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‣ No deviations from SM, but large uncertainties on Higgs 
couplings 

‣ Top-Yukawa coupling (yt≃1) is a key parameter of the SM, crucial 
for the stability of the EW vacuum and to get hints on NP scale 

‣ Searches for events with Higgs boson(s) and top quarks are 
important for probing extended EWSB scenarios 

‣ Significant boost in sensitivity for these searches from higher 
energy in Run-II

Top Quarks and Higgs Bosons
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JHEP 1208 (2012) 098

arXiv:1504.04630
arXiv:1411.1923

“… at the present moment the only quantity which 
can help us to get an idea about the scale of new 

physics is the top Yukawa coupling yt.”

 “… three LHC searches that are critical components of a 
comprehensive program to investigate extended electroweak 
symmetry breaking sectors: production of a heavy scalar or 

pseudoscalar with decay to tt; bb and tt associated  production of 
a  heavy scalar or pseudoscalar with decay to invisible final states; 
and tb associated production of a charged Higgs with decay to tb"

A couple of catchy titles from literature:

http://arxiv.org/abs/1205.6497
http://arxiv.org/abs/1504.04630
http://arxiv.org/abs/1411.1923
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‣ ttH production  
- two orders of magnitude smaller than ggF cross 

section 
- allows direct measurement of yt 

- without ttH, unable to simultaneously constrain top-
Yukawa and NP in ggF loop 

‣ tH production gives sensitivity to sign of yt 
- suppressed in SM (much smaller than ttH) due to 

destructive interference between top and W 
diagrams 

- In BSM models with negative yt, increase in tH 
production rate and interplay with BR(H→𝛾𝛾)  

- presence of forward jet like in VBF

SM ttH and tH Productions
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Phys Lett B 740 (2015) 222

http://www.sciencedirect.com/science/article/pii/S037026931400851X
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‣ Complex final state, all 
experimental signatures involved: 
mu, el, photon, tau, bjet, jet, ET

miss

ttH@LHC: Production and Final States
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44%

Higgs Boson 
Decays

WW,ZZ,!
30%

𝛾𝛾
0.2%

bb!
58%

At least one lepton required 
for triggering and to reduce 

hadronic background 
(full hadronic only with H→𝛾𝛾 to 

maximise acceptance)

Largest BR, large 
background from tt+HF

leptonic final states, 
backgrounds from tt+jets 

(w/ fake leptons)

Tiny BR, clean 
signature

√s [TeV] 8 13 13/8

𝜎(ttH) [fb] 130 510 x4
𝜏𝜏
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Run-I Searches
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H→𝛾𝛾 H→bb H→WW,𝜏𝜏 H→ZZ

ttH

Phys Lett B 740 (2015) 
222 (7+8TeV)

arXiv:1503.05066 (submitted 
to EPJC) with MEM (8TeV) CONF-2015-006 (8TeV)

JHEP09 (2014) 087 
(7+8TeV)

arXiv:1502.02485 (submitted to 
EPJC) with MEM (8TeV) 

JHEP09 (2014) 087 (w/o MEM)

JHEP09 (2014) 087 
(7+8TeV)

tH

Phys Lett B 740 (2015) 
222 (7+8TeV)

HIG-14-001 
(8TeV) HIG-14-015 (8TeV) HIG-14-026 

(8TeV)

Comb.
CONF-2015-007 (7+8TeV)

JHEP09 (2014) 087 (ttH only, bb w/o MEM, 7+8TeV), 
arXiv:1412.8662 (submitted to EPJC, bb w/o MEM, 7+8TeV) 
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ttH+tH, H→𝛾𝛾
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‣ O(1) signal events expected 

‣ Non-ttH Higgs production modes 
suppressed by: 

- Leptonic top-pair decay: lepton and b-tag 
requirements 

- Hadronic top-pair decay: high #jets and b-
tag requirements 

‣ Non-resonant background from m𝛾𝛾 
sidebands 

‣ ttH Results:  
- CMS μ=2.7

+2.6
-1.8  

- ATLAS μ=1.3
+2.5

-1.7 (stat)
+0.8

-0.4(syst) 

‣ tH Results: 

- ATLAS result included in ttH search (tH 
as background for ttH) 

- CMS dedicated search for tHq, no 
events observed, 95%CL upper limit at:

4.1X𝜎Yt=-1tHqXBR(H→𝛾𝛾) 



D. Zanzi WIN2015, 09/06/15  

tg
-2 0 2 4 6 8 10

) t
g)(

a
a 

A
H

 
BR

(
×

m
)

a
a 

A
H

 
BR

(
×

m
 9

5%
 C

L 
lim

it 
on

 

-210

-110

1

10

210

310

 limitsCLObserved 
 limitsCLExpected 

m 1±
m 2±

ATLAS
2011-2012

 = 7 TeVs, -1Ldt = 4.5 fb0
 = 8 TeVs, -1Ldt = 20.3 fb0

ttH+tH, H→𝛾𝛾
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‣ O(1) signal events expected 

‣ Non-ttH Higgs production modes 
suppressed by: 

- Leptonic top-pair decay: lepton and b-tag 
requirements 

- Hadronic top-pair decay: high #jets and b-
tag requirements 

‣ Non-resonant background from m𝛾𝛾 
sidebands 

‣ ttH Results:  
- CMS μ=2.7

+2.6
-1.8  

- ATLAS μ=1.3
+2.5

-1.7 (stat)
+0.8

-0.4(syst) 

‣ tH Results: 

- ATLAS result included in ttH search (tH 
as background for ttH) 

- CMS dedicated search for tHq, no 
events observed, 95%CL upper limit at:

kt in [-1.3,+8.0] @95%CL

4.1X𝜎Yt=-1tHqXBR(H→𝛾𝛾) 
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ttH, H→bb
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‣ Largest Higgs decay fraction, 
at least one lepton from top-
pair decay 

‣ Complex final state and 
background composition, 
small signal purity 

‣ MVA methods to discriminate 
signal first from tt+jets and 
then also from tt+bb 
continuum, e.g. NN and 
Matrix Element Method (MEM) 

‣ tt+bb dominant irreducible 
background with large 
theoretical uncertainties (up 
to 50% of cross section) 

‣ Background-dominated 
regions used to reduce 
systematic uncertainties
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ttH, H→bb
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ttH, H→bb
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ttH, H→bb
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‣ H→WW*,ZZ*,𝜏𝜏→leptons: final states with e, μ, jets, b-tagged jets, ET
miss

 and 𝜏-jets 

‣ all hadronic top-pair decay not targeted 
‣ 2 same-signed leptons to reject top pair events

ttH, H → leptons

12

Dominant Backgrounds
Non-prompt and charge-flip from 

ttbar, ttV

Non-prompt from ttbar, ttV, WZ

ttV, ZZ
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ttH, H → leptons
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Hig13020TWiki for more plots

‣ ATLAS: cut&count in regions 
with high jet multiplicity

‣ CMS: fit to #jet and BDT score

ee+eμ+μμ

3l

3l

ee μμ

eμ

https://twiki.cern.ch/twiki/bin/view/CMSPublic/Hig13020TWiki
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ttH, H → leptons
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 = 125.6 GeVH at mSMσ/σBest fit 
-10 -8 -6 -4 -2 0 2 4 6 8 10

Combination

Same-Sign 2l

3l

4l

hτhτ

bb

γγ

CMS -1 = 8 TeV, 19.3-19.7 fbs; -1 = 7 TeV, 5.0-5.1 fbs

 = 125.6 GeVH at mSMσ/σ95% CL limit on 
1 10

Combination

Same-Sign 2l

3l

4l

hτhτ

bb

γγ σ 1 ±Expected 
σ 2 ±Expected 

Expected (sig. inj.)
Observed

CMS -1 = 8 TeV, 19.3-19.7 fbs; -1 = 7 TeV, 5.0-5.1 fbs

SM
m/m=µ limit on S95% CL

1 10

All
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4l

hado1l2 -1 L dt = 20.3 fb0 = 8 TeV, s

ATLAS Preliminary

 limitsObserved CL
s

Expected CL
 signal Injected

s
Expected CL

m 1 ±Expected 
m 2 ±Expected 

‣ 2l SS: single most sensitive category at ~3.5x𝜎SM (exp), excess observed in both experiments
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tH Searches
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‣ If yt=-1 → 𝜎tHq
Yt=-1 =13x𝜎tHq

SM 

‣ CMS: dedicated searches for H→𝛾𝛾, 
H→bb and H→WW,𝜏𝜏 decays 

‣ Forward jet, like in VBF production 

‣ MVA analyses to discriminate signal from 
top-pair background 

‣ Upper limit on 𝜎tHq
Yt=-1 @95%CL:

H Decay 𝛾𝛾 bb WW,𝜏𝜏

Obs 4.1 7.6 6.7

Exp 4.1 5.2 5.0
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Limit
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ttH Signal Strength
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 = 125.6 GeVH at mSMσ/σBest fit 
-10 -8 -6 -4 -2 0 2 4 6 8 10

Combination

Same-Sign 2l

3l

4l

hτhτ

bb

γγ

CMS -1 = 8 TeV, 19.3-19.7 fbs; -1 = 7 TeV, 5.0-5.1 fbs

0.5− 0 0.5 1 1.5 2 2.5 3

μ
ttH

= 1.81 ± 0.80

μ
VH

= 0.80 ± 0.36

μ
VBF

= 1.23 ± 0.32

μ
ggF

= 1.23
+0.23

−0.20

Parameter value

ATLAS Preliminary
√s = 7 TeV, 4.5 − 4.7 fb

−1 √s = 8 TeV, 20 .3 fb
−1

m
H

= 125 .36 GeV

68% CL:

95% CL:

Parameter value
0 1 2 3 4 5 6

- 0.94
+1.08 = 2.90

ttH
µ

- 0.36
+0.38 = 0.92

VH
µ

- 0.34
+0.37 = 1.16

VBF
µ

- 0.16
+0.19 = 0.85

ggH
µ

68% CL
95% CL

CMS
 (7 TeV)-1 (8 TeV) +  5.1 fb-119.7 fb

68% CL
95% CL

‣ Full Higgs combination, 
Higgs decay fractions set 
to SM values 

‣ ATLAS: 
- μttH<3.2(obs), 1.4(exp) 
- RttH/ggF>0 at 2.4𝜎 

‣ CMS: 
- μttH<3.5(obs),1.2(exp)  
- Pull to SM +2.2𝜎

Combined result compatible with 
SM at 2.0𝜎 level

*Here and following, CMS ttH→bb w/o MEM 
from JHEP09 (2014) 087, tH not included

http://link.springer.com/article/10.1007%2FJHEP09%282014%29087
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Parameter value
0 0.5 1 1.5 2 2.5

- 0.16
+0.17 = 0.98ag

- 0.13
+0.15 = 0.75gg

- 0.32
+0.34 = 1.60tg

- 0.18
+0.18 = 0.82og

- 0.29
+0.28 = 0.64bg

- 0.15
+0.14 = 0.96Vg

68% CL
95% CL

CMS
 (7 TeV)-1 (8 TeV) +  5.1 fb-119.7 fb

68% CL
95% CL

2− 1− 0 1 2 3

Γ
SM

H

Γ
H

BR
i.,u.

κ
Zγ

κ

κγ

κμ

κτ

κ
b

κ

κ
Z

κ
W

Parameter value

ATLAS Preliminary
√s = 7 TeV,4.5 − 4.7 fb

−1 √s = 8 TeV,20.3 fb
−1

m
H

= 125.36 GeV

68% CL:

95% CL:

κV < 1 BRi. ,u.
= 0κon = κof f

17

Fit to Higgs Coupling

‣ Higgs production and decay parametrised at LO with 
independent strength modifiers to Higgs coupling to SM particles 
ki=yi/yi

SM
 
(kW>0) 

‣ Independent effective couplings for Higgs loops (ggH, H→𝛾𝛾,Z𝛾) 
allowing for BMS contributions. No Higgs invisible decays, only 
SM particles 

‣ Best fit fot kt in both experiments higher than SM, but still 
compatible in 2𝜎
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‣ Only SM particles (no BSM in loop, nor 
invisible decay) 

‣ Sensitivity to top-W relative sign mostly 
from tH, H→𝛾𝛾, H→Z𝛾 

‣ kt<0 ruled out at more than 3𝜎 

tκ

) t
κ(

Λ
-2

 ln
 

0

5

10

15

20

25

30

2.5− 2− 1.5− 1− 0.5− 0 0.5 1 1.5 2 2.5

ATLAS Preliminary
SM expected
Observed

-1 = 7 TeV, 4.5-4.7 fbs
-1 = 8 TeV, 20.3 fbs

]µκ,τκ,tκ,bκ,Zκ,Wκ[

tκ

) t
κ(

Λ
-2

 ln
 

0

5

10

15

20

25

30

3− 2− 1− 0 1 2 3

ATLAS Preliminary
SM expected
Observed

-1 = 7 TeV, 4.5-4.7 fbs
-1 = 8 TeV, 20.3 fbs

]γZκ,gκ,γκ,µκ,τκ,bκ,tκ,Zκ,Wκ[

‣ No assumptions on particles in loops nor on 
Higgs total width 

‣ Sensitivity to top-W relative sign only 
from tree-level interference of the tH 
background  of the ttH channel#

‣ kt<0 disfavoured at 1.0𝜎 

Fit to Higgs Coupling
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tκ
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SM expected
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]µκ,τκ,tκ,bκ,Zκ,Wκ[
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ATLAS Preliminary
SM expected
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-1 = 7 TeV, 4.5-4.7 fbs
-1 = 8 TeV, 20.3 fbs

]γZκ,gκ,γκ,µκ,τκ,bκ,tκ,Zκ,Wκ[

contraints from 
H→𝛾𝛾, H→Z𝛾 

loops 
contraints from 

ggF loop

‣ Observations of ttH (and tH) signals will greatly 
improve the sensitivity to NP in Higgs production 
and decay loops! 

Fit to Higgs Coupling
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Summary
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‣ Searches for Higgs boson in association with top(s) 
allow direct measurement of magnitude and sign of top 
Yukawa coupling, a key parameter of EWSB in SM 

‣ Run-I: 
- sensitivity of Run-I searches below 2x𝜎ttH

SM 

- observed excess in multi-lepton final states in both 
experiments, but within 2𝜎 from SM expectation 

- combined signal strength: μttH=1.81±0.80 (ATLAS) and 
μttH=2.9

+1.08
-0.94 (CMS) 

- negative top Yukawa disfavoured at 1𝜎 without 
assumptions on BSM contributions in Higgs loops and 
decay 

‣ Run-II 
- ttH cross section 4 times bigger at 13TeV 
- Run-I results will be quickly exceeded 
- better precision for top Yukawa will boost sensitivity to 

resolve new physics in Higgs loops

Parameter value
0 1 2 3 4 5 6

- 0.94
+1.08 = 2.90

ttH
µ

- 0.36
+0.38 = 0.92

VH
µ

- 0.34
+0.37 = 1.16

VBF
µ

- 0.16
+0.19 = 0.85

ggH
µ

68% CL
95% CL

CMS
 (7 TeV)-1 (8 TeV) +  5.1 fb-119.7 fb

68% CL
95% CL
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-1 = 7 TeV, 4.5-4.7 fbs
-1 = 8 TeV, 20.3 fbs

]γZκ,gκ,γκ,µκ,τκ,bκ,tκ,Zκ,Wκ[
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ttH, H → leptons
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ttH, H→bb with MEM
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ttH, H→bb with MEM
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Systematics
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� 4 j, � 4 b

Pre-fit Post-fit
tt̄H (125) tt̄ + light tt̄+ cc̄ tt̄+ bb̄ tt̄H (125) tt̄ + light tt̄+ cc̄ tt̄+ bb̄

Luminosity ±2.8 ±2.8 ±2.8 ±2.8 ±2.6 ±2.6 ±2.6 ±2.6
Lepton e�ciencies ±2.5 ±2.5 ±2.5 ±2.5 ±1.8 ±1.8 ±1.8 ±1.8
Jet energy scale ±4.5 ±12 ±9.4 ±7.0 ±2.0 ±5.5 ±4.5 ±3.3
Jet e�ciencies – ±5.9 ±1.6 ±0.9 – ±2.6 ±0.7 ±0.4
Jet energy resolution ±0.1 ±4.5 ±1.1 – ±0.1 ±2.3 ±0.6 –
b-tagging e�ciency ±10 ±5.5 ±5.4 ±11 ±5.6 ±3.1 ±3.0 ±5.8
c-tagging e�ciency ±0.5 – ±12 ±0.6 ±0.3 – ±10 ±0.3
l-tagging e�ciency ±0.7 ±34 ±7.0 ±1.6 ±0.4 ±21 ±4.2 ±0.9
High pT tagging e�ciency – – ±0.6 – – – ±0.3 –
tt̄: pT reweighting – ±5.8 ±6.2 – – ±5.0 ±5.4 –
tt̄: parton shower – ±14 ±18 ±14 – ±4.8 ±11 ±8.1
tt̄+HF: normalisation – – ±50 ±50 – – ±28 ±14
tt̄+HF: modelling – ±11 ±16 ±12 – ±3.8 ±10 ±10
Theoretical cross sections – ±6.3 ±6.3 ±6.2 – ±4.1 ±4.1 ±4.1
tt̄H modelling ±1.9 – – – ±1.8 – – –
Total ±12 ±40 ±59 ±55 ±6.7 ±22 ±22 ±13

H→𝛾𝛾

Multileptons

H→bb (MEM)

H→bb (MEM)

H→𝛾𝛾, leptons, bb
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ATLAS Higgs Combination Inputs
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 = 125.36 GeVHm

0.27-
0.27+ = 1.17µOverall: 

0.38-
0.38+ = 1.32µggF: 

0.7-
0.7+ = 0.8µVBF: 

1.6-
1.6+ = 1.0µWH: 

0.1-
3.7+ = 0.1µZH: 

γγ →H 
125.4

125.4

125.4

125.4

125.4

0.33-
0.40+ = 1.44µOverall: 

0.4-
0.5+ = 1.7µggF+ttH: 

0.9-
1.6+ = 0.3µVBF+VH: 

 ZZ*→H 
125.36

125.36

125.36

0.21-
0.24+ = 1.16µOverall: 

0.26-
0.29+ = 0.98µggF: 

0.47-
0.55+ = 1.28µVBF: 

1.3-
1.6+ = 3.0µVH: 

 WW*→H 
125.36

125.36

125.36

125.36

0.37-
0.43+ = 1.43µOverall: 

1.2-
1.5+ = 2.0µggF: 

0.54-
0.59+ = 1.24µVBF+VH: 

ττ →H 
125.36

125.36

125.36

0.40-
0.40+ = 0.52µOverall: 

0.6-
0.7+ = 1.1µWH: 

0.49-
0.52+ = 0.05µZH: 

b Vb→VH 
125.36

125

125

3.7-
3.7+ = -0.7µOverall: µµ →H 125.5

4.3-
4.5+ = 2.7µOverall: γ Z→H 125.5

1.1-
1.1+ = 1.5µ: bb

1.2-
1.4+ = 2.1µMultilepton: 

1.8-
2.6+ = 1.3µ: γγ

ttH
125

125

125.4

 (GeV)Hm

Input measurements
µ on σ 1±



D. Zanzi WIN2015, 09/06/15  

CMS Higgs Combination Inputs
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Fit to Absolute Higgs Coupling
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‣ Red: No assumptions on particles in 
loops and Higgs total width. Sensitivity 
to kt sign from tH and ttH cross sections 

‣ Blue: as Red, but with ggZH loop 
resolved in SM content. No 
improvement 

‣ Green: as Blue, but with ggF loop 
resolved in SM content. Improvement in 
precision of kt, but no gain in sensitivity 
to sign (also reduction in observed 
magnitude of kt to more SM-compatible 
level) 

‣ Orange: As Green, but resolving H→𝛾𝛾 
and H→Z𝛾 loops. Great improvement in 
sensitivity to kt sign from W-t 
interference, no improvement in 
precision of kt magnitude


