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Introduction and Motivation 1
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The fermion masses appear randomly chosen and span orders of magnitude - why?
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SM Higgs Boson Prediction

The Yukawa sector of the SM o↵ers no fundamental insight into the fermion mass
hierarchy, there is something more to understand!

Establishing and measuring the coupling of the Higgs boson with all of the
fermions is a top priority for the LHC - do they all behave as the SM predicts?

The following talk will outline the current status of the ATLAS e↵ort to study the
couplings of the Higgs boson with the fermions, focussing on the latest results

I

II
III

How precise are the  ?  Hμμ, Hττ, Hbb, Htt
Can we reach lighter quarks, electrons?  

CP violation?  

New techniques, learn between ATLAS and CMS, theory?   
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Tau Yukawa coupling and search for CP viola4on CMS-HIG-20-006

Generalised Yukawa coupling, CP viola(on can occur at tree level 
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Angle between tau decay planes allows to reconstruct  

Several techniques depending on  decay mode 
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Observed
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Target down type:  H → bb̄, τ+τ−, μ+μ−

: associated production, 
          boosted  
Hbb

VH,H ! bb̄ (PLB 816 (2021) 136204 and EPJC 81 (2021) 178)
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Latest measurements with full Run 2 dataset
deliver most precise measurements of VH

production and firmly establish H ! bb̄

decay (6.7�)!
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STXS measurements of WH and ZH production from

resolved (top) and boosted (bottom) topologies
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H →  -  Lorentz-boosted Higgs eventsbb̄ JHEP 12 (2020) 085

Higgs reconstructed in boosted topologies using new deep double-b tagger (DDBT)  
All produc4on modes: , 1.9σ observed w.r.t. SM (2.5σ vs background) 

    Higgs mass (so` drop)  
    is fiOed for signal extrac(on  

μ = 3.7 ± 1.2(stat)+0.8
−0.7(sys)+0.8

−0.5(theo)
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H → ττ
Simplified Template Cross Sec(on (STXS) with 137 R-1 of Run 2 

✦ Stage 0: ggH and qqH=VBF+V(qq)H 
✦ Stage 1.2: with merging of bins

 CMS-PAS-HIG-19-010 
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 from μμ embedded data (JINST 14 (2019) P06032)Z → ττ

 
H ! ⌧+⌧�

(ATLAS-CONF-2021-044)
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 [GeV]:jjm

 1≥ 1  2≥  0≥  0≥  2≥  2≥  2≥
[60, 120] [120, 200] [200, 300] [∞[300, [0, 200]

♠[0, 350] [0, 350] [∞[350, [60, 120] [∞[350, 
 qq)H→ Z(→gluon fusion + gg  qq)H→VBF + V( ttH

Inclusive and production mode signal strength measurements (left) and STXS fiducial cross-sections (right)

Both STXS and production mode measurements very consistent with SM
predictions

Systematic uncertainties generally dominated by signal theory uncertainties

VBF and ggH production established using H ! ⌧+⌧� decays alone, with
observed (expected) significances of 5.3 (6.2)� and 3.9 (4.6)�, respectively!

: associated,  
          
Hττ pT

STXS

: associated,
          inclusive  
          

Hμμ

H ! µ+µ�
(PLB 812 (2021) 135980)
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Most promising probe of Higgs coupling to second generation fermions, now
approaching sensitivity to test SM prediction!

Dominant backgound is
Z ! µ+µ�(+jets), important to
exploit multiple production modes

In events with exactly two muons,
classify with BDTs trained with
production mode sensitive variables

 [GeV]µµm

50

100

150

200

250

300

310×

Ev
en

ts
 / 

2 
G

eV ATLAS
-1 = 13 TeV, 139 fbs

µµ → H

Data
Total pdf
Signal pdf
Bkg. pdf

110 115 120 125 130 135 140 145 150 155 160
 [GeV]µµm

1000−
500−

0
500

1000

D
at

a 
- B

kg
.

