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The Simplified
Model and 2HDM+S



The 2HDM+S
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Out of considerations of simplicity, assume S to be Higgs-like,
which is not too far fetched. 3



The Decays of H

diIn 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,vY, XX
+ H — 5SS, Sh, hh

| e
Dominant decays l > Diboson decay
H — h(+X),S(+X)



Multi-lepton final

states

It is paramount to remark that the excesses are seen in final
states that were predicted 2015/2016 on the basis of a
simplified model and not the result of scan of the available
phase-space. Additionally, the parameters of the model where
fixed then leaving only one degree of freedom: normalization

Thus, no look-elsewhere effects in parameter or phase-space
5



Expect di-leptons (m;<100
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Top associated Higgs production
(Multi-lepton final states)

A—tt,ZH
H — 55, Sh

b

b

Ve

e S/h

Ve

S/h

Produces SS 2|, 31 with

Reduced cross-section of ttH+tH
b-jets, including 3 b-jets

is compensated by di-boson, (SS,

Sh) decay and large Br(S->WW). Explains anomalously
Production of same sign leptons, |arge ttW+tth+4t
three leptons is enhanced. cross-sections seen
Enhanced tH cross-section by ATLAS and CM7S



Methodology

(to avoid biases and look-else-where effects)

Based Higgs pr, hh, tth, VV in Run 1 Fixed final states and phase-space
Eur. Phys. J. C (2016) 76:580 defined by fixed model parameters.
NO tuning, NO scanning

Model defined and predictions made for

multilepton excesses Update same final states with
more data in Run 2
@ > Study new final states where
Multi-lepton excesses in Run 1 and few excesses predicted and data
Run 2 results available in 2017 available in Run 1 and Run 2
(e.g., SSOb, 310b, ZWO0b)

J.Phys.G 45 (2018) 11, 115003

J.Phys. G46 (2019) no.11, 115001

Model parameters fixed in 2017 with JHEP 1910 (2019) 157
my=270 GeV, mg=150 GeV, Chin.Phys.C 44 (2020) 6, 063103
S treated as SM Higgs-like, Physics Letters B 811 (2020) 135964
dominance of H>Sh,SS Eur.Phys.J.C 81 (2021) 365
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Combination of fit results (2019)

e Simultaneous fit for all - 7‘3HEP [11911]0' (201?)15? — WISICER
measurements: g L | ]
e To the right: (-2 log) profile " s AT PO dhsn o8 —— ATAS T £ ]
likelihood ratio for each ' At ey O
individual result and the = B E
combination of them all sl E
e The significance for each :
fit is calculated as 30| /]
\/_QIOg )\(O) 2():— <}
o Best-fit: B, = 2.92 + 0.35 10| -
e Corresponds to 8.04¢0 :

Excesses have been growing since, i
and new have emerged (Eur.Phys.J.C 81 (2021) 365) i

Interpretation: Measure of the inability of current MC tools to
describe multiple-lepton data and how a simplified model with 9
H->Sh is able to capture the effect with one parameter



Anatomy of the multi-lepton anomalies

m;<100 GeV,
I*I- + jets, b-jets dominated by Ob- tt+Wt >50
jet and 1b-jet
I*I- + full-jet veto m,;<100 GeV WW ~30
PR s AT L Moderate Hy ttW, 4t >30
jets
I=1= & I=1*1 et al., In association
no b-jets with h il LA
Z(O1I*T)+I Pr2<100 GeV ZW ~30

Anomalies cannot be explained by mismodelling of a particular

process, e.g. tthar production alone.
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We do not think that the Toponium will explain away
any of the multi-lepton anomalies described there, as
excess in I"I"+b-jets appears in low b-jet multiplicity
and inconsistent with tt events. See seminar in Korea

However, we believe it is important that the
experiments need to incorporate the Toponium into the
MCs since it will improve the description of ttbar final
states.

Want to thank authors of Toponium paper because
they have been among the first to realise that the
excess in I*I'+ b-jets may not be due to MC
mismodelling, but due to something missing in the
description of the data.
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https://www.dropbox.com/s/tm1sgcgo9r23rtd/KOREA_020421.ppt?dl=0

G.Beck, E.Malwa, M.Kumar, R.Temo and B.M., 2102.10596

The multi-lepton
anomalies and excesses
In astrophysics




AMSO02, PRL 122, 041102 (2019)

Leptophilic excesses, such as positron rise in PAMELA/AMS02
25
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Dark matter annihilation. L
Leptons, photons and protons .
from the decays of S. <
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Small size of bands for e+ and Fermi GC
may be due to missing systematics due to
iIncomplete background modelling.

Medium diffusion scenario and the contracted
Einasto profile "Eib" for the Milky-Way.

