 0.14 42.74 ± 0.24
C [%] 51.89 ± 0.36 55.32 ± 0.24 52.71 ± 0.45

7.1. Systematic uncertainties

The systematic uncertainties on the cross section measurements are divided into those related to the
extraction of the signal yield, those a↵ecting the detector correction factors and those that need to be
considered for the acceptance factors.

7.1.1. Signal extraction uncertainties

Systematic uncertainties on the signal yield arise from the background subtraction. The reducible back-
ground estimates are extracted with a precision of 25% for ``+ee and 33% for the ``+µµ final states. The
larger uncertainty in the `` + µµ final states comes from the limited statistics in extracting the simulation-
based extrapolation factor for the Z+light-flavour jet component.

For the dominant ZZ⇤ background the main systematic uncertainty comes from the theoretical prediction.
The QCD scale and Parton Density Function (PDF) uncertainties, as described in Sec. 3, amount to 2-
5%.
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7. Fiducial and total cross section measurement

The total cross section �tot can be expressed as:

�tot =
Ns

A · C · B · Lint
. (1)

where Ns is the number of observed signal events, Lint the integrated luminosity, B is the branching
ratio of the Higgs boson decay into the four lepton final state, H ! ZZ⇤ ! 4`, A is the kinematic
and geometric acceptance in the fiducial region, and C is a detector correction factor which accounts for
e↵ects such as trigger, reconstruction and identification e�ciencies and reconstruction resolution. The
fiducial acceptance factorA corresponds to the theory dependent fraction of H ! ZZ⇤ ! 4` decays that
pass the fiducial selection.

The fiducial cross section is defined by:

�fid
4` =

Ns

C · Lint
. (2)

The fiducial selection is given in Table 7. It is designed to closely replicate the analysis selection at the
particle-level [84], while keeping it simple and easy to reproduce. The selection is applied to electrons
and muons before they emit photon radiation, referred to as Born-level leptons. No isolation requirement
is applied in the fiducial selection, so that any isolation ine�ciency is included in C.

Table 7: List of the selections which define the fiducial region of the cross section measurement. Same flavour
opposite sign lepton pairs are denoted as SFOS, the leading lepton pair mass as m12, and the subleading lepton pair
mass as m34.

Lepton definition
Muons: pT > 6 GeV, |⌘| < 2.7 Electrons: pT > 7 GeV, |⌘| < 2.47

Pairing
Leading pair: SFOS lepton pair with smallest |mZ � m``|
Sub-leading pair: Remaining SFOS lepton pair with smallest |mZ � m``|

Event selection
Lepton kinematics: Leading lepton pT > 20, 15, 10 GeV
Mass requirements: 50 < m12 < 106 GeV; 12 < m34 < 115 GeV
Lepton separation: �R(`i, ` j) > 0.1(0.2) for same (opposite) flavour leptons
J/ veto: m(`i, ` j) > 5 GeV for all SFOS lepton pairs
Mass window: 118 < m4` < 129 GeV

For a SM Higgs boson mass of 125.09 GeV and
p

s = 13 TeV, the values of the fiducial acceptance (with
respect to the full phase space of H ! ZZ⇤ ! 4`) are shown in Fig. 7(a) for the four final states and
as a function of the production mode. The inclusive fiducial acceptance averaged over final states and
production modes is given in Table 8 for

p
s = 7 TeV, 8 TeV and 13 TeV.

The detector correction factors are estimated from simulation and are given by the ratio of the number of
selected reconstructed events relative to the number of particle-level events with Born leptons falling in
the fiducial region. They include migration of events into and out of the fiducial region due to resolution
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Results	  

Data	  

•  Likelihood	  fit	  to	  m4l	  distribuBon	  	  
•  Poisson	  probability	  of	  observing	  events	  	  
	  	  	  	  	  	  in	  all	  four	  final	  states	  and	  the	  esBmates	  
	  	  	  	  	  	  of	  corresponding	  backgrounds	  assuming	  
	  	  	  	  	  	  	  Higgs	  mass	  of	  125.09	  GeV	  

Fit	  

13	  TeV:	  Low	  staBsBcs	  and	  low	  cross	  secBon	  value	  	  -‐>	  consistent	  with	  SM	  	  

Measurement	  staBsBcally	  limited:	  4	  events	  in	  118	  <	  m4l	  <	  129	  GeV	  (6.8	  expected)	  
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Figure 5: m4` distribution of the selected candidates, compared to the background expectation (a) in the low mass
region. Distributions of data (filled circles) and the expected signal and backgrounds events in the m34 – m12 plane
with the requirement of m4` in 110–140 GeV (b). The projected distributions are shown for m12 (c) and m34 (d). The
signal contribution is shown for mH = 125 GeV as blue histograms in (a), (c) and (d). The expected background
contributions, ZZ⇤ (red histogram), Z+ jets plus tt̄ (purple histogram) and tt̄V plus VVV (yellow histogram), are
shown in (a), (c) and (d); the systematic uncertainty associated to the total background contribution is represented by
the hatched areas. The expected distributions of the Higgs signal (blue) and total background (red) are superimposed
in (b), where the box size (signal) and colour shading (background) represent the relative density.
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7 Fiducial and total cross section measurement407

Given the branching ratio (BR) of the Higgs decay into the four lepton final state, H ! ZZ⇤ ! 4`, the
total cross section �tot can be expressed as:

�tot =
Ns

A · C · BR · Lint
. (1)

where Ns is the number of observed signal events, Lint the integrated luminosity, A is the kinematic408

and geometric acceptance in the fiducial region, and C is a detector correction factor which accounts for409

e↵ects such as trigger, reconstruction and identification e�ciencies and reconstruction resolution. The410

fiducial acceptance factor A corresponds to the fraction of H ! ZZ⇤ ! 4` decays that pass the fiducial411

selection, and thus has a certain model dependence for the definition of the initial phase space of the412

decays.413

In order to factor out this model-dependence, the total cross section is expressed as a function of A and414

of the measurable, or fiducial, cross section (�fid
4` ):415

�tot =
1

A · BR · �
fid
4` =

Ns

A · C · BR · Lint
, (2)

where the fiducial cross section is defined as:416

�fid
4` =

Ns

C · Lint
. (3)

The fiducial selection is designed to replicate, as closely as possible, the analysis selection at the simula-417

tion generator level, i.e. before applying the e↵ects of the detector response, referred to as particle-level.418

The fiducial selection is applied to electrons and muons originating from vector-boson decays before419

they emit photon radiation, referred to as Born-level leptons. The fiducial selection is given in Table 7.420

There is no isolation requirement for the fiducial selection, so that any isolation loss is included in C.421

The fiducial selection requires the invariant mass of the four-lepton system m4` to be close to mH , i.e.422

118 < m4` < 129 GeV. This m4` mass window was optimised for the previous analysis [74].423

For a SM Higgs boson mass of 125.09 GeV, the fiducial acceptance (with respect to the full phase space424

of H ! ZZ⇤ ! 4`) is shown in Fig. 7(a) for the four final states and as a function of the production mode425

for
p

s = 13 TeV. The inclusive fiducial acceptance for all final states and averaged over the production426

modes is given in Table 8 for
p

s = 7 TeV, 8 TeV and 13 TeV. The production mode average uses the SM427

predictions.428

The detector correction factor is estimated from simulation and is simply the ratio of the number of429

selected reconstructed events relative to the number of Born leptons falling in the fiducial region. This430

correction accounts for resolution e↵ects where reconstructed events fall outside the fiducial acceptance,431

but as well for events which are outside the fiducial acceptance and are reconstructed inside. The detector432

correction factor is shown in Fig. 7(b) for the four final states and as a function of the production mode433

for
p

s = 13 TeV. The higher reconstruction and identification e�ciency for muons can be clearly seen.434

As well, the lower e�ciency for the ttH production mode is due to the isolation requirement and the435

higher jet activity in ttH. The inclusive detector correction factor for all final states and averaged over the436

production modes is given in Table 9 for
p

s = 7 TeV, 8 TeV and 13 TeV. As before, the production mode437

average uses the SM predictions.438
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•  Overall	  analysis	  strategy	  same	  as	  that	  for	  8	  TeV	  
•  Two	  good	  quality	  isolated	  photons	  
•  Use	  3.2	  t-‐1	  at	  13	  TeV	  
•  Several	  detail	  changes	  	  
	  	  	  	  	  	  -‐	  Improved	  photon	  idenBficaBon	  based	  on	  	  
	  	  	  	  	  	  	  	  shower	  shape,	  isolaBon	  and	  poinBng	  
	  	  	  	  	  	  -‐	  Increased	  selecBon	  efficiency	  for	  Hgbar	  events	  
	  	  	  	  	  	  -‐	  Reduced	  sensiBvity	  to	  pileup	  
	  	  	  	  	  	  -‐	  Improved	  MC	  simulaBon	  of	  the	  backgrounds	  
	  	  	  	  	  	  	  	  	  	  -‐	  conBnuum	  diphoton	  producBon	  (γγ)	  
	  	  	  	  	  	  	  	  	  	  -‐	  energeBc	  π0’s	  from	  jet	  fragmentaBon	  (γ+jet)	  
	  	  	  	  	  	  	  	  	  	  -‐	  photon	  misidenBficaBon	  from	  Drell-‐Yan	  (j-‐j)	  
•  Consistent	  re-‐analysis	  of	  7	  and	  8	  TeV	  data	  (same	  

cuts,	  mH	  =125.09	  used	  in	  simulaBons)	  