" Di-muon invariant mass distribution for the sum of all

categories, background modelled with empirical functions

10− 5− 0 5 10 15 20
Signal strength

0.5−

8

Total Stat. Syst. SM

µµ → H                     -1 = 13 TeV,  139 fbs              ATLAS

             Total     Stat.     Syst.

Combined   ) 0.1−
 0.2+  0.6 , ± 0.6  (  ±   1.2  

VBF categories  0.2 )± 1.0 ,  ± 1.0  (  ±   1.8  

ggF 2-jet categories  0.3 )± 1.2 ,  ± 1.2  (  ±  -0.6  

ggF 1-jet categories  0.3 )± 1.2 ,  ± 1.2  (  ±   2.4  

ggF 0-jet categories  0.3 )± 1.5 ,  ± 1.6  (  ±  -0.4  

VH and ttH categories  1.1 )± 3.3 ,  ± 3.5  (  ±   5.0  

Sensitivity driven by VBF targetted
categories, still very much limited by
statistical uncertainties

Observed (expected) significance
2.0 (1.7)� (w.r.t B only)

Don’t forget H ! e
+
e
�!

B < 3.6 ⇥ 10�4
(PLB 801 (2020) 135148)

2.0 (1.7)σ

3.0 (2.5)σ

(boosted on ATLAS?) 

(signif. of VBF on CMS?) 

(CMS vs. ATLAS?) 
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YH and tH measurements - OH mul(leptons CMS-HIG-19-008 
137 R-1

κt constrained to  −0.9 < κt < −0.7   ∪   0.7 < κt < 1.1 @ 95% CL  

→ both the SM and inverted top coupling scenarios are in agreement with data

yt impact on kinema4cs and 
rates taken into account  

&  

 impact on tHq - tHW 

interference

κV

4

Target up type:  t → tH, H → cc̄
:tt̄H, tqH, tWH

:        c-tagging,
associated production   
Hcc

tt̄H production (ATLAS-CONF-2020-058 and PRL 125 (2020) 061802)
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Strongest Yukawa coupling probed directly with the tt̄H production, dedicated
analyses with full Run 2 dataset available in H ! bb̄ and H ! �� channels...
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ATLAS Preliminary -1=13 TeV, 139 fbs

High H ! bb̄ decay rate facilitates
di↵erential measurements of tt̄H

production in STXS p
H

T bins

Observed (expected) significance of
tt̄H production 1.3 (3.0)�

Also studied in multi-lepton final state and in context of

H ! 4` and H ! �� coupling analyses (see

EPJC 80 (2020) 957 and ATLAS-CONF-2020-026)

1.5− 1− 0.5− 0 0.5 1 1.5 2
)αcos(tκ

2−

1.5−

1−

0.5−

0

0.5

1

1.5

2)
α

si
n
(

t
κ

ATLAS

-1 = 13 TeV, 139 fbs

Best fit SMσ1

σ2

σ3

tt̄H production confirmed at 5.2�
(assuming CP-even coupling of SM)

Pure CP-odd coupling tt̄H coupling
excluded at 3.9� and CP-mixing
angles |↵| > 43� excluded at 95% CL

Using H ! ��, CP nature of tt̄H

coupling measured as very consistent
with SM prediction

, bb, multileptons
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VH,H ! cc̄ (ATLAS-CONF-2021-021)
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# 95% CL upper limits on the VH, H ! cc̄ signal strength,

from the three individual channels and combination
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 SM×Obs.= 49 

Combination
 SM×Exp.= 31 
 SM×Obs.= 26 

Systematic uncertainties (primarily
background modelling) limit sensitivity

# Constraint on c-quark coupling modifier c in a simple

scenario where all other Higgs couplings are SM-like
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Analysis now sensitive to B(H ! cc̄) < 100% allowing important direct coupling
interpretation, constraint of |c | < 8.5 at 95% CL observed

Complementary to indirect constraints from di↵erential measurements of p
H

T with
H ! �� (�19 < c < 24) and H ! 4` (�12 < c < 11)

VH,H ! cc̄ (ATLAS-CONF-2021-021)
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" Background subtracted di-jet invariant mass distributions for events with 1 (left) or 2 (right) c-tagged jets

Methodology validated with inclusive VZ(cc̄) and VW (cq) production

Signal strength parameters measured to be consistent with SM with observed
(expected) significance of 2.6 (2.2)� and 3.8 (4.6)�, respectively

(ATLAS vs. CMS?) 

(CMS:   at )μ < 49+24
−15 36 fb−1

ATLAS:   at μ < 31+12
−8 139 fb−1

expected:
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CP violation in fermion  couplings H(125)
tt̄H production (ATLAS-CONF-2020-058 and PRL 125 (2020) 061802)

2
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Strongest Yukawa coupling probed directly with the tt̄H production, dedicated
analyses with full Run 2 dataset available in H ! bb̄ and H ! �� channels...

2− 0 2 4 6 8 10
=125 GeVH for mSM

Httσ/Httσ= 
Htt

µ

Inclusive          

  
) GeV∞ [450,∈H

T
H ptt

µ

 [300,450) GeV∈H
T

H ptt
µ

 [200,300) GeV∈H
T

H ptt
µ

 [120,200) GeV∈H
T

H ptt
µ

  
 [0,120) GeV∈H

T
H ptt

µ
1.33−

+1.421.98     0.46−
+0.46                             1.25−

+1.34                                          (               )         

1.44−
+1.42-0.88     0.68−

+0.70                             1.27−
+1.24                                          (               )         

0.86−
+0.911.02     0.67−

+0.69                             0.55−
+0.59                                          (               )         

0.68−
+0.71-0.08     0.54−

+0.58                             0.42−
+0.41                                          (               )         

1.32−
+1.41-0.01     0.91−

+1.05                             0.96−
+0.95                                          (               )         

0.33−
+0.360.43     0.19−

+0.20                             0.27−
+0.30                                          (               )         

  Tot.  ( Stat.  Syst.)Total Stat.
ATLAS Preliminary -1=13 TeV, 139 fbs

High H ! bb̄ decay rate facilitates
di↵erential measurements of tt̄H

production in STXS p
H

T bins

Observed (expected) significance of
tt̄H production 1.3 (3.0)�

Also studied in multi-lepton final state and in context of

H ! 4` and H ! �� coupling analyses (see

EPJC 80 (2020) 957 and ATLAS-CONF-2020-026)
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coupling measured as very consistent
with SM prediction
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Tau Yukawa coupling and search for CP viola4on CMS-HIG-20-006

Generalised Yukawa coupling, CP viola(on can occur at tree level 

LY =
mf

v
H(κf f̃ f + κ̃f f̃iγ5 f )

z

p�

p+ l̂⇤+

l̂⇤�

fCP

z

p�

p+

p0

p0

fCP

z

p�

µ+

l̂⇤+

p0

fCP

(degrees)
CP
φ

0 50 100 150 200 250 300 350

a.
u.

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08 CP even CP odd
CP mix Z

                13 TeVSimulation Preliminary CMS

ρρ → ττ  > 33 GeVτ

T
 p

ττ
φ2

Angle between tau decay planes allows to reconstruct  
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First steps on CP in  : Htt, Hττ

Other studies (indirect): 

—  and  from  and κt κ̃t tt̄ tt̄tt̄

— light quarks from H → Zρ, . . .
—  from κc pH

T

—  and  from , loops…κt κ̃t gg → H

(CP in  on ATLAS?) Hττ
(HL-LHC ATLAS

 
CMS now )
±18∘ → ± 33∘

±23∘

 similar  on CMS / ATLAS Htt
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