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____ Introduction. |
The Standard Model ...

a renormalizable gauge quantum field theory of elementary particles ...

¢ power counting: only operators of mass dimension [O] < 4
¢ symmetries: Poincaré ® Internal, with Internal = SU(3)¢c x SU(2)r x U(1)y
¢ field content:

[ Name [ Symbol | SUB)c | SU®@)r [ UML)y | Spin |
Gy 8 1 0 1
Gauge fields Wﬁ 1 3 0 1
B, 1 1 0 1
1
ey s 2 g |
Quarks up 3 1 +% 1
i 1
dR 3 1 7§ 3
L 1 2 -5 3
Leptons L 2
€r 1 1 —1 35
Higgs H 1 2 +1 0

o remarkably successful in providing o limitations: absence of gravity, dark
experimental predictions matter and dark energy, unnaturalness ...
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Motivation

Extended Scalar Sectors

e modifications in the scalar sector are
very common in new models

Supersymmetry
. 2
relevant operator ~ ¢ Additional
) Singlet
@ several open questions addressed Scalars

V" hierarchy problem
v dark matter Light Bosons = 2HDM+S
V' baryon asymmetry

possibility of light states in several Dark Photon

well-motivated models
Little Higgs

o light bosons (a) can couple to the
125-GeV Higgs boson (hi2s)

Probing Models with Light Bosons

X direct searches in production mode? = limited by small couplings of a to fermions

% indirect constraints from hi25 cuplings? = B(hi25 — BSM) still relatively large

v’ alternative: search for light bosons through exotic decays of hi2s
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000 orOPwew 00000000000 | Motivation
The 2HDM+S

Two Simple Assumptions ...

o 2HDM is near or in the decoupling limit (h125 becomes very SM-like): o — 8 —7/2

o Add one complex scalar singlet S = %(SR +4S7):

K -
V2HDM+S(H17H27S) = V2H1)\I (UleHZ) +ASH1Ho + %Sd +oe

Light Boson Couplings

v a1 (the mostly-singlet-like pseudoscalar)
a1 = cosfq, St +sinfq,; A (0o, < 1)
V' could potentially be a light boson:  mqa; < my,,/2

v with couplings to fermions driven by:  &u; ~sinfa, - &a

Eigenstate Coupling Type-I Type-I Type-III Type-IV

&4 cot 8 cot 8 cot 8 cot 8
A &4 —cot 8 tan 8 —cot f3 tan 3
ffq —cot B tan 3 tan 3 —cot 8
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000 orOPwew 00000000000 | Motivation
The 2HDM+S

Two Simple Assumptions ...

o 2HDM is near or in the decoupling limit (h125 becomes very SM-like): o — 8 —7/2

o Add one complex scalar singlet S = %(SR +4S7):

K -
V. (H1,Ha2,S) =V, o (Hi, Ha) + NSHy Ho + §sd 4+

2HDM+S

Light Boson Couplings

v a1 (the mostly-singlet-like pseudoscalar)
a1 = cosfq, St +sinfq,; A (0o, < 1)
V' could potentially be a light boson:  mqa; < my,,/2

v with couplings to fermions driven by:  &u; ~sinfa, - &a

Eigenstate Coupling Type-I Type-I Type-III Type-IV

&4 cot 8 cot 8 cot 8 cot 8
A §j —cot B tan 8 —cot 3 tan 8
ffq —cot B tan 3 tan 3 —cot 8

For Type-III (tan 3 > 1), a1 decays to 777~ dominate even above the bb-threshold
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St o Ligh: Besem fa Broetie Demys of ik
Analysis Strategy

o targeted mass range Well separated /a(2)
same-charge muons R

v’ very light a; (boosted) + .
pE ..
o decay channels \ uF JeT /hF

v’ hizs — ara; — 47 (main) A
V' hizs — arar — 2p27 N
X hi2s = ara; — 4p (neglected) K
@ hi25 production mechanisms ""’;/eq:/hq:
V' ggF (main) 1
(1) Lorentz-boosted a; states

v VBF, VH and ttH ajy

o light pseudoscalar a; produced with a large Lorentz boost

o overlapped taus from a; — 77 decays difficult to resolve by the CMS reconstruction
algorithm

* solution: exploit the decay a1 — 7, Tone-prong

e requirement of two same-charge muons highly suppresses background events
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Selection
Physics Letters B 800 (2020) 135087

mass range covered in this first approach 4 < m,, <15 GeV

Online Selection: T

o same-charge double-muon trigger without isolation requirements on muons

2
¢(d§ )

Danyer
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https://inspirehep.net/literature/1744267

Selection
Physics Letters B 800 (2020) 135087

mass range covered in this first approach 4 < m,, <15 GeV

Offline Selection

o use of muons and tracks as physics objects

v

Background

@ main contribution comes from QCD multi-jet events

o estimation is done using a data-driven procedure

V.

