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Introduction Beyond the SM Higgs Sector 2/43

» In most extensions of the SM, the Higgs sector must also be extended
> Minimal extensions known as two-Higgs-doublet models (2HDMs) predict:
> CP-even h® and H®, CP-odd A°
> Singly-charged H" and H™
» Observation of a charged Higgs boson an unequivocal proof of BSM physics
> Four ways to couple SM fermions to two Higgs doublets (no FCNCs):

type | All quarks & leptons couple to ®, Type u d l
type Il All u-type to @5 and all d-type & £ to &
type X Both u & d types couple to ®,, all £ to P,

V(YY) o o o

> Higgs triplet models (HTMs) extend the sector by addition of scalar triplet(s):
> Georgi-Machacek (GM) model adds one real & one complex SU(2) triplet
> Appearance of the H¥ W* Z° coupling at tree-level
> Presence of doubly-charged Higgs bosons H™" and H™~

> Extensions with a scalar singlet 2HDM+S lead to 2 additional Higgs bosons
> 1° H°, A%, H*, hl, AY |}Vl

» Production & decay modes greatly depend on the particles masses
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duction Overview of Run |l sea

In recent years CMS has increased efforts to cover more phase space & models:
» Resolved & boosted topologies to increase sensitivity at high mass & high pr
» Machine learning techniques for event & object classification (BDTs, DNNs)

Third Generation Other
AY/HO — tE AV/H® — pp HOH® — bbW+WF A9 — Z%h° — £¢(vv)bb
arXiv:1704.07323 arXiv:1907.03152 PAS-B2G-20-007 arXiv:1903.00941
resonant
A°/H® - bb H* = cs HOH® — bbbb H°/AY — Z°A°/HO — ¢6bb

arXiv:1805.12191

arXiv:2005.08900

PAS-B2G-20-004

boosted resonant

arXiv:1911.03781

H* - tb
arXiv:1908.09206
arXiv:2001.07763

H® = aa — pprr
arXiv:2005.08694

HOH — bbbb
PAS-B2G-21-001
boosted non-resonant

HY — WEWF
arXiv:1912.01594

AV/H® — 77
arXiv:1803.06553

HO — h,sh — 77bb
PAS-HIG-20-014

H* =ty

arXiv:1903.04560

H°H® — bbbb
PAS-HIG-20-005

resolved non-resonant

HE - WA
arXiv:1905.07453

HCH — bbyy
arXiv:2011.22373
non-resonant

HE®) - WHZO(WEW#)
arXiv:2104.04762

HPHC — bb4¢
PAS-HIG-20-004
non-resonant
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In recent years CMS has increased efforts to cover more phase space & models
» Resolved & boosted topologies to increase sensitivity at high mass & high pr
» Machine learning techniques for event & object classification (BDTs, DNNs)

Third Generation Other DiHiggs
AV/H® — tF AV/H® — pp HOH® — bbW+WF A® — 7% — ¢¢(vv)bb
arXiv:1704.07323 arXiv:1907.03152 PAS-B2G-20-007 arXiv:1903.00941
resonant
A°/H® - bb HH® — bbbb HO/A® — ZOAO/H® — ¢ebb
arXiv:1805.12191 PAS-B2G-20-004 arXiv:1911.03781
boosted resonant

HPH® — bbbb
PAS-B2G-21-001
boosted non-resonant

HY — WEWF
arXiv:1912.01594

A‘]/H0 =TT
arXiv:1803.06553

HPH® — bbbb
PAS-HIG-20-005
resolved non-resonant

HOH® — bbyy
arXiv:2011.22373
non-resonant

HOH® — bb4¢
PAS-HIG-20-004
non-resonant

L. Gouskos talk
A. Cappati talk
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In recent years CMS has increased efforts to cover more phase space & models:
» Resolved & boosted topologies to increase sensitivity at high mass & high pr
» Machine learning techniques for event & object classification (BDTs, DNNs)

Light

mpy+ < my — 1y

Intermediate
my+ ™~ My

Heavy

my+ > my — my

e e

HE —» WEA?
leptonic
arXiv:1905.07453

H* — 7%,
leptonic & hadronic
arXiv:1903.04560

H* — tb
leptonic
arXiv:1908.09206

HE* — gte-0+0-
leptonic
PAS-HIG-16-036

(359 1 ] [ in backup |

D o)

arXiv:2001.07763

T H* — W+Z0 HE — WEW*
H* > cs . . . .
Hentonic semileptonic semileptonic
it arXiv:1905.07445 Xiv:1905.07445
arXiv:2005.08900 ar v 19050740 Ay
H* — tb HEE o WEW=
leptonic & hadronic leptonic

arXiv:1709.05822







2HDM H* — 71 leptonic+hadronic

In type Il 2HDMs a light my;+ decays ~exclusively to Tv, is sizeable at heavy my+:

» Three final states; 7,+jets, {+7,, {+nom, T

» Major bkg for m,+jets is jet — 7, (data-driven) 7
» Bkg for £+7, and £+noTy, is tt (simulation)

» Simultaneous binned ML fit to mr(7h/¢, pT'ss)

postfit mr distribution for ¢+, postfit mt distribution for 7,+jets
35.9fb™" (13TeV) CMS 359fb (13 Tev)
£ g T ey c R R AMRBEE
] E le+1,1jb, pl™ >150 GeV 2 '”;'i‘s' R oo I b)E
~ 6 " _ -~ Data e H® (200 GeV, o =50 pb)]
@ 10°F +|3ma rrrrr H* (200 GeV, 0 =50 pb) §2} H* (2 TeV, 0= 1pb) [ Jets misid. as 1, -
c E Bl I wHets c [l B Weets E
Q 15k MM singlet [ oiboson 4 [ Single t Iy 1
w E [Tlay NN Post-it unc. w B Diboson O\ Postit unc. ]
10°e 3
10% E

1

D 1.2F Dlrostitunc o [ Post.fit unc. 3
X X~ 15F +
Q i + l | Q
E b T U T T E i_www
© 0.8 e © 05F E|
[a] ] a o
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m, (GeV) m; (GeV)



2HDM H* — 71 leptonic+hadronic

In type Il 2HDMs a light my;+ decays ~exclusively to Tv, is sizeable at heavy my+:

» Three final states; 7,+jets, {+7,, {+nom, T

vr

» Major bkg for m,+jets is jet — 7, (data-driven)
» Bkg for £+7, and £+noTy, is tt (simulation)

-

q

» Simultaneous binned ML fit to mr(7h/¢, pT'ss)

q
- . L d— .
upper limit of 6 pb — 5 fb interpretation in ano scenario
CMS 35.9 b (13 Tev) CMS 35.9 b (13 Tev)
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2HDM H* — tb hadronic

For the heavy my;+, the decay into top and bottom quarks is dominant:

» Fully hadronic B (FH) ~ 45% = full myg+ reco
» Resolved t and boosted W/t topologies

s’

-
i

Resolved Boosted

q
» Major bkg are misid. b-jets & QCD multijet
» Fit discriminants are my, and Ht spectrums
postfit my;, distribution for resolved t postfit Hp distribution for boosted w* /t
" CMS : : : 359 vb"1 (13 TeV, n CMS : : 359 'b" (13Tev)
> 902k Associated production > 5 Associated production [ QCD mum,e[ ]
3¢ Postfit unc. & t Postfit unc.
< F - Data g —+-Data = Smgls LE+X
o ; = :‘ . s(i?j..abTev‘cB =1.0pb) a 10 ? H° (1 TeV,08 = 1.0 pb) I Eleciroweak 7§
S 10 mi S F RN ]
o £ [ESingle t, i+ X o [ . % b ]
v ; [ Electroweak v M.N_23

107

Z
A
A
A
z
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A
A
7
il

10

=
2]
Ty

2 O E 2 1sf O E
o Post-fit unc. o - Post-fit unc.
= 4 +‘-';‘v“, %‘1147 = B+ Www’#hm .JF
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2HDM H* — tb hadronic 6/43

For the heavy my;+, the decay into top and bottom quarks is dominant:

» Fully hadronic B (FH) ~ 45% = full mg+ reco resolved t boosted W boosted t
» Resolved t and boosted W/t topologies . :

» Major bkg are misid. b-jets & QCD multijet o L > '

» Fit discriminants are my, and Hp spectrums

upper limit of 21 pb — 7 fb interpretation in hMSSM scenario
CMS 35.9 fb* (13 TeV) CMS 35.9 fb' (13 TeV)

= r T — T T « 10— 71—
o 5 95% CL upper limits % L 4
= 10°F —e— Observed 3 ke F 4
Ee] E e Resolved median expected 6r 4

1 & --- Boosted median expected | 5r H* - tb hadronic q
" 105 [ 68% expected | 4k MSSM hMSSM scenario |
5 E [ 95% expected 3 95% CL upper limits
Q E ] 3r Excluded 1

o) r ] —e— Observed

'; 1 - Median expected |
= T . S I 68% expected

|
N
T

[ 95% expected

107t Associated production
pp - t)H" — t(b)to
Hadronic final state

._.

