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Interference in 
Higgs States Decaying to Top Quarks
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Unfamiliar look of heavy Scalars

signal

Background

D. Dicus, A. Stange, S. Willenbrock, 1991; See also recent work by N. Craig, F. 
D’Eramo, P. Drapper, S. Thomas, H. Zhang   arXiv:1504.04630 and also Jung, Sung, 
Yoon arXiv:1505.00291, S. Gori, I.-W. Kim, N. Shah, K. Zurek arXiv:1602.02782

Plus s- and u- channel
Plus s-channel 𝑞ത𝑞 → 𝑡 ҧ𝑡

LHC being top factory, the 𝑡 ҧ𝑡 statistics is 
very good. 𝑆/ 𝐵 is quite reasonable. 
However, the challenges lie in the 
interference effect.

ATLAS PRL, 17’



Challenges
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Special line shapes:
a) Bump search not designed/optimized for this, have to modify our 
current search;
b) Smearing effects erode the structure, making this signal much 
harder.

Background 
subtracted

Opportunities
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• Nearly degenerate CP-even 
and CP-odd scalars 

• CP phases (new interferences 
emerges proportional to the loop-
function difference between the even 
and odd one for nearly degenerate 
ones)

• Bottom-quark contributions 
(large tan𝛽, changes the relative 
phase)

• New colored particle 
contributions and threshold 
effects (stops, VLQs, etc., reduce the 
relative phases and recovers the bump 
search)

• New channels (associated 
production with top(s), bottoms, jet(s), etc. 
Potentially reducing the interference effect.)

Covered in our study
M. Carena, ZL,
arXiv:1608.07282, JHEP
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LHC perspectives

Blue curve, the signal lineshape before 
mearing;
Red Histogram, the signal after smearing and 
binning;
Gray and blue histograms, the total and 
statistical uncertainties;

Based on 
ATLAS Analysis 
(lepton plus jets)
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LHC perspectives

JHEP08 (2015) 148
arXiv:1505.07018

Already achieved sub 2-4% systematics in the region 
of interest, we see hope in this channel.

``Hitting a systematics wall’’ is not an option, we 
need to try hard to improve the systematics by using 
the abundant data to calibrate and by selecting the 
data with best quality.

This is a crucial channel 
universally important for 
the understanding of heavy 
new resonances.



Alternative Production Channel :
Associated Production of Higgs with tops

MSSM τ-phobic scenario
ATLAS s =13 TeV, H/A→ττ, 95% CL limits

ATLAS Run-I, H/A→ττ, 95% CL limits

4t
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ϵ200=5×10-2
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FIG. 10. Summary plot of the present bounds on heavy Higgs bosons at large values of tan� (red

and blue regions from Ref. [17]) and of the expected bounds at low values of tan� at the High

Luminosity LHC14 (green and orange regions) from the 4t channel. The green and orange regions

refer to our proposed Analysis (a.) and Analysis (b.), respectively. See Sec. IIIA for more details.

We interpret all bounds in terms of the ⌧ -phobic MSSM scenario.

strength ⇠ 1.3 times larger than the SM top Yukawa. By contrast, we found that the

multi-lepton analysis is not limited by small values of S/B, but will strongly depend on the

specific fake rate e�ciencies the LHC will be able to achieve. For fake rates similar to the

ones at the 8 TeV LHC, heavy Higgses up to ⇠ 750 GeV with a SM top Yukawa coupling

could be probed.

Unfortunately, both the 2b2t and tt̄ signatures are dwarfed by the large tt̄ background,

and it will be hard for them to o↵er a meaningful reach in themA�tan � plane. In particular,

for the 2b2t signature, even when large enough S/
p
B is obtained, S/B is never as large as

the few percent needed to overcome systematic uncertainties. This is due to the fact that,

in spite of O(100) fb cross sections for mA = 400 GeV, this signature is very similar to the

24



Interference in Resonant 
Di-Higgs Production Searches



•  Study	the	physics	consequences	of	the	novel	
on-shell	and	off-shell	interference	effect	in	
this	process.	

•  Correctly	taking	into	account	this	effect	can	
enhance	the	signal	strength	sizably	and	
differen=al	lineshape	analysis	shows	that	
the	inclusion	of	interference	effect	will	
enhance	the	sensi=vity	to	this	model.	

•  The	interference	effect	is	relevant	where	a	
first	order	electroweak	phase	transi4on	is	
enabled	in	this	model	through	a	simplified	
EFT	analysis.	