------ Thermal relic
p 30 best-fit

e+ 36 best-fit
.| Fermi GC 30 best-fit
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A possible
candidate of S
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Analysis of publicly available di-photon spectra in associated
production gives >40 excess around 151 GeV. Fiducial yields
consistent with H>SS* hypothesis with my=270 GeV (see above)
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Details of analysis to appear in paper soon 18



Outlook and Conclusions

Discrepancies in multi-lepton final states at LHC
w.r.t. current MCs are not statistical fluctuations

1They appear in corners of the phase-space
dominated by different processes (Wt/tt/at, VV, ttV, Vh)

* Hard to explain with MC mismodelling

dDiscrepancies interpreted with simplified
model where H->SS, Sh is treated as SM
Higgs-like and one parameter is floated

dFeatures of the Higgs data from LHC agree with
predictions the simplified model used here

dConnection made with excesses in astro-physics,
where MeerKat has sensitivity to probe

JAnalysis of di-photon spectra in associated
production gives >40 excess around 151 GeV 19



Additional Slides
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Eur. Phys. J. C (2016) 76:580
The simplified Model (from Run )

1. The starting point of the 28
hypothesis is the B
existence of a boson, H, ~ Py £
that contains Higgs-like "

interactions, with a
mass in the range 250-
280 GeV

2. In order to avoid large
quartic couplings,
incorporate a mediator
scalar, S, that interacts

2

with the SM and Dark B _Bgﬁtt_[_[ s BV &gw/ VEVYH
Matter. v v
3. Dominance of H>Sh,SS Lins = = 5 0[AghhS + o hSS + Xy HHS

decay over other decays A, HSS + A, Hhs},

21



1 N- bb
=TT
wu
=SS
cC
=t
g9
YY

1

BR(S—xy)

/

J.Phys. G46 (2019) no.11, 115001

=W*'W

1 0—2 ZZ

107°

IIII—|_|—|

130 140 150 160 170 180 190 200
mg [GeV]

For simplicity we will assume that the S

decays like the SM Higgs boson



J.Phys. G46 (2019) no.11, 115001
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S. No.

Scalars | Decay modes

The model leads to D.1

rich phenomenology.

h bb, tt1~, utu-, ss, cc, ge, vy, Zy, WYrW—,2Z

. . B %7 H D.1, hh, SS, Sh

Of particular interest i g

are multilepton D.3 A:t Di, It, ih, ZH;:ZS, W-H

signatures D.4 H W=h, W=H,W=S§

D.5 S Bl Xy
Scalar | Production mode Search channels
88 — H,Hjj (ggF and VBF) Direct SM decays as in Tablg 1

< — SS/Sh — 4W — 4¢ + Ef™
N — hh — yybb, bbtt, 4b, YYWW etc.
© — Sh where S — xx = 7Y, bb, 4 + EP
\ H pp — Z(W*)H (H — SS/Sh) — 6(5)1 + Eiss
°_ —4(3)I+2j + EP™
({e] — 2(1)I+4j + EP*™
Q pp — ttH, (t +1)H (H — SS/Sh) | — 2W +2Z + E™ and b-jets
O —» 6W — 3 same sign leptons + jets and EJisS
<« :

nn pp = tH= (H* - W*H) — 6W — 3 same sign leptons + jets and ET"S
.2 HE pp — tbH* (H* - W*H) Same as above with extra b-jet
x pp — H*H™ (H* - HW®) — 6W — 3 same sign leptons + jets and EM'sS

E pp = H*W= (H= - HW®) — 6W — 3 same sign leptons + jets and EsS

g8 — A (ggh) =d ]
el i 4
A

ge A — ZH (H — SS/Sh)

Same as pp — ZH above, but with resonance structure over final state objects

gge >A—->W=HT(HT™ - W¥H)

6W signature with resonance structure over final state objects




Masses in the 2HDM+S

/Hl\ p1 )

=R

P2
\H 3/ s}

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.
/' CaiCag Say Can Sag \

\ —Ca18a93a3 T Sa18ag — (Cal.,_c;a3 5 .5'01.5'02(:03) ('0.2('03/

A 72 _
*'\'[CP—even e

/2/\11.’% = 771122—? m19 + A3450109 2H1'U1'l-’5\
m12 + A34501092 —77‘112% - 2)\21}% 2K91U9US8

e . g o 1 il
\ 2h'1l.’1'lrs 2h-2'l‘21,5 §/\Sl'S/
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mf‘ql = vg sin ag [A\7v cos @ cos g cos B + Agv sin @ cos ap sin 8 + Agvg sin as],

m%{,z = (cos a; cos ag — sin @ sin as sin a3) [cos (1 COS Q9 ()\3451)2 sin S cos B — m%Q)

+ sin a1 cos o (m%Q cot B + Aov? sin? ﬁ) + AgUvg sin as sin ﬁ] :
m3;, = (siney sin as — sin oy cos a; cos az3) [cos a1 cos ag (miy tan B + Ajv? cos® B)

+ sin a1 cOS oo ()\3451)2 sin Bcos 8 — m%Q) + A7vvg Sin g COS [3] : (2.17)

Perform scans after fixing masses of physical
bosons(m,=125 GeV, m;,=140, m;53=270 GeV, m,=600
GeV, m;*+==600 GeV) in addition to the constraints
described in arXiv:1711.07874, including the signal
Yukawa coupling strength of B,°=1.38+0.22 (translated

into tan?p)
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Correlation plots for the three mixing angles and tanp.

