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The Simplified

Model and 2HDM+S




The Hypothesis

1. The starting point of the hypothesis is the
existence of a boson, H, that contains Higgs-like
interactions, with a mass in the range 250-295 GeV

2. In order to avoid large quartic couplings and to
incorporate a mediator with Dark Matter a real
scalar, S, is introduced. S interacts with the SM:

Y | . Also decays to SM \ X
H X H "?’,o.. X
..................... \ _.<\ /\Sxx
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AHh,x)( \\ h’ \\
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RN h >o



Can be embedded into

The Lagrangian 2+om:s (N2HDM)

See also M.Muhlleitner et al.

. . arXiv:1612.01309
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Lk = 50,50"S — 5msSS, arXiv:1708.01578
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Note that some of the effective quartic couplings shown earlier appear here as trilinear.
What was formerly a three body decay is now a two body decay. 5




The 2HDM+S

arXiv:1606.01674 Introduce singlet real
scalar, S.

2HDM potential, 7 (P, P,) 2HDM+S potential
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Out of considerations of simplicity, assume S to be Higgs-like,
leading to strong reduction of free parameters 6



The Decays of H

dIn the general case, H can have couplings as those
displayed by a Higgs boson in addition to decays
involving the intermediate scalar and Dark Matter

H — WW,Z2,qq,99, Z,7Y, XX
+ H — S55,5h, hh

-
Dominant decays ‘ > Diboson decay
H — h(+X),S(+X)



In a simplified model treat S as Higgs-like
S branching ratios as a function of mg (BRgs_,,, =0.5)
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S. No. | Scalars | Decay modes
":'“I: mhodel 'eadsl to D.1 h bb, tT, ut U, 55, ¢, gg, vy, Zy, WTW—, ZZ
ric enomenoliogy.
Of p:rticular intergeit D.2 H D.1, hh, 53, Sh
are multilepton D.3 A D.1,, Zh, ZH, ZS, W*HT
signatures D.4 I{:t Wih, W:tH, WiS
D.5 S D.1, xx
Scalar | Production mode | Search channels

g8 — H,H jj (ggF and VBF) Direct SM decays as in Table 1
< — SS/Sh — 4W — 4L + EP'sS
l\ — hh — yybb, bbtt, 4b, YYWW etc.
© — Sh where S — xx = vy, bb, 4¢ + EP'
™ H pp — Z(W*)H (H — SS/Sh) — 6(5)1 + Ep'ss
Q 5 4(3)1+2j + EP
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> T
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— pp = H*W* (H= - HW= — 6W — 3 same sign leptons + jets and Ess
© T

gg — A (ggh) -t

=YY
A
gg +A —ZH (H — SS/Sh) Same as pp — ZH above, but with resonance structure over final state objects

gge +A—->W-HT(H™ - WT¥H) | 6W signature with resonance structure over final state objects




arXiv:1706.06659
Impact on SM-like h measurements

dThe most prominent feature pertains to additional
production mechanism (i.e. H>Sh) of h with large jet
activity (from S->jets, model dependency). Expect
distortion of the p, spectrum, as well.

g ey
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With the following inputs from Run | and Run IlI:

77 =1.068 £ 0.0745(exp)

/Lh+2j(ggF+2j) — 1.99 + 029\

WW j ~3_o tension
Symptom_s in Higgs data: :qu 15 — 0.9+ 0.14 ;::relnr::u“s
1. More jets ’

2. Presence of soft Ws

3. Elevated tth->NI UV BF — 1.22 £0.19

Wyny—i; =2.04+1.1

and assuming H->Sh, with S being SM-like, one gets:

To be updated with ﬁs =1.44+0.4
new results from

the LHC Hn — 0.79 = 0.12

12



Compatibility with
Multilepton data
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Top associated Higgs production
(Multilepton final state)

S/h

S/h

Reduced cross-section of ttH+tH

is compensated by di-boson, (SS,

Sh) decay and large Br(S—>WW).

Production of same sign Ieptons,S’ h — WW’ T, 47
three leptons is enhanced.

