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Preamble

Higgs particle found! SM?
2HDM excluded?

not quite
but parameter space severely constrained

Look for charged Higgs!




2HDM notation 1
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2HDM notation 2

Y0 &

n3 = —sin Bx1 + cos B2
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2HDM notation 3

2 VS 3 1vs3 1vs?2
1 0 0 cosas 0 sinapm cosa; sinoag 0
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c; = COS Qy;, §; = SIN (;

CP-conserving limits:
Hy odd: ag ~ +7/2, ay,as arbitrary,
Hy odd: ap =0, a3 =n/2, a; arbitrary,

Hs odd: a9 = a3 =0, oy arbitrary.




Yukawa couplings
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Gauge couplings

cos fRj1 +sin BR;s], for j =1,
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Entering total widths: Hy 3 — HZ




Parameters

InPUt: tanﬁ? (Mh M2)7 (MHi7 1“2)7 (&17 o, &3)

Reconstruct:

M2 B M12R13(R12 tan &—R11)+M22R23(R22 tan &—R21)
3 =

R33(R31 — R32 tan &)

Explicit expressions for
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in terms of input




Branching ratios

random 2HDM: H, branching ratios
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Branching ratios

P4 2HDM: H, branching ratios
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Decay rates

2HDM: Decay rate tanp = 1
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Decay rates
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Decay rates
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H (for example at 300 GeV) and H3

must decay more slowly than SM Higgs (at same mass),
in order for model not to be excluded by LHC data




Constraints-theory

® Positivity

- Explicit conditions
e Unitarity

- Explicit conditions
® Perturbativity
® Global minimum

- Three coupled cubic equations




Constraints-experiment

e b — sv

o I'(Z — bb)

e B—71v(X), B— Drv, D — Tv
e By < By

® Byg— pp~

e EW constraints: S, T’

e Electron EDM

e LHC: Hy — v~

e LHC: Hyy — WTW~—




Parameters

InPUt: tanﬂ, (M17 M2)7 (MHia ILL2)7 (0417 X2, 043)

T T T T

Typically: step fix step scan




Allowed regions (red)

lgnore LHC (apologies)
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LHC constraints

1 99— Hi— 7
| (H1 = g9 BR(H1 = 77)
' (Hsm = 99 BR(Hsw — 77)

Ry =

Triangle diagrams modified by couplings, also axial term

05" R, " 20

2 gg— Hay — WHIW-

I'(H; = g9)BR(H; = ZZ)

bounded
['(Hsm — 99)BR(Hsm — Z7)

Rzz =

Adopt LHC (ATLAS & CMS) 95% CL
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Allowed regions

L HC constraints

5tanB =1 M, =300 GeV M_.=300GeV 5tan[3 =1 M, =300 GeV M_.=30QGeV




Next:

® Combine all constraints:




\Allowed regions (green)
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U\ Allowed regions
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U\ Allowed regions

tanf =2 M, =400 GeV M_.=300GeV tanf =2 M, =400 GeV M_.=500GeV

0.5 0.5
£ £
S| S| {
| | '
-0‘5 | 1 1 | l -0‘5 | 1 1 | l | 1 | 1
-0.5 0 0.5 -0.5 0 o, I 0.5
05 tanf=2 M,=400 G M. =300 GeV 05 tanf =2 M,=400 GeV MW = 500 GeV
& &
[xd [xd
3 3
-%.5 0.5 -%.5 0‘2 It 0.5




U\ Allowed regions
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AL@wed regions high mass
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Allowed regions high tanbeta
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tanp =10 M, =400 CE:V M, =400GeV
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Decoupling

A=H; A=H;3

Decoupling 1:

Decoupling 2:
AN

A=H,

(a1, a2) ~ (

-/2,0)

(041, 042) ~ (O, “7T/2)

Excluded by LHC




Overview
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Overview
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H3 mass, M3
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H, " ##

R, > 17?

In SM W and t loop interfere destructively
"igm; 1

H: to: .
. 2my Sin#

[Rjgn i$5COS#Rj3].
Flip sign of t-loop?
Ri»=50C, $<0? c<O07?

Also #s term (additive)
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Tight: 15" R, " 20
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Charged Higgs Benchmarks

g/ | L™ | 1gl" [ tan# | My | M, M TaX
P; | 023 | 0.06 |0.005| 1 |300| 300,325
P, | 035 |1 0.014| 048 | 1 |300| 300,415
P; | 035 |1 0015|0496 1 |350| 300,450
P, | 035 |1 0.056| 043 | 1 |400| 300,455
Ps | 033 | 1021 | 023 | 1 |450| 300,470
Pg | 027 | 1026 | 025 | 1 |500| 300,340
P7 | 039 | 1007 | 033 | 2 |300| 300,405
Pg | 034 | 1003 | 011 | 2 |400| 300,315
Py | 047 |1 0.006| 005 | 10 |400| 400,440
Pip | 0.49 | ! 0.002| 0.06 | 10 | 600| 600,700




Requirements:

Not excludec

Not excluded

oy theoretical arguments

by experimental data

Good production cross section

Good BR for decay to W + H;

Moderate background




Proposed channel:
pp! WHH" (+ X)
I W'W H;

g b ik
Yy, W H 4




Proposed channel:
pp! - WHH" (+X)
I W'W H;

g bR

Yy, W H1

H, HEWT coupling squared:
~ (sin SR;j; — cos 6Rj2)2 + RJZ-S

H H*WT . = sinQ(ﬁ — Q) cos® ay + sin® aw




Proposed channel:
pp! W*H" (+X)

I W*W H,
g b R
Yy, W H4

H, HEWT coupling squared:
~ (sin SR;j; — cos 6Rj2)2 + RJZ-S
Hi H=WTF: =sin*(8 — o) + sin” ay cos*(8 — o)




BR(H ')

Branching ratios:
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BR(H ')
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Branching ratios:
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Dominant production mechanisms

Coupling may depend on details

(@) :
irreducible background




m(fb)

Cross sections:

P, (tan '=1)
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legend next page
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m(fb)

Cross sections:

‘PS (tan '=2) |

P, (tan '=2)

—8TeV —H W  ( g
1 : : I :
14 TeV H' Hey 5 ()

10- \\\\i\\\\i\\\\i\\\\i\\\\i\\\\ lo- \\\\i\\\\i\\\\i\\\\i\\\\i\\\\
300 350 400 450 500 550 600 300 350 400 450 500 550 600

M, (GeV) M, (GeV)




Background

o tPl HBW™W
® cross section larger by factor 103

® impose generic cuts, BG reduction by
factor 40, signal reduction by 2-3




Generic cuts

1) Kinematics: standard detector cuts

p| > 15 GeV, I"/| < 2.5,
p’ > 20 GeV, i < 3,
I! Rjj | > 0.5, ! Rij| > 0.5;

2) light Higgs reconstruction:

"M (bb) # 125 GeV < 20 GeV;

3) hadronic W reconstruction ( Whp! |j):

IM (jj ) # 80 GeV < 20 GeV,




Generic cuts

4) top veto : if I R(by, Wh) <! R(lp, W), then

M (byjj ) > 200 GeV, M+ (!$) > 200 GeV,

disf , f h b- | I
otherwise 1§ 2 isfavor top, for each b-quark separately

5) same-hemisphere b quarks:

Pb, épb2 > 0.
P, | [Pb,|




Additional anti-top cut

Idea: Since My: > My

One of the W’s should form
high invariant mass with [ pair




top
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Possible cuts

. .
Osquared cutO: Gu = max M (bbjj ), M1 (k") >M jiny
Osingle cutO: Gg = M1 (bD")>M iy .

Choose: Gng
’Mlim = 600 GeV
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Possible cuts

. .
Osquared cutO: Gu = max M (bbjj ), M1 (k") >M jiny
Osingle cutO: Gg = M1 (bD")>M iy .

Choose: Gng
’Mlim = 600 GeV

Also:

peak cut: IM " My:| < 50 GeV




MHj: = 310 GeV

Mg+ = 390 GeV

Events | S/v/B || Events | S/vB
tt 24.9
peak 11.9 — 9.9 —
P 3.8 0.8 — —
peak 2.6 0.8 — —
1= 4.7 1.0 8.8 1.8
peak 3.3 1.0 7.3 2.3
P 11.3 2.3 22.0 4.4
peak 7.7 2.3 17.2 5.4
Py 10.0 2.0 20.3 4.1
peak 7.8 2.3 16.0 5.1
P 21.1 4.2 30.2 6.1
peak 13.9 4.1 25.0 7.9
Ps 14.0 2.8 — —
peak 9.4 2.8 — —
P 3.1 0.6 7.4 1.5
peak 2.8 0.8 7.3 2.3
P 1.2 0.2 — —
peak 1.2 0.4 — —




Conclusions

2HDM Il parameter space is severely
constrained by LHC data

Parts of 2HDM |l parameter space are still
open

SM would be excluded by charged Higgs
discovery

v bb
pp — JJ \V;V/\/ channel allows detection

in part of parameter space