M.	Carena,	Z.	Liu,	M.	Riembau,	1801.00794	



Backup

Extended	exclusion	limits	for	HE-LHC	



EW Phase Transition: Singlet Scalars 

Kotwal, No, R-M, Winslow  1605.06123 

15 

SFOEWPT Benchmarks: Resonant di-Higgs & precision Higgs studies   

SFOEWPT  •    

 h-S Mixing  

m2 ⇡ MN (37)

�(N ! `H) 6= �(N ! ¯`H⇤
) (38)

Lmass = y ¯L ˜HNR + h.c. + mN
¯NRNC

R (39)

Lmass =

y

⇤

¯LcHHT L + h.c. (40)

�(NR ! `H) 6= �(NR ! ¯`H⇤
) (41)

m⌫ =

m2
D

MR

(42)

hp0| JEM
µ |pi =

¯U(p0)


F1�µ +

iF2

2M
�µ⌫q

⌫
+

iF3

2M
�µ⌫�5q

⌫
+

FA

M2
(q2�µ � 6qqµ)�5

�
U(p) (43)

hp0| JEM
µ |piPV =

FA

M2
¯U(p0)

⇥
(q2�µ � 6qqµ)�5

⇤
U(p) (44)

Qquqd = ✏jk
¯QjuR

¯QkdR (45)

YB =

nB

s
= (8.82± 0.23)⇥ 10

�11
(46)

mt̃R
⇠ 160 GeV (47)

b¯b�� & 4⌧ (48)

4

Next gen pp 

LHC 

 EWPO 

See also: Huang et al, 1701.04442 



Resonant Di-Higgs Production for Di↵erent sin2 ✓ at 13
TeV
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Double Higgs Production sinθ Dependence at 13 TeV, b
4
=4.2

�SM = 32.91+13.6%
�12.6% fb, NLO in QCD w/ full top mass e↵ects

Recent analysis (black) of 13 TeV constrains some regions
At higher luminosity, ✓ will become more constrained

8 / 19

Di-Higgs in Singlet Extensions
(arXiv:1701.08774, Ian M. Lewis, Matthew Sullivan;
arXiv:1711.06683, Sally Dawson, Matthew Sullivan)

Matthew Sullivan

University of Kansas

HL/HE LHC Meeting, April 5, 2018
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Resonant Summary

• Limits O(pb) for low mass 
resonances around 300 GeV

• Limits O(fb) for high mass 
resonances above a TeV

12

ATLAS-CONF-2016-004

ATLAS-CONF-2016-071

bbgg

WWgg

ATLAS-EXOT-2016-31
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210

310

410
 JHEP 1801 (2018) 054νlνlbb

 Phys.Lett. B778 (2018) 101-127ττbb

 CMS-PAS-B2G-17-006ττbb

 CMS-PAS-HIG-17-009bbbb

 arXiv:1710.04960bbbb

 CMS-PAS-HIG-17-008γγbb

Observed
Expected

CMS  (13 TeV)-135.9 fbPreliminary

Spin-0

Current LHC Status



Decays into Additional light Scalar States
Appear even with no Mixing with SM Higgs

(Alignment Limit)



Decays into pairs of SM-like Higgs bosons           
suppressed by alignment

Carena, Haber, Low, Shah, C.W.’15

Crosses : H1 singlet like
Asterix : H2 singlet like
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(b)

FIG. 10: Branching ratio of the decay of the heaviest CP-even Higgs boson into pairs of identical

CP-even Higgs bosons. Blue, red and yellow represent values of tan� = 2, 2.5 and 3, respectively.
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FIG. 11: Branching ratios of the decay of the heavy CP-even Higgs boson into a pair of non-identical

lighter CP-even Higgs bosons, H ! hhS (left panel) and into the lightest CP-odd Higgs boson and

a Z boson (right panel). Blue, red and yellow represent values of tan� = 2, 2.5 and 3, respectively.
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FIG. 10: Branching ratio of the decay of the heaviest CP-even Higgs boson into pairs of identical

CP-even Higgs bosons. Blue, red and yellow represent values of tan� = 2, 2.5 and 3, respectively.
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FIG. 11: Branching ratios of the decay of the heavy CP-even Higgs boson into a pair of non-identical

lighter CP-even Higgs bosons, H ! hhS (left panel) and into the lightest CP-odd Higgs boson and

a Z boson (right panel). Blue, red and yellow represent values of tan� = 2, 2.5 and 3, respectively.
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Comparison of 13 TeV and 27 TeV
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SM cross section is roughly 13 fb at 13 TeV, roughly 65 fb at
27 TeV

Energy scaling is roughly the same for all parameter points,
about a factor of 5 larger at 27 TeV
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CMS-PAS-HIG-15-001

Search for (psudo-)scalars decaying into lighter ones 

It is relevant to perform similar analyses replacing
the gauge bosons by additional Higgs bosons !



Channels with extra gauge Bosons 
Relevant (ATLAS Excess)
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which implies in particular that µ⇤ must be positive. We should stress, however, that the

above condition should not be satisfied exactly because otherwise cot (� � ↵) would vanish.

Using the above condition together with eq. (13) one obtains approximate formula for e↵ective

cot (� � ↵) as a function of µ:

cot (� � ↵) ⇡ ±ḡs
�vµ cot 2�

M̂2
HH �m2

h

. (15)

In order to enhance tth signal one has to also guarantee that cot (� � ↵) > 0 which happens if

the following condition is fulfilled:

|⇤| > (<)
2|µ|
sin 2�

, (16)

for ms < (>)mh.

Eq. (15) confirms intuitive expectation that large tth enhancement prefers relatively light

MSSM-like Higgses. However, it also shows that large |µ| is preferred and that H does not have

to be very light if |µ| is large enough. The importance of |µ| can be seen from Table 1 where

several benchmark points with large tth enhancement are presented. Comparing points P3 and

P4 we see that similar tth enhancement is possible for MA = 300 GeV and µ = 600 GeV as for

MA = 400 GeV and µ = 800 GeV with comparable Higgs-singlet mixing. Eq. (15) also implies

that e↵ective | cot (� � ↵) | increases with tan �. This is the reason why points P1 and P3 have

similar value of Rtth
V V in spite of the fact that P3 features smaller Higgs-singlet mixing while µ

and MA are the same.

Another interesting feature of this scenario is that light singlet-like scalar can explain the

LEP2 excess. Indeed, LEP2 experiments observed excess of bb̄ events in the vicinity of 98

GeV with a signal strength of about one tenth of the SM Higgs with the same mass. In the

benchmark table we give a value for the prediction of this signal strength:

⇠LEPbb̄ ⌘ ḡ2s ⇥
BR(s ! bb̄)

BR(hSM ! bb̄)
, (17)

where ḡs is the s coupling to the Z boson normalized to the SM Higgs coupling with the same

mass. Note that SM normalized sbb̄ coupling in the present scenario is enhanced with respect

to the corresponding sZZ coupling so ⇠LEP
bb̄

> ḡ2s . Wee see that point P1 fits very well the LEP2

excess since it features ms ⇡ 98 GeV and ⇠LEP
bb̄

⇡ 0.1. Point P2 also has ms ⇡ 98 GeV but

smaller Higgs-singlet mixing, hence also ⇠LEP
bb̄

, than P1 so in order to have tth enhancement of

similar size |µ| is larger in P2 than in P1.

Even though it is interesting possibility that this scenario can simultaneously explain tth

enhancement and the LEP2 excess we should emphasize that our scenario does not require to

have the singlet-like scalar mass to be close to the LEP excess. It is the size of the Higgs-singlet

mixing rather than ms which controls the magnitude of the tth enhancement as can be seen

from benchmarks P3 and P4 that feature ms far away from the LEP excess. It is noteworthy

that ms can be as small as 80 GeV (or even smaller if |µ| is larger than in benchmark P3)

without conflict with stringent LEP constraints.
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Figure 5 shows the expected and observed exclusion limits at the 95% CL in the mmax
h scenario

and the modified scenarios mmod+
h and mmod�

h . The allowed regions where the mass of the
MSSM scalar Higgs boson h or H is compatible with the mass of the recently discovered boson
of 125 GeV within a range of ±3 GeV are delimited by the hatched areas. Most of the MSSM
parameter space is excluded by the Higgs boson mass requirement in the mmax

h scenario, while
in the modified scenarios the exclusion is mainly concentrated at low tan b values.
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Figure 5: Expected and observed exclusion limits at 95% CL in the mA-tan b parameter space
for the MSSM mmax

h , mmod+
h and mmod�

h benchmark scenarios, are shown as shaded areas. The
allowed regions where the mass of the MSSM scalar Higgs boson h or H is compatible with the
mass of the recently discovered boson of 125 GeV within a range of ±3 GeV are delimited by
the hatched areas. A test of the compatibility of the data to a signal of the three neutral Higgs
bosons h, H and A compared to a SM Higgs boson hypothesis is performed.

Search for new neutral Higgs bosons

Low values of the new Higgs bosons masses
and large values of tanβ ruled out