Danyer [
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Final Discriminant
Physics Letters B 800 (2020) 135087

binned 2D distribution formed by the invariant masses of the muon-track systems

'>— 12 T T T T T T
] - .
1<)
= 10 .
E H1.6) (2,6) |(3.6) | (4.6) (5,6) (6,6) -
sk -
6
K15) |(25) |(35)|(45)| (55) 1
>/' 4 (14)|(24) |(34) |(44)
alt
ay (1.3)|(23) |(3.3)
1 L

10 12
m, [GeV]

* pairs of integers (i,7) label the bins

@ aj resonances poorly reconstructed due to presence of neutrinos in a; — 77 legs
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PhD Project Search for Light Bosons in Exotic Decays of higg

Results

Physics Letters B 800 (2020) 135087

35.9 fb? (13 TeV)
£ F 7 Leobserved | L ma:]: 7Gev Cll\/|SI ]
é — Bkg ~--m, =10 GeV E
I% F ----m, =4 GeV ot my, =15 GeV ]

!

2 35 E
L St ! 3
[%2] F ]
-8 1E —— [ S SR B =
: i ¢ — e 1 3
OAAAAAAAAAAAAAAAAAAAAA
ANMITNOENMYD OO0 OTIN LN OO
A dddda NN NN ST S0 W0 O
JodddddddadyyaoadaiIInne
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S o) o S0 [ Nl Scorch for Light Bosons in Exotic Decays of hios
Results

Physics Letters B 800 (2020) 135087

upper limits set on the signal strength modifier: p = %B(hl% — a1a1)82(a1 — TT)
sM

35.9 fol (13 TeV)
T T T T T T T T T T

=
o 95% CL upper limits CMS
0.6} Observed .

-
o
o

- Expected
I 68% expected
95% expected
Excluded by ATLAS-CMS

0.4 combined coupling analysis T

o Deterioration of the limits for low and high masses

v' low masses: poor discriminating power of the 2D (m1, m2) distribution

v~ high masses: decrease in signal acceptance due to AR < 0.5 cut

Danyer [

Extended Scalar Sectors Hamburg, 20.08.2020 12 /22


https://inspirehep.net/literature/1744267

Analysis using Machine Learning

— DESY-THESIS-2020-007

* changes in preselection cuts and type of isolation

* MVA classifier employed to increase discriminating power

o BDT signal class
v/ one category combining all production and decay modes
v' dedicated signal samples produced for his5 — aja; — 471
o BDT background class

v/ one category obtained from data-driven estimation ! trk=

35.9 fb (13 TeV)

> 014

s [ M

° ARHL:HS ° ARHthTkL 3 onf Prve work
£ oL
@ Mpyy trky, ° ARus,trks g OF
.08
® Myug trks ° Ady Reco Fmiss ;
T,us,trkS' T 0.06/—
° pReco :
Tup trkg, @ My trkp,pug,trks 004
Reco 002
o o m i n

pTuS,wkS urtrkr,ps trks, BReS T :
y

1 |
06 04 -02 0 02 04 06
BDT Output

* new approach allowed extending the mass range: 4 < mg,; <21 GeV
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Results

Cut Bt Ay

Search for Light Bosons in Exotic Decays of higg

MVABuscd Apprnc

-1 1
35.9fb™ (13 TeV) MVA 35.9fb™ (13 TeV)
s —————r——————— s T
o 95% CL upper limits CMS o CMS
-~ | Observed _ ~ | 95% CL upper limits Private work _|
o 067 T Expocted o 06 ckserved
[S) o | —
| W 68% expected ] | B eeexpectea E
95% expected 95% expected
Excluded by ATLAS-CMS Excluded by ATLAS-CMS
0.4 combined coupling analysis . 0.4 combined coupling analysis .

m,, [GeV]

o MVA-Based

v' improvement in limits for very low and relative high masses
V" masses of up to ~ 21 GeV can be probed (non-boosted regime)

o Cut-Based

V' better performance in the intermediate-mass range ~ 9 GeV

Extended Scalar Sectors
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S el O O N [nterpretation of the Results in the 2HDM4S Context
Interpretation of the Results in the 2HDM+S Context

o phenomenology of h125 — a1a1 — zTyy decays determined by:

o type of fermion coupling: Type I, Type II, Type III, and Type IV
o three independent parameters: B(hi2s — ai1a1), tan 3, and mg,

CMS  Private work 35.9 fb7(13 TeV) CMS  Private work 35.9 (13 TeV)

10?

