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Mo6va6on	
  

Top	
  associated	
  Higgs	
  produc6on	
  not	
  yet	
  observed	
  
	
  	
  	
  	
  -­‐>	
  produc6on	
  cross	
  sec6on	
  at	
  13	
  TeV	
  3.8	
  6mes	
  higher	
  than	
  at	
  8	
  TeV	
  	
  

2	
  

2H	
  cross	
  sec6on	
  directly	
  propor6onal	
  to	
  Yukawa	
  Coupling	
  yt	
  

σ2H	
  	
  =	
  508	
  V	
  σggF	
  	
  =	
  44	
  pb	
   σ2H/σggF	
  ~	
  0.01	
  



Higgs	
  decay	
  mode	
   B.	
  ra0o	
  	
  

H-­‐>bb	
   58.1	
  %	
  

H-­‐>WW	
   21.5	
  %	
  

H-­‐>ττ 6.3	
  %	
  

H-­‐>γγ 0.23	
  %	
  

H-­‐>ZZ	
  
	
  	
  	
  	
  -­‐>4	
  leptons	
  (e,µ)	
  

	
  
0.0124	
  %	
  

Searches	
  for	
  the	
  2H	
  process	
  
with	
  the	
  ATLAS	
  detector	
  

New	
  results	
  
with	
  L	
  =	
  36	
  V-­‐1	
  

σ2H	
  	
  =	
  508	
  V	
  

Nevents	
  =	
  L	
  .	
  σ2H	
  .	
  B	
  (H)	
  .	
  B(2bar)	
  .	
  ε	
  .	
  A	
  

1bar	
  decay	
  mode	
   B.Ra0o	
  

Di-­‐lepton	
  (e,µ)	
   4%	
  

Single	
  lepton	
  (e,µ)	
  +	
  jets	
   30%	
  

All	
  jets	
   44%	
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Results	
  with	
  
	
  L	
  =	
  13.6	
  V-­‐1	
  



Search	
  for	
  the	
  2H	
  (H⇾bb)	
  process	
  
ATLAS-­‐CONF-­‐2016-­‐080	
  

-­‐  Largest	
  branching	
  ra6o	
  (58.1%)	
  
-­‐  Large	
  irreducible	
  background	
  2bb	
  

Semi-­‐leptonic	
  channel	
  
(one	
  leptonic	
  W	
  decay)	
  
•  one	
  electron	
  or	
  muon	
  
•  at	
  least	
  4	
  jets	
  	
  
•  at	
  least	
  2	
  b-­‐tagged	
  jets	
  

di-­‐lepton	
  channel	
  
(two	
  leptonic	
  W	
  decay)	
  
•  Two	
  opposite	
  charge	
  light	
  leptons	
  	
  
	
  	
  	
  	
  	
  	
  	
  (electron	
  or	
  muon)	
  
•  at	
  least	
  3	
  jets	
  
•  at	
  least	
  2	
  b-­‐tagged	
  jets	
  

event	
  selec6on	
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2H(bb):	
  Analysis	
  strategy	
  
example:	
  single-­‐lepton	
  channel	
  

4	
  

5	
  

6+	
  

nr
	
  je
ts
	
  

1285	
  

Simultaneous	
  fit	
  of	
  all	
  regions	
  to	
  reduce	
  uncertain6es:	
  
•  signal	
  regions:	
  try	
  to	
  separate	
  2H	
  signal	
  from	
  background	
  	
  	
  
•  control	
  regions:	
  	
  exploit	
  different	
  background	
  composi6ons	
  (2+light,	
  2+c,	
  2+b)	
  
Di-­‐lepton	
  channel	
  similar	
  but	
  only	
  5	
  regions,	
  best	
  region	
  has	
  6.1%	
  S/B	
  and	
  124	
  events	
  

Signal	
  and	
  background	
  

3	
  
nr	
  b-­‐tagged	
  jets	
  

4	
  2	
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Co
nt
ro
l	
  r
eg
io
n	
  

Fit	
  

ATLAS-­‐CONF-­‐2016-­‐080	
  



2H(H-­‐>bb)	
  signal	
  strength	
  

Uncertainty	
  of	
  the	
  measurement	
  is	
  dominated	
  	
  
by	
  the	
  normalisa6on	
  and	
  modeling	
  of	
  the	
  	
  
2+b/jet	
  background.	
  	
  

Upper	
  limit	
  on	
  2H	
  signal	
  strength	
  at	
  95%	
  CL	
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ATLAS-­‐CONF-­‐2016-­‐080	
  



Search	
  for	
  the	
  2H	
  (mul6	
  leptons)	
  process	
  

	
  Higgs	
  decay	
  mode	
   Branching	
  ra0o	
  	
  

H-­‐>WW	
   21.5	
  %	
  

H-­‐>ττ 6.3	
  %	
  

Many	
  possible	
  final	
  states	
  
•  Focus	
  on	
  those	
  with	
  clean	
  signature	
  and	
  

low	
  background	
  
•  6	
  categories:	
  2l0τ(µµ, ee,eµ), 2l1τ, 3l 

and 4l 
•  Perform cut & count analysis

channel	
   2l0τ 2l1τ 3l	
   4l	
  

Light	
  
leptons	
  

2	
  (SS)	
   2(SS)	
   3	
   4	
  

jets	
   >=5	
   >=4	
   >=4	
  or	
  
>=3	
  

>=2	
  

b-­‐jets	
   >=1	
   >=1	
   >=1	
  or	
  >=	
  
2	
  

>=1	
  

τhad 0	
   1	
   -­‐	
   -­‐	
  

ATLAS-­‐CONF-­‐2016-­‐058	
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Data	
  	
  	
  	
  S/B	
  
	
  
116 	
  	
  	
  	
  0.1	
  
14	
  	
  	
  	
  	
  	
  0.23	
  
46  	
  	
  	
  	
  0.13	
  
0	
  	
  	
  	
  	
  	
  	
  	
  	
  0.29	
  
	
  



Results	
  on	
  2H(mul6-­‐lepton)	
  

Profile	
  likelihood	
  fit	
  on	
  all	
  channels	
  simultaneously.	
  
Systema6c	
  uncertainty	
  is	
  dominated	
  by	
  non-­‐prompt	
  background	
  es6mates	
  in	
  
the	
  2l0τ,	
  2l1τ	
  and	
  3l	
  channels	
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ATLAS-­‐CONF-­‐2016-­‐058	
  



	
  Higgs	
  decay	
  mode	
   Branching	
  ra0o	
  	
  

H-­‐>bb	
   58.1	
  %	
  

H-­‐>WW	
   21.5	
  %	
  

H-­‐>ττ 6.3	
  %	
  

H-­‐>γγ 0.23	
  %	
  

H-­‐>ZZ-­‐>4	
  leptons	
   0.0124	
  %	
  

2H	
  (H-­‐>γγ)	
  

	
  

ATLAS-­‐CONF-­‐2017-­‐045	
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•  9	
  event	
  categories	
  for	
  2H	
  and	
  tH	
  in	
  all	
  top	
  pair	
  decay	
  channels	
  (all	
  had,	
  single-­‐	
  or	
  di-­‐lepton)	
  
•  80-­‐96%	
  2H	
  signal	
  event	
  frac6ons	
  in	
  the	
  different	
  categories	
  
•  BDT	
  used	
  to	
  separate	
  2H	
  in	
  all	
  hadronic	
  top	
  decays	
  from	
  ggH	
  and	
  mul6-­‐jet	
  background	
  
•  16	
  2H	
  and	
  2.7	
  tH	
  events	
  expected	
  in	
  total	
  	
  of	
  36	
  V-­‐1	
  
•  Results	
  presented	
  in	
  2H	
  categories	
  combined	
  with	
  tH	
  (σ2H	
  	
  ~	
  508	
  V,	
  σtH	
  ~	
  74	
  V)	
  
	
  



tH+2H	
  (H-­‐>γγ)	
  

Signal	
  model:	
  double-­‐sided	
  Crystal	
  Ball	
  
Background	
  model:	
  data	
  driven	
  by	
  rever6ng	
  γ	
  id	
  or	
  isola6on,	
  
or	
  removing	
  b-­‐tagging;	
  shape+normalisa6on	
  from	
  fit	
  to	
  mγγ 10	
  

Expected	
  loc.	
  significance:	
  1.8	
  σ
Observed	
  loc.	
  significance:	
  1.0	
  σ

Expected	
  limit	
  (µ=1):	
  2.3	
  
Expected	
  limit	
  (µ=0):	
  1.2	
  
Observed	
  limit:	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  1.7

Max	
  likelihood	
  fit	
  for	
  each	
  event	
  category	
  
	
  
Signal	
  strength	
  	
  	
  	
  µtop	
  =	
  µ(2H+tH)	
  

ATLAS-­‐CONF-­‐2017-­‐045	
  



Quantity normalized to SM
1− 0 1 2 3 4 5 6

Measurement

Stat. uncertainty

Syst. uncertainty

SM prediction

 PreliminaryATLAS
-1 = 13 TeV, 36.1 fbs
4l→ZZ*→H and γγ→H
|<2.5

H
y = 125.09 GeV, |Hm

l4 B• ggFσ

l4/BγγB

ggFσ/VBFσ

ggFσ/VHσ

ggFσ/ttHσ

Cross section normalized to SM
1− 0 1 2 3 4 5

Measurement

Stat. uncertainty

Syst. uncertainty

SM prediction

 PreliminaryATLAS
-1 = 13 TeV, 36.1 fbs
4l→ZZ*→H and γγ→H
|<2.5

H
y = 125.09 GeV, |Hm

ggF

VBF

VH

Htt

tH+2H	
  (H-­‐>γγ)	
  and	
  (H-­‐>ΖΖ*)	
  combined	
  

ATLAS-­‐CONF-­‐2017-­‐032,	
  ATLAS-­‐CONF-­‐2017-­‐047	
  	
  

σ2H/σggF[10-­‐2]=	
  0.7+1.0-­‐0.9	
  	
  theo:	
  1.3+0.1-­‐0.2	
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  Higgs	
  decay	
  mode	
   Branching	
  ra0o	
  	
  

H-­‐>γγ 0.23	
  %	
  

H-­‐>ZZ-­‐>4	
  leptons	
   0.0124	
  %	
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Flavour	
  changing	
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  currents	
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Submi2ed	
  to	
  JHEP,	
  on	
  arXiv	
  

Search	
  performed	
  in	
  top	
  pair	
  produc6on	
  events	
  with	
  t-­‐>Wb	
  and	
  t-­‐>qH(H-­‐>γγ)	
  
•  Allowed	
  in	
  SM	
  only	
  at	
  loop	
  level	
  with	
  B~3.10-­‐15	
  	
  

Selection Hadronic Leptonic
Category 1 2 1 2
Signal t ! cH 2.4 3.7 0.82 0.23
SM Higgs boson resonant background 1.1 3.1 0.24 0.22
Other background 16 63 0.14 0.29
Total background 17 66 0.38 0.51
Data 14 69 2 1
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ATLAS -1 = 13 TeV, 36.1 fbs

Hadronic category 1

>= 2γ	
  with	
  pT>40GeV	
  (pT>30GeV)	
  100<mγγ<160	
  GeV	
  
+	
  hadronic	
  (leptonic)	
  top	
  decay	
  selec6on	
  
+	
  reconstruct	
  masses	
  of	
  both	
  top	
  decay	
  chains	
  
	
  	
  	
  	
  Mγγj,Mjjj(Mjlν)	
  

Limit:	
  B	
  <	
  2.2	
  .10-­‐3	
  at	
  95%CL	
  	
  



Summary	
  
•  2H	
  measurement	
  performed	
  for	
  5	
  different	
  Higgs	
  decay	
  modes	
  in	
  data	
  sets	
  of	
  	
  13.6	
  V-­‐1	
  

and	
  36	
  V-­‐1	
  	
  

	
  
•  Signal	
  strength	
  µ2H	
  observed	
  between	
  2.1+1.0-­‐0.9	
  	
  ,	
  2.5+1.3-­‐1.1	
  	
  for	
  2H	
  in	
  H-­‐>bb	
  and	
  	
  
	
  	
  	
  	
  	
  	
  	
  H-­‐>mul6leptons,	
  	
  	
  	
  	
  	
  	
  and	
  	
  0.5+0.6-­‐0.6	
  in	
  	
  H-­‐>γγ	
  for	
  the	
  combined	
  	
  2H+tH.	
  The	
  	
  	
  	
  
	
  	
  	
  	
  	
  	
  	
  combined	
  produc6on	
  cross	
  sec6on	
  of	
  2H+tH	
  and	
  decay	
  into	
  either	
  	
  H-­‐>γγ	
  or	
  ZZ*	
  is	
  	
  	
  
	
  	
  	
  	
  	
  	
  	
  0.27+0.37-­‐0.32	
  pb	
  corresponding	
  to	
  µ=	
  0.45.	
  

•  The	
  cross	
  sec6on	
  ra6o	
  of	
  σ2H/σggF	
  is	
  measured	
  to	
  be	
  (0.7+1.0-­‐0.9).10-­‐2	
  in	
  agreement	
  with	
  
the	
  SM	
  predic6on	
  of	
  1.3	
  .10-­‐2	
  .	
  

	
  
•  Significant	
  improvements	
  expected	
  with	
  full	
  2015+2016	
  data	
  set	
  for	
  the	
  2H	
  mul6-­‐

lepton	
  and	
  the	
  2tH(H-­‐>bb)	
  analysis.	
  
	
  
•  Un	
  upper	
  limit	
  of	
  the	
  branching	
  ra6o	
  of	
  t-­‐>Hq	
  is	
  set	
  to	
  	
  2.2	
  .10-­‐3	
  ,	
  indica6ng	
  the	
  absence	
  

of	
  FCNC	
  	
  

	
  
	
  
	
   13	
  



Back-­‐up	
  

14	
  



2H(H-­‐>γγ)	
  object	
  &	
  event	
  selec6on	
  
General	
  H-­‐>γγ	
  selec0on	
  of	
  photons:	
  	
  
ET	
  >	
  25	
  GeV	
  
|η|	
  <2.37,	
  excluding	
  1.37	
  <	
  |η|	
  <	
  1.52	
  
Leading	
  γ:	
  ET	
  >0.35	
  mγγ,	
  sub-­‐leading	
  γ:	
  ET>0.25	
  mγγ	
  
Isola6on	
  (ΣpT(charged	
  par6cles	
  in	
  ΔR<0.2)	
  /	
  pTγ	
  <	
  5%)	
  
	
  
Event	
  selec0on:	
  
At	
  least	
  2	
  photons	
  
⇒  332	
  030	
  events	
  with	
  105	
  GeV	
  <	
  mγγ	
  <	
  160	
  GeV.	
  
	
  
1H	
  produc0on	
  channel:	
  
Jet	
  pT>25	
  GeV	
  	
  
>=1	
  b-­‐jet,	
  pT>25	
  GeV	
  	
  
Electron:	
  pT>10	
  GeV,	
  |η|<2.47,	
  muon:	
  pT>10	
  GeV,	
  |η|<2.7	
  (fiducial	
  xs:	
  >15	
  GeV)	
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Limits	
  on	
  2H+tH(H-­‐>γγ)	
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2H(H-­‐>γγ)	
  -­‐	
  details	
  
BDT	
  
•  Input	
  variables:	
  Ht

had	
  (scalar	
  sum	
  of	
  jet	
  pT),	
  mass	
  of	
  all	
  jets,	
  N(jets),	
  N(central	
  jets),N(b-­‐
jets)	
  

•  Training	
  of	
  2H	
  against	
  ggH	
  and	
  data	
  driven	
  mul6-­‐jet	
  background	
  
•  Data	
  driven	
  mul6-­‐jet	
  background	
  from	
  events	
  with	
  γγ+3jets with	
  >=1γ	
  failing	
  isola6on	
  

or	
  iden6fica6on	
  requirement	
  
•  Working	
  points	
  at	
  95,	
  89,	
  86,	
  79%	
  frac6on	
  of	
  2H	
  /	
  (all	
  H-­‐>γγ)	
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2H(H-­‐>bb)	
  
Data	
  vs	
  Predic6ons	
  in	
  all	
  bins	
  

Ordered	
  by	
  S/B	
   18	
  



2H(mul6-­‐lepton)	
  event	
  yields	
  

19	
  



2H(bb):	
  di-­‐lepton	
  analysis	
  

2	
   3	
   4	
  
nr	
  b-­‐tagged	
  jets	
  

3	
  

4+	
  

nr
	
  je
ts
	
  

Signal	
  regions	
  control	
  regions	
  

154	
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2H(bb):background	
  composi6on	
  	
  
nr
	
  je
ts
	
  

2	
   3	
   4	
  
nr	
  b-­‐tagged	
  jets	
  

2	
   3	
   4	
  
nr	
  b-­‐tagged	
  jets	
  

3	
  

4+	
  
nr
	
  je
ts
	
  

Signal	
  regions	
  control	
  regions	
  

154	
  1285	
  

4	
  

5	
  

6+	
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Reconstruc6on	
  of	
  H	
  	
  
in	
  2H	
  (H⇾bb)	
  process	
  

ATLAS-­‐CONF-­‐2016-­‐080	
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H-­‐>ZZ*-­‐>4leptons	
  selec6on	
  &	
  yields	
  

23	
  

Event	
  	
  	
  selec6on	
  

Event	
  
yields	
  

Reconstructed	
  mH	
  from	
  4	
  leptons	
  
2H	
  category:	
  
•  >=1	
  b-­‐tagged	
  jet	
  
•  >=	
  4	
  jets	
  	
  
	
  	
  	
  	
  	
  or	
  1	
  add.l	
  (e,µ)	
  +	
  >=2jets	
  	
  
	
  



Simplified	
  template	
  xs	
  Matrix	
  

24	
  

|yH|<2.5	
  



Flavour	
  changing	
  neutral	
  currents	
  
	
  in	
  t-­‐>qH	
  with	
  H-­‐>γγ

25	
  

Search	
  performed	
  in	
  top	
  pair	
  produc6on	
  events	
  with	
  t-­‐>Wb	
  and	
  t-­‐>Hq	
  
•  Reconstruct	
  top	
  mass	
  from	
  decay	
  products	
  for	
  both	
  top	
  quarks	
  Mγγj,Mjjj(Mjlν)	
  
•  152	
  GeV	
  <	
  Mγγj	
  <	
  190	
  GeV,	
  120	
  GeV<Mjjj<220	
  GeV	
  	
  
•  Category	
  1:	
  both	
  top	
  quark	
  masses	
  reconstructed,	
  category	
  2:	
  no	
  cut	
  on	
  Mjjj	
  (Mjlν)	
  

>= 2γ	
  with	
  pT>40GeV	
  (pT>30GeV)	
  

1	
  lepton	
  (e,m)	
  
>=2jets	
  	
  
mT>30GeV	
  

0	
  leptons	
  
>=4	
  jets	
  
>=1	
  b-­‐jet	
  ha

dr
on

ic
	
   leptonic	
  


