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LHC	 reach	 to	 new	 electroweak	 particles

In	 direct	 searches,	 reach	 is	 very	 model	 dependent
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LHC	 reach	 to	 new	 electroweak	 particles

Some	 final	 states	 are	 very	 challenging	 

In	 direct	 searches,	 reach	 is	 very	 model	 dependent
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Important	 to	 consider	 alternatives
complementary	 to	 direct	 production

High	 Statistics	 Final	 States

E.g.,

>	 Differential	 Drell-Yan	 distribution
>	 running	 of	 EW	 couplings:
	 	 	 indirect	 probe	 of	 EW-charged	 states

>	 Rare	 decays	 of	 copiously	 produced	 SM	 particles
>	 rare	 top	 decays:

LHC	 reach	 to	 new	 electroweak	 particles

	 	 sensitive	 to	 additional	 scalars	 in	 Higgs	 sector	 
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Rare	 Top	 Decays

t

b

H+

In	 2	 Higgs	 Doublet	 Model,	 top	 can	 decay	 to	 charged	 Higgs

If	 type-II	 2HDM:

yu Hu Quc + yd Hd Qdc + y` Hd Q `cHu Hd Hd

t

b

H+ ⌧ ⌫⌧ , c b, ...
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t

b

H+ ⌧ ⌫⌧ , c b, ...

Already	 constrained	 by	 direct
searches	 and	 rare	 b-decays:

�

sb

H+

mH± & 480GeV

10.2 Limits on charged Higgs boson production with branching fraction assumed 29
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Figure 8: Expected and observed 95% CL model-independent upper limits on B(t !
H+b)B(H+ ! t+nt) with mH+ = 80–160 GeV (left), and on s(pp ! t(b)H+)B(H+ ! t+nt)
with mH+ = 180–600 GeV (right) for the H+ ! t+nt search in the th+jets final state. The
regions above the solid lines are excluded.

Table 10: Expected and observed 95% CL model-independent upper limits on B(t !
H+b)B(H+ ! t+nt) for mH+ = 80–160 GeV (top), and on s(pp ! t(b)H+)B(H+ ! t+nt)
for mH+ = 180–600 GeV (bottom), for the H+ ! t+nt search in the th+jets final state.

mH+ Expected limit Observed
[ GeV ] �2s �1s median +1s +2s limit

95% CL upper limit on B(t ! H+b)B(H+ ! t+nt)
80 0.0059 0.0079 0.0112 0.0160 0.0221 0.0120
90 0.0042 0.0057 0.0080 0.0115 0.0160 0.0092

100 0.0033 0.0044 0.0062 0.0089 0.0124 0.0061
120 0.0018 0.0024 0.0034 0.0049 0.0069 0.0028
140 0.0012 0.0017 0.0024 0.0034 0.0048 0.0017
150 0.0011 0.0015 0.0021 0.0031 0.0043 0.0015
155 0.0012 0.0016 0.0023 0.0033 0.0046 0.0016
160 0.0011 0.0016 0.0022 0.0032 0.0045 0.0015

95% CL upper limit on s(pp ! t(b)H+)B(H+ ! t+nt) [pb]
180 0.213 0.289 0.409 0.587 0.816 0.377
190 0.188 0.254 0.358 0.516 0.719 0.373
200 0.152 0.205 0.291 0.423 0.587 0.361
220 0.114 0.155 0.221 0.321 0.448 0.332
250 0.081 0.110 0.159 0.231 0.328 0.267
300 0.048 0.065 0.096 0.142 0.205 0.153
400 0.022 0.032 0.049 0.076 0.115 0.054
500 0.014 0.021 0.033 0.056 0.088 0.032
600 0.011 0.016 0.028 0.047 0.076 0.025

Type-II	 2	 Higgs	 Doublet	 Model

yu Hu Quc + yd Hd Qdc + y` Hd Q `cHu Hd Hd +V (Hu , Hd )Hu Hd

6



Type-I	 2	 Higgs	 Doublet	 Model

Much	 less	 constrained	 (and	 explored):

yu Hu Quc + yd Hd Qdc + y` Hd Q `cH1 H1 H1 +V (Hu , Hd )HuH1 H2
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b ! s�

Figure 3. Excluded regions in the Z2 symmetric models on the (mH+ , tan �) plane at 95% CL
individually from the tree level processes B ! ⌧⌫ (red), D ! µ⌫ (green), Ds ! ⌧⌫ (blue), Ds ! µ⌫
(yellow), K ! µ⌫/⇡ ! µ⌫ (cyan), ⌧ ! K⌫/⌧ ! ⇡⌫ (magenta) in the upper panels, and the loop
induced processes B0

s ! µ+µ� (red), B0
d ! µ+µ� (magenta), B̄ ! Xs� (yellow), �Ms (blue),

�Md (cyan), |✏K | (green) in the lower panels. The black line contour in the type II and Y is the
boundary of 95% CL exclusion from B̄ ! Xs�. The dashed horizontal lines are ones for tan � = 1
and 0.057, corresponding to the top Yukawa coupling to be 1 and 4⇡, respectively. The gray region
is the minimal exclusion from LEP searches [109]. The exclusion from ⌧ ! µ⌫⌫ is also shown in
the type X [110].

Type II:

In the type II model, the dominant constraint comes from B(B ! ⌧⌫) and B(B0
q ! µ+µ�)

for large tan �. The branching ratio B(b ! s�)E�>1.6GeV gives the lower limit on the mass.

Our result shows that mH+ < 493 GeV is ruled out at 95% CL and close to what was

reported in Ref. [17]. Moreover, mH+ < 408 GeV is excluded at 99% CL. The loop induced

processes such as the neutral meson mixings exclude the region for small tan � as well as

the type I model.

Type X:

As for the type X model, the processes M ! `⌫ and ⌧ ! M⌫ provide no constraint on the

(mH+ , tan �) plane from the current data, whereas the loop induced processes exclude the

range for small tan � as well as for the type I case. Indeed, as the tan � enhancement can

be seen only in the lepton sector, we can put a constraint for large tan � region from the

measurement of the Fermi constant GF from ⌧ ! µ⌫⌫ [110]. In the figure, we show the

result from ⌧ ! µ⌫⌫, where we obtain the theoretical formula (at the one loop level) and

the experimental data based on Ref. [110]. A similar bound is obtained in the type II model

– 22 –

Enomoto & Watanabe
JHEP 05 (2016)

Much	 less	 constrained	 (and	 explored):

yu Hu Quc + yd Hd Qdc + y` Hd Q `cH1 H1 H1 +V (Hu , Hd )HuH1 H2

mH± & 480GeV

tan� ⌘ hH1i
hH2i

& 2� 3

Type-I	 2	 Higgs	 Doublet	 Model
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– 22 –

Enomoto & Watanabe
JHEP 05 (2016)

Much	 less	 constrained	 (and	 explored):

yu Hu Quc + yd Hd Qdc + y` Hd Q `cH1 H1 H1 +V (Hu , Hd )HuH1 H2

can	 be	 lightH±
mH± & 480GeV

tan� ⌘ hH1i
hH2i

& 2� 3

Type-I	 2	 Higgs	 Doublet	 Model
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Figure 12: Model-independent upper bounds on σ × BR for (a) the
e+e−→H2Z→H1H1Z→bb̄bb̄Z channel and (b) the e+e−→H1H2→bb̄bb̄ channel.
For (a), the SM cross-section for HSMZ production is taken as normalization. For
(b), The MSSM cross-section for H1H2 production with cos2(β − α) = 1 is taken as
normalization. The dashed line indicates the kinematic limit for

√
s = 206 GeV.

46

The LEP Working Group for Higgs Boson Searches / Physics Letters B 565 (2003) 61–75 73

Fig. 10. The 95% confidence level upper bound on the ratio ξ2 = (gHZZ/gSMHZZ)2 (see text). The dark and light shaded bands around the median
expected line correspond to the 68% and 95% probability bands. The horizontal lines correspond to the Standard Model coupling. (a): For
Higgs boson decays predicted by the Standard Model; (b): for the Higgs boson decaying exclusively into bb̄ and (c): into τ+τ− pairs.
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Much	 less	 constrained	 (and	 explored):

yu Hu Quc + yd Hd Qdc + y` Hd Q `cH1 H1 H1 +V (Hu , Hd )HuH1 H2

also	 can	 be	 lightA0, H0

Type-I	 2	 Higgs	 Doublet	 Model
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Contrast	 between	 2HDM	 spectra

Type	 II Type	 I
yu Hu Quc + yd Hd Qdc + y` Hd Q `cHu Hd Hd yu Hu Quc + yd Hd Qdc + y` Hd Q `cH1 H1 H1

MSSM	 inspired In	 this	 talk
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Contrast	 between	 2HDM	 spectra

Type	 II Type	 I
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Contrast	 between	 2HDM	 spectra
MSSM	 inspired In	 this	 talk
Type	 II Type	 I
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Contrast	 between	 2HDM	 spectra
MSSM	 inspired In	 this	 talk
Type	 II Type	 I

yu Hu Quc + yd Hd Qdc + y` Hd Q `cHu Hd Hd yu Hu Quc + yd Hd Qdc + y` Hd Q `cH1 H1 H1
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large	 yukawa no	 mixing	 suppression

large	 yukawa
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mixing	 with	 other	 doublet
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Rare	 Top	 Decays	 in	 Light	 Type-I	 2HDM

t b

W+(⇤)

bb, ⌧⌧

tb

W�

Same	 final	 state	 as	 ttH

A0, H0

H+
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t b

W+(⇤)

bb, ⌧⌧

tb

W�

Same	 final	 state	 as	 ttH

To	 avoid	 conflict	 with	 measurements	 of	 	 	 	 	 :	 	 	 	 �tt

Br(t ! bH+) . O(1%)

Rare	 Top	 Decays	 in	 Light	 Type-I	 2HDM

H+

A0, H0

17



t b

W+(⇤)

bb, ⌧⌧

tb

W�

Same	 final	 state	 as	 ttH

Br(t ! bH+) . O(1%)

Right	 ballpark	 to	 explain	 recent	 ATLAS	 excess	 in	 ttH

To	 avoid	 conflict	 with	 measurements	 of	 	 	 	 	 :	 	 	 	 �tt

Rare	 Top	 Decays	 in	 Light	 Type-I	 2HDM

H+

A0, H0
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Lepton flavor
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Figure 8: Characteristics of events in the 2`1⌧had signal region: (a) lepton flavor composition; (b) 10⇥ the number
of b-tagged jets plus the total number of jets. The signal is set to the SM expectation (µt t̄H = 1) and the background
expectation is pre-fit (using initial values of the background systematic uncertainty nuisance parameters). The
hatched region shows the total uncertainty on the background plus SM signal prediction in each bin. Charge
misreconstruction backgrounds are indicated as “QMisReco.”
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Figure 9: Characteristics of events in the 3` signal region: (a) lepton flavor composition; (b) 10⇥ the number of
b-tagged jets plus the total number of jets. The signal is set to the SM expectation (µt t̄H = 1) and the background
expectation is pre-fit (using initial values of the background systematic uncertainty nuisance parameters). The
hatched region shows the total uncertainty on the background plus SM signal prediction in each bin.
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1	 b-tag 2	 b-tags

Excess	 appears	 exclusively
on	 1	 b-tag	 channel

t
W+(⇤)

b

Easily	 explained	 by	 small
mass	 splitting mt �mH±

) b	 is	 too	 soft	 to	 be	 tagged

H+

A0, H0

13	 TeV	 ATLAS	 excess	 in	 ttH
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relative	 excess  strength	 varies	 across	 different	 leptonic	 channels	 
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Figure 5: Best fit values of the tt̄H signal strength µt t̄H by final state category and combined. The SM prediction is
µt t̄H = 1. For the 4` category, as zero events are observed, a 68% CLs upper limit is shown instead.
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Figure 6: Upper limits on the tt̄H signal strength µt t̄H at 95% CL by final state category and combined. The SM
prediction is µt t̄H = 1. The median upper limit that would be set in the presence of a SM tt̄H signal (µ = 1) is also
shown.
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relative	 excess  strength	 varies	 across	 different	 leptonic	 channels	 
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relative	 excess  strength	 varies	 across	 different	 leptonic	 channels	 
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Figure 6: Upper limits on the tt̄H signal strength µt t̄H at 95% CL by final state category and combined. The SM
prediction is µt t̄H = 1. The median upper limit that would be set in the presence of a SM tt̄H signal (µ = 1) is also
shown.
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13	 TeV	 ATLAS	 excess	 in	 ttH
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Summary

Probing	 new	 EW	 physics	 @	 LHC	 is	 challenging

Searches	 in	 direct	 production	 (low	 statistics)
can	 be	 complemented	 by	 high	 statistics	 channels	 

E.g.,	 rare	 top	 decays

In	 type	 I	 2HDM,	 >	 new	 scalars	 can	 be	 light	 

>	 top	 can	 decay	 to	 charged	 higgs

>	 such	 decays	 can	 contaminate	 ttH	 searches

>	 could	 explain	 recent	 excess	 in
	 	 ATLAS	 ttH	 search	 in	 multileptons
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Thank	 You
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