e
b

-

0.2 013 0.5 1 2 3 02 04 06 08 1 12 14
m,,. (TeV) m,. (TeV)






HTM H* —» W*Z° and H** — W=W= leptonic
In GM model Hs produced via VBF. Simultaneous study of WW and WZ channels:

» 2[55’

Events / GeV

@ Nonprompt from data CR (invert ¢ ID)
Q@ WW & WZ from simulation (CR-validated)

miss > 2 jets (large |An;| & my)

> Background consists of 3 major types:

© Prompt irreducible from MC (tZq & ZZ CRs)

postfit mj; in WW SR (finer binning)

Data/SM

postfit m¥W in WW SR (finer binning)

137 fb’1 (13 TeV) 137 b (13 TeV)
T T T
CMS ¢ Data \\Bkg unc. B i [ CcMS ¢ Data \\\Ekg unc. ]
H (500) ww’, S, =1 ww* B (_') — H (500) ww’, S, =1 ww* —
— H'(500) - WZs-l .wz b ~ I — H'(500) - w25—1 mwz b
15 2z — §4] I 2z 1
0 Nonprompt = [ [ Nonprompt |
[ tvx 1 Q 3 VX .
[ Other bkg. 1 o o [ Other bkg. 4
] 2f -
E [ N\ ]
] 1 SN .
] XN 4
§ K* ]
,,,,, B o o | 1
15 s . E 3
4]
15
1= t FU—, { : g b b
' t 8 of t E
500 1000 1500 2000 2500 3000 00 500 1000

m; [GeV] miv [GeV]



HTM H* —» W*Z° and H** — W=W= leptonic
In GM model Hs produced via VBF. Simultaneous study of WW and WZ channels:

> 30 (|Q| =1), pss, > 2 jets (large |An;| & my)

» Background consists of 3 major types:

@ Nonprompt from data CR (invert ¢ ID)

Q@ WW & WZ from simulation (CR-validated)
© Prompt irreducible from MC (tZq & ZZ CRs)

Events / GeV

postfit m;; in WZ SR

137 fb (13 TeV)
T

CMS ! . Da(‘a A Bkg. unc B
—H'(500)~W'Z, s =1 ww* 4
tomwz |
2z |
I Nonprompt
. tvx 1
B Otherbkg. |
Z s f E
% 15 +
T 1 ) |
o [} T
500 1000 1500 2000 2500 3000

m; [GeV]

Events / GeV

Data/SM

0.5

postfit m,‘ffz in WZ SR

CMs

T
¢ Data

— H'(500)~W'Z, s,=1

137 fb (13 TeV)
T

A Bkg. unc.
wAw*

2z
9 Nonprompt
v

[ Other bkg.

1500
mYZ [GeV]



HTM H* — W*Z° and H** — W=W= leptonic
Binned ML fit using mj; and mY¥" in 2SRs and 3CRs:

>
>
>
>

» Theoretically inaccessible (g, > 0.1my,)

UU;LF x B(H' - W*Z) [pb]

102

++ iy sHT .
Ignore H™™ in oy

+ - vt
Ignore H™ in oy/ge

Improved limits wrt previous CMS results

B (H* — W*Z9)
- B(HEE —» WEWE)
Exclude sy > 0.20-0.35 for mp, = 0.2-1.5 TeV

Events / bin

10/43

137 fb™ (13 TeV)
T 2

T

4 pata N Bkg. unc.

—H'(500)-W'W', s =1 wiw*
wz

—H(00-w'z s =1 W
" 2z

9 Nonprompt
-

I Other bkg.

st

Bin
GM model interpretation

137 fb? (13 TeV)

s
0
s
©
a FEVRYETR YOYN
RERN Nt
ot —» wtz0 Ht+ 5 wtwt
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T = o T o
. CMS — Observed = CMS — Observed
k BB 68% expected g ", BB 68% expected
E £ 95% expected % £t 95% expected — Observed
vot,s, =1 3 wods, =1 8 8% expected
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2HDM+S H° — 11(1)35112 — 77bb

Search for heavy H° decaying into observed h® and another Higgs boson h?:
> Categorisation based on em,, pumh, ThTh

