Two Higgs Doublets Model



g-2 muon anomaly in a 2HDM(II)
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Kinoshita et al. : 5-loops => 12000 diagrams!!
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Discrepancy between SM and EXP.
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2HDM contribution to ay: aﬁHDM = aﬁ -+ aﬁl -+ a,ﬁ[ -+ aﬁl
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Two loop contributions larger than one-loop for mass ~ few GeV!
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contribution to (g-2)/2 for muon
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Search for 2HDM through Collider

« Productions of charged Higgs and/or neutral Higgs at Collider
« Decays of charged Higgs and/ or neutral Higgs at Collider



Productions of Charged Higgs (type-Ii)

« Lightcharged Higgs: mpg+ <m¢—my
Top decay can produce light charged Higgs : t— H*b

Constrained by Br(t — Wb) = 0.94705, (Tevatron)
BR(t » HX*b)~m#cot?f + mitan?p

* Production of light charged Higgs at the LHC :
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Production of Heavy charged Higgs at the LHC

« dominant channel : pp — gb — tH™ process
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- via gluon fusion, pp —gg —>tbH*
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Higgs Discovery at Hadron Collider, Uppsala, Sweden (2008)



Search for light charged Higgs at the LHC

* Via decay channels
- for light charged Higgs
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2HDM H* Search at LHC

LHC Search has Started | a BaBar-centric View

mg+ (GeV)

B— as excluded MSSM T)Lpe-II 2HDM at 99.8% CL

Eli Ben-Haim @ EPSHEP2013
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Search for heavy charged Higgs

100 ¢

* Above top mass:
- BR(H*—1b)~0.8-1

- H*—tb results in complex

final states :3 or 4 b jets

* Crucial to supress very large
kinematically similar ttbar+jets

background

Channels of interest:

H* Decay W Decay
tv,7—>had qq
tb lvb & qq

10—3

Branching Ratio (H")
o
|
20
[

at

the LHC

1 1 T I LI I|@IIIIIIIII|IIII|IIII|III:

th

tan f=30 -

| T‘r-l IIIIIIIII|IIII|IIII|IIII|IIII

104 -
100 200 300 500 700 1000
oxBR (pb) my+  (GeV)

Process my+ (GeV/e?) [ tan 3 =15 tan 3 =10 | tan 3 = 30
bg — H*t — lvbjjbb 200 3.4 0.4 1.6

250 2.0 0.18 1.2

300 1.2 0.14 1.0

400 0.54 0.08 0.4

500 0.3 0.04 0.2




Discovery potential
ATLAS CMS
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Search for neutral Higgs



Mass spectrums
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Production of neutral Higgses

g 700000
» h/H/A
9 700000

*Main production mechanism ~SM

For high and moderate tanb the production with b quarks is enhanced
For m, >>m, A/H behave very similar —decoupling region

*A, H, H* cross section ~tanf?



Production Cross Section
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At small tanf3
- gg—h,H,A dominant

- Vector boson fusion process
Pp—qq—qq+WW/ZZ—qq+h/H

Important

- Higgsstrahlung neglegible

* At high tanf3

— assoclated b quarks production

dominates

pp — bb —h/H/A+ bb

Abdelhak Djouadi arXiv:hep-ph/0503173v2 (2005)



Branching Ratio for Neutral Higgs Decays

M,> 150 GeV tanb =30 ;
or M,>400-500 GeV tanp=3 ff‘i<

f

- BR() e | BRC . Production rate

— T(h, H, A) oc m

 Decay bb dominates

] =11
..l |I- I:I '.'ll

Abdelhak Djouadi arXiv:hep-ph/0503173v2 (2005)



Branching Ratio for Neutral Higgs Decays

*Intense coupling region
Coupling to W,Z up quarks suppressed
Coupling down gquark (b) and t enhanced
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140

*Decay bb, Tt dominates
*Decay pu possible



»Signal cross section uncertainties 17%

Discovery Potential

» Systematic experimental uncertainties based on detector expected performances:
e.g. muon efficiency, muon PT scale, muon resolution, Jet energy scale,
Jet energy resolution, btag efficiency, b-tagging fake rate.

Based on detector expected performance 10-20%

Large systematic uncertainties demand for
data-driven method background estimation

m, (GeV)

m, (GeV)

preliminary Combined 0-b-jet and  >1 b-jet analysis preliminary
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Pair Productions

3
A = —
HHH = 5

2
eMH

Gauge-boson
fusion

Trilinear coupling can be large for Heavy Higgs

(Robert N. Hodgkinson )
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Pair Productions

“Feasibility study of Higgs pair creation in gamma-gamma collider”
(Norizumi Maeda )

For measuring Higgs self coupling

W, t H
N H l"" . .
P Low Higgs mass regions

‘}- LS
}, AAAMN, & N }{

}f AANAA

HH — bbbb



at ILC with 500 GeV my, = 120 GeV

[ Studies on Higgs self coupling & top Yukawa coupling measurements

“"Analysis of 6-jet mode in ZHH” (Yosuke Takubo )

AH Analysis mode: ZHH->qqHH
» Higgs mass: 120 GeV

«~ Higgs mainly decays into bb with ~70% branching ratio.
7 » Integrated luminosity: 2 ab™
qqHH tt tbtb Sionificy 3
» No cut 1270 1167290 2154 Significance : ~
1’20 219 615456 1810 Near confident obs.

* 90 < Mp12 <140GeV: 196 529501 1607
60 <Mz <110GeV

* Nlepton=0 : 178 411467 1102
» missing E < 70GeV :156 302053 816 Next step
* N(HH)b1ag =4 201 475 587 - Full simulation

* N(Z}h_tag =2- . 4.3 [} [}6




Fit of 2HDM to the LHC data

 What has the LHC observed to look for Higgs ?
* |sthe LHC data compatible with 2ZHDM ?

(S. Chang, SK, J. Lee, K. Lee, S. Park, J. Song to appear in JHEP)



Current status of LHC data for Higgs

* How both ATLAS and CMS look for Higgs ?
- in several decay channels : yy ,WW*, ZZ*, bb, Tt
* Recently, they have updated the Higgs search results using the full
data recorded in 2011 and 2012 with the integrated luminosity up
to 5fb~tat7 TeVand 21 fb~! at 8 TeV.
* The new data support the SM Higgs boson interpretation
further, even though each individual channel is still fluctuating.
* The excess In the diphoton channel decreased in the updated CMS

data, but retained in the ATLAS data

1y, =1.65703¢ (ATLAS),  0.78335¢ (CMS-MVA mass-fact.)
1.111932 (CMS-cut-based)




Current status of LHC data for Higgs

« Even though the data seem to indicate very SM-like Higgs boson,
other scalar candidates in various new physics models are not
excluded yet.

* The aim of the work :

- how much parameter space of 2HDM still survives especially
outside the decoupling region ?

- whether 2HDM can explain the current data better than the SM ?

- whether there is any chance to miss the light Higgs boson h° with H°
being the observed one ?



Two scenarios for probing 2HDM

. 1. h? is the 125 GeV Higgs observed at the LHC

 |I. H° is the 125 GeV Higgs observed at the LHC while h° has been
missed.

« We constrain 1 < tanf < 50
 Effective Largrangian :

2 2 _
L= cy 28 R W cVZ’:Z hZ, Z, —cy™> hbb — c, ™= h¥T
—ccn:f héc — ¢, —- . htt+cg Gaw+cy — hA, AR

(h = h® for scenario-l, h = H° for scenario-Il)



« SM values for the coefficients :

‘:V}Sﬂ4 — C735A4::'1, (;gﬂgnq ~ :l, ‘;V;Sﬂl ~ —(0.81

 Useful parameterization for the observed signal in the Higgs
search at the LHC : ratio of the observed event rate to SM
prediction which is identified with signal strength : i = a/agy

_ > 0(pp — j— h) x B(h — decay)|ohserved

decay —

]%production _
>.;0(pp — j — h) x B(h — decay)|s

(production : ggF, VBF, Vh, tth, decay : yy, WW*,ZZ*, bb, T1)



* In terms of effective couplings :

2 2
RIgF _ CqCy RIIF _ CqCi
R P Cch | wo\oh |7
v, S M“tot tot
RVBF _ pVh _ pVBF+Vh _ Cv G
i Ay = 4y, — A ;
C
tot
RVBF _ pVh _ pVBF+Vh _ C~Cy
YT Yy T Y e Ch |
v, SM %ot

where C' = \/ | F?OSQ’I, and i =W, Z. 1,b.



 LHC data

Table 1. Summary of the LHC Higgs signals at 7 and 8 TeV.

Production ATLAS CMS
_ ~ ggF+tth 0.66 ~ ggF+tth
ggF +tth | RZ. W = 1ATI;25 [40] R =0.52£0.5 [47]
~ qaF ~ ggF
Ry = 0.82 £ 0.36 [48] Ry = 0.737022 [5]
~ ggF+tth ~ ggF+tth
R, = 18703 [19] Ry, =090 [35)
~ goF ~ ggF
RY =1.0t%] [50] R =0.93+0.42 [51]
~ VBF+Vh ~VBF+Vh
VBF+Vh | B, " =173t127 (46 T = 14871 (4]
~ VBF ~ VBF ~Vh
Ry = 1.66 £ 0.79 [48] Ry = —0.05700 Ry = 0.511530 [5]
~ VBF+Vh ~ VBF+Vh
Rz = 1.2777 [49) R 7z = 1.0755 [35]
~ VBF+Vh ~ VBF ~Vh
T st [50] R_~ =094+041, R__ = —0.3341.02 [51]
~ VBF+Vh ~VBF+Vh
Ry ' =0204064 52 | By =0.96 4 0.47 [53]




 Performing global fit to the LHC data

20 S \2
s (B — Ry) 5

i=1 (

* In Scenario-l : ¢y = sin(f — a), ¢, = 56’}, Cr= 5{1, c,= &N
-2HDM with 2 free parameters has 18 d.o.f.

Table 2. The best-fit points and the corresponding couplings in Scenario-1. Note that y2,;/d.o.f =

0.62.
Type 2. /doof | tanf | cos(f — ) Cyv Cp Cr Ct
I-1 0.58 49.83 0.42 0.92 | 0.92 0.92 | 0.92
I1-1 0.64 1.00 —0.047 1.00 | 1.05 1.05 | 0.95
X-1 0.60 4.71 0.40 0.92 1 1.00 | —0.97 | 1.00
Y-1 0.62 4.94 0.40 0.92 | —1.06 | 1.00 | 1.00
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e In Scenario-ll : ¢y =sin(B —a), ¢, =&/, =&, ¢, =&

« We demand that the event rate of flavor-independent jet
decay of light higgs boson h° be smaller than the exp. Limit.

6 = oy 2 oo 23]
B(hsn — jj)
( By taking mp,, =90 GeV, [¢]|* < 0.155)

Constrained by LEP result

Table 3. The best-fit points and the corresponding couplings in Scenario-2.

Type 2 /d.o.f tan 3 sin(f — «) cit cy! cH cH
[-2 0.58 50.0 0.40 —0.92 | —0.93 | —0.93 | —0.93
I1-2 0.59 50.0 3x10~* 1.00 1.01 1.01 1.00
X-2 0.60 4.72 0.40 —0.92 | —1.00 | 097 | —1.00
Y-2 0.59 50.0 3x 10~ 1.00 1.01 1.00 1.00
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Summary

« What we have learnt in this lecture

orief history of the Higgs mechanism and standard model.
now to extend the SM to model with two Higgs doublets
now to derive higgs masses and couplings in 2HDM

now 2HDM can be constrained

now signals of 2HDM can be probed at colliders

now 2HDM is compatible with recent LHC data.



