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Higgs Productions at the LHC

Increase !*BRIncrease purity



How to determined Top Yukawa coupling?

1. Indirectly -- from Gluon fusion Higgs 
production and Higgs decay into diphoton

2. Directly from Higgs Associated productions



Formalism

SM

Assuming that the Higgs boson is a generic CP-mixed state



H! gg, H! !!  Amplitude
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JHEP 08 (2016) 045



Higgs Measurement at LHC Run-I
Fitting with assumption

JHEP 08 (2016) 045



Most 
constrained
ghVV/ghVVSM 
0.93-1.00 
uncertainty 
7%-12%

CPC case, 
top Yukawa  
more prefer 
positive  

68.3%C.L.

95%C.L.

99.7%C.L.

The confidence-level regions in the plane of (CS
u , Cv) of the CPC4 fit by

varying CS
u , CS

d , CS
l , Cv while keeping ! S! = ! Sg = 0. The contour re-

gions shown are for ! ! 2 ! 2.3 (red), 5.99 (green), and 11.83 (blue) above the
minimum, which correspond to confidence levels of 68.3%, 95%, and 99.7%,
respectively. The best-fit point is denoted by the triangle.

The conÞdence-level regions in the plane of (CS
u , Cv ), (CS

u , ! S! ), an (CS
u ,

! Sg) of the CPC6 Þt by varying CS
u , CS

d , CS
l , Cv , ! S! and ! Sg.

varying scalar Yukawa couplingsCS
u , Higgs gauge couplingsCv

and the pseudo scalar Yukawa couplingCP
u

Electric Dipole Moments 
2HDM framework

With no contributions from :
other Higgs bosons, 

supersymmetric particles, 
other exotic particles 

delicately cancel the current 
Higgs-mediated contributions

pseudoscalar Yukawa coupling         less 
than about 10 ! 2 

|CP
u |

elliptical equation constraint

canÕt rule out CPu 

K. Cheung, J. S. Lee, E. Senaha and P. Y. Tseng, Higgcision



Currently the data shown :

1. gauge Higgs coupling -- close to SM prediction

2. Top/Bottom Yukawa couplings -- still big uncertainties

3. can"t rule out possibility of CP-mixed Higgs

4. GGF and H! !!  can Þt with current data + allowed 
anomalous Top Yukawa coupling : 

BSM particle running in the loop and give destructive 
contribution

How Anomalous Top Yukawa coupling effects 
Higgs associated productions?



To determined SIZE & SIGN of Top-Yukawa coupling 
We need to probe it directly

Through Higgs associated productions
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Higgs Productions at the LHC



tHX production cross section

JC, K. Cheung, J.S. Lee, C.T. Lu, JHEP 1405 (2014) 062





Luminosity to probe tHj at LHC 14 TeV

JC, K. Cheung, J.S. Lee, C.T. Lu, JHEP 1405 (2014) 062



How about ttH production?

ttH    vs     tH

SM Cross section : #(ttH) ~ 10 x #(tH) 

Cross section relation -- ttH (|Yt| 2), tH(|Yt| 2, |gV|2, Yt, gV)

Share similar signature (due to b-jet mis-tag) : 
b+hadronic W(jets) or b+leptonic W(leptons+MET)

+ one Higgs candidate (bb, diphoton,... )

How about Kinematics?



Ct = 1 Ct = -1 Ct = 1.5 Ct = -1.5

ttH, tHX Kinematics
JC, K. Cheung, J.S. Lee, C.T. Lu, JHEP 1704 (2017) 138

ttH
tHj
tHjb
tHw



How about ttH production?

ttH    vs     tH

Kinematics :

transverse momentum of Higgs decay product --
tHj and tHjb similar to ttH, tHW got more energetic H

additional jet pseudo rapidity -- 
tHj and tHjb : forward jet
tHW and ttH : central jet 

(come from showering/hadronization/no-tag b-jet) 



If Yt = SM prediction :
its hard to probe tHX production.

