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m Help explain the baryon asymmetry of the Universe
S. Profumo, M. J. Ramsey-Musolf, G. Shaughnessy, JHEP, 0708:010, 2007

m Rich phenomenology with Higgs-to-Higgs decays

LHC run 2 — start probing Higgs self couplings
= opportunity also to probe extended Higgs sectors
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CxSM: minimal model with dark matter + new Higgs(s)
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2
V="H

m 7, phase (vs # 0, v4 = 0): 2 Higgs mix + 1 dark

hy ki —Sina 0 h
ho = ko cosa O S
0 0 1 A

hpm

H+ %(HTH)2+%HTH]S]2+%\S\2+%\S\4+(%SZ +aS+ c.c.)

m 75 phase (vs # 0, v4 # 0): 3 Higgs mix

hy k1 Ris Ria h
ho | = 2 Ras Roa S
hs k3 Has Haa A
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RxSM: A simple model with dark matter OR new Higgs

A. Datta, A. Raychaudhuri, Phys.Rev., D57:2940-2948, 1998
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New Higgs production and decays

In singlet models, various LO (in EW corrections) observables,
related to SM by a factor of x2:

m Production cross sections:
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New Higgs production and decays

In singlet models, various LO (in EW corrections) observables,
related to SM by a factor of x2:

m Production cross sections:

— 2
O'i—lil-O'SM

m Decay widths to SM particles:
= /i,?I_SM
m Total decay width:

total _ .2 total L
]
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Some remarks on the NMSSM

A

In the NMSSM a singlet superfield (S) is introduced to
(dynamically) solve the u-problem. Then

(Hi, Ha, Ha)™ = RS(hg, hu, hs)T
(Ar. A2, G)T = RPRC(ayg, ay, as)”
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Some remarks on the NMSSM

A

In the NMSSM a singlet superfield (S) is introduced to
(dynamically) solve the u-problem. Then
(H1 I H27 H3)T = Rs(hd7 hUa hS)T
(A1 ) A25 G)T = RPRG(ad7 au, aS)T

Why compare with NMSSM?

m Singlet creates a 3 x 3 CP-even sector

m CP-odd sector introduces more cases

m Constrained by SUSY relations but more parameters
Ao — A+ Hy, A — A +H

H2_’3 — H1—|—H1, H3 — /‘I1—|—/‘I27 H3 — H2H2
Hizz — AjAr.
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Phenomenological constraints

A. Djouadi, J. Kalinowski, M. Spira, Comput.Phys.Commun., 108:56-74, 1998.
http://people.web.psi.ch/spira’hdecay/

sHDECAY: Implemented the 4 models in a modified HDECAY
with higher order EW corrections off
www.ltp.kit.edu/~maggie/sHDECAY
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Pheno constraints (CxSM & RxSM) imposed in Scanners:
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m Electroweak precision observables — STU
m Collider bounds (LEP, Tevatron, LHC) HiggsBounds
m Used ATLAS+CMS global signal rate /:p,,, = 1.09 +0.11

m Dark matter relic density below Planck measurement &
bounds from LUX on og; (MicrOMEGAS)

NMSSM: Similar constraints imposed. Used a sample from
S.F. King, M. Muhlleitner, R. Nevzorov, K. Walz, Phys.Rev., D90(9):095014, 2014
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Chain decay contributions to the signal strength

T = C
Fhyps = Hhizs T Hhygg

_ ONew(M125)BRNew (H125— Xsm) + Z oNew (hi) BRnew (h125— Xsm)
osm(h125)BRsm(hy25—Xsm) i osm(Pi2s) h”h‘25 BRsm (h125— Xsm)
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Large chain decays @ LHC2: CxSM-broken hy = hy5

c T
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m LHC Run 1 still allows scenarios with large chain decays
m Upto ~ 6% (~ 12%) at 20 (30)
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Large chain decays @ LHC2: CxSM-broken hy = hy5