Enhanced tH cross-section "



Reference Channel Measured psh
Same-sign 2/ 53734
3¢ 3.113¢
CMS Run 1 [35] _f'soo
44 —4.7773
Combination 2.8”:(1):8
200 had 2.8124
3¢ 2.81%2
201 _0.9131
ATLAS Run 1 [36] tlag 09-20
44 1.8790
102Thad —9.6+98
Combination 2.1fi:‘21
Same-sign 2/ 1.7+98
CMS Run 2 [37] 3¢ 1.0198
a¢ 0.9%3
Combination 1510
200 had 4.01%1
3¢ 0.5 1%
ATLAS Run 2 [38] 201Thad 6.2+39
4¢ <22
Combination 2.5“:}:?
Error weighted mean 1.92 £ 0.38

Table with signal strength w.r.t
the SM in the search for tth
with multiple leptons

This table includes all data
before Moriond QCD 2017
There CMS reported
M=1.520.5, resulting in:

= 1.92 1 0.38

Very important to see results
with the complete Run 2 data
set.

Need insight into the kinematics
of the leptons and jet activity of
these events.

New results do not change picture
(see below) =
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PAS-HIG-17-005

Data & SM MC from CMS

Event selection

No lepton pair with myy < 12 GeV

N, b-jets > 1

Niets > 1 (not including b-jets)

Event categorisation

|
’ Same-sign 2 lepton ‘

Tri-lepton

Exactly 2 same-sign leptons
0l =eu or uu

Exactly 3 leptons
Leading lepton pr > 25 GeV

Leading lepton pr > 25 GeV

Second and third lepton pr > 15 GeV
Sub-leading lepton pr > 15 GeV | No lepton pair with |[mgy —mz| < 15 GeV

Study of SS di-lepton and 3 or
more leptons with at least one

b-jet
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Channel = Number of BSM candidate events ,B;

el 37.04+12.10 3.03+£0.99
LU 37.22+17.52 4.254+2.00
Tri-lepton 6.004+5.52 0.754+0.69
Combined 1.69 +0.54

Table 2 The number of BSM candidate events and the corresponding
values of ﬁgz for each channel in the CMS Run 2 search in Ref. [38] (see
text). The combined result 1s calculated as the error weighted mean of
the individual values calculated for each channel.

What appears as a ~10 discrepancy in terms of y,, is
coupled with a 3.10 effect in the distributions studied. Is
Hi, the measure of the compatibility of the data with the
SM? Combined with the rest of y,,, results leads to an
effect of 3.80 in available multi-lep + b-jet data. 18



A prediction:
H->Sh,hh2>1*l+jets+MET

19



pp — H — Sh
— 00T+ X

0.4

0.08

ole= 0.18
<X N
S o016 _SM
~lo 7T —BsMm1
C BSM2
0.14— BSM1: pp— H— Sh
r BSM2: pp—> H— Sh
N S— N— W*/Z— ll+Met
0.121—
0.1

5

TT T T [T T T T [T T T T [ T T T T [ T T T T [T T T 7T

my = 270 GeV

3

mH;1TeV
\/—SN:BTeV

efeT/uuF /e
Opposite-sign

I
®
o
©
o
<

|

ol T .
1 Sl — M my, = 270 GeV A
~o 0.35 — BSM1 my = 135 GeV
BSM2 my=1TeV
03 ggm;: pp— H_) gﬂ \/_SN: 8 TeV
- : +AF/ 151 F /ot F
S N W7 laMet ere’/p /et
Opposite-sign
0.25

0.2

T[T I T T[T T T T[T T T T[T TTr[rTrT

T
r

IIII|IIIIIIIIIIIIIIIIIII]III[lIIIII

oo - :
e =
Expect di-leptons (m;<100 °> ] oot T
- - - C_' v b v by vy b v b by 7l :I T — : N
GeV) with jets and b-jets vt YR 5 el I

- _]I TT ] TTTT | TTTT | TTTT TTTT ITTT [IIIIIIIIlIIIIlIIII_

0_8:1 TTT I TTTT ] TTTT TTTT TTTT TTTT l TTTT [ TTTT I TTTT l TTT I: -gz_,% 1_ :%:%ggg‘?x

- — SM m, =270 GeV - = L —— mHZ 280 GeV

- — mH =270 GeV
- — BSM2 \[rrlN = 1TTe\>/ m 0.8 1 50 =
- BSM1: pp— H— Sh s—=8Te - L _ G i

06—  BswMm2: H— Sh Tt F et T — ‘/
C SN WIZS Met ere’/p /e o . ms EV
C Opposite-sign 4
0.5 = 0.61 —
04l E I The lower MH the |
E ] - greater the relative -
03 = 04~ contribution from b-
- — . -~ — quark final states |
02 = - _
0.1 — I ]
O:| L1l | 111 ] 1111 | L 111 —_LI_I_I_[_I_I_I_I_I Ll | |- |: 0—] 111 m el I"‘|IIII|IIII|[|I|[|III|IIII|IIII—
o 1 2 3 4 5 6 7 8 9 10 0o 1 2 3 4 5 6 7 8 9 10
N- ijet

I
Q



ATLAS CONF 2017-044
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Performed scan floating mg (m,;=270 GeV), for m;<100 GeV
Best fit 15015 GeV. arXiv:1711.07874
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Measurement Reference  Expected events  Post-fit event yield B2 2 2

8 Xsu — Xsunsm
ATLAS, 20.2 fb~!
et u¥ [28] 112+26 397 +93 4.89+1.15 12.11
Npjer > 1

ATLAS, 20.3 fb~!

etut [29] 28+6 48 +46 2.374+2.27 0.43
]Vjet =0

ATLAS, 20.3 fb~!

ete , utu [29] 16+4 82 420 7.07+1.73 7.31
]Vjet =0

ATLAS, 20.3 fb~!

etut [30] 70+ 16 20+ 36 0.394+0.71 0.16
A’jet =1

CMS, 19.4 fb~!
ete , utu,e
Ivjet =0

CMS, 19.4 fb—!
ete , utu ", e
]vjet =1

CMS, 5.3 fb~!
ete , utu, etu’T [32] 25+6 17+58 0.94+3.20 —0.04
]Vjet > 27 Nb-jet >2

tut [31] 46+ 11 136 +58 4.08+1.74 3.31

arXiv:1711.07874

fut [31] 111426 46+ 43 0.574+0.53 0.58

Table 1 Best fits to the di-lepton invariant mass spectra reported by ATLAS and CMS at a proton-proton centre of mass of /s = 8 TeV. The
post-fit event yield reflects the number of BSM events required to fit the data (in excess of the SM prediction). The value of Bgz corresponding to

the post-fit event yield is reported along with the test statistic XSZM — xszm 4y, 10 order to gauge the significance of the fit. The mass of the heavy
scalar is fixed at my = 270 GeV and the mass of S is allowed to vary, where the best fit is found for mg = 150 GeV. For simplicity, it is assumed

that H decays exclusively into Sh.

Systematic excess in di-lepton data with predicted rate.
Assuming simplified model, 3.20 excess 24
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Interpretation of data with m,;=270 GeV and mg=150 GeV
(gg>H->Sh)

Data set Extracted B2
Higgs boson signal strengths, h+jets--- B,2=1.38£0.32
Leptons + b-jets B, = 1.6910.54
Dileptons + jets B, =1.2210.38

87 =1.38 £0.22

Where the absence of BSM signal would correspond to
B,>=0. This strong deviation from 0 does not include the
analysis of the hh, VV and other deviations in the data.

This is to come (paper in preparation). -



First I'l" + MET+ b-jet results in Run 1l
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Top control sample with exactly two leptons, one b-jet and no more jets. Expect relative
enhancement of Wt w.r.t. tt. Currently studying effect of Wt/tt interferences.
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Impact on e*e- collisions
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Coupling of the SM-like h boson to VV

M.Kumar et al. in preparation

Hiy P1
Ho | =R | pa |,
Hs Ps

Mass-matrix for the CP-even scalar sector will modified with respect to 2HDM
and that needs a 3 x3 matrix (three mixing angles). Couplings are modified.

R =1 —(caySas8as + Sa1Cas) CaiCas — SaiSasSas  CasSas
—Coy SanSas T Sa1Sas  — (CaySas + SaySasCas) CasCas

2/\10% — '772..12% m19 + Ag4501v9 2K1V1V8

A 72 | 2 9,
MéEp_cven = | m12 + A345v102 —mlgz—f + 2\ov5 2K9U20VS
2K1V1V8 2K9UUg % As 'u%

k(hVV) < ksp (hV V)
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Cross-section of S through s-channel e*e> Z*>Zh

EO(€+€— — Zh) ~ 200fb
0'04: Vs = 250GeV
TEORE(SVV) =0.1- k%, (WVV)

130 135 140 145 150 155
Mass [GeV]
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Cross-section

XSec w.r.t the SM

0.1

0.08

0.06

0.04

0.02

of S through t-channel e*e-->vvh

o(ete”™ — vvh) = 231b
Vs = 250GeV

K2(SVV) =0.1- kg (AVV)

125

130 135 140 145 150 155 160
Mass of S

165 170
Mass [GeV]
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Outlook and Conclusions

A simplified model that introduces two scalars,
H and S is introduced. This simplified model is
embedded into a 2HDM+S structure

dPhenomenology of 2HDM+S becomes more
complex with respect to a plain 2HDM

L Of particular relevance is the anomalous
production of multiple leptons, which can also
be produced in association with b-jets

(1Started to look at the impact on e+e-

UThe coupling of the SM-like h to VV is reduced,
which can be probed in e*e" collisions

Given current constraints from the LHC, a
Higgs-like scalar, S, has sufficiently large cross-
section in e*e with a CME around 250 GeV.
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Additional Slides
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Production of 4 isolated leptons
Coming predominantly from production of 4W

________ 7 Sh s WWWW.WWZZ, 27
— 4]+ X

Features:
1. Low backgrounds -> excellent S/B

2. Clean signature with fake leptons under control
3. Unique signature of the hypothesis
4. Sensitive to the mass of H
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The production of 4W from a resonance is a unique
signature leading to the production of 4 isolated charged
leptons and missing energy. The LHC experiments have
not reported on this signature to date

Invariant mass of four lepton system Missing transverse energy
[ j [
I R ol
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(1) (2)
Impact of extended tensor L = —g[%w”ijvh+ Sy W+ hic)

structure of SWW is small B
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Enhancement of tH production

dIn experiment, top associated Higgs production
is measured as a sum of single top and double
top cross sections

din the SM, we find that o,, < oy,

A:% |:(CF—Cv)mt\/_ < 0 £t7§b> (CVM—W§+<2CF_CV) n::;ﬁ@) B(é;@vﬁtaﬁb)]

-5 ’\/\/\/\/\;—>t—
" A
h

JdFor the heavy scalar consulered here, ¢, K ¢

(1We expect a sizeable cross section to come
from top associated heavy scalar production

(O¢r = Ogeny)

M. Farina, C. Grojean, F. Maltoni, E. Salvioni and A. Thamm, JHEP 1305, 022 (2013). 37



The intermediate scalar, S

U Dark Matter is introduced in the form of a scalar and
the decay H->h\chi\chi via effective quartic couplings

1 1
LQ=—2=A Hhxx—z)\ HHhh—l/\ hhxx—l/\

2 Hhxx HHhRhh 4 hhxx 4 H Hxx

HH Yy

1 Due to gauge invariance we encounter an awkward
situation where a three body decay may be larger or
comparable to a two body decay. This can be naturally
explained by introducing an intermediate real scalar S

A\ X
Also decays to SM = 5X.X
H X g 27 Tx
.......................... ) PRGN = S——
)\"HXX )\Hhs
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