. . . hY
> Require 1417, (27,), > 2 jets, > 1 b jets 0 Tb*
> Three different background estimation methods: 1D
@ Genuine tau pairs (77) with 7-embedding b
@ Misidentified 7 (jet — 7) with misidentification rates
o
> Up to 94% of background events estimated from data
» NN multiclassification with s+4b categories; Returns p-like score/category
postfit NN in er, SR postfit NN in u7m, SR postfit NN in 7,7, SR
B et,;: Signal 137 b (13 Tev) _ao By Signal 137 fb? (13 TeV) B T, Signal 137 fb? (13 TeV)
Z% >.'§6000 cMs ;Obfeurved Egg;ﬂboson(n Zﬁ‘} 15[f-CMs ;gbfe”rved Eéj(li/"()ﬂboson(nj Z§ >§‘2000—CMS ;(Z)bfe];ved E?{K?m“m(")—
oI5 W Diboson () [Jet-T, T W Diboson () [Jet-1, oI5 EEDiboson () [Jet-1,
6000 om0 ooy e vazom 1o oo 1500 i b

— H(500) -h(125)h,(110) (50 1)

Observed

10
Signal

‘Background
,

] L1 L
‘Background




2HDM+S H° — 11(1)35112 — 77bb

Due to 2 unknown signal masses, limits are derived as a function of mgo and my,_:
» For each set of mass points, fit discriminant is NN score
» All upper limits shown in a single figure by scaling values by orders of 10
> Upper limits of 125-2.7 fb for mpoe = 240-1000 GeV (my,, = 85-250 GeV)
> NMSSM costrained for 400 < mpo < 600 GeV and 60 < my_, < 200 GeV-

upper limits of 125-2.7 fb summary of observed limits

T, +UT, +T, T, 137 b (13 TeV)
h " hh -1
ST CMS 137 fb
10°F cms —e— Observed <
21, m,, = 240 GeV (110%) - - - Expected 7777) Limit below maximally allowed valuy
10 _," Neka m,, = 280 GeV (107 P 8 2000} in NMSSM, given by LHC HiggoflG
10°F, - m, =320 GeV. ‘D°Z;},) [] 68% expected <
Fommmases®t T I - 360 Gev (1
1017 Fememses s S8 =400 Gev (20 |_]95% expected E_,:m

— Diy.wgmﬂ = 450 Gev (110"

15 Lo g e 9™ m,, =500 GeV ([10"%) 1000
107 groseien =" = 550 GeV (110%)
13 o dse-§ o .= 600 GeV (120%
107 & vess 58-S g~ 00 B (0 )
F Sdhisi 9. = 700 GeV ((10%) 600
1011':"5“#‘ m,, = 800 GeV ([10?) 500
S-onumpeys OO0 m,, =900 GeV ([10")

m,, = 1000 GeV ([10'%)
m,, = 1200 GeV ([10°%)
10E .‘a‘/ = 1400 GeV (10%)
F OOV DU =00 PV T /nHzlﬁoosev(JlY)
14 = 1800 GeV ((10%)

103', &% VEESse S veaegd”  m, - 2000 Gev (1109 ]

m,, = 2500 GeV ( 1102):

400
300

'

200

95% CL limit on 0 B(H- h(tT) hs(bb)) (pb)
95% CL limit on 6 B(H~h(tt) hy(bb)) (pb)

100

60 100 200 1000 2000 * 300 400 1000 2000 3000 0.001
m,_(GeV)
s

m,, (GeV)



» aa — pputT boosted

Search for light pseudoscalar a in VBF and ggF production of HC:

-
» Focus on m, € [3.6,21] GeV o2 o+
,,,,, =
» B(a — 77) dominates M D
ut
» Target pumh7, & exploit Lorentz boostm
» Require 21 & boosted 7-lepton pair 7,7,
> Fit discriminants are m,,;, and my,;n,
» Simult. unbinned fit in SR, CR & Sideband constrain norm & shape
postfit m,,;, in SR postfit my,,, in Sideband postfit m;,, in CR
i i i 35913 Tey) 120 . . . 3591 13Tey) x10° . . . ECETREERE)
E ECMS‘ +  Observed 3 g Fows +  Observed ] E 140}CM§ } obsenved B
ol Snalregon Background model I «  100[ Sdevand ——— Background model ] P [p Control region ]
° £ —— m,=125GeV,m =9Gev ] 2 [ —— m,=125GeV,m =9Gev ] S 120p Background model E
2 L B(H - aa -~ ) =5 x10* 2 gL B(H - aa - pury)=5x10° ] 2 100E E
5 “F 1 & % 1 & % ]
o f i @ r 1 @ gt ]
30 E 6o ] “F E
E 1 s ] 60 E
201~ = 40— | L 1
F ] s b o E
10f B 20 4 E B
] F + 4 20~ .
5 i £ 7 E i E 4
g E i;;{»mgfii;;;*h; 4 ;ﬂ ir l#; ﬂ é Z ? LIS dﬂiéﬂwmﬁf 4 Q; ;;H{.Yé Z Mw_mu o—'.fw_%
2 it 2 135 1 g % 7 8 ¢ 1o 1 12 13 14 g ° i1 12 13 14
o m(up) (Gev) o m(up) (GeV) o m(uy) (GeV)