% 10 10° f?; ‘%— 10 ’[;:
= Type Il s - Type lll t
10 X 10 X
PR o PR o
=] Ow o] om
§ &
a a1
8] o
=2 B
n jre}
3 3
10" 10"
_____ 102 107
m, [GeV] m, [GeV]

o sensitive for values of tan 3 > 1 and o highly sensitive to this model for
Mg, below the b-quark pair threshold tang3 > 1
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Other Contributions to Tracker Alignment

Tracker Alignment
o optimal alignment of tracker detector is vital to have well-reconstructed tracks
o track-based alignment algorithm in CMS: use of track-hit residuals

Misaligned modules Aligned modules
Minimisation problem: O real track () JT
& >

— fitted trajectory (j)

e predicted hit (fi)

tracks hits e f (p q ) 2
% %
pzq) = Z Z( ! J = ) o measured hit ( mj)

Tij

— residual (ry) K o P

CMS Preliminary (2016+2017+2018 pp collsions)

0 T First run of the year
Pixel calibration update

8 —=— Alignment during data-taking——

g —s— End-of-year re-reconstruction —
6 v Legacyreprocessing
4
2
0l

(d,(0)) [um]
ﬁ

0 50 100
Processed luminosity [1/fb]
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e developed in the context of the h125 — aa searches performed within CMS

e implementation covers the 4 main types of models (Type I, I, III, and IV) and 10
different decay channels:

v

v
v
v
'

o based on the assumption that upper limits are being set on signal strength modifier
(otherwise easily adaptable):

Other Cc

bbbb

bbrT
bbup
bbyy

TTTT

NN

Common Framework for 2HDM+S Interpretations in hygs —

Common Framework for 2HDM+S Interpretations

TTR
TTYY
e ppe
ITet
Yy

p = (0/osnr)B(hi2s = aa — 2Tyy)

e currently being employed for Run2 hj25 — aa analyses

Extended Scalar Sectors

Hamburg, 20.08.2020
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earch Interests and Plans on Se

Direct Searches with Top- Quark Palrs

Simplified model with scalar (¢) or

pseudoscalar (a) mediator

_ g =
Ly D gxdXx + % zf:yfff
or

La D igyaxy®x + 21 nyfw f

Dark Matter Effective Interaction with Quarks

(Heavy Mediator)

mqg _ _
O:Zﬁ;qqxx
q

o exploit Jip + tt signatures with full Run 2 available data

@ resort to multivariate techniques to enhance sensitivity

o perform interpretations in the context of relevant simplified/effective models

Extended Scalar Sectors Hamburg, 20.08.2020 18 /22



ests and Plans o

Lint = Vi (apc + bpoy®)ut¢d® lalp + 0L 5> 5d + d)u[al/z é/gVS]X
u v d X
e N t+ Er
@ (boosted top)
8 t 5 t

2HDM plus Pseudoscalar (P) Model

Lint = Voypar (Hi, Ha) + Vi p (Hy, Ha, P) + Vi (P) — iy PX7°x
w-
g 0 fﬁr'\r
Py X tW + B
< < ¥ (boosted top)
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earch Interests and Plans o

Indirect Searches Through ngh Pl“eCISlOD Tests

A Model-Independent Parametrization of Heavy BSM Ph} S

(8)
cs
Lsmerr = Lsm + E 0(5) I E A2 (9,(6) I E 7) + E 711\4 058) +

o many models contained within the same formalism

e connection to specific models via matching

Towards a Global Top & Higgs Fit

e Connection between Top and Higgs is clear:

Orp = Y3 (61 0)(Qt)d

o contribute to the efforts on Top (¢/ttZ diff.) & Higgs (STXS) combination

o translate limits on Wilson coefficients to constraints on specific models

4
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Conclusions

o previous work mainly focused on searches for BSM Higgs sectors

o light bosons via exotic decays of hias
o no sign of new light states

o constraints set on relevant model (2HDM+-S)
o interested in continuing the exploration of extended scalar sectors

o exploit potential of direct searches (top-quark pair and single-top signatures)
o contribute to global fits using combination of Top & Higgs observables

o interpretation of results in the context of the various models

Danyer

Adan Extended Scalar Sectors Hamburg, 20.08.2020 21 /22



Conclusions

o previous work mainly focused on searches for BSM Higgs sectors

o light bosons via exotic decays of hias
o no sign of new light states

o constraints set on relevant model (2HDM+-S)
o interested in continuing the exploration of extended scalar sectors

o exploit potential of direct searches (top-quark pair and single-top signatures)

o contribute to global fits using combination of Top & Higgs observables

o interpretation of results in the context of the various models

Thanks for your attention!
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» Higgs Physics

» Analysis Using Cut-Based Approach

» Analysis Using MVA-Based Approach

» Interpretation in the 2HDM+4S Context
» The SMEFT
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| iz Plysies odii ond bevend e Siemdendl Medkl
Higgs Physics

» The Standard Model

» The Standard Model Higgs Boson

» Higgs Collider Phenomenology

» Models with Additional Singlet Scalars
» Adding a Vector Field
» Little Higgs Models

» Two Higgs Doublet Models
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R - Lo S A [liggs Physics within and beyond the Standard Model
The Standard Model

1 1 1
Lo == ;GG = WL, W — - By, B

+iQT QT +id? Pd?. + iu” Pu”, + L7 PLT + ie” Pe”
— VG QU H, + Y( QU HE W, + Y( L He o+ e

+ (D H) (D"H) — [~p? HYH + A(H H)?)

e the SM model contains in total 18 physical parameters: flavor sector 13 (9 lepton-quark
masses and 4 in CKM matrix), gauge couplings 3, and Higgs sector 2

o flavor group: U(3)3 x U(3)7 — U(1)p x U(1)}

o approximate symmetries: chiral symmetry protecting the fermion masses and the
custodial symmetry in the Higgs sector
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- 000 @edwm 0000000 |
The Standard Model Higgs Boson

1 A
2 Ouhd"h — M2h? — \vh3 — Zh‘*

1 , A
+ 5w+ h)?[g5 (W, — iW2) (W 4+ iW2H) + (g1 By — gaW}3)?]

1 _
- =+ MY G dldy, + Y aTul + Y el el + hoc]

V2

A h Vie
_— b, K
Vv, h g v,
!
he--e- it
!
h h h
pend X
h n h
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Higgs Collider Phenomenology

LHC HIGGS XS WG 2013

4l G,
10 80 100 120 140 160 180 200

M, [GeV]

Higgs Physics within and beyond the Standard Model

Production cross-section (in pb) for m; = 125 GeV in pp collisions at /s = 13 TeV ‘

geF VBF WH ZH ttH
+5% +2% +2% +5% +9%
486727 | 378720 | 137720 | 0.8872 050797

3
— m2 4m2 2
F(h%ff>=§;v—2fmh[1— zf]

Extended Scalar Sectors
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Higgs Physics within and beyond the Standard Model

Models with Additional Singlet Scalars

e mainly motivated by dark matter considerations and EW baryogenesis
o N scalars transforming trivially under the SM internal symmetry group
o mixing between ¢ and H if ($) # 0

o changes in the couplings of hi25 due to mixing

e two simplest cases (N =1 and N = 2) well studied

o decays of the form higss5 — hshs if hs sufficiently light

o testing: precision studies and searches for additional bosons

V(H,$) = —p2HVH + Ay (HVH)? + Xijidj + Nijradidjdudr + Nijrmdid; HIH

Extended Scalar Sectors Hamburg, 20.08.2020 7/31



Higgs Physics within and beyond the Standard Model

Adding a Vector Field

o motivation within the framework of dark matter

e dark photon model exploits kinematic mixing between B;, and a new vector field X,
e model considers an extra U(1)p symmetry

e SM Higgs singlet under U(1)p and new dark Higgs transforms as (1,0,q,)

o 7' gets a mass by “eating” the Goldstone boson of pseudoscalar component of Hp

e H — Hp mixing enables the hi25 — Z’Z’ decay (when kinematically allowed)

e hios — Z'Z’ dominates over other decays if k > x

e interaction of Z’ with fermions driven by gauge couplings

1
Lp=— XX + gow‘“’

+ (DuHp) (D"Hp) + nb HLHp — Ap(HL Hp)? — kHYHH Hp

Extended Scalar Sectors Hamburg, 20.08.2020 8/31



Higgs Physics within and beyond the Standard Model

Little Higgs Models
05—

e motivated by the unnaturalness problem

o light Higgs is a pseudo-Nambu-Goldstone boson (analog to QCD chiral theory)
o Higgs is composite at A ~ 47v (v & 246 GeV)

e unbroken H (of global G) contains SU(2)r, x U(1)y

o G explicitly broken by gauging and Yukawa couplings

o EWSB driven by quantum effects (non-vanishing Higgs effective potential)

e symmetry breaking via SU(5)/SO(5): 14 Goldstone bosons
o explicitly breaking by gauging a [SU(2) x U(1)]? subgroup
o condensate breaks [SU(2) x U(1)]?2 to SM EW group

o EWSB through radiative-induced Higgs potential

o keep only one U(1) (U(1)y) group gauged
o the other U(1) global group explicitly broken

o massive (pseudo-)scalar (a) arises: ~ ¢2 HTH

o decays of the form hi25 — a a

Extended Scalar Sectors Hamburg, 20.08.2020 9/31



Backup Higgs Physics within and beyond the Standard Model

Two Higgs Doublet Models

)\1 )\2
Voupu = m%lHIHl +m%2H%LH2 - m%Q(HIHQ + H;Hl) + ?(HIHIF + 7(H5H2)2

A
+ A HY Hy HY Hy + X\ H| Hy HY Hy + 22 ((H{ H>)? + (HYH))’)

Eigenstate | Coupling Type-1 Type-I1 Type-111 Type-1V
52‘125 cosa/sin 8 cosa/sin 8 cosa/sin 8 cos o/ sin 3
hi2s {glzs cosa/sinfB | —sina/cosf cosa/sin 8 —sina/ cos 8
52125 cosa/sinf8 | —sina/cosf | —sina/cosf cos a/ sin B
o sin o/ sin 8 sina/ sin 8 sina/ sin 8 sin o/ sin 8
H° f?;o sina/ sin 8 cosa/ cos 8 sina/ sin 8 cosa/ cos B
lHo sina/ sin 8 cosa/ cosf8 cosa/ cos 8 sin o/ sin 8
&% cot 8 cot 8 cot 8 cot 8
A §j —cot 8 tan 8 —cot 8 tan 8
§54 —cot B tan 8 tan 8 —cot 8

o «: diagonalizes the neutral scalar matrix

e tan 8 = vp/v1: diagonalizes the charged scalar matrix

Extended Scalar Sectors

Hamburg, 20.08.2020
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- Backwp | Cut-Based Approach
Analysis Using Cut-Based Approach

» Event Selection

» Background Modeling

» Signal Modeling and Monte Carlo Corrections

» Goodness-Of-Fit Tests

B v e YR e e SERIAESESESEE ] Hambure, 20.08.2020 11,31



Event Selection

Cut-Based Approach

e “isolation” tracks: ppr > 1 GeV, |n| < 24, |[d | <1cm,|d:|] <1cm

o “signal” tracks: ppr > 2.5 GeV, |n| < 24, |d | < 0.02 cm, |d-| < 0.04 cm

o “soft” tracks: 1 < pr < 2.5 GeV, |n| <24, |d;|<1cm,|d:] <1cm

35.9 fb* (13 TeV)

Events / Bin
.
=X

CMS

Private work
—+— Data
[ QCD p-enriched
I Drell-Yan ]
tt+Single top
[ Electroweak E

ggF (41) (x100), m =10 GeV

15

P

Ratio
-

05+
ol il

0 2 4

Danyer Pére

6 8 10 12 14
Ny (leading )

Extended

Events / Bin

Ratio

Jouf T

Scalar Sectors

35.9 fb* (13 TeV)

T T e g
CMS
Private work  §
—+— Data 1
[ QCD p-enriched
I Drell-Yan 1

[ ti+Single top
I Electroweak 3
9gF (47) (x100), m_=10 GeV

P o S S

0 2 4 6 8 10 12 14
N, (SUbleading p)
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- Backwp | Cut-Based Approach
Final Sample

@ 2035 observed events

Background

o prediction from simulation describes well the data

o accuracy limited by size of simulated samples
o simple composition study shows that QCD multi-jet events dominate

o other background sources comprise ~ 1% of the total

@ precise estimation requires a data-driven procedure

.

ma,; [GeV] Acceptance x10% Number of events
4T 2pu2T 4T 2p2T
3.20 £ 016 89.3 & 1.4 | 129.9 £ 6.2  54.7 £ 0.9 m?2 (22
T(ay — pp) H May
2.50 4+ 0.14 69.0 + 1.4 98.8 + 5.5 22.5 + 0.5 = 5
T(ay — 77) m2 /1 — ( mr )2
10 1.46 + 0.11 47.1 + 1.2 57.8 & 4.2 14.2 + 0.4 4 May
15 0.21 £ 0.04 3.5 + 0.3 8.5 + 1.1 1.0 £ 0.1
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000 cesws | Cut-Based Approach
Background Modeling

o estimation is done using a data-driven procedure
o shape of 2D distribution derived in control regions
o normalization parameter left unconstrained

o validation and assessment of sys. unc. with hybrid method (MC & data-driven)

e model:
C(i,4) fip (i) fip (2) i=j
fan (4, 5) =
C(4,7)(fin()) fip () + fin(H) fin() 5>
35.9 b (13 TeV) Loose-Iso 35.9 fb? (13 TeV)
"E +’ohsewe:1 — Bkg, j 'CMS ;12 T !
H My =AGV =7 CeV & T CMS 4
T i m,=10GeV  m, =15 Gev e =10 -
= S 58 B 1
2 E 8r ]
. L 6
le(z) 102k C(Z,]) ot oo oo hos | ose i
4m<) [Lo1 o8 pos
S e
L L L L 96 1704 fr.01
= T S S o
2 10—t [0
8 ol ] ]
05 I I L I I 0 2 4 6 8 10 12
0o 2 4

10 12
m, . [GeV] m, [GeV]
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000 cesws | Cut-Based Approach
Background Modeling

MC Study on QCD Sample

P(ppartonapu /ppartony fparton: 4 * 9parton, Tny,,trk)
e probabilities derived in same-charge di-muon sample
e fop(4,j) and fip distributions generated for each region
v
Validation of C(i, j
SR 35. g bt (13 TeV) Loose-Iso 35. 9 fb? (13 TeV)
-;12 ;12
v | CMS v | CMS
%10 | Simulation _| %10 | Simulation _|
€ oo bo | oo om ] £ bl o ber | oo o ]
8k : 8l :
6 6
boe ot oo oo | oot ] oo hee lior oo | 0or ]
4300 fL.oo 101 jr.o0 4 97 |1.00 |1.05 .03
o0 oo Trc oo oz Trar
Bl 2 km)
© o
0, £ 0-10) L L 1 L 1 L 0, [ 00 L L 1 L 1 L
0 2 4 6 8 10 12 0 2 4 6 8 10 12
m, [GeV] m, [GeV]
v
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000 cesws |
Signal Modeling and Monte Carlo Corrections

Events / bin

35.9 fb (13 TeV)

Cut-Based Approach

35.9 b (13 TeV)

£
CMS o S10°F m, =4 GeV — 41 CMS Ao
Simulation I’ 3y Simulation
H
4 @0 3
4 10 4
4 1 4

Scale factor

107

CMS  Private work 35.9 fb(13 Tev)

- B

+ Data Linear Fit

"
pr[Gev]

Extended Scalar Sectors

T T I W W e N N
5 10 15 20 25 30 35 40

Hamburg, 20.08.2020
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Systematic Uncertainties

Cut-Based Approach

Affected Distribution Source Value Type

Stat. unc. in C(z, j) 3 —60% bin-by-bin
Background Syst. unc. in C(3,j) - shape
Syst. unc. in fip(7) - shape
Integrated luminosity 2.5% norm.
Muon id. and trigger effic. (per u) 2% norm.

Track id. effic. (per track) 4—12%  shape & norm.

MC stat. unc. 8 — 100% bin-by-bin
Signal p1R,F variations (acceptance) 0.8 —2% norm.
PDF (acceptance) 1-2% norm.
pur,F variations (ggF xsec.) 5—T% norm.
pur,F variations (others xsec.) 0.4 — 9% norm.
PDF (ggF xsec.) 3.1% norm.
PDF (others xsec.) 2.1 —3.6% norm.
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. Backwp__________ | Cut-Based Approach
Goodness-Of-Fit Tests

o Saturated: based on the likelihood ratio test and using as “alternative” hypothesis the
saturated model (f(x;) = data;)

o Kolmogorov-Smirnov: distance between the empirical distribution function of the sample
and the cumulative distribution function of the model (D = sup,, |Fn(z) — F(z)|)

o Anderson-Darling: similar to the KS test but with D, =n [ %dF(m)

35.9 ol (13 TeV)
> L B SME B m ey
5 CMS
g 012 Private work ]
=] <4
8 ]
g 0.10 m, =10 GeV 7
g — Observed

0.08

— Expected (Toys) 7]

10 20 30 40 50
-2 In A (saturated)
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Results

p-value
Hypothesis Hy signal-plus-background background-only
May 5 GeV 10 GeV 15 GeV -
Sat. 0.427 0.441 0.436 0.409
KS 0.480 0.486 0.481 0.478
AD 0.423 0.468 0.444 0.413
- B — 359 fb"l (13Tev)
§ o —e— Observed Tttmy =7 GeV CMS
g — Bkg ot m, =10 GeV
2 - m, =4 GeV ---m, = 15 GeV

Obs/Bkg

O b N W
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Analysis Using MVA-Based Approach

» Event Selection

» Distributions of Input Variables

» Background Validation
» Results
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. Backwp__________ | MVA-Based Approach
Event Selection

35.9 fb! (13 TeV) 35.9 fb! (13 TeV)
s T T s T T
N CcMS S CcMS
4 Private work € Private work
g —— Data 2w —— Data

[ QCD perviched [3QCD penichedt

9 (41) (x100), m, =10 GeV 99 (4) (<100), m, =10 Gev.

55 5% 5 55838 §

Ratio

Noacks (1) Nyags trk,)
35.9 fb (13 Tev) 35.9 fb (13 Tev)
s g R s fT T
2 CMS 2 CMS
H Private work g Private work
g —+ Daia g 10 —+— Data
¢ [ QCD penriched e [ QCD penriched
Orell-Yan 1 Drell-Yan
fsSingle op . fsSinge op
B Electroweat 1 B Eeciroweak

K
99 (4) (x100), m, =10 GeV 9gF (4r) (100}, m, =10 GeV

55 5 5 55885 §

Nyagss (Hg) Nyacis (trks)
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- Backwp | RIVA-Eosed Appreadh
Distributions of Input Variables

=106V CMS
|:| Signal |:| Background Private work

z z
s 5
3 o1 3 oz
o °
E g
S o4 ]
g g 02
2 oo 2
0.15]
0.6
0.1
0.4
002 0.0
2 25 3 35 4 45 [ 2 4 6 8 10 12 14
ARy m, i [GeV]
2 z oo
g oag €
H o 008
5 0.1 =
8 g oo
5 014 2
£ £
S o2 S 0.08
oA 0.5
00 004
0.06) 0.3
0.04} 0.02)
0.02f 0.01)
02 04 06 08 T T2 0 [y 60 30 700 [
AR, My i, [GEV]
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000 cesws |
Background Modeling

Normalized to unity

o estimation using a data-driven procedure

MVA-Based Approach

o shape of multivariate distribution derived in control region “Semi-Iso”

o validation and assessment of sys. unc. with additional control regions (closure test)

—
—
H

‘ Sideband region ‘

py, and trky, ‘

ng and trkg

‘ Observed events ‘

Nigo =0 ‘ Niso > 0, Nsig >0
Semi-Iso or 106 592
Nijgo > 0, Ngjg >0 Nigo =0
Leading-Iso Nico = 0 Niso > 0, Ngjg > 0 62324
Nigo =0 Nigo > 0, Ngjg =0
Loose-Semi-Iso or 13998
Nigo > 0, Ngjg =0 \ Nigo =0
Loose-Leading-Iso Nigo = 0 | Nigo >0, Ngjg =0 7707

35.9 fb? (13 TeV)
Ty

35.9 fb? (13 TeV)
ARARRRaS meme

) ) 35.9 fb* (13 TeV)
> 10 > 0 Ty
. CMS 5 CMS 5 CMS
10 Private work E Private work E Private work
10 2w 2w
s s
g g
1} s 1 s E
2 2
107 107 107
107 107 107
107 107 w0
10 10 10
107 0% 10°
L I L L I L L I L
T T T % T T T % T T
15 ] g usf o g s _ ]
0s R os[- e o s+ o
I | I I | I I | I
-1 -05 0 05 1 -1 -05 0 05 1 -1 -05 0 05 1
BDT Output BDT Output BDT Output

Dan
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Background Validation

Normalized to unity

Normalized to unity

MVA-Based Approach

35.9 fb (13 Tev) 35.9 fb! (13 TeV) 35.9 fb! (13 Tev)
ARARRRAS RsaN; z ARARREAN Rsn; z T
CMS H CMS H CMS ]
Private work E Private work E Private work
H 2 1
£ H
E s 5 4
2 2
107 107}
107 107
w0 107
10 10
107 107 107 E|
- T T T T DTS T T T T T
T T ° T T T ° T T T
18 ‘ pn 5l & ]
03, e ' osf- ospt— ,
. . . . . . . . |
-1 -05 05 1 -1 -05 0 0.5 1 -1 -05 0 0.5 1
BDT Output BDT Output BDT Output
. 35.9 fb} (13 TeV) 35.9 fbl (13 TeV) 359 fb? (13 Tev)
10 T ARARanasssar z 1Py P AR AARARARAARRR SRS T
CMS 5 CMS 5 CMS j
Private work E Private work E Privale work
f £ £ ]
2 2
107 107 107 k|
107 107| 107 k|
107 107 107)
10% 10%) 10 !
10° 10°] 107 4
Lo I Lo . Lo L . L
T T % T T T % T T T
15| . & s 8 s _ 4 A
e = e
05 - osf os| s 1
I I I I I I I I
-1 -05 0.5 1 -1 -05 0 0.5 1 -1 -05 0 0.5 1
BDT Output BDT Output BDT Output
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. Backwp__________ | MVA-Based Approach
Results