H	  -‐>	  γγ	   N
o

t
r
e
v

i
e
w

e
d

,
f
o

r
i
n

t
e
r
n

a
l

c
i
r
c
u

l
a

t
i
o

n
o

n
l
y

DRAFT

where ⌫sig is the extracted signal yield,
R

Ldt is the corresponding integrated luminosity, and c is a cor-347

rection factor accounting for detector resolution and e�ciency. This correction is derived from simulated348

Higgs boson samples, and is defined as the ratio of the expected number of detector-level events passing349

the selection defined in Section 4, with the number of generated particle-level events in the fiducial vol-350

ume. The particle level is defined using all stable generated particles, which are required to have a mean351

lifetime c⌧ > 10 mm.352

The fiducial volume is defined with similar selection criteria as the detector level to minimize model353

dependence. The two highest E�T photons are taken as the Higgs boson candidate, and are required to be354

within |⌘�| < 2.37. Additionally, the leading (sub-leading) photon must satisfy E�T/m�� < 0.35 (0.25).355

The diphoton system is also required to be within the mass window of 105–160 GeV to be consistent356

with the 7 and 8 TeV analyses. Using a consistent mass window as that used during signal extraction,357

110 GeV < m�� < 160 GeV, is found to have a negligible e↵ect on the correction factor, and is neglected.358

Furthermore, the transverse energy, ET,iso, of the vector sum over particles within a cone of �R = 0.2359

around each photon, excluding muons and neutrinos, must be less than 0.1 ⇥ E�T + 1 GeV. This isolation360

requirement reduces model dependence between di↵erent production modes, and is determined using361

simulated Higgs boson samples to compare the track isolation momentum to the particle-level isolation362

on an event-by-event basis. A summary of the fiducial volume is given in Table 1.363

Event Selection

Two highest-pT photons: |⌘�| < 2.37

Relative-pT: E�T,1/m�� � 0.35, E�T,2/m�� � 0.25

Mass window: 105  m�� < 160

Photon isolation: ET,iso < 0.1 ⇥ E�T + 1 GeV

Table 1: Summary of the particle-level fiducial definition. Only stable photons with a mean lifetime c⌧ > 10 mm
are considered.

A small contamination from events originating from H ! f f ��, the so-called Dalitz events, is present364

after applying the event selection to data. This is removed during the correction procedure by including365

the Dalitz contribution in MC simulation at detector level, but rejecting such events at the particle level.366

The resulting correction is ⇡ 0.3 %.367

The correction factor is determined to be 0.67; the values for each production mode are shown in Table 2.368

The deviation of the correction factors from unity is dominated by the photon reconstruction and identi-369

fication e�ciency, as well as migrations into and out of the fiducial volume due to finite photon energy370

resolution. The rejection of photons falling in the crack region (1.37 < |⌘�| < 1.52) at detector level371

results in an 11 % e�ciency loss and is included in the correction to particle level.372

7 Systematic uncertainties373

The uncertainties of the fiducial cross-section measurement are grouped by either their e↵ect on the374

signal extraction or on the correction factors. Both contributions are discussed in the following two375

subsections.376
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Signal	  yield	  (expected	  and	  extracted)	  

Signal	  shape:	  	  	  	  	  	  	  	  	  	  	  	  	  CB+Gauss	  
Background	  shape	  	  	  Exp	  (2nd	  order	  polynomial)	  
Fit	  range:	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  110	  <	  mγγ	  <	  160	  GeV	  
Fix	  mass	  in	  the	  fit	  	  	  	  mH	  =	  125.09	  GeV	  
	  
	  
Main	  systemaBc	  uncertainty:	  

	  -‐	  	  	  photon	  energy	  resoluBon	  

ATLAS-‐CONF-‐2015-‐060	  

γγ	  vertex	  selecBon	  efficiency	  

Data	  +	  fit	  

Fit	  

H�γγ
•  Signal shape: CB+Gauss �
–  mH fixed to 125.09 GeV (ATLAS+CMS)�
•  Background (γγ,γj, jj) shape�
–  Exp(2nd order polynomial) �
–  mass range of the fit mγγ [110,160] GeV�
•  Main systematic uncertainties:�
–  Photon energy resolution �
•  photon energy scale in the signal model as well �

�

�
•  Fiducial phase space: �
–  pT> 25GeV, |η|<2.37 relative pT cuts, isolation cut and   

mass range�

4"

µ(13TeV)~0.78"

ExoBcs	  search	  results	  (high	  mass)	  à	  talk	  by	  V.	  Jain	  	  
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Fiducial	  cross	  secBon	  (within	  detector	  acceptance):	  

Total	  cross	  secBon	  
(extrapolated	  to	  full	  phase	  space	  and	  
	  corrected	  for	  branching	  fracBon)	  
Theory:	  NNLO	  in	  QCD	  with	  NNLL+NO	  in	  EW	  

H�γγ
•  Signal shape: CB+Gauss �
–  mH fixed to 125.09 GeV (ATLAS+CMS)�
•  Background (γγ,γj, jj) shape�
–  Exp(2nd order polynomial) �
–  mass range of the fit mγγ [110,160] GeV�
•  Main systematic uncertainties:�
–  Photon energy resolution �
•  photon energy scale in the signal model as well �

�

�
•  Fiducial phase space: �
–  pT> 25GeV, |η|<2.37 relative pT cuts, isolation cut and   

mass range�

4"

µ(13TeV)~0.78"CorrecBons	  factors	  dependent	  on	  phase	  space,	  photon	  isolaBon	  and	  photon	  	  
idenBficaBon	  efficiency	  for	  different	  producBon	  mechanisms	  are	  similar	  	  
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Figure 8: The measured fiducial cross section of H ! �� is compared to LHC-XS theory prediction at di↵erent val-
ues of

p
s. The black markers are the measurement from the H ! �� channel, along with their total uncertainty. The

gray band on the black markers represents the systematic uncertainty. Theory predictions use mH = 125.09 GeV,
with the light (dark) blue band representing the QCD scale (total) uncertainty. The theory uncertainty is largely
correlated between the di↵erent center-of-mass energies.

p
s Measured total cross section [pb] LHC-XS prediction [pb]

7 TeV 35 ± 12 (stat.) ± 4 (syst.) ± 1 (lumi.) 17.5 ± 1.6

8 TeV 30.5 ± 7.1 (stat.) +2.6
�2.5 (syst.) ± 0.9 (lumi.) 22.3 ± 2.0

13 TeV 40 ± 26 (stat.) +16
�10 (syst.) ± 2 (lumi.) 50.9 +4.5

�4.4

Table 6: Total SM Higgs boson cross section measurements, LHC-XS theory predictions, and their uncertainties
for
p

s = 7, 8 and 13 TeV. All values assume mH = 125.09 GeV.

11 Summary and conclusions

Measurements of the fiducial and total cross sections for pp ! H ! �� production are presented atp
s = 7, 8 and 13 TeV, assuming mH = 125.09 GeV. At all three center-of-mass energies, the total

uncertainty is dominated by the statistical component. The data are compared with LHC-XS predictions,
which have a ggF contribution accurate at NNLO in QCD with NNLL resummation of logarithmic terms
and NLO electroweak corrections. No significant di↵erences between the measured fiducial cross sections
and their SM expectations are observed within the current uncertainties.

21

p
s Measured fiducial cross section [fb] LHC-XS prediction [fb]

7TeV 49± 17 (stat.)± 6 (syst.)± 1 (lumi.) 24.7± 2.6
8TeV 42.5± 9.8 (stat.) +2.9

�2.7 (syst.)± 1.2 (lumi.) 31.0± 3.2
13TeV 52± 34 (stat.) +21

�13 (syst.)± 3 (lumi.) 66.1 +6.8
�6.6

p
s Measured total cross section [pb] LHC-XS prediction [pb]

7TeV 35± 12 (stat.)± 4 (syst.)± 1 (lumi.) 17.5± 1.6
8TeV 30.5± 7.1 (stat.) +2.6

�2.5 (syst.)± 0.9 (lumi.) 22.3± 2.0
13TeV 40± 26 (stat.) +16

�10 (syst.)± 2 (lumi.) 50.9 +4.5
�4.4

ATLAS-‐CONF-‐2015-‐060	  
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H-‐>γγ	  and	  H-‐>ZZ*-‐>4l	  fiducial	  cross	  secBons	  combined	  to	  obtain	  inclusive	  cross	  
secBon	  (mH	  =	  125.09	  GeV).	  Corrected	  for	  acceptance	  and	  detector	  effects.	  	  
Use	  SM	  branching	  fracBons	  and	  relaBve	  rates	  for	  producBon	  modes.	  	  
differences	  

All	  systemaBc	  uncertainBes	  small	  
in	  comparison	  to	  staBsBcal	  uncertainty	  
1.4σ	  –	  compaBbility	  with	  SM	  
2.8σ	  –	  expected	  compaBbility	  with	  SM	  
	  
Theory:	  	  
ggF:	  	  NNLO	  +	  NNLL	  in	  QCD	  +	  NLO	  in	  EW	  
VBF:	  NNLO	  in	  QCD	  +NLO	  in	  EW	  
t+H:	  NLO	  in	  QCD	  
b+H:	  NNLO	  in	  QCD	  (5	  flavor	  scheme)	   ATLAS-‐CONF-‐2015-‐059;	  ATLAS-‐CONF-‐2015-‐069	  
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ATLAS  Preliminary  = 125.09 GeVHm   H→ppσ
QCD scale uncertainty

)sα PDF+⊕(scale Tot. uncert. 
γγ→H l4→*ZZ→H

comb. data syst. unc.

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

-1 = 13 TeV, 3.2 fbs

Total cross section [pb] 7TeV 8TeV 13TeV

H ! �� 35+13
�12 30.5+7.5

�7.4 40+31
�28

H ! ZZ⇤ ! 4` 33+21
�16 37+9

�8 12+25
�16

Combination 34± 10 (stat.) +4
�2 (syst.) 33.3+5.5

�5.3 (stat.) +1.7
�1.3 (syst.) 24+20

�17 (stat.) +7
�3 (syst.)

LHC-XS 17.5± 1.6 22.3± 2.0 50.9+4.5
�4.4
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g

g

h

hSM	  	  processes	  with	  
destrucBve	  interference	  
SensiBve	  to	  self	  coupling	  

Search	  done	  for	   	   	   	   	  bbbb,	  	  	  bbττ,	  	  γγbb,	  	  	  γγWW*	  	  	  final	  states	  	  
Decay	  branching	  fracBons:	  	  	  	  	  	  	  	  32.6%	  	  7.1%	  	  0.26%	  	  	  0.10%	  
Signal	  MC	  generated	  with	  NLO	  MadGraph5	  +	  Pythia8	  
Backgrounds	  include	  single	  Higgs	  boson	  (ggF	  and	  VBF,	  VH,	  gH),	  V+jets,	  Wt,	  VV	  
Data	  analysis	  scheme	  (20.3	  t-‐1	  at	  8	  TeV)	  same	  as	  in	  single	  H	  discovery	  papers	  .	  	  
Profile	  likelihood	  raBo	  test	  staBsBcs	  used	  to	  measure	  compaBbility	  with	  
background	  only	  hypothesis	  
	  
	  
	  
	  
	  
à  Search	  will	  conBnue	  with	  larger	  data	  sample	  and	  improved	  analysis	  !	  	  

and to test the hypothesis of Higgs boson pair production
with its cross section as the parameter of interest.
Additional nuisance parameters are included to take into
account systematic uncertainties and their correlations. The
likelihood is the product of terms of the Poisson probability
constructed from the final discriminant and of nuisance
parameter constraints with either Gaussian, log-normal, or
Poisson distributions. Upper limits on the Higgs boson pair
production cross section are derived using the CLs method
[71]. For the combinations, systematic uncertainties that
affect two or more analyses (such as those of luminosity, jet
energy scale and resolutions, b-tagging, etc.) are modeled
with common nuisance parameters.
For thehh → bbττ analysis, Poissonprobability terms are

calculated for the four categories separately from the mass
distributions of the ditau system for the nonresonant search
[Fig. 3(a)] and of the bbττ system for the resonant search
[Fig. 3(b)]. Thembbττ distributions of the resonant search are
rebinned to ensure a sufficient number of events for the
background prediction in each bin, in particular a single bin
is used for mbbττ ≳ 400 GeV for each category. For the
hh → γγWW! analysis, event yields are used to calculate
Poisson probabilities without exploiting shape information.
The hh → γγbb and hh → bbbb analyses are published
separately in Refs. [21,22]. However, the results are quoted
at slightly different values of the Higgs boson massmh and,
therefore, have been updated using a common mass value
of mh ¼ 125.4 GeV [24] for the combinations. The decay
branching ratios of the Higgs boson h and their uncertainties
used in the combinations are taken from Ref. [27]. Table III
is a summary of the number of categories and final
discriminants used for each analysis.

The four individual analyses are sensitive to different
kinematic regions of the hh production and decays. The
combination is performed assuming that the relative con-
tributions of these regions to the total cross section are
modeled by the MadGraph5 [39] program used to simulate the
hh production.

IX. RESULTS

In this section, the limits on the nonresonant and
resonant searches are derived. The results of the hh →
bbττ and hh → γγWW! analyses are first determined and
then combined with previously published results of the
hh → γγbb and hh → bbbb analyses. The impact of the
leading systematic uncertainties is also discussed.
The observed and expected upper limits at 95% C.L. on

the cross section of nonresonant production of a Higgs
boson pair are shown in Table IV. These limits are to be
compared with the SM prediction of 9.9# 1.3 fb [17] for
gg → hh production with mh ¼ 125.4 GeV. Only the
gluon fusion production process is considered. The
observed (expected) cross-section limits are 1.6 (1.3) pb
and 11.4 (6.7) pb from the hh → bbττ and hh → γγWW!

analyses, respectively. Also shown in the table are the
cross-section limits relative to the SM expectation. The
results are combined with those of the hh → γγbb and
hh → bbbb analyses. The p-value of compatibility of the
combination with the SM hypothesis is 4.4%, equivalent to
1.7 standard deviations. The low p-value is a result of the
excess of events observed in the hh → γγbb analysis. The
combined observed (expected) upper limit on σðgg → hhÞ
is 0.69 (0.47) pb, corresponding to 70 (48) times the cross

TABLE III. An overview of the number of categories and final discriminant distributions used for both the nonresonant and resonant
searches. Shown in the last column are the mass ranges of the resonant searches.

hh Nonresonant search Resonant search
Final state Categories Discriminant Categories Discriminant mH [GeV]

γγbb̄ 1 mγγ 1 event yields 260–500
γγWW! 1 event yields 1 event yields 260–500
bb̄ττ 4 mττ 4 mbbττ 260–1000
bb̄bb̄ 1 event yields 1 mbbbb 500–1500

TABLE IV. The expected and observed 95% C.L. upper limits on the cross sections of nonresonant gg → hh production atffiffiffi
s

p
¼ 8 TeV from individual analyses and their combinations. SM values are assumed for the h decay branching ratios. The

cross-section limits normalized to the SM value are also included.

Analysis γγbb γγWW! bbττ bbbb Combined

Upper limit on the cross section [pb]

Expected 1.0 6.7 1.3 0.62 0.47
Observed 2.2 11 1.6 0.62 0.69

Upper limit on the cross section relative to the SM prediction

Expected 100 680 130 63 48
Observed 220 1150 160 63 70

SEARCHES FOR HIGGS BOSON PAIR PRODUCTION IN … PHYSICAL REVIEW D 92, 092004 (2015)

092004-11
Phys.Rev.	  D92,	  092004	  (2015)	  
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Top-‐pair	  producBon	  cross	  secBon	  calculaBons	  are	  challenging.	  
They	  are	  sensiBve	  to	  gluon	  distribuBon	  funcBon	  of	  the	  proton,	  αs,	  mt	  and	  	  
possible	  new	  physics	  
At	  LHC	  top	  quarks	  are	  mostly	  produced	  in	  gbar	  pairs.	  
Within	  Standard	  Model	  top	  quark	  decays	  almost	  exclusively	  to	  W	  and	  b	  quark	  
The	  idenBficaBon	  of	  gbar	  events	  depends	  on	  the	  choice	  of	  parBcular	  decay	  modes.	  
Three	  analyses	  with	  iniBal	  data	  at	  13	  TeV:	  
•  e-‐μ	  with	  b-‐tagged	  jets	  using	  78	  pb-‐1	  of	  data	  at	  13	  TeV	  :	  ATLAS-‐CONF-‐2015-‐033	  
	  

	   	  	  
•  e-‐e	  (μ-‐μ)	  with	  b-‐tagged	  jets	  using	  85	  pb-‐1	  of	  data	  at	  13	  TeV:	  ATLAS-‐CONF-‐2015-‐049	  	  	  	  	  
	  
	  
•  lepton-‐plus-‐jets	  	  	  using	  85	  pb-‐1	  of	  data	  at	  13	  TeV:	  	  ATLAS-‐CONF-‐2015-‐049	  	  
	  
	  
	  

tt →W +bW −b → e+µ −νν bb

tt →W +bW −b → l+νqq 'bb

tt →W +bW −b → e+e−νν bb,µ+µ −νν bb
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ATLAS-‐CONF-‐2015-‐033	  
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Figure 3: Cross-section for tt̄ pair production in pp and pp̄ collisions as a function of centre-of-mass energy.
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Events	  selecBon	  
must	  have	  opposite	  sign	  eμ	  from	  W	  decays	  and	  exactly	  one	  or	  two	  b-‐tag	  jets	  
Main	  background:	  associated	  Wt	  producBon,	  Z	  -‐>	  τ	  τ,	  and	  diboson	  producBon	  

Analysis strategy

Count numbers of events with opposite sign eµ and ==1 (N1) or ==2
(N2) b-tagged jets.

single lepton triggers, 70% b-tagging OP, all objects pT > 25 GeV

✏b is the acceptance⇥reco e�ciency⇥ b-tagging probability for the jet
from q in t ! Wq

Cb ⌘ ✏bb/✏2b is the tagging correlation coe�cient, obtained from MC

The equations are then solved for ✏b and �tt̄.

3 / 13

εb	  –	  	  acceptance	  x	  efficiency	  for	  b-‐quark	  jet	  
Cb	  =	  εbb/εb2	  	  	  -‐	  correlaBon	  coefficient	  from	  MC	  
	  
Backgrounds	  esBmated	  from	  NLO	  MC	  	  

	  Result	  with	  L	  =	  78	  pb-‐1	  
σg	  =	  825	  ±	  49	  (stat)	  ±	  60	  (syst)	  ±	  83	  (lumi)	  pb	  
	  
Good	  agreement	  with	  NNLO+NNLL	  calculaBon	  
σtt	  =	  832	  +40-‐46	  pb	  for	  mt	  =172.5	  GeV	  

opposite	  flavor	  dilepton	  channel	  

ATLAS-‐CONF-‐2015-‐033	  
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Event	  selecBon	  
Same-‐flavor	  dilepton	  channel	  
Must	  have	  e+e-‐	  or	  μ+μ-‐	  with	  m(l+l-‐)	  >	  60	  GeV,	  not	  coming	  from	  Z	  decays	  	  
and	  exactly	  one	  or	  two	  b-‐tag	  jets	  
Background	  esBmates	  as	  for	  eμ	  channel	  
Lepton-‐plus-‐jets	  channel	  
Must	  have	  exactly	  one	  e	  or	  μ	  and	  at	  least	  4	  jets.	  	  
W	  suppressed	  by	  requiring	  large	  ETmiss	  and	  large	  mT

W	  

Cross	  secBon	  extracted	  from	  the	  number	  of	  
events	  a�er	  the	  selecBon	  requirements	  

Single top modelling: Uncertainties on single top modelling are evaluated using alternative sim-
ulation samples. An uncertainty due to radiation in the t-channel process is evaluated by
considering half the relative di↵erence between the Powheg+Pythia6 samples with more or
less radiation. An uncertainty on the interference between tt̄ and Wt single top is evaluated
by comparing Wt single top MC samples generated using the diagram removal and diagram
subtraction schemes.

The total systematic uncertainties on �tt̄ in the dilepton channel are shown in Table 4. The dominant un-
certainties on the cross-section result come from the luminosity determination, the statistical uncertainty
and tt̄ modelling uncertainties. The total systematic uncertainties on �tt̄ in the lepton-plus-jets channel
are shown in Table 5. The uncertainty is dominated by the jet energy scale uncertainty and the uncer-
tainty on the luminosity determination. Since the lepton-plus-jets channel relies on the MC simulation for
the jet selection e�ciency, it is sensitive to the modelling of additional pp interactions. It was checked
that varying the average number of interactions per bunch crossing in simulation by 16% has less than a
1% impact on the measured cross-section. The uncertainty on the LHC beam energy and the dependence
of the cross-section on the assumed mass of the top quark have not been evaluated for this preliminary
result, but are expected to be small compared with the total uncertainty.

The results of the cross-section measurements in the dilepton and lepton-plus-jets channels are shown in
Table 6. The extracted values of ✏``b in the dilepton channel were 0.589 ± 0.042 in the ee channel, and
0.584 ± 0.045 in the µµ channel. Both results are in agreement with the expectation from simulation.
All cross-section measurements are consistent with each other within the uncertainties The combined fit
to the dilepton channels yields a cross-section measurement of 749 pb with a total relative uncertainty
of 16%. The measurement in the lepton-plus-jets channels gives a cross-section measurement of 817 pb
with a total relative uncertainty of 17%.

Channel Cross-section measurement

ee 824 ± 88 (stat) ± 91 (syst) ± 82 (lumi) pb
µµ 683 ± 74 (stat) ± 76 (syst) ± 68 (lumi) pb
ee and µµ combined 749 ± 57 (stat) ± 79 (syst) ± 74 (lumi) pb

e+jets 775 ± 17 (stat) ± 123 (syst) ± 85 (lumi) pb
µ+jets 862 ± 18 (stat) ± 93 (syst) ± 94 (lumi) pb
e+jets and µ+jets combined 817 ± 13 (stat) ± 103 (syst) ± 88 (lumi) pb

Table 6: Summary of the measurements of the tt̄ production cross-section. For each measurement the statistical,
systematic and luminosity uncertainties are shown.

8. Measurement of the ratio of t t̄ and Z cross-sections

The precision of the tt̄ cross-section measurements presented above, as well as that of the corresponding
measurement in the eµ channel [14], are limited by the 9 % uncertainty on the integrated luminosity. This
uncertainty largely cancels in the measurement of the ratio of inclusive tt̄ to Z-boson cross-sections Rtt̄/Z ,

19

Results	  are	  consistent	  with	  each	  other	  and	  with	  theory	  	  
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Summary of LHC and Tevatron measurements of the top-pair production cross-section as a function of the 
centre-of-mass energy compared to the NNLO QCD calculation complemented with NNLL resummation (top
++2.0). The theory band represents uncertainties due to renormalisation and factorisation scale, parton 
density functions and the strong coupling. The measurements and the theory calculation are quoted at 
mtop=172.5 GeV. Measurements made at the same centre-of-mass energy are slightly offset for clarity.

Update of LHCtopWG ttbar cross-section summary plot vs sqrt(s)

Change is to update result & reference for CMS result.
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u  Event	  selecBon:	  
§  one	  isolated	  electron	  or	  muon	  with	  pT	  	  >	  30	  GeV	  
§  exactly	  2	  b-‐jets	  with	  pT	  >	  40,	  30	  GeV	  	  
§  ETmiss	  >	  35	  GeV	  

u Main	  background:	  	  W+jets,	  t-‐tbar	  
u Maximum	  Likelihood	  fit	  using	  Matrix	  Element	  method	  
	  	  	  	  	  	  	  to	  calculate	  per-‐event	  signal	  probability	  
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σ	  =	  4.8±0.8(stat)+1.6-‐1.3	  (syst)	  pb	  
	  
Consistent	  with	  SM	  expectaBons	  
Observed	  significance	  3.2	  σ	  
Expected	  significance	  	  3.9	  σ	  
	  
	  

s-‐channel	  

arXiv:1511.05980	  	  

First	  evidence	  for	  this	  process	  at	  the	  LHC	  
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Virtual	  W	  exchange	  sensiBve	  to	  properBes	  of	  Wtb	  
vertex	  (vector-‐axial	  vector	  structure	  of	  SM)	  
Coupling	  ~	  Vtb	  ×	  fLV	  
Vtb	  	  	  -‐	  CKM	  matrix	  element;	  fLV	  –	  le�-‐handed	  formfactor	  
u-‐quark	  density	  in	  a	  proton	  ~	  2	  x	  d-‐quark	  density	  
-‐>	  expect	  top	  producBon	  cross	  secBon	  ~2	  x	  tbar	  

ATLAS-‐CONF-‐2015-‐079	  
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Figure 1: Representative leading-order Feynman diagrams of (a) single top-quark production and (b) single top-
antiquark production via the t-channel exchange of a virtual W ⇤ boson, including the decay of the top-quark and
top-antiquark, respectively.

which has a vector–axial vector structure in the SM. The absolute value of fLVV
tb

can be determined53

by measuring the single top-quark production cross-section that scales with | fLVV
tb

|2. Based on the54

assumption of three quark generations in the standard model, leading to a 3 ⇥ 3 unitary CKM matrix, the55

measurements of other CKM matrix elements can be exploited to indirectly derive the value of |V
tb

| with56

very high precision from unitarity constraints. This approach leads to the prediction that |V
tb

| is very57

close to unity. When giving up the assumption of CKM unitarity, the measurement of single top-quark58

production is the only way to directly determine | fLVV
tb

|. Currently, | fLVV
tb

| is known at the level of 4%59

from measurements performed by the CMS collaboration [5, 8].60

In pp collisions at
p

s = 13 TeV, the predicted production cross-section of the t-channel single top-61

quark process is �
tq

= 136.0+5.4
�4.6 pb for top-quark production and �

t̄q

= 81.0+4.1
�3.6 pb for top anti-62

quark production, respectively. These have been calculated for a top-quark mass of 172.5 GeV at next-63

to-leading order (NLO) [11] in QCD using Hathor v2.1 [12]. The parton distribution function (PDF) and64

strong coupling-constant ↵
s

uncertainties were calculated using the PDF4LHC prescription [13] with the65

MSTW2008 NLO [14, 15], CT10 NLO [16] and NNPDF 2.3 NLO [17] PDF sets, added in quadrature66

to the scale uncertainty. The cross-sections of all three single top-quark production processes have also67

been calculated at approximate next-to-next-to-leading order (NNLO) in perturbation theory [18–20].68

NNLO results are available for the production of the t-channel cross section [21] and the NLO to NNLO69

k-factor yields 0.985. However, the NLO calculation of this process features a more involved uncertainty70

treatment compared to the NNLO one.71

In this note we present an analysis that measures single top-quark production in the muon+jets channel,72

where the muon originates from a W -boson decay. The analysis has some acceptance to signal events73

involving W ! ⌧⌫ decays with a subsequent decay of the ⌧ lepton to µ⌫µ⌫⌧ . The experimental signature74

of single top-quark events targeted in the presented analysis is thus given by one charged prompt muon,75

missing transverse momentum Emiss
T , and exactly two hadronic jets with high transverse momentum. One76

of these jets originates from the fragmentation of a b-quark (b-jet). The acceptance to t-channel single77

top-quark events is dominated by the two-jet signature, where one jet is a b-jet, while the second jet is a78

light-quark jet. Therefore, the analysis is exclusively using events with this final state signature.79

The most important background for single top-quark processes are top-quark pair production (tt̄) events80

which are di�cult to discern from single top-quark events, since they contain real top quarks. The second81

important background in the lepton+jets channel is W+jets production. If one of the jets originates from a82

heavy flavour quark, these events have the same signature as signal events. Due to the misidentification of83

a light jet as a b-quark jet W+light jets production also contributes to the background. Another important84

instrumental background is QCD-induced multijet production where either a hadronic jet is misidentified85
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Dominant	  backgrounds:	  –	  gbar,	  W+jets,	  heavy	  favor	  
decays	  
Signal	  and	  backgrounds	  modeling	  ~NLO	  
Event	  selecBon:	  	  muon,	  Etmiss	  ,	  +	  and	  2	  jets	  (one	  b-‐jet)	  
Signal	  extracBon	  with	  Neural	  Network	  fit	  using	  10	  
discriminants,	  	  mt	  =	  172.5	  GeV	  

Cross	  secBons	  	  
σ(tq)	  =	  	  	  	  	  130.3	  ±	  19.1	  pb	  
σ(tbarq)	  =	  90.2	  ±	  19.9	  pb	  
	  

Formfactor	  	  	  
Assume:	  Br	  (t-‐bW)=1;	  le�-‐handed	  weak	  cplg	  
|fLVVtb|	  =	  σ(tq)	  measured/σ(tq)	  NLO	  predicBon	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  =	  0.98	  ±	  0.08	  
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ProducBon	  of	  addiBonal	  jets	  in	  	  gbar	  events	  is	  sensiBve	  to	  higher-‐order	  perturbaBve	  	  
QCD.	  The	  pT	  dependence	  of	  addiBonal	  jets	  probes	  spectrum	  of	  hard-‐gluon	  emission.	  
	  
Signal	  -‐	  leptonic	  decays	  of	  both	  top	  quarks	  	  	  

	  opposite-‐sign	  lepton	  pair	  (ee,	  eμ,	  μμ)	  +two	  tagged	  b-‐jets	  
Background	  -‐	  Z	  boson	  suppressed	  by	  m(ee)	  m(μμ)	  cuts	  

Monte	  Carlo	  –	  NLO	  	  Powheg	  +	  Pythia6	  for	  gbar	  
ISR/FSR	  studied	  with	  tunes	  with	  different	  renormalizaBon	  scale	  sensiBve	  to	  	  radiaBon	  
Background	  subtracBon	  +	  unfolding	  to	  parBcle	  level	  +	  correcBon	  for	  jet	  migraBon.	  	  
Results	  –Good	  descripBon	  for	  0,1,2	  addiBonal	  jets	  for	  all	  pT	  range.	  Study	  of	  effects	  at	  
higher	  pT	  and	  higher	  jet	  mulBplicity	  needs	  larger	  data	  sample.	  
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Early	  studies	  address	  global	  characterisBcs	  of	  events	  at	  13	  TeV	  	  

Source Value
This measurement 73.1 ± 0.9 (exp.) ± 6.6 (lum.) ± 3.8 (extr.) mb
Pythia8 78.4 mb
Kopeliovich et al. [33] 79.8 mb
Menon et al. [34] 81.4 ± 2.0 mb
Khoze et al. [35] 81.6 mb
Gotsman [36] 81.0 mb
Fagundes [37] 77.2 mb

Table 3: The measured total inelastic cross section and an indicative selection of phenomenological predictions.
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Figure 4: The inelastic cross section versus
p

s. The ATLAS measurements based on the MBTS detector are shown
after extrapolation to the full inelastic cross section. Measurements from experiments at other colliders [38], other
LHC collaborations [4, 7, 8] and the Pierre Auger collaboration [9] are also shown. Some of the LHC data points
have been slightly shifted in the horizontal position for display purposes. The data are compared to the Pythia,
EPOS LHC and QGSJET-II MC generator predictions, a model by Block and Halzen [39] and a prediction by
Achilli et al. [40]. The uncertainty on the ATLAS ALFA measurement is smaller than the size of the marker.
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ATLAS-‐CONF-‐2015-‐038	  

InelasBc	  cross	  secBon	  

ATLAS-‐CONF-‐2015-‐028	  
EPOS	  provides	  best	  descripBon	  	  

σTOT(13	  TeV)	  =	  73.1	  ±	  0.9	  (exp)	  ±	  0.9	  (lum)	  ±	  3.8	  (extr)	  mb	  
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s as in Fig. 4 but over a wider range of energies. See caption of
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20

Charged	  parBcle	  mulBplicity	  

the extrapolation and the di�erence with the ���� prediction is taken as a systematic uncertainty and
symmetrised to give 1.0150 ± 0.0091.

The mean number of charged particles increases by a factor of 2.2 when
p

s increases by a factor of about
14 from 0.9 TeV to 13 TeV. ���� and ������ 8 �2 describe the dependence on

p
s very well, while ������

8 ������ and ������-�� over-predict the rise in multiplicity with
p

s and ������++ under-predicts the
multiplicity for all

p
s values.
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Figure 4: The average charged-particle multiplicity per unit of rapidity for ⌘ = 0 as a function of the centre-of-mass
energy. The definition of charged-particle includes charged strange baryons. The data are compared to various
particle level MC predictions. The vertical error bars on the data represent the total uncertainty.

9 Conclusion

Charged-particle multiplicity measurements with the ATLAS detector using proton–proton collisions
delivered by the LHC at

p
s=13 TeV during 2015 are presented. Based on nearly 9 million inelastic

interactions the properties of events were studied. The data were corrected with minimal model dependence
to obtain inclusive distributions. The selected kinematic range and the precision of this analysis highlight
clear di�erences between MC models and the measured distributions. Of the models considered ����
reproduces the data the best, ������ 8 �2 and ������ give reasonable descriptions of the data and
������++ and ������-�� provide the worst descriptions of the data.

14
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Table 2: Cross section measurement results compared to the O(↵2
s ) Standard Model predictions. The per-channel

and combined fiducial cross sections are shown as well as the combined total on-shell cross section. For ex-
perimental results, statistical, systematic and luminosity uncertainties are shown. For theoretical predictions the
renormalization and factorization scale and PDF uncertainties added in quadrature are shown.

Measurement NNLO prediction

�fid
ZZ!e+e�e+e� 8.2 +2.3

�2.0(stat.) +0.4
�0.2(syst.) +0.9

�0.6(lumi.) fb 6.9+0.2
�0.2 fb

�fid
ZZ!e+e�µ+µ� 13.8 +2.7

�2.4(stat.) +0.5
�0.4(syst.) +1.5

�1.0(lumi.) fb 13.6+0.4
�0.4 fb

�fid
ZZ!µ+µ�µ+µ� 6.6 +1.7

�1.5(stat.) +0.3
�0.3(syst.) +0.7

�0.5(lumi.) fb 6.9+0.2
�0.2 fb

�fid
ZZ!`+`�`0+`0� 28.3 +3.8

�3.5(stat.) +1.0
�0.8(syst.) +3.0

�2.2(lumi.) fb 27.4+0.9
�0.8 fb

�tot
ZZ 15.9 +2.1

�2.0(stat.) +0.9
�0.7(syst.) +1.7

�1.3(lumi.) pb 15.6+0.4
�0.4 pb
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Figure 2: (a) Comparison between measured fiducial cross sections and O(↵2
s ) predictions. (b) Total on-shell cross

section compared to measurements at lower center-of-mass energies by ATLAS, CMS, CDF, and D0 [9–11, 41, 42].
A comparison with a prediction from MCFM at O(↵1

s ) accuracy for the qq-initiated process and at O(↵2
s ) accuracy

for the loop-induced gg-initiated process. A factor of 1.016 is required to extrapolate �tot
ZZ to be for Z bosons with

masses in the range 66–116 GeV used by ATLAS to the range 60–120 GeV used by CMS.

total cross section for on-shell Z bosons have been measured and are in good agreement with O(↵2
s ) SM172

predictions.173

1st December 2015 – 15:33 7

Test	  of	  the	  electroweak	  sector	  	  +	  	  Background	  for	  H-‐>ZZ*	  
Two	  pairs	  of	  opposite-‐charged	  same-‐flavor	  leptons	  with	  pT	  >	  20	  GeV	  
à	  62	  events	  in	  three	  channels:	  	  e+e-‐e+e-‐,	  e+e-‐μ+μ-‐,	  μ+μ-‐μ+μ-‐	  

On-‐shell	  Z	  requirements,	  total	  expected	  background	  0.64+1.08-‐0.12	  events	  

Data	  events	   Consistency	  with	  theory	  (NNLO)	   Energy	  dependence	  
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∫
L dt

[fb−1] Reference

W±W±jj EWK 20.3 PRL 113, 141803 (2014)

Wγγ 20.3 arXiv:1503.03243 [hep-ex]

H→γγ 20.3 JHEP 09 112 (2014)

ZjjEWK 20.3 JHEP 04, 031 (2014)

t̄tγ 4.6 arXiv:1502.00586 [hep-ex]

t̄tZ 20.3 arXiv:1509.05276 [hep-ex]

t̄tW 20.3 arXiv:1509.05276 [hep-ex]

Zγ 4.6 PRD 87, 112003 (2013)
arXiv:1407.1618 [hep-ph]

Wγ 4.6 PRD 87, 112003 (2013)
arXiv:1407.1618 [hep-ph]

ts−chan 20.3 ATLAS-CONF-2015-047

ZZ 4.6 JHEP 03, 128 (2013)

20.3 ATLAS-CONF-2013-020

WZ 4.6 EPJC 72, 2173 (2012)

13.0 ATLAS-CONF-2013-021

Wt 2.0 PLB 716, 142-159 (2012)

20.3 arXiv:1510.03752 [hep-ex]

γγ 4.9 JHEP 01, 086 (2013)

WW 4.6 PRD 87, 112001 (2013)

20.3 ATLAS-CONF-2014-033

tt−chan 4.6 PRD 90, 112006 (2014)

20.3 ATLAS-CONF-2014-007

t̄t
4.6 Eur. Phys. J. C 74: 3109 (2014)

20.3 Eur. Phys. J. C 74: 3109 (2014)
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It is pointed out (not for the first time) that the minimal Standard Model, without

additional gauge-singlet right-handed neutrinos or isotriplet Higgs fields, allows for non-

vanishing neutrino masses and mixing. The required interaction term is nonrenormaliz-

able and violates B −L conservation. The ultimate explanation of this interaction term
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1. Introduction

It is sometimes said that the Standard Model by itself does not allow for non-

vanishing neutrino masses. Taking the Standard Model to refer solely to its particle

content and gauge-interaction structure,1,2,3,4,5,6,7,8,9,10 this is not so. It is, in fact,

possible to introduce an interaction term in the Lagrange density, which uses only

the standard-model multiplets and generates Majorana masses for the neutrinos.

This term is nonrenormalizable and does not conserve B − L, the difference of the

baryon quantum number B and the lepton quantum number L.

Having a nonrenormalizable theory makes sense as long as the Standard Model

is not considered to be the definite and final theory. From this point of view, the

interaction term discussed here will have crossed the mind of anyone who has pon-

dered the origin of neutrino mass. Indeed, one of the earliest papers to mention this

term appeared more than 30 years ago.11 Still, it may be useful to clarify the basic

logic of this term and to emphasize the crucial role of gauge invariance.

1

Challenges	  to	  Standard	  Model	  
Many	  observable	  effects	  are	  not	  described	  in	  Standard	  Model	  

Baryon-‐an-baryon	  asymmetry	  in	  the	  universe	  	  (observed)	  
Dark	  ma~er	  –	  possible	  explana-on	  for	  observa-on	  
Dark	  energy	  –	  no	  explana-on	  	  
Gravita-onal	  waves	  –	  observed	  once	  
Neutron	  electric	  dipole	  moment	  -‐	  measured	  
Neutrino	  masses	  –	  must	  be	  non-‐zero	  to	  sa-sfy	  observed	  mixing	  
	  

Par-cle	  physics	  has	  	  Standard	  Model	  -‐	  an	  extensive	  theore-cal	  framework	  that	  describes	  	  
most	  of	  the	  observa-on	  of	  the	  structure	  of	  ma~er.	  It	  is	  natural	  to	  try	  to	  a~ach	  the	  	  
explana-ons	  for	  the	  observables	  that	  we	  do	  not	  quite	  understand	  to	  an	  extension	  of	  
Standard	  Model.	  

F.R.	  Klinkhamer	  Mod.Phys.Leg.	  A28	  (2013)	  1350010	  	  



These	  days	  most	  of	  the	  extensions	  are	  based	  on	  introduc-on	  of	  addi-onal	  symmetry	  
	  
The	  most	  popular	  case:	  Supersymmetry	  	  
Introduce	  symmetry	  between	  fermions	  and	  baryons	  i.e.,	  there	  must	  be	  quarks	  and	  	  
leptons	  with	  integer	  spin	  1	  and	  gauge	  par-cles	  with	  spin	  ½.	  
A	  perfect	  supersymmetry	  would	  have	  new	  partner	  par-cles	  with	  spin	  differing	  by	  ½	  	  
and	  with	  equal	  masses.	  Since	  they	  have	  not	  been	  seen,	  the	  symmetry	  must	  be	  	  
spontaneously	  broken	  with	  the	  new	  par-cles	  expected	  to	  have	  much	  larger	  masses.	  
	  
The	  naming	  conven-on	  for	  supersymmetric	  partners	  of	  fermions	  is	  to	  add	  le~er	  s	  	  
at	  the	  beginning	  of	  the	  name:	  	  e.g.squarks	  -‐-‐	  	  selectron,	  smuon,	  	  sbo~om,…	  
the	  superpartners	  of	  gauge	  bosons	  are	  called	  gauginos	  -‐	  	  gluino,	  pho-no,	  Wino,	  	  
Higgsino…à	  these	  are	  somewhat	  more	  complicated	  since	  spontaneously	  symmetry	  
breaking	  generate	  changes	  among	  the	  standard	  gauge	  par-cles.	  
	  
In	  general	  there	  is	  a	  huge	  number	  of	  ways	  that	  the	  symmetry	  can	  be	  broken	  leading	  to	  	  
over	  100	  free	  parameters.	  	  
The	  most	  tested	  is	  the	  MSSM	  –	  Minimal	  Supersymmetric	  Standard	  Model	  with	  just	  	  
a	  few	  free	  parameters	  in	  the	  theory.	  
	  



	  
The	  a~rac-on	  of	  supersymmetry	  for	  theorists	  is	  that	  provides	  candidates	  to	  solve	  	  
several	  major	  problems.	  	  
Since	  there	  is	  no	  mixing	  between	  Standard	  Model	  par-cles	  and	  their	  supersymmetric	  	  
partners,	  the	  lowest	  mass	  spar-cle	  is	  stable.	  The	  neutral	  stable	  spar-cle	  would	  be	  a	  	  
candidate	  for	  dark	  ma~er.	  
	  
In	  the	  MSSM	  there	  are	  32	  dis-nct	  masses	  corresponding	  to	  undiscovered	  par-cles	  not	  	  
coun-ng	  gravi-no	  and	  two	  complex	  Higgs	  doublets.	  
	  



In	  MSSM	  the	  heavy	  spar-cles	  would	  decay	  to	  the	  lighter	  ones	  in	  processes	  
analogous	  to	  the	  Standard	  Model	  par-cles,	  but	  their	  connec-on	  to	  the	  	  
Standard	  Model	  world	  would	  be	  weak	  .	  Thus	  they	  earned	  the	  nickname	  of	  
WIMPs	  –	  Weakly	  Interac-ng	  Massive	  Par-cles.	  
	  
The	  signatures	  of	  the	  supersymmtery	  are	  either	  processes	  that	  are	  forbidden	  	  
in	  the	  Standard	  Model	  but	  that	  can	  proceed	  via	  loops	  involving	  virtual	  spar-cles	  
e.g.,	  	  μ	  à	  eγ,	  enhanced	  rates	  for	  other	  rare	  process	  due	  to	  the	  virtual	  loops,	  etc	  
	  
At	  LHC	  we	  also	  look	  for	  direct	  produc-on	  of	  supersymmetric	  par-cles	  whose	  decay	  	  
chain	  ends	  with	  a	  lowest	  mass,	  neutral	  spar-cle.	  Such	  par-cle	  would	  interact	  
	  only	  weakly	  with	  regular	  ma~er	  and	  thus	  it	  would	  leave	  the	  detector	  without	  
producing	  detectable	  signal.	  The	  signature	  of	  such	  par-cle	  is,	  therefore,	  missing	  
energy	  or	  more	  precisely	  in	  ATLAS	  –	  missing	  transvesre	  energy	  MET.	  
	  
Another	  consequence	  of	  supersymmetry	  is	  that	  there	  are	  4	  Higgs	  par-cles:	  2	  charged	  
and	  two	  neutral.	  In	  such	  scenario	  the	  object	  that	  has	  been	  discovered	  3	  years	  ago	  is	  only	  	  
one	  of	  the	  two	  neutral	  Higgses	  	  
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Exclusion	  limits	  at	  95%	  CL	  for	  13	  TeV	  in	  the	  (gluino,	  lightest	  neutralino)	  mass	  plane	  for	  
different	  simplified	  models	  featuring	  the	  decay	  of	  the	  gluino	  to	  the	  lightest	  neutralino	  either	  
directly	  or	  through	  a	  cascade	  chain	  featuring	  other	  SUSY	  par-cles	  with	  intermediate	  mass.	  
For	  each	  line,	  the	  gluino	  decay	  mode	  is	  reported	  in	  the	  legend	  and	  it	  is	  assumed	  to	  proceed	  	  
with	  100%	  branching	  ra-o.	  The	  limits	  might	  depend	  on	  addi-onal	  assump-ons	  on	  the	  mass	  
of	  the	  intermediate	  states,	  as	  described	  in	  the	  references	  provided	  in	  the	  plot.	  	  
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MSUGRA/CMSSM 0-3 e, µ /1-2 τ 2-10 jets/3 b Yes 20.3 m(q̃)=m(g̃) 1507.055251.85 TeVq̃, g̃

q̃q̃, q̃→qχ̃
0
1 0 2-6 jets Yes 3.2 m(χ̃

0
1)=0 GeV, m(1st gen. q̃)=m(2nd gen. q̃) ATLAS-CONF-2015-062980 GeVq̃

q̃q̃, q̃→qχ̃
0
1 (compressed) mono-jet 1-3 jets Yes 3.2 m(q̃)-m(χ̃

0
1 )<5 GeV To appear610 GeVq̃

q̃q̃, q̃→q(ℓℓ/ℓν/νν)χ̃
0
1

2 e, µ (off-Z) 2 jets Yes 20.3 m(χ̃
0
1)=0 GeV 1503.03290820 GeVq̃

g̃g̃, g̃→qq̄χ̃
0
1 0 2-6 jets Yes 3.2 m(χ̃

0
1)=0 GeV ATLAS-CONF-2015-0621.52 TeVg̃

g̃g̃, g̃→qqχ̃
±
1→qqW±χ̃

0
1

1 e, µ 2-6 jets Yes 3.3 m(χ̃
0
1)<350 GeV, m(χ̃

±
)=0.5(m(χ̃

0
1)+m(g̃)) ATLAS-CONF-2015-0761.6 TeVg̃

g̃g̃, g̃→qq(ℓℓ/ℓν/νν)χ̃
0
1

2 e, µ 0-3 jets - 20 m(χ̃
0
1)=0 GeV 1501.035551.38 TeVg̃

g̃g̃, g̃→qqWZχ̃
0
1 0 7-10 jets Yes 3.2 m(χ̃

0
1) =100 GeV 1602.061941.4 TeVg̃

GMSB (ℓ̃ NLSP) 1-2 τ + 0-1 ℓ 0-2 jets Yes 20.3 tanβ >20 1407.06031.63 TeVg̃

GGM (bino NLSP) 2 γ - Yes 20.3 cτ(NLSP)<0.1 mm 1507.054931.34 TeVg̃

GGM (higgsino-bino NLSP) γ 1 b Yes 20.3 m(χ̃
0
1)<950 GeV, cτ(NLSP)<0.1 mm, µ<0 1507.054931.37 TeVg̃

GGM (higgsino-bino NLSP) γ 2 jets Yes 20.3 m(χ̃
0
1)<850 GeV, cτ(NLSP)<0.1 mm, µ>0 1507.054931.3 TeVg̃

GGM (higgsino NLSP) 2 e, µ (Z) 2 jets Yes 20.3 m(NLSP)>430 GeV 1503.03290900 GeVg̃

Gravitino LSP 0 mono-jet Yes 20.3 m(G̃)>1.8 × 10−4 eV, m(g̃)=m(q̃)=1.5 TeV 1502.01518865 GeVF1/2 scale

g̃g̃, g̃→bb̄χ̃
0
1 0 3 b Yes 3.3 m(χ̃

0
1)<800 GeV ATLAS-CONF-2015-0671.78 TeVg̃

g̃g̃, g̃→tt̄χ̃
0
1

0-1 e, µ 3 b Yes 3.3 m(χ̃
0
1)=0 GeV To appear1.76 TeVg̃

g̃g̃, g̃→bt̄χ̃
+

1 0-1 e, µ 3 b Yes 20.1 m(χ̃
0
1)<300 GeV 1407.06001.37 TeVg̃

b̃1b̃1, b̃1→bχ̃
0
1 0 2 b Yes 3.2 m(χ̃

0
1)<100 GeV ATLAS-CONF-2015-066840 GeVb̃1

b̃1b̃1, b̃1→tχ̃
±
1 2 e, µ (SS) 0-3 b Yes 3.2 m(χ̃

0
1)=50 GeV, m(χ̃

±
1 )= m(χ̃

0
1)+100 GeV 1602.09058325-540 GeVb̃1

t̃1 t̃1, t̃1→bχ̃
±
1 1-2 e, µ 1-2 b Yes 4.7/20.3 m(χ̃

±
1 ) = 2m(χ̃

0
1), m(χ̃

0
1)=55 GeV 1209.2102, 1407.0583117-170 GeVt̃1 200-500 GeVt̃1

t̃1 t̃1, t̃1→Wbχ̃
0
1 or tχ̃

0
1

0-2 e, µ 0-2 jets/1-2 b Yes 20.3 m(χ̃
0
1)=1 GeV 1506.08616, ATLAS-CONF-2016-00790-198 GeVt̃1 205-715 GeVt̃1 745-785 GeVt̃1

t̃1 t̃1, t̃1→cχ̃
0
1 0 mono-jet/c-tag Yes 20.3 m(t̃1)-m(χ̃

0
1 )<85 GeV 1407.060890-245 GeVt̃1

t̃1 t̃1(natural GMSB) 2 e, µ (Z) 1 b Yes 20.3 m(χ̃
0
1)>150 GeV 1403.5222150-600 GeVt̃1

t̃2 t̃2, t̃2→t̃1 + Z 3 e, µ (Z) 1 b Yes 20.3 m(χ̃
0
1)<200 GeV 1403.5222290-610 GeVt̃2

t̃2 t̃2, t̃2→t̃1 + h 1 e, µ 6 jets + 2 b Yes 20.3 m(χ̃
0
1)=0 GeV 1506.08616320-620 GeVt̃2

ℓ̃L,R ℓ̃L,R, ℓ̃→ℓχ̃
0
1

2 e, µ 0 Yes 20.3 m(χ̃
0
1)=0 GeV 1403.529490-335 GeVℓ̃

χ̃+
1
χ̃−
1 , χ̃

+

1→ℓ̃ν(ℓν̃) 2 e, µ 0 Yes 20.3 m(χ̃
0
1)=0 GeV, m(ℓ̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1)) 1403.5294140-475 GeVχ̃±

1

χ̃+
1
χ̃−
1 , χ̃

+

1→τ̃ν(τν̃) 2 τ - Yes 20.3 m(χ̃
0
1)=0 GeV, m(τ̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1)) 1407.0350355 GeVχ̃±

1

χ̃±
1
χ̃0
2→ℓ̃Lνℓ̃Lℓ(ν̃ν), ℓν̃ℓ̃Lℓ(ν̃ν) 3 e, µ 0 Yes 20.3 m(χ̃

±
1 )=m(χ̃

0
2), m(χ̃

0
1)=0, m(ℓ̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1)) 1402.7029715 GeVχ̃±

1 ,
χ̃0
2

χ̃±
1
χ̃0
2→Wχ̃

0
1Zχ̃

0
1

2-3 e, µ 0-2 jets Yes 20.3 m(χ̃
±
1 )=m(χ̃

0
2), m(χ̃

0
1)=0, sleptons decoupled 1403.5294, 1402.7029425 GeVχ̃±

1 ,
χ̃0
2

χ̃±
1
χ̃0
2→Wχ̃

0
1h χ̃

0
1, h→bb̄/WW/ττ/γγ e, µ, γ 0-2 b Yes 20.3 m(χ̃

±
1 )=m(χ̃

0
2), m(χ̃

0
1)=0, sleptons decoupled 1501.07110270 GeVχ̃±

1 ,
χ̃0
2

χ̃0
2
χ̃0
3, χ̃

0
2,3 →ℓ̃Rℓ 4 e, µ 0 Yes 20.3 m(χ̃

0
2)=m(χ̃

0
3), m(χ̃

0
1)=0, m(ℓ̃, ν̃)=0.5(m(χ̃

0
2)+m(χ̃

0
1)) 1405.5086635 GeVχ̃0

2,3

GGM (wino NLSP) weak prod. 1 e, µ + γ - Yes 20.3 cτ<1 mm 1507.05493115-370 GeVW̃

Direct χ̃
+

1
χ̃−
1 prod., long-lived χ̃

±
1 Disapp. trk 1 jet Yes 20.3 m(χ̃

±
1 )-m(χ̃

0
1)∼160 MeV, τ(χ̃

±
1 )=0.2 ns 1310.3675270 GeVχ̃±

1

Direct χ̃
+

1
χ̃−
1 prod., long-lived χ̃

±
1 dE/dx trk - Yes 18.4 m(χ̃

±
1 )-m(χ̃

0
1)∼160 MeV, τ(χ̃

±
1 )<15 ns 1506.05332495 GeVχ̃±

1

Stable, stopped g̃ R-hadron 0 1-5 jets Yes 27.9 m(χ̃
0
1)=100 GeV, 10 µs<τ(g̃)<1000 s 1310.6584850 GeVg̃

Metastable g̃ R-hadron dE/dx trk - - 3.2 m(χ̃
0
1)=100 GeV, τ>10 ns To appear1.54 TeVg̃

GMSB, stable τ̃, χ̃
0
1→τ̃(ẽ, µ̃)+τ(e, µ) 1-2 µ - - 19.1 10<tanβ<50 1411.6795537 GeVχ̃0

1

GMSB, χ̃
0
1→γG̃, long-lived χ̃

0
1

2 γ - Yes 20.3 1<τ(χ̃
0
1)<3 ns, SPS8 model 1409.5542440 GeVχ̃0

1

g̃g̃, χ̃
0
1→eeν/eµν/µµν displ. ee/eµ/µµ - - 20.3 7 <cτ(χ̃

0
1)< 740 mm, m(g̃)=1.3 TeV 1504.051621.0 TeVχ̃0

1

GGM g̃g̃, χ̃
0
1→ZG̃ displ. vtx + jets - - 20.3 6 <cτ(χ̃

0
1)< 480 mm, m(g̃)=1.1 TeV 1504.051621.0 TeVχ̃0

1

LFV pp→ν̃τ + X, ν̃τ→eµ/eτ/µτ eµ,eτ,µτ - - 20.3 λ′311=0.11, λ132/133/233=0.07 1503.044301.7 TeVν̃τ

Bilinear RPV CMSSM 2 e, µ (SS) 0-3 b Yes 20.3 m(q̃)=m(g̃), cτLS P<1 mm 1404.25001.45 TeVq̃, g̃

χ̃+
1
χ̃−
1 , χ̃

+

1→Wχ̃
0
1, χ̃

0
1→eeν̃µ, eµν̃e 4 e, µ - Yes 20.3 m(χ̃

0
1)>0.2×m(χ̃

±
1 ), λ121!0 1405.5086760 GeVχ̃±

1

χ̃+
1
χ̃−
1 , χ̃

+

1→Wχ̃
0
1, χ̃

0
1→ττν̃e, eτν̃τ 3 e, µ + τ - Yes 20.3 m(χ̃

0
1)>0.2×m(χ̃

±
1 ), λ133!0 1405.5086450 GeVχ̃±

1

g̃g̃, g̃→qqq 0 6-7 jets - 20.3 BR(t)=BR(b)=BR(c)=0% 1502.05686917 GeVg̃

g̃g̃, g̃→qqχ̃
0
1, χ̃

0
1 → qqq 0 6-7 jets - 20.3 m(χ̃

0
1)=600 GeV 1502.05686980 GeVg̃

g̃g̃, g̃→t̃1t, t̃1→bs 2 e, µ (SS) 0-3 b Yes 20.3 1404.2500880 GeVg̃

t̃1 t̃1, t̃1→bs 0 2 jets + 2 b - 20.3 1601.07453320 GeVt̃1

t̃1 t̃1, t̃1→bℓ 2 e, µ 2 b - 20.3 BR(t̃1→be/µ)>20% ATLAS-CONF-2015-0150.4-1.0 TeVt̃1

Scalar charm, c̃→cχ̃
0
1 0 2 c Yes 20.3 m(χ̃

0
1)<200 GeV 1501.01325510 GeVc̃

Mass scale [TeV]10−1 1

√
s = 7, 8 TeV

√
s = 13 TeV

ATLAS SUSY Searches* - 95% CL Lower Limits
Status: March 2016

ATLAS Preliminary
√
s = 7, 8, 13 TeV

*Only a selection of the available mass limits on new
states or phenomena is shown.



Exo-cs	  –	  experimental	  approach	  
	  
Magne-c	  monopole	  
Highly	  ionizing	  par-cles	  
Long-‐lived	  (~10-‐8	  s)	  par-cles	  
mini	  black	  holes	  
sequen-al	  gauge	  bosons	  Z’	  W’	  
	  
God	  Only	  Knows	  
	  



Typical	  approach	  –	  assume	  existence	  of	  a	  new	  par-cle	  of	  a	  par-cular	  mass	  and	  width	  
	   	   	   	  model	  new	  par-cle	  decay	  to	  	  eg.,	  	  bbγγ	  
	   	   	   	  search	  for	  it	  in	  the	  data	  	  
	   	   	   	  if	  not	  found	  –	  es-mate	  produc-on	  cross	  sec-on	  limit	  
	   	   	   	  change	  the	  mass	  parameter	  and	  repeat	  the	  search.	  
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ADD GKK + g/q − ≥ 1 j Yes 3.2 n = 2 Preliminary6.86 TeVMD

ADD non-resonant ℓℓ 2 e, µ − − 20.3 n = 3 HLZ 1407.24104.7 TeVMS

ADD QBH→ ℓq 1 e, µ 1 j − 20.3 n = 6 1311.20065.2 TeVMth

ADD QBH − 2 j − 3.6 n = 6 1512.015308.3 TeVMth

ADD BH high
∑
pT ≥ 1 e, µ ≥ 2 j − 3.2 n = 6, MD = 3 TeV, rot BH ATLAS-CONF-2016-0068.2 TeVMth

ADD BH multijet − ≥ 3 j − 3.6 n = 6, MD = 3 TeV, rot BH 1512.025869.55 TeVMth

RS1 GKK → ℓℓ 2 e, µ − − 20.3 k/MPl = 0.1 1405.41232.68 TeVGKK mass

RS1 GKK → γγ 2 γ − − 20.3 k/MPl = 0.1 1504.055112.66 TeVGKK mass

Bulk RS GKK →WW → qqℓν 1 e, µ 1 J Yes 3.2 k/MPl = 1.0 ATLAS-CONF-2015-0751.06 TeVGKK mass

Bulk RS GKK → HH → bbbb − 4 b − 3.2 k/MPl = 1.0 ATLAS-CONF-2016-017475-785 GeVGKK mass

Bulk RS gKK → tt 1 e, µ ≥ 1 b, ≥ 1J/2j Yes 20.3 BR = 0.925 1505.070182.2 TeVgKK mass

2UED / RPP 1 e, µ ≥ 2 b, ≥ 4 j Yes 3.2 Tier (1,1), BR(A(1,1) → tt) = 1 ATLAS-CONF-2016-0131.46 TeVKK mass

SSM Z ′ → ℓℓ 2 e, µ − − 3.2 ATLAS-CONF-2015-0703.4 TeVZ′ mass

SSM Z ′ → ττ 2 τ − − 19.5 1502.071772.02 TeVZ′ mass

Leptophobic Z ′ → bb − 2 b − 3.2 Preliminary1.5 TeVZ′ mass

SSM W ′ → ℓν 1 e, µ − Yes 3.2 ATLAS-CONF-2015-0634.07 TeVW′ mass

HVT W ′ →WZ → qqνν model A 0 e, µ 1 J Yes 3.2 gV = 1 ATLAS-CONF-2015-0681.6 TeVW′ mass

HVT W ′ →WZ → qqqq model A − 2 J − 3.2 gV = 1 ATLAS-CONF-2015-0731.38-1.6 TeVW′ mass

HVT W ′ →WH → ℓνbb model B 1 e, µ 1-2 b, 1-0 j Yes 3.2 gV = 3 ATLAS-CONF-2015-0741.62 TeVW′ mass

HVT Z ′ → ZH → ννbb model B 0 e, µ 1-2 b, 1-0 j Yes 3.2 gV = 3 ATLAS-CONF-2015-0741.76 TeVZ′ mass
LRSM W ′

R
→ tb 1 e, µ 2 b, 0-1 j Yes 20.3 1410.41031.92 TeVW′ mass

LRSM W ′
R
→ tb 0 e, µ ≥ 1 b, 1 J − 20.3 1408.08861.76 TeVW′ mass

CI qqqq − 2 j − 3.6 ηLL = −1 1512.0153017.5 TeVΛ
CI qqℓℓ 2 e, µ − − 3.2 ηLL = −1 ATLAS-CONF-2015-07023.1 TeVΛ

CI uutt 2 e, µ (SS) ≥ 1 b, 1-4 j Yes 20.3 |CLL | = 1 1504.046054.3 TeVΛ

Axial-vector mediator (Dirac DM) 0 e, µ ≥ 1 j Yes 3.2 gq=0.25, gχ=1.0, m(χ) < 140 GeV Preliminary1.0 TeVmA

Axial-vector mediator (Dirac DM) 0 e, µ, 1 γ 1 j Yes 3.2 gq=0.25, gχ=1.0, m(χ) < 10 GeV Preliminary650 GeVmA

ZZχχ EFT (Dirac DM) 0 e, µ 1 J, ≤ 1 j Yes 3.2 m(χ) < 150 GeV ATLAS-CONF-2015-080550 GeVM∗

Scalar LQ 1st gen 2 e ≥ 2 j − 3.2 β = 1 Preliminary1.07 TeVLQ mass

Scalar LQ 2nd gen 2 µ ≥ 2 j − 3.2 β = 1 Preliminary1.03 TeVLQ mass

Scalar LQ 3rd gen 1 e, µ ≥1 b, ≥3 j Yes 20.3 β = 0 1508.04735640 GeVLQ mass

VLQ TT → Ht + X 1 e, µ ≥ 2 b, ≥ 3 j Yes 20.3 T in (T,B) doublet 1505.04306855 GeVT mass

VLQ YY →Wb + X 1 e, µ ≥ 1 b, ≥ 3 j Yes 20.3 Y in (B,Y) doublet 1505.04306770 GeVY mass

VLQ BB → Hb + X 1 e, µ ≥ 2 b, ≥ 3 j Yes 20.3 isospin singlet 1505.04306735 GeVB mass

VLQ BB → Zb + X 2/≥3 e, µ ≥2/≥1 b − 20.3 B in (B,Y) doublet 1409.5500755 GeVB mass

VLQ QQ →WqWq 1 e, µ ≥ 4 j Yes 20.3 1509.04261690 GeVQ mass

T5/3 →Wt 1 e, µ ≥ 1 b, ≥ 5 j Yes 20.3 1503.05425840 GeVT5/3 mass

Excited quark q∗ → qγ 1 γ 1 j − 3.2 only u∗ and d∗, Λ = m(q∗) 1512.059104.4 TeVq∗ mass

Excited quark q∗ → qg − 2 j − 3.6 only u∗ and d∗, Λ = m(q∗) 1512.015305.2 TeVq∗ mass

Excited quark b∗ → bg − 1 b, 1 j − 3.2 Preliminary2.1 TeVb∗ mass

Excited quark b∗ →Wt 1 or 2 e, µ 1 b, 2-0 j Yes 20.3 fg = fL = fR = 1 1510.026641.5 TeVb∗ mass

Excited lepton ℓ∗ 3 e, µ − − 20.3 Λ = 3.0 TeV 1411.29213.0 TeVℓ∗ mass

Excited lepton ν∗ 3 e,µ, τ − − 20.3 Λ = 1.6 TeV 1411.29211.6 TeVν∗ mass

LSTC aT →W γ 1 e, µ, 1 γ − Yes 20.3 1407.8150960 GeVaT mass

LRSM Majorana ν 2 e, µ 2 j − 20.3 m(WR ) = 2.4 TeV, no mixing 1506.060202.0 TeVN0 mass

Higgs triplet H±± → ℓℓ 2 e, µ (SS) − − 20.3 DY production, BR(H±±L → ℓℓ)=1 1412.0237551 GeVH±± mass

Higgs triplet H±± → ℓτ 3 e,µ, τ − − 20.3 DY production, BR(H±±
L
→ ℓτ)=1 1411.2921400 GeVH±± mass

Monotop (non-res prod) 1 e, µ 1 b Yes 20.3 anon−res = 0.2 1410.5404657 GeVspin-1 invisible particle mass

Multi-charged particles − − − 20.3 DY production, |q| = 5e 1504.04188785 GeVmulti-charged particle mass

Magnetic monopoles − − − 7.0 DY production, |g | = 1gD , spin 1/2 1509.080591.34 TeVmonopole mass

Mass scale [TeV]10−1 1 10
√
s = 8 TeV

√
s = 13 TeV

ATLAS Exotics Searches* - 95% CL Exclusion
Status: March 2016

ATLAS Preliminary∫
L dt = (3.2 - 20.3) fb−1

√
s = 8, 13 TeV

*Only a selection of the available mass limits on new states or phenomena is shown. Lower bounds are specified only when explicitly not excluded.

†Small-radius (large-radius) jets are denoted by the letter j (J).