Blue (red) points correspond to Br(h->SM) within 10%
(20%) of the SM h values (J.Phys. G46 (2019) no.11, 115001 )
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The fitting procedure

The RooStats workspace is made by HistFactory
From the workspace, a profile likelihood ratio is
calculated,

L(@«% 6 ) (here 6 denotes the nuisance
A (5;2;) = 7 parameters)
(4, 16)

The best-fit value of B,? is then calculated as the
minimum of -2log(A), with an error corresponding
to a unit of deviation in this quantity from the
best-fit point

The significance is calculated as V(-2 log A(0)),
since B42 = 0 corresponds to the SM-only
hypothesis

29



The anatomy of inclusive ttW at the LHC

S.Buddenbrock, R.Ruiz
and B.M.

Physics Letters B 811
(2020) 135964

Using fixed order computations at O(¢{@) and NLO multi-jet matching
yielding similar (10%-14%) corrections to the inclusive rate

ij - (iWe kI Detailed studies
Gj) (D pp™  pE™  o[fb] +0,,,  +OPDF :
Al Al 75GeV  75GevV 347 (100%) jgféf” QR that "‘CIUd_e_ the 1100
&Q (5Q 23.7 (68%) decomposition
QY QO 6.99 (20%) ~— toni
Q@ (g9 3.63 (10%) in paronic
(g8 (9.9 0.437 (1.3%) 1000
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2Q ¢Q 22.6 (68 %) differential
@QQ @QQ 6.78 (20%) . . . P
@QQ (g8 3.28 (9.9%) distributions é 900
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5Q (£.Q 14.3 (67%) - Lo
QQ @Q 491 (23%) Tension between © 0
@QQ (39 175 (8%) data and
(g8 (.9 2.58 (1%) Ty
@qv) (gqy) 75GeV  75GeV 201 (58%) % 2% predictions does
(g.qv) (g.qv) 100GeV  75GeV  19.3 (58%) fiéé jgig not wane.
(@,qv) (2,qy) 100GeV 100GeV 122(58%) ‘3% 24 For this process a 700
Table 2: Total cross sections [fb] at Vs = 13 TeV for the pp — H#HW*jj complete NNLO
process at LO, with scale and PDF uncertainties [%], for representative p’} R com putation is 600

with |/| < 4.0. Also shown is the decomposition according to partonic channel,

for qy € {u,d}, q € {u,d, c, s}, and Q € {q, q}.

needed to reduce
theory uncertainty

T 11 | 1 1 1 I 0 1 1 I T 1

-

I I I | I I I | I I I | I I I

+ xFx1j . NLO
ttW™ - of)CD ! (This work) + dogy, |

+_ _NLO LO i
ttW= - Oocp + 602“,
ttZ - ogg]; U (This work) + 60:\];,0

- NLO NLO
ttZ - o5cp + 0y

ATLASACMS best-fit = 1o

’d
[ L}7-=36.1 fb! [CONF-2018-047]
LA"5=80 fo! [CONF-2019-045]
L$S=137 fo! [PAS-HIG-19-008]

I]II|IIIIIIIII|IIII|II

l | | | | 1 | 1

| 1 1

1 | 1
600

8

1400

30

1000 1200
S(EW?) [fb]

00



Can Toponium explain the anomalies

m;<100 GeV,
I*I- + jets, b-jets dominated by Ob-
jet and 1b-jet

I*I- + full-jet veto m,;<100 GeV

PR s AT L Moderate H;

jets
=1+ & IF1=1] et al., In association
no b-jets with h
Z(So1*)+1 pPrz<100 GeV

tt+Wt

ttW, 4t

Wh

ZW

Let’s take a
closer look

No

No

No

No

Toponium leads to a tt final state and contributes to I*lI" + b-jets
with large b-jet multiplicity. BUT the excess prefers low b-jet

multiplicity.
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Eur. Phys. J C 77 (201 7) 804
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CMS PAS TOP-17-014
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Event selection with exactly two leptons (e,H),
m,;>20 GeV and at least 2b-jets
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b-jet multiplicity is robust theoretically

Figure 9: Leptonic distributions produced by ¢t and tW processes (see text) as a function
of the b-tagged jet multiplicity. The di-lepton invariant mass (left) and the transverse mass
of the di-lepton and missing transverse energy system are displayed. Distributions are
normalised to unity. The insert shows the ratio of the distributions with exclusive b-tagged
jet bins relative to that obtained inclusively.
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@® Poor modeling of POWHEG + Pythia8 distribution is improved through rewelghtlng
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Used conservative assumption that I'I'+2b-jet final state is perfectly described by
the SM. The discrepancy comes from events with N,<2. Excess unlikely due to tt 36
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2HDM+S potential with fixed parameters Consider extra degrees of freedom in the
from multi-lepton anomalies at the LHC form of SM singlet vector-like fermions
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