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The EW _Symmetry Breaking Agenda:

What is the Specific Nature of the EWSB Sector?

Anomalous/SM—like Higgs Couplings?
Elementary/Composite Higgs?
One/Several Higgs Boson(s)?
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The EW _Symmetry Breaking Agenda:

What is the Specific Nature of the EWSB Sector?

Anomalous/SM—like Higgs Couplings?
Elementary/Composite Higgs?
One/Seveval Higgs Boson(s)?
Measurement of Higgs Potential?
Cosmology of EWSB?
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B Violation (Sphalerons)

C, CP Violation
Departure from Equilibrium = The EW Phase Transition

Sakharov Conditions
for Baryogenesis:

In the SM (m, = 125 GeV) EW Phase Transition Smooth CrossOver
K. Kajantie, M. Laine, K. Rummukainen, M. Shaposhnikov, Phys. Rev. Lett. 77 (1996) 2887

1 Ordey EW Phase Tivansition possible i Bxiended . EwWss Seciioys



HowTo Probe Nature of EW
Phase Transition in EWSB Sectors?
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What Can Collider Searches Tell us about the EW Phase Transition?




HowTo Probe Nature of EW

Phase Transition i%vEWSB Sectors?

< /1

V4
What Can the EW Phase Transition Tell us about Collider Searches?

O 1dentify (possible) Patterns Leading to ' Order EW Phase Transition

® Extract LHC signatures Characteristic of such Pafterns

*To tind i, you need 1o kinow! wheve o \cok oy

HowTo Develop a Search Strategy for Extended EWSB Sectors
with a Strong EW Phase Transition at LHC?.



Singlet - Extended EWSB Scalar Sectors

|H|2 unigue Lorentz & Gauge

=> Scalar Higgs Portal
Invariant term w, d<4

R. Schabinger, J. Wells, Phys. Rev. D72 (2005) 093007
B. Patt, F. Wilczek, hep-ph/0605188

SM + Real Scalar Singlet S

R +

V(H,S) = -4 |H]| +)\|H|J‘+ 262

Scenarios w. Scalar Singlets can Lead to Strong ©' Order EW Phase Transition

S. Profumo, M. Ramsey-Musolf, G. Shaughnessy, JHEP 0708 (2007) 010
V. Barger, P. Langacker, M. McCaskey, M. Ramsey-Musolf, G. Shaughnessy, Phys. Rev. D79 (2009) 015018

J. R. Espinosa, T. Konstandin, J. M. N, M. Quiros, Phys. Rev. D78 (2008) 123528
J. R. Espinosa, T. Konstandin, F. Riva, Nucl. Phys. B854 (2012) 592



Singlet - Extended EWSB Scalar Sectors

. D
=> Scalar nggs Portal |H|™ unique Lorentz & Gauge

R. Schabinger, J. Wells, Phys. Rev. D72 (2005) 093007 Invariant term w, d<4
B. Patt, F. Wilczek, hep-ph/0605188

SM + Real Scalar Singlet S

Singlet-Doublet Mixing

h1 (m1=125 GeV.) ’”1 ('”1)

A A Strong EW Phase Transition
strongly preters a <0 (Mixing)

500

S. Profumo, M. Ramsey-Musolf, G. Shaughnessy, JHEP 0708 (2007) 010
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SM + Real Scalar Singlet S

HowTo Map the EW Phase
Transition to LHC?

WORK IN PROGRESS




Singlet - Extended EWSB Scalar Sectors

. D
=> Scalar nggs Portal |H|™ unique Lorentz & Gauge

R. Schabinger, J. Wells, Phys. Rev. D72 (2005) 093007 Invariant term w, d<4
B. Patt, F. Wilczek, hep-ph/0605188

SM + Real Scalar Singlet S

m [GeV]

S. Profumo, M. Ramsey-Musolf, G. Shaughnessy, JHEP.0708 (2007) 010



Singlet - Extended EWSB Scalar Sectors

125 GeV (Resonant) Higgs Pair Production at LHC

M. Dolan, C. Englert, M. Spannowsky, Phys. Rev. D87 (2013) 5, 055002
J. Cao, Z. Heng, L. Shang, P. Wan, J. M. Yang, JHEP 1304 (2013) 134
J. M. N, M. Ramsey-Musolf, arXiv:1310.6035 [hep-ph.