CxSM - broken phase — hi25 = ha CxSM - broken phase — hios = ho
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m LHC Run 1 allows scenarios with smaller chain decays
m But still up to ~ 2% (~ 6%) for the 20 (30)
m Due to one less channel contributing + different kinematics
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Large chain decays @ LHC2: CxSM-dark vs RxSM
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m Models much more similar
m LHC Run 1 allows scenarios with even larger chain decays
m Upto~ 7% — 9% (~ 15% — 17%) for the 20 (30)
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Comparison with the NMSSM @ LHC13
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The Four cases

Aim: Find differences between NMSSM & CxSM-broken
® — higs + hiss ®

Example: hs — hy + hy, hy = hyos ( . ) h

>

h

125 ,° %, 125
. .
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The Four cases

Aim: Find differences between NMSSM & CxSM-broken
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()]
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The Four cases

Aim: Find differences between NMSSM & CxSM-broken

B ¢ — hizs + hios P
Example: hs — hy + hy, hy = hyos 5 (...) h, A h,
Inconclusive cot

@

¢ = has+ o :
Example: h3 — hios + h2; Az — hias + A1 5 (.. ) h, . A @
Interesting case! )

.h
hi2s = @i + ¢j oo
Example: hs = hios — hy + hy; ( . ) q)lo*\ ()
Inconclusive ‘ q)
Pty '
Example: hs — hy + hy, ho = hyos; ( . ) @ ‘IA‘ @
Inconclusive AN

Strategy for plots: Focus on (representative) 4b final state
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m NMSSM points can go up by up to 2 orders of magnitude

compared to CxSM-broken

m This also happens in the next-to-

lightest scenario
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Remarks on benchmarks — Properties

Leading principles (whenever possible!):

m Cover kinematically interesting situations

m Maximize the visiblility of the new scalars (i.e. maximize
chain decay cross-sections)

m Stability up to a large cutoff scale

m In CxSM-dark, Q4h? explains Planck measurement

Points submitted to “WG3: Extended scalars benchmarking” for
YRA4.

https://indico.cern.ch/event/443289/

Marco O. P. Sampaio gravitation.web.ua.pt/msampaio University of Aveiro
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Remarks on benchmarks — CxSM-broken

[ [ CxSM.B1 | CxSM.B2 | CxSM.B3 [ CxSM.B4 | CxSM.B5

my, (GeV) 125 125 57.8 86.8 33.2
my, (GeV) 261 228 125 125 65.0
my, (GeV) 450 311 299 292 125
nl Il 0.0127 0.0407 0.0128 | 0.0104 0
fhy 0.836 0.771 0.0362 0.0958 0.00767
o1 =o(gg —+ hy) 36.1 [pb] 33.3 [pb] 6.42 [pb] 8.03 [pb] 4.61 [pb]
a1 x BR(hy = WW) )3 [ph] 6.49 [pb| 0.314 [fb] 9.35 [fb] | < 0.01[]
o1 % BR(h — ZZ) 80 [fb] 812 [fb] | 0.0969 [fb] | 2.22 [fb] | < 0.01 [fb]
oy x BR(hy — bb) 22 2 [pb 20.5 [pb] 5.56 [pb] | 6.72 [pb] | 4.06 [pb]
ay X BR(hy = 77) 2.13 [pb 1.97 [pb] 455 [fb) 599 [fb] 297 [fb]
oy x BR(hy — 7v) 77.9 [fb] 71.9 [fb)] 2.61 [fb] 8.29 [fb] | 0.568 [fb)]
fhy 0.0752 0.0759 0.784 0.785 0.0106
g =algg — ha) 1.01 [pb] L.11 [pb] 35.1 [pb] 33.9 [pb] L.51 [pb]
oy % BR(hy = WW) 618 [fb] 784 [fb] 6.55 [pb] | 6.62 [pb] | 0.167 [fb]
oy x BR(hy = ZZ) 265 [fb] 319 [b] 819 [fb] 828 [fb] | 0.0499 [fb]
a2 x BR(hy — bb) 0.932 [fb) 1.86 [fb] ) 0.9 [pb] )‘) [pb] 1.30 [pb]
oy % BR(ha — 77) 0.103 [fb] | 0.201 [fb] )1 [pb] .00 [pb] 109 [fb]
@ x BR(hy — 77) 0.0189 [fb] | 0.0873 [b] | 731 ] | 73 2 [fb] | 0.791 [fD]
a3 x BR(ha — hihy) 122 [fb)] 0 1.25 [pb] 0 0
oy % BR(hy — hyhy — bbbb) 46.2 [fb] 0 936 [fb) 0 0
a3 ¥ BR(ha — fiphy — bb77) 8.86 [fb] 0 153 [fb] 0 0
oy x BR(hy — hihy — BbWW) | 20.2 [fb] 0 0.106 [fb] 0 0
o2 % BR(ha = hyhy — bbyy) 0.324 [fb) 0 0.878 [fb] 0 0
ay x BR(hy = hihy — 7777) 0.425 [fb) 0 6.28 [fb] 0 0