If Yt = Anomalous Top Yukawa coupling :
Negative Yt : increase tHX cross section

|Yt| deviate from SM prediction : 
both tHX and ttH cross section increase/

decrease (tHjb and tHW for some Yt range)



V. Khachatryan et al. [CMS Collaboration], JHEP 1409, 087 (2014) 
G. Aad et al. [ATLAS Collaboration], Phys. Lett. B 749, 519 (2015) 
G. Aad et al. [ATLAS Collaboration], Phys. Lett. B 740, 222 (2015) 
G. Aad et al. [ATLAS Collaboration], Eur. Phys. J. C 75, no. 7, 349 (2015)



Is it possible ttH excesses comes from 
tHX contributions?

Or it show evidence of anomalous Top 
Yukawa coupling |Yt| deviates from SM 

prediction?



Signal strengths



tHjb is QCD NLO correction to tHj, we used the following cuts to separate.

LHC-13



Simulation Anomalous Yt in tHX & ttH production

generate events : Madgraph5
parton showering/hadronazation : Pythia8

fast detector simulation (ATLAS and CMS):  Delphes3

Analysis --
Followed ATLAS "s cut based analysis.

CMS used BDTs analysis, we only followed their 
kinematic cuts, not applied BDTs analysis.   







multilepton
H! ZZ*, H! WW*, H!"" , H!"#

JC, K. Cheung, J.S. Lee, C.T. Lu, JHEP 1704 (2017) 138
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H! bb
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13 TeV

ttH   tHj   tHjb   tHW

Yt=1          Yt=-1                      Yt=1.5        Yt=-1.5 Yt=1          Yt=-1                      Yt=1.5        Yt=-1.5

search for tHj search for ttH



ATLAS-CONF-2016-068



CMS PAS HIG-17-004



CMS PAS HIG-17-005

focus on leptonic signatures : 
H !  WW*, !! , ZZ* 

  
two same-sign 

leptons or three leptons 

" t/" v < -1.25 and > +1.6 
are excluded at 95% C.L





Probe Anomalous Top-Yukawa coupling Help to 
determined Higgs boson self coupling
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Higgs Productions at the LHC

HH production

> well known to probe Higgs boson self coupling sign and size



Formalism





Cross section/ SM Cross section
C1--SM triangle, C3--SM box, C2--SM interference term,

d1--CP odd triangle, d4--CP odd box, d2, d3--CP odd interference term



Kinematics
C1--SM triangle, C3--SM box, d1--CP odd triangle, d4--CP odd box

JC, K. Cheung, J.S. Lee, C.T. Lu, JHEP 1508 (2015) 133



SM + Anomalous Top Yukawa coupling
JC, K. Cheung, J.S. Lee, C.T. Lu, JHEP 1508 (2015) 133
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CP odd Top Yukawa Coupling

CP odd Anomalous Top Yukawa coupling
JC, K. Cheung, J.S. Lee, C.T. Lu, JHEP 1508 (2015) 133

Top Yukawa Coupling

CP odd Yt=0.5Yt=1



Conclusion

• Since the gauge coupling ghVV is well determined, the thX 
production is sensitive to Yt, if Yt deviate from the SM values, its 
cross section can easily increase by an order of magnitude.

• Measuring thX processes can determined the size and sign of Yt, 
once |Yt| > 1 both thj and tth will increase. These two Higgs 
associated processes will contributes to each other, kinematics 
selection study will be helpful for disentanglement.

• Considered Higgs self coupling = SM prediction, Higgs boson 
pair production cross section will increase as |Yt| > 1.

• If we can determined the sign of Yt, Higgs self coupling size and 
sign range can be determined at HL-LHC (for CP conserve case) : 



Thanks!