‘ ‘ p-value
Hypothesis Hog background-only
Ma, 4 GeV | 9 GeV | 15 GeV | 21 GeV
Sat. 0.137 0.240 0.571 0.707

35.9 b (13 TeV)
T

35.9 fb1 (13 TeV)
T

£ 10° T £ 10F T ]
[ [
3 m, =10 Gev CMS w m, =21 GeV CMS
210 ¢ Private work 2 105k Private work
E 4 observed — Bkg E -4 Observed —Bkg
10° ¢ E
4 s 2412t 10° 4t s 22T 3

2 or R 2 2
Q gsp = Q a5t B
2" N — + 2 T & |
[¢] = —— o - !
05f B 05 + 4+—
ol ol
-1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1
BDT Output BDT Output
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The 2HDM+S

Types of 2HDMs

Interpretation in the 2HDM+S Context

2HDM up-type quarks down-type quarks charged leptons
Type-1 Ho Ho Ho
Type-1I (MSSM-like) Ho H, Hy
Type-III (lepton-specific) Ho Ho Hj
Type-IV (flipped) Hoy Hj Hoy

Adding a Complex Scalar Singlet

v' 2HDMs are assumed to be in the decoupling limit: hi25 becomes very SM-like

v' S couples to H1,2 producing a small mixing
V' 7 physical states: 2 charged, 3 CP-even and 2 CP-odd

v a1 is the mostly-singlet-like pseudoscalar: a1 = cos g, St + sinfq; A

(0o < 1)

Couplings to Fermions (§,, ~ sinf,, - £4)

A: 2HDM pseudoscalar Eigenstate Coupling Type-1 Type-II Type-I1I1 Type-IV
vz &9 cot B cot B cot B cot B
tanB = — A {% —cot B tan B —cot 8 tan 8
@ {% —cot 3 tan B tan 3 —cot 3

4
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Hamburg, 20.08.2020
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Projection of Limits on the Phase-Space o /o, B(h125 — ai1a1) vs mq,

35.9 fb(13 TeV)

CMS _Private work
T

T T

Interpretation in the 2HDM+S Context

CMS _Private work
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. Backwp__________ |
Warsaw Basis

The SMEFT

Danyer

1:x% 2: H° 3:H'D? 5:0°H® +he
Qe | r*PGralradt Q| (H'H?  Qup (H'H)O(H'H) Qen | (H'H)(Tye, H)
Qs | FABCGI GBSO Qup (HTD“H)* (H'DH)  Qua | (H'H)(Gu.fl
Qu | MWW W Qun | (H'H)(@,d.H
Qw | T EWhwlew ke
4:X2H? 6: ¢ XH +he. 7:0*H?D
Que | HHGAG™  Quv | (o™ e)r HWE, o (BT H) )
Que | H'HGLG™  Qu | (,0"e)HB,, % ' DLH) 7',
Quw | HHEWLW"™ Q. | (g,0" T w)HG;, Qne (=YD H)(e pw“er)
Quiw | HHW, W™ Quw | (@o" u,)T" HW,, Q(l) H''D WH)(@, )
Qus | H'HB,B"  Qu | (G0"u)HB,, QW | @Dl G,
Qus | H'HB,,B" Que (q,, T4, H Gy, Q1 (=D 1)@,y u,>
Quwp | HFHWLB"™  Quw | (g0"d,)r HW], Qna (H'i'D ,H)(d"d,)
Quivp | HIT'HW],B" Qup | (g,0"d,)HB,, Qpua +he. | i(H'D,H)(a,"d,)
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Warsaw Basis

The SMEFT

8:(LL)(LL) 8:(RR)(RR) 8:(LL)(RR)
Qu (Ll sy Qee (Bpvuer)(E ey) Qe (Lyyuly) (Eer)
QW | (@.e) @ e) Quu | (@) (@7 1) Qu Gl ) (@ )
QY | @' e) @' a)  Qua | (dyud)(dA'dy) Qua (k) (e dy)
= <m (37" ¢r) Qe | (Epyuer)(@syuy) Qe (@) (E7"er)
QP | Gyt )@A " ') Qe (& muer)(di"dy) 0 (@) (@)
QW | @, uT)< d"dy) QW | @ T"e) @A T u,)
QY | @ T u)d' T QW | (@) (" d,)
QY | @mTe)(dy" T d,)
8:(LR)(RL) + hc 8: (LR)(LR) + hc
Queaq | Be)duar)) QG (@ur)ej(@ede)
QW | (@ u)e; (@ T dy)
AN | Beeu(duy)
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The SMEFT

Workflow for Generation of Effective Model

Danyer

Adéan

—————— EFT Model

f——— Coded FR

e MadGraph5_aMCELO

De,_t;itf N Delphes
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