gravitation.web.ua.pt/msampaio University of Aveiro



Remarks on benchmarks — CxSM-broken

[ [ CxSM.BL | CxSM.B2 | CxSM.B3 | CxSM.B4 [ CxSM.B5 |

iy 0.0558 0.0791 0.0788 0.0491 0.863

o3 = o(gg —+ ha) 520 [fb] 1.46 [pb] 148 [pb] 1.20 [pb] 42.4 [ph]

o3 x BR(hg — WW) 201 [fb] 518 [fh] 536 [fb] 343 [fb] 7.26 [pb]

o3 x BR(hs — ZZ) 05.1[b] | 22[m] | 28[m] | 151[m] | 900 [m]

o3 x BR(hs — bb) 0.0638 [fb] | 0450 [fb] | 0.525 [fb] | 0.362 [fb] 23.0 [pb]

o3 x BR(hg — 77) 0.01 [fb] | 0.0513 [fb] | 0.0594 [fb] | 0.0408 [fb] 2.20 [pb]

3 % BR(hs — 47) 0.01 [fb] | < 0.01 [fb] | 0.0105 [B] | <0.01 [fb] | 80.4 [f]

o3 x BR(hg — hyhy) 44.4 [fb] 706 [b] 438 [fb] 427 [ 4.37 [pb]

a3 x BR(hg — hihy — bbbb) 16.8 [fb] 268 [fh] 329 ] 300 [fb] 3.38 [pb]

o3 x BR(hg — hihy — bbr7) 3.23 [fb] 514 [fb] 53.8 [fb] 53.4 [fb] 496 [fb]
a3 x BR(hg — hihy — BBIWIV) 10.7 [fb] 170 [fb] 0.0372 [fb] | 0.833 [fb] | < 0.01 [fb]
a3 x BR(hs — hihi — bbyy) 0.118 [fb] 1.88 [fb] 0.308 [fb] | 0.739 [fb] | 0.946 [fb]
o3 x BR(hg — hihy = 7777) 0.155 [fb] 247 [fb] 2.20 [fb] 2.38 [fb] 18.2 [fb]

a3 x BR(hs — hihs) 107 [fb] 0 89.0 [fb] 207 [ 770 [fb]
a3 X BR(hg — hiha — bbbb) 0.0608 [fb] 0 45.9 [fb] 107 [fb] 583 [fb]
o3 x BR(hg — hihy — bbr7) 0.0126 [fb) 0 8.16 [fb] 19.7 [fb] 91.6 [fb]
oy X BR(hy — hihy — BBWW) | 40.4 [fb] 0 14.4 [fb)] 33.9 [fb] 0.0759 [fb]
o3 x BR(h3 — hiha — bbyy) 0.01 [fb] 0 0.182 [fb] 0.505 [fb] 0.437 [fb]
a3 x BR(hy — hihy = 7777) 0.01 [fb] 0 0.360 [fb] 0.912 [fb] 3.58 [fh]
o3 ¥ BR(h3 — hahz) 0 0 183 [fb] 75.2 [fb] 0
a3 x BR(h3 — hohoy — bbbb) 0 0 64.7 [fb] 28.5 [fb] 0
a3 x BR(h3 — hahy — bbr7) 0 0 12.4 [ 5.48 [fb] 0
az % BR(h3 = haha — BBWIW) 0 0 40.6 [fb] 18.1 [fb] 0
o3 x BR(hs — hoha — bbyy) 0 0 0.453 [fb] 0.20 [fb] 0
a3 X BR(hg — hahy — 7777) 0 0 0.596 [fb] 0.263 [fb] 0
log (o) 9.40 6.05 19.3 15.7 6.64
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Remarks on benchmarks — CxSM-dark