Backup





LHC 13 TeV
BG : b b r r, j j r r, t t h, b b h, z h 

N(! ) >= 2, N(b) = 2, PT(j) > 25GeV, PT(b1,b2) > 55,35GeV, 

105GeV < M(!! ) < 160GeV, 95GeV < M(bb) < 135GeV.

Cuts in ATLAS Collaboration, ATLAS-CONF-2016-004

V. Barger, L. L. Everett, C. B. Jackson, G. Shaughnessy, arXiv : 1311.2931 [hep-ph]



¥ Map out the sensitivity regions of parameter space that can 
be probed at the LHC 

¥ Working assumption : BG can be estimated & extracted from 
data 

¥ Considered : !
1. SM BG!
(can be estimated with uncertainties less than the NNLO 
corrections.can be estimated with uncertainties less than the 
NNLO corrections. ) !
!
2. the NLO corrections !
(the NLO and NNLO corrections can be as large as 100% 
with uncertainty of order 10Ð20%. ) 

¥ We therefore adopt an approach that the signal cross 
sections (after background subtraction) are measured with 
uncertainties of order 25Ð50%. 



It would be challenging to measure this size of cross section only in the bb !!  mode and one 
may need to combine the measurements in different Higgs-decay channels.  

We consider the SM NLO HH cross section:! SM (pp ! HH ) " 34fb

pT and " dependent b-tagging e! ciency

# tagging e! ciency as 0.5

mis-tagging Pj ! ! = 0 .01

14 TeV with 3000 fb-1 luminosity

used modiÞed MADGRAPH implementation !
PDF : CTEQ6L1, renormalization/factorization scales "  = MH !

|cross sections| decrease by about 20 % if "  = MHH



Additional Destructive 
Interference from BSM physics

¥ Arises between the top and bottomÐmediated loops, although the bottom 
quark effects are very small in the SM. 

¥ For example : 2HDM. 

¥ SignÐßipped bottomÐquark Yukawa : !
the top and bottomÐmediated triangles to interfere constructively. !
Slightly enhanced triangle amplitudes, which thus reinforce the 
interference with the boxes.  

¥ O(20)% enhanced bottom Yukawa : !
reinforces the destructive interference between the top and bottomÐ
mediated triangles. !
Slightly suppressed Higgs-self coupling to pull down triangle contribution. 
Reduced the triangle and box interference term. !
Slightly above SM expectation.

Hespel, L !opez-Val and Vryonidou (2014)



Borrowed from Riccardo VariÕs talk at LHCP 2017
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The dashed lines denoted by -50%, the solid line +50%. 

Same as SM

the contact diagram 
contributes signiÞcantly 

to the cross section 

C.T. Lu, JC, K. Cheung, J. S. Lee, JHEP 1508 (2015) 133  [arXiv:1505.00957 [hep-ph]].!
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In most of the 
measurements of the 
Higgs boson production 
cross sections,  
(ggF, ttH),   
both real and imaginary 
parts of the coupling 
come in the form  

therefore one cannot tell 
the phase in the 
coupling  

C.T. Lu, JC, K. Cheung, J. S. Lee, JHEP 1508 (2015) 133  [arXiv:1505.00957 [hep-ph]].!



! ! ! SM " 1
 ! 3 H = 1
 ! 3 H = 3
 ! 3 H = 5
 ! 3 H = -1
 ! 3 H = -3
 ! 3 H = -5

# 3 # 2 # 1 0 1 2 3
# 3

# 2

# 1

0

1

2

3

gst

gpt

! ! ! SM " 1
gs

t = 0
gs

t = 0.5
gs

t = 1

# 10 # 5 0 5 10
# 3

# 2

# 1

0

1

2

3

$3H

gpt

! ! ! SM " 1
gp

t = 0
gp

t = 0.5
gp

t = 1

# 10 # 5 0 5 10
# 3

# 2

# 1

0

1

2

3

$3H

gst

(! 3H , gP

t
)(! 3H , gS

t )(gS
t , gP

t )
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