Potential Discovery Mode for h

(it b, > Z Z Suppressed)



Singlet - Extended EWSB Scalar Sectors

125 GeV (Resonant) Higgs Pair Production at LHC

M. Dolan, C. Englert, M. Spannowsky, Phys. Rev. D87 (2013) 5, 055002
J. Cao, Z. Heng, L. Shang, P. Wan, J. M. Yang, JHEP 1304 (2013) 134
J. M. N, M. Ramsey-Musolf, arXiv:1310.6035 [hep-ph.

Potential Discovery Mode for h
(it b, > Z Z Suppressed)

ATLAS Preliminary

H— ZZ — 4l

JLdt =20.7 fb”

\5=8 TeV Possible 1o Evade Direct Searches:

=  Suppressed Production (Singlet Admixture)

95% CL limit on & x BR [fb]

5  Suppressed Br(hl — 7°7)

ATLAS-CONF-2013-013



Singlet - Extended EWSB Scalar Sectors

125 GeV (Resonant) Higgs Pair Production at LHC

M. Dolan, C. Englert, M. Spannowsky, Phys. Rev. D87 (2013) 5, 055002
J. Cao, Z. Heng, L. Shang, P. Wan, J. M. Yang, JHEP 1304 (2013) 134
J. M. N, M. Ramsey-Musolf, arXiv:1310.6035 [hep-ph.

Constraints:
> 125 GeV Higgs Couplings (LHC) /\\(Ce)i > 0.66 at 95% C.L,

> Direct Heavy Higgs Searches (LHC)

> FEW Precision Observables ’ EW Minimum
i Globally Stable

Boosted Benchmark

> Vacuum Stability

b’ (100 GeV)

Un-Boosted Benchmark
L]

(09)1 0.66 , m, = 270 GeV , b, =1

(ce)2 0.66 , m, = 370 GeV , b, =1




Searching for Resonant Di-Higgs at LHC
VY~ h o~ hh — bbbttt
Classify according to Leptonic/Hadronic Nature of each T-Decay

Un-Boosted: (C,)* = 0.66,m = 270 GeV , A, = 325 GeV.

Benchmark 08
enchmark Scenarios Boosted: (C)* = 0.66,m =370 GeV , A = 325 GeV.

Main SM Backgrounds:

Z bb




Searching for Resonant Di-Higgs at LHC

vy~ h o~ h h — bbt't

/\
Reconstructing both 125 GeV Higgses /_\‘mbb > m

TT

... but T-Decay involves missing Energy

m._ Reconstruction Algorithms:

= Collinear approximation
R. Ellis, I. Hinchliffe, M. Soldate, J. J. van der Bij, Nucl. Phys. B297 (1988) 221.

vis

P12
vis

‘1, mis

a Pip T P12

wie SI(GY®) B — cos(g3) B wie | COS(OT®) BB — sin(gyis) B

b sin(0y®)sin(gy — g1) 2 sin(0y)sin(pys — V)

= Missing Mass Calculator
A. Elagin, P. Murat, A. Pranko, A. Safonov, Nucl. Instrum. Meth. A654 (2011) 481




Searching for Resonant Di-Higgs at LHC
vy~ h o~ h h — bbt't
Event Generation — MadGraph 5 + Pythia + PGS/Delphes

Leptonic Mode: T lep‘l: o

Un-Boosted vs  Boosted

- zbp - Signal (m, =270 GeV) - 75 - Signal (m, =270 GeV)
= ti .« Signal (m2 =370 GeV)

= Zjj

= t1 . Signal (m2 =370 GeV)
- Zj
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Searching for Resonant Di-Higgs at LHC
vy~ h o~ h h — bbt't
Event Generation — MadGraph 5 + Pythia + PGS/Delphes

Leptonic Mode: T lep‘l: o

- 765 - Signal (m, =270 GeV) - 7bE - Signal (m =270 GeV) = Zbb - Signal (m, =270 GeV)

= tt . Signal (m2 =370 GeV)
= Zjj

= tt .« Signal (m2 =370 GeV)
- Zjj

= tt w Signal (m2 =370 GeV)
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Searching for Resonant Di-Higgs at LHC

Leptonic Mode: T lepT ey

0 | Wnepne | bW

Event selection

ARbb > 2.1, PT7b1 > 45 GeV, PT71,2 > 30 GeV
hi-mass: 90 GeV < myp, < 140 GeV
Collinear z1, o Cuts

ARy > 2, HP' <120 GeV

30 GeV < my (mey) < 75 (100) GeV
hi-mass: 100 GeV < m! < 150 GeV

Emiss < 50 GeV

ho-mass: 230 GeV < 7713271,2 < 300 GeV

S/VB ~ 5 - L ~ 150 fb"

Un-Boosted

11209
9585
1073

438
226
136
32.5
10.5
1.19

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIHHE&H&&II bbee

Event selection

ARy, < 2.2, PT71,1 > 50 GeV, PT7132 > 30 GeV
hi-mass: 90 GeV < my, < 140 GeV
|PY| > 110 GeV

Collinear z1, x2 Cuts

ARy < 2.3, HyP* < 120 GeV

30 GeV < myg (mey) < 75(100) GeV
hi-mass: 100 GeV < mS&! < 150 GeV
25 GeV < Emiss < 90 GeV

ho-mass: 330 GeV < mgll < 400 GeV

S/VB ~ 5 — L ~ 1000 fb’

11209
3356
1396

719

293

120
85
30
18

3.25

Dbl T1ep
1005
2013
405
164
82
49
11.4
3.37
0.39

Dbl T1ep
4005
1202
512
264
107
45
30
11
6.2
1.08

bleepTlep bbel + bleepTlep ]jff + jjTlepTlep

i N

bbﬁepﬂep bbll + bleepTlep Jjle + JJ Tlep Tlep




Searching for Resonant Di-Higgs at LHC
vy~ h o~ h h — bbt't

SemiLeptonic Mode: T T

ep  had

- Signal (m2 =270 GeV) — Signal (m2 =270 GeV) - Signal (m2 =270 GeV)
« Signal (m, =370 GeV) - « Signal (m, = 370 GeV) « Signal (m, = 370 GeV)

- 7B - 76 : - Zbb
=ttt e : - i
oty > T : t : L7
- Zjj i

T

(1/6) do/dm
(1/6) do/dm

IS
S
DY

O
<
—~

©
N
~
~

40 60 2
. (GeV) ml (GeV) mig (GeV)

QZJ%E%ﬁSS(l — COS Qb().,miss)




Searching for Resonant Di-Higgs at LHC

SemilLeptonic Mode: T lep‘li i
Un-Boosted

hg — hlhl
_
Event selection
ARy > 2.1, Pryp, > 45 GeV, Pryp, > 30 GeV
hi-mass: 90 GeV < mpp, < 140 GeV
Collinear x1, xo Cuts

ARy, > 2

mg‘p < 30 GeV

hi-mass: 110 GeV < m&! < 150 GeV
Emiss < 50 GeV

hz mass: 230 GeV < mcon < 300 GeV

Smm=" Smm=

S/VB ~5— L ~ 50 fb"
Boosted

hg — }21}21 be ZJ /

| bhniepThsa_| BB Thna 9T1op Thna | bbTiophad | J7Tiop Thad

Event selection

ARp, < 2.2, PT,bl > 50 GeV_, PTJ,2 > 30 GeV
hi-mass: 90 GeV < myp < 140 GeV

| P > 110 GeV

Collinear =1, x5 Cuts

ARgT < 2.3

mk < 30 GeV

hi-mass: 110 GeV < mSll < 150 GeV
25 GeV < ERiss < 90 GeV

ho-mass: 330 GeV < mggll < 400 GeV

S/VB ~5— L ~ 100 fb”



(1/2) Summary

/’72 — h1 /’71 as Probe of Higgs Portal & EW Phase Transition

Promising at LHC in bbzx Final State with 100 - 200 fb™

Other Final States?
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/’72 — h1 /’71 as Probe of Higgs Portal & EW Phase Transition

Promising at LHC in bbzx Final State with 100 - 200 fb™

Other Final States?

bbbb
bbWW

bbyy

Interplay between . — h h & h — 7 72

HowTo Map the EW Phase Transition in Higgs Portal to) LHC...



Extended EWSB Scalar Sectors

How T o Develop a Search Strategy for 2HDMs
with a Strong EW Phase Transition at LHC?

=> 2 Higgs Doublet Model

2
A 4 A /
V(H He) = = [P = g3 [ = 52 [i{ i, e + 5]+ 22 )

2

2 )\ 2
+A3 |H1|2 |H2|2 + M\ ‘HIHZ‘ + -l [(HIHQ) —|—h.C.:|




Extended EWSB Scalar Sectors

How T o Develop a Search Strategy for 2HDMs
with a Strong EW Phase Transition at LHC?

=> 2 Higgs Doublet Model

2
A DY ,
V(Hy, Hy) = —p2 | Hi|? — 2 |Ha|> — 2 [HIHQ + h.c.} + 51 H* + ?2 | Ho |

2 )\ 2
+A3 |H1|2 |H2|2 + M\ ‘HIHZ‘ + -l [(HIHQ) —|—h.C.:|

2

2

What Regions Lead 1o a Strong EW Phase Tivansition in 2HDM?

G. Dorsch, S. Huber, J. M. N., JHEP 1310 (2013) 029
G. Dorsch, S. Huber, K. Mimasu, J. M. N., To Appear



Extended EWSB Scalar Sectors

How T o Develop a Search Strategy for 2HDMs
with a Strong EW Phase Transition at LHC?

=> 2 Higgs Doublet Model

”

VR VIR
5 [HIHQ n h.c.} + 5 + 52 [l

V(Hy, Ha) = —pi |Hi[> — i3 | Ho|” —

2

2 )\ 2
+A3 |H1|2 |H2|2 + M\ ‘HIHZ‘ + -l [(HIHQ) —|—h.C.:|
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Extended EWSB Scalar Sectors

How T o Develop a Search Strategy for 2HDMs
with a Strong EW Phase Transition at LHC?

=> 2 Higgs Doublet Model

”

VR VIR
5 [HIHQ n h.c.} + 5 + 52 [l

V(Hy, Ha) = —pi |Hi[> — i3 | Ho|” —
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200 300 400 500 600 700 800 900 N 200 300 400 500 600 700 800 900
mpo [GeV] mppo [GeV]




Extended EWSB Scalar Sectors

How T o Develop a Search Strategy for 2HDMs
with a Strong EW Phase Transition at LHC?

=> 2 Higgs Doublet Model

2
A DY ,,
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> m > 350 GeV
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A H

> a ~ f
(for light H,a#p possible)

= ~ ] -
moderate t’B (t’B 5)



Extended EWSB Scalar Sectors

How T o Develop a Search Strategy for 2HDMs
with a Strong EW Phase Transition at LHC?

=> 2 Higgs Doublet Model

2
A DY ,,
V(Hy, Ho) = —p2 |H |2 — 12 | Ho | — £ [HIHQ + h.c.} + 51 \H|* + ?2 |Ho |

2 )\ 2
+A3 |H1|2 |H2|2 + M\ ‘HIHZ‘ + -l [(HIHQ) —|—h.C.:|

2

2

Decaw Channel AO — /Z Ho

H B. Coleppa, F. Kling, S. Su, arXiv:1404.1922 [hep-ph]
G. Dorsch, S. Huber, K. Mimasu, J. M. N., To Appear
> a ~ f

g . >
(for light H , o # f possible) Decay Channel A = Z W suppressed

= ~ ] -
moderate t’B (t’B 5)



Extended EWSB Scalar Sectors

How T o Develop a Search Strategy for 2HDMs
with a Strong EW Phase Transition at LHC?

=> 2 Higgs Doublet Model

2
A DY ,
V(Hy, Hy) = —p2 | Hi|? — 2 |Ha|> — 2 [HIHQ + h.c.} + 51 H* + ?2 | Ho |

2 )\ 2
+A3 |H1|2 |H2|2 + M\ ‘HIHZ‘ + -l [(HIHQ) —|—h.C.:|

2

2

> m > 350 GeV
> m -m_~V
A H

> a ~ f
(for light H,a#p possible)

= ~ ] -
moderate t’B (t’B 5)

mA=mHi =4500GeV, t i/
(a-B)/m = 0.005 (0.15) u = 100 GeV



Extended EWSB Scalar Sectors

How T o Develop a Search Strategy for 2HDMs
with a Strong EW Phase Transition at LHC?

=> 2 Higgs Doublet Model

2
A 4 A )
V(Hy, Hp) = i3 | = i3 | o = 5 [H{Ho 4 he] + 5 ()" + 52 |

2 )\ 2
+A3 |H1|2 |H2|2 + M\ ‘HIHZ‘ + -l [(HIHQ) —|—h.C.:|

2

What Final States to Search For at LHC?
(a-B)/ = 0.005 — bbt'¢
(a-B)/m =015 — WW £t

B. Coleppa, F. Kling, S. Su, arXiv:1404.1922 [hep-ph]
G. Dorsch, S. Huber, K. Mimasu, J. M. N., To Appear

mA=mHi =4500GeV, t i/
(a-B)/m = 0.005 (0.15) u = 100 GeV



Extended EWSB Scalar Sectors

How T o Develop a Search Strategy for 2HDMs
with a Strong EW Phase Transition at LHC?

=> 2 Higgs Doublet Model

2
A DY ,
V(Hy, Hy) = —p2 | Hi|? — 2 |Ha|> — 2 [HIHQ + h.c.} + 51 H* + ?2 | Ho |

2 )\ 2
+A3 |H1|2 |H2|2 + M\ ‘HIHZ‘ + -l [(HIHQ) —|—h.C.:|

2

2

Fraction of A — bbl*/~ mediated by H vs h
tan 8 = 2; u, my = 100,450 GeV

What Final States to Search For at LHC?
(a-B)/ = 0.005 — bbt'¢
(a-B)/m =015 — WW £t

B. Coleppa, F. Kling, S. Su, arXiv:1404.1922 [hep-ph]
G. Dorsch, S. Huber, K. Mimasu, J. M. N., To Appear

Searches for bbtt on Ao — Z h are suppressed — BR(H — tt) > 90%

fJor a Strong EW Phase Transition
m. = mHi = 450 GeV, 5= 270 =100 GeV



Extended EWSB Scalar Sectors

How T o Develop a Search Strategy for 2HDMs
with a Strong EW Phase Transition at LHC?

=> 2 Higgs Doublet Model

2
A 4 A /
V(H He) = = [P = g3 [ = 52 [i{ i, e + 5]+ 22 )

2 )\ 2
+A3 |H1|2 |H2|2 + M\ ‘HIHZ‘ + -l [(HIHQ) —|—h.C.:|

2

Search Mode: bb ¢" ¢

(1/0) do/dm,
(1/G) do/dPT
(1/0) do/dPT,

350 100 w0 om0 100 150 200

150 200 250 I300I
m,, (GeV) PT,, (GeV) PT, (GeV)




SUummary

What C EW Phase Transition ﬁfl—b\tA Collider Searches
@ Collider Searches € ouv EW: Phase: Transition

J

HowTo Develop a Search Strategy for Extended EWSB' Sectors
with a Strong EW Phase Transition at LHC?

Singlet Higas Portal: h2 - h1 /’I1 Vs hl A/

Other Signals for m < 250/ GeV? /’71 — /’71 hl 7
4

7



	Slide 1
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18
	Slide 19
	Slide 20
	Slide 21
	Slide 22
	Slide 23
	Slide 24
	Slide 25
	Slide 26
	Slide 27
	Slide 28
	Slide 29
	Slide 30
	Slide 31
	Slide 32
	Slide 33
	Slide 34
	Slide 35
	Slide 36