CxSM.D1 | CxSM.D2 | CxSM.D3 | CxSM.D4

«my, (GeV) 125 125 56.1 121
* my, (GeV) 335 341 125 125
*ma (GeV) 52.5 94.0 139 52.0
A 0.0100 0.0235 0 0

I 0.804 0.837 0.00404 0.0444
71 = algg — h1) 3L7 [pb] | 36.2 [ph 750 (] | 2.03 [ph
oy % BR(hy — WW) 487 pb | 7.05[pb] | 0.0302 [fb] | 48

[tb]

7y % BR(h, — ZZ) 600 (] | s81(f] | <001 [ | 0.563 [f)
ay % BR(hy — bb) 15.4 [pb] 22.3 [pb (58 [fh] 23.0 [ib]
ay x BR(hy — r7) 1.48 [pb] 2.14 [pb 53.6 [fb] 2.19 [ib]
@y x BR{h; — ) 53.0 () | 7810 | 0.288 (] | 0.0725 [fb]
a1 % BR(hy — A4) 9.75 [ph] ] ] 2.00 [pb]

Ji 0.138 0.108 0.723 0.841
o2 = o(gg — ha) 1.83 [ph) L.55 [ph 43 [pb) 41.3 [pb
@2 % BR(ha — WIW) 886 [fb) | 704 (] | 6.00 [pb] | 7.08 [pb
73 % BR(hy — ZZ) 102 | 320(m) | 762(m] | 886 (D
@2 % BR(ha — bb) 0.620 [ | 0.468 [fb] | 10.2 [pb] | 22.4 [pb
a2 % BR(hy — 77) 0.0717 ] | 0.0543 [] | 185 [pb] | 2.15 [pb
@2 % BR(hy = 77) 0.0121 [b] | <001 (] | 674 [m] | 785 [
a5 % BR(hy = hihy) 136 [ 118 [ph 0
oy % BR(hy — hyhy — bbhb) 165 [fb] 8.86 [pb] 0
oy % BR(hy — hyhy — bbrr) 3.7 [fb] 1.44 [pb] 0
o2 % BR{hy — hihy = BWWIW) 105 [fh) 0.814 [ib] 0
oy % BR(ha — hihy — bbyey) 1.16 [ 7.76 (] 0
a9 % BR(ha — by — 7777) 0.609 [fb] 1.52 [ib] 58.7 ()] 0
72 % BR(hy — AA) 207 [fb) | 9L1 i) 0 1.93 [pb
[ [ [ 018 ] 0123 | 0116 | 0025 ]
[ logy (i) [ o ] 171 [ 660 | 669 ]
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Remarks on benchmarks — RxSM-dark

RxSM.B1 | RxSM.B2 | RxSM.B3 | RxSM.B4
my, (GeV) 125 125 55.3 92.4
my, (GeV) 265 173 125 125
p L ek 0.0509 0 0 0
Iih, 0.827 0.831 0.0376 0.163
7y =a(gg— hy) 35.7 [pb] | 35.9 [pb] | 7.26 [pb] | 12.2 [pb]
o % BR(hy — W) 6.96 [pb] | 6.99 [pb] | 0.260 [fb] | 32.3 [fb]
a1 % BR(hy — ZZ) 871 (] | 875 (] | 0.0808 [fb] | 5.62 [1]
o1 x BR(h1 — bb) 22.0 [pb] | 22.1 [pb] | 6.30 [pb] | 10.1 [pb]
o1 x BR(hy — 77) 211 [pb] | 2.12 [pb] 511 [fb] 911 [fb]
71 % BR(k; — 77) 77.2(M) | 775 [ | 267 (6] | 14.6 ]
iy 0.0888 0.169 0.863 0.837
oy = algg — ha) 1.97 [pb] | 4.06 [pb] | 41.6 [pb] | 36.2 [pb]
73 % BR(hy — W) 700 [fb] | 3.90 [pb] | 7.26 [pb] | 7.05 [pb]
72 % BR(hs — 22) 305 [fb] | 112 (] | 909 [fb] | ss2[fb]
7y % BR(hy —» bb) 101 [fb] | 34.2[fb] | 23.0 [pb] | 22.3 [pb]
75 % BR(hs — 77) 0.112 [fb] | 3.48 [fb] | 2.20 [pb] | 2.14 [pb]
73 % BR(hy — 77) 0.0204 [fb] | 0.583 [fo] | 805 [fb] | 781 [f]
ay ¥ BR(hy — hihy) 959 [fb] 0 1.29 [pb] 0
72 % BR(hs — hihy —> bbbb) | 364 [fb] 0 3.23 [pb] 0
oy % BR(hy = hyhy — bbr7) 69.9 [fb] 0 525 [fb] 0
3 % BR(hy — hyhy — BBWW) | 230 [fb] 0 0.267 [fb] 0
ay x BR(hy — hihy — bbyy) 2.55 [fb] 0 2.74 [fb] 0
o3 x BR(he = hhy = 7777) 3.35 ] 0 21.3 [fb)] 0
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Conclusions

CxSM and RxSM still allow large chain decay scenarios at
LHC run 2, which can be up to ~ 16% of the direct rate

The NMSSM can be distinguished from CxSM-broken
using ® — hyo5 +  alone.

Other channels do not allow to draw a similar conclusion
so straightforwardly

Benchmark scenarios exist such that:
m All singlet scalars will be found in the next run
m Stability up to a high scale
m Explain dark matter observables (in dark phase)
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Conclusions

CxSM and RxSM still allow large chain decay scenarios at
LHC run 2, which can be up to ~ 16% of the direct rate

The NMSSM can be distinguished from CxSM-broken
using ® — hyo5 +  alone.

Other channels do not allow to draw a similar conclusion
so straightforwardly

Benchmark scenarios exist such that:

m All singlet scalars will be found in the next run
m Stability up to a high scale
m Explain dark matter observables (in dark phase)

THANK YOU!
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Differences among singlet models: Case 1 vs Case 3

CxSM vs RxSM

RxSM vs CxSM vs NMSSM

10% . . 10°
broken RxSMe
R - dark matter CxSM 104 L
i 10- + . broken CxSMe
|

0(h125)BR(h125 = ¢ + ¢ — bbbb) [fb]

102

10
1072

104 b

o(P)BR(® — hi25 + hizs — bbbb) [fb]

i
10*
. .
106 | 5 . ' Broken'RxSMe
10° N ¢ dark matter CxSMe
brokén CxSMe
108 10°% L L L L
20 30 40 50 60 70
my(GeV)

m Light Higgs — not much difference (see scale next slides)

m Heavy Higgs — higher for 2 x 2 mix, CxSM-dark & RxSM
(checked in NMSSM comparison)

m We can focus on CxSM-broken to compare with NMSSM
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Scan boxes NMSSM

~Lmass = m[2-/u|HU‘2 + ml2-ld‘Hd’2 + m§|S|2

+ m%alégl + M |8 + m§H|B,Zq! + m%s\l"_éy +m2 |73 .
1 S ~ - -
—Lyil = )‘AAHUHdS+§EAHSS—i_thIQSHut[%_thbQSHdb,%—hTATL3Ha

3 8
1 ~ ~ o~ -~
_Egauginos = é |:M1 BB + M2 Z Wa Wa —+ M3 Z GaGa =+ hC:| .

a=1 a=1
1 <tanpg <30, 0<A<07, -07<k<07,
—2TeV<A,<2TeV, 2TeV<A, <2TeV, —1TeV < pue <1TeV.
—2TeV < Ay, Ap, AL <2TeV.
600 GeV < M, = Més <3TeV, 600 GeV < M;, = Mls <3TeV
,MBH =3TeV, M;_z. = Man,én = Mé1,2 =Ms, i, = MZLQ =3TeV.
100 GeV < M; <1TeV, 200GeV < M, <1TeV, 1.3TeV < M3 <3 TeV

R>CR
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Scan boxes CxSM-broken

Input parameter

Broken phase

Min Max

M., (GeV) || 1256.1  125.1

M., (GeV) 30 1000
v (GeV) || 246.22 246.22

vs (GeV) 1 1000

O —7['/2 7['/2

ag || —m/2 /2

az | —m/2 /2

Marco O. P. Sampaio

gravitation.web.ua.pt/msampaio
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Scan boxes CxSM-dark

Dark phase
Input parameter Min Max
Mh,,, (GeV) || 125.1 125.1
Mhpyy.. (GEV) 30 1000
ma (GeV) 30 1000
v (GeV) || 246.22 246.22
vs (GeV) 1 1000
ar || —m/2 /2
ai(Gevd) || —108 0

University of Aveiro
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Scan boxes - RxSM

Scan parameter Broken phase
P Min  Max

Mhoe (GEV) | 1251 125.1
My (GEV) [ 30 1000
v (GeV) || 246.22 246.22

vs (GeV 1 1000
a || —m/2 /2
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Stability conditions under RGE evolution

Stability conditions (imposed also in evolution):
m Boundedness from below: A >0 A db >0 A do > —/Adb

h H
Z~ /=
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Stability conditions under RGE evolution

Stability conditions (imposed also in evolution):
m Boundedness from below: A >0 A db >0 A do > —/Adb

h H
Z~ /=

m Perturbative unitarity:

2
[ Il 15l 93+ 0ot /(33 + o)+

}§167T
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Stability conditions under RGE evolution

Stability conditions (imposed also in evolution):

m Boundedness frombelow: A >0 A db >0 A o > —/ b
h H

m Perturbative unitarity:

2
{1l el 3 e /(s o)+ | < t6m
Tnstability
SM seems to be metastable @ 2-loops! | J -

G. Degrassi et al, JHEP 1208 (2012) 098 5’ 150 g
: :
= p 2
g 100~ Stability g
: E
= 50 H g

Higgs mass M), in GeV
(03=: n n '

0 S50 100 150 200

Marco O. P. Sampaio gravitation.web.ua.pt/msampaio University of Aveiro



RGE stability bands — No phenomenology

logyo(chv logo(
Dark matter phase g10(cev) Dark matter phase %10(cev )
9 ————— 20 1 e . 20
g |
08
7t 15 15
5T Vacuum stability o6
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~. 10 5 10
< o4
5L
5 5
2r 02
1r -
o R | o U o
0 50 100 150 200 250 300 350 400 450 500 0 50 100 150 200 250 300 350 400 450 500
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RGE stability bands — No phenomenology
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RGE stability — Combined with phenomenology
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Dark matter phase

All 30 points
combined with RGEs

50 100 150 200 250 300 350 400 450 500
Mo, (GeV)

20

15

10

mpm(GeV)

500
450
400
350
300
250
200
150
100

50

Dark matter phase [vsd2
Stable mq
saturate
0 50 100 150 200 250 300 350 400 450 500

M, (GeV)

[(GeV)
500
450
400
350
300
250
200
150
100



Results for hyo5 chain production: parameter space

1 1
G
0.9 sl 0.9 All points
30
0.8 0.8 2
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Results for hyo5 chain production: parameter space
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Implemented micrOMEGAS interface = present relic density
Involves:
m Creating LanHep model file
m Link and compile micrOMEGAS routines with ScannerS
Physical idea:

m Only 1 dark A out of equilibrium
m A non-relativistic (CDM)

m relic number density n4 governed by the Boltzmann eq.
dnA

Barger et al. PRD79 (2009) Olsolf
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