2HDM+S H° — aa — pur7 boosted

The 2D fit of m,,;, vs. M7, -, is performed in 3 ranges of the m,,, spectrum:
» Signal modeled as Voigtian xsplit normal distribution (m,,,, X my7r,)
» Bkg model accounts for exp. continuum & SM pu resonances
> Model-independent limits on o B (H® — aa — pur7) for two values of myo

» Model-specific limits on B (HO — aa) also set M

upper limits for myo = 125 GeV upper limits for myo = 300 GeV
x107 35.9 b (13 Tev) x107 35.9 b (13 Tev)
I T o e R e R I i o e e R e A R A R
5 CMS 95% CL upper limits m, =125 GeV 4 5_ CMS 95% CL upper limits m, =125 GeV -
5 18 E 5 18 E
—— Observed 1 — Observed |
1 . ' 16 .
% == Median expected 1 % : == Median expected Il
1 - 68% expected *: 1 1.4 - 68% expected *:
T 95% expected | T 1.2 95% expected i
= ] = ]
2= ] Q_ ]
I - I 1 -
S'ls” 1 S .
= 08 =
P 2 I B A I I R B P = I A N I B
4 6 8 10 12 14 16 18 20 4 6 8 10 12 14 16 18 20

m, (GeV) m, (GeV)



2HDM+S X — aa — bbbb boosted 16/43

Search for massive resonance X decaying to two light scalars a in ggF production:
b

» Focus on m, € [25,100] GeV ; mx € [1,3] TeV X 0< 5

””” <. b

> B (a — bB) dominates m a<

b
» Target boosted topologies with overlapping b's m
» Large Hr, 2 AKS8 jets with double-b tagger
» Define SRs and CRs with 3 quantities:
_ (mj —my)
> Mass asymmetry mssym = Ty Tm)
» Double-b tagging score of leading jet Df’l”
> An between the two AKS8 jets
. Lmy, ) )
postfit mas = w in SRs postfit mj;, in SRs SRs and CRs used
138 fb* (13 Tev) 138 fb* (13 Tev)
2 2 ]
g g ] Masym Ay DY
@ @ 3 tight search region <01 <15 >08
oL q loose search region | € [0.1,025] <15  >08
1 tight Ay sideband <01 >15 >08
E loose Ay sideband | € [0.1,025 >15  >08
3 tight double-b sideband <01 <15 [-08,03]
| loose double-b sideband | € [0.1,025] <15 [-0.8,0.3]
é}u - 20 40 60 80 100 120 140 160 180 200 E# - 10° 2x10°

30 40 sa0
Average Mass (GeV) Dijet Mass (GeV)



2HDM+S X — aa — bbbb boosted 17/43

mj, +m . . .
A 2D mass spectrum of mz = —*5—2 and mj;, is examined for localised excesses:

> Model-specific limits on o(pp — X) oc ™/
> Assuming B (X — aa) = B (a — bb) = 100%
» Upper limits of 1-30fb for m, = 25-100 GeV and mx = 1-3 TeV m

CMS Preliminary ) 138 fb (13 TeV)
amass =25 Gov - /

3

T

95% CL limits:

« observed

- . expected
— expected + 16
expected + 20

— mN/f=1

— aa — (bb)(bb)] (fb)

3

wi HWEH T [

2500 3000
X mass (GeV)






Summary & Outlook 19/43

Presented latest searches for additional scalar bosons with CMS:

» New techniques complement x4 data o CMS Preliminary 3591 (13 TeV)

tanB
(42
o

» Improved ML methods 40
> More categorisation 80

20

» No evidence for BSM physics observed

» Large part of parameter space excluded 101

] obsoned oxcuson st
G expecid excusion 959 L.

> New results soon with full Run Il data: e

» Direct searches above & below 125 GeV
> Study of SM coupling modifications

[ 5 1300 cormy o7
H - WW (v b and v qq)
JHEP 03 (2020) 034
H (obrr)

w B~ o~

PLB 778 (2018) 101

» Even more exotic searches ...? 2

EA s
S ., | hwssu

» Stay tuned ...

i |
130 200 300 400 1000 2000
m, [GeV]
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thank you.
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» MSSM benchmark scenarios on page 23

Particle flow algorithm on page 24

Embedding technique for 77 backgrounds on page 25
Single-charged Higgs boson on page 27

Doubly-charged Higgs boson on page 30

CMS H* — cs semileptonic arXiv:2005.08900 on page 39
CMS H* — W*AP? leptonic arXiv:1905.07453 on page 40
CMS H* — tb leptonic arXiv:1908.09206 on page 31

CMS H* — W*Z0 semileptonic arXiv:1905.07445 on page 42
CMS H** — WEW= semileptonic arXiv:1905.07445 on page 42
CMS H* — 7%, hadronic arXiv:1903.04560 on page 32
CMS H* — tb hadronic arXiv:2001.07763 on page 36
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Additional Material MSSM benchmark scenarios 23/43

Different benchmark scenarios correspond to different sets of MSSM parameters:

. Msusy % Ma Xes X My
Scenario 3
(GeV)  (GeV) (GeV) (GeV) (GeV) (GeV)
max 1000 200 200 2Msusy V6Msusy 1000
mhm°d+ 1000 200 200 1.5Msusy  1.6Msysy 1000
mmed= 1000 200 200 -19Msysy -2.2Msusy 1000
Light stop 500 350 350 2Msusy 2.2Msusy 1000
Light stau 1000 500 200 1.6Msusy  1.7Msysy 245
Light stau (A7 corr.) 1000 450 400 1.6Msusy  1.7Msysy 250
T-phobic Higgs 1500 2000 200 2.45Msyusy  2.9Msusy 500
Low-M, 1500 free 200 2.45Msysy 2.9Msysy 1000

> hMSSM: h® = H%,, Msysy ~ 1 TeV, Higgs sector described by {tan 3, mao}
and h® phenomenology by couplings to V, t, b

> M1%: Heavy superparticles=-production & decay of MSSM Higgs bosons only
slightly affected by them

> m**: maximal stop mixing, gives maximal light myo for fixed {tan 3, mso}

> mﬁl‘)d: modified m"®*, X;/Msugy reduced to give mypo = 125 GeV for larger

parameter space. +/- according to sign of X;/Msusy (Xt = A: — pcot )



Additional Material Particle flow algorithm 24/43

The PF algorithm aims to reco & id each particle in an event:
» Optimised combination of all subdetectors information
» The 7 energy is obtained from the ECAL
» The e energy is determined from Tracker + ECAL
> The p energy is obtained from its track curvature from Tracker + ECAL
» The 7+ energy is determined from Tracker + ECAL + HCAL
» The 70 energy is obtained from corrected ECAL + HCAL energy
> All higher-level objects (jets, b-jets, p%‘ss) are constructed from PF particles

neutral 4 !
hadron

charged
hadrons

Detector level Particle Flow



https://arxiv.org/abs/1706.04965

Additional Material Embedding technique for 77 backgrounds

Create hybrid event comprised of info from both observed and simulated events:
» Select Z — up events in observed data
» Remove all p-related energy deposits
» Simulate 77 events with same kinematic properties
» Merged p-cleaned Z — pp with simulated Z — 77 to get hybdrid

r— Z — pu Selection ﬂ

7 — 77 Simulation

7 — pp Cleaning

> '}

/

7 — 71 Hybrid

Simulate 7 leptons
with same kinematic
properties as muons.

Remove energy
deposits from muons.

A

/

Merge simulated and
cleaned event.



Additional Material Charged Higgs boson Production
Three mass categories are commonly used in H* searches:
» Light mg+ < mg — my, heavy mg+ > my

double-resonant t single-resonant t




Additional Material Charged Higgs boson Production

Three mass categories are commonly used in H* searches:

» Light mg+ < my — my, heavy my+ > my, intermediate my+ ~ my

double-resonant t single-resonant t non-resonant t neutral scalars

H* decay BRs model-dependent = different searches constrain different scenarios:
» Coupling to 3™-gen fermions is strongest in type Il = Sensitive to 7v and tb

» The ¢s channel dominates at low tan 8 and low masses ) \
) M scenario

tanB=0.5 M scenario My
< 1F - IR P =
<O ow — | 3 ) 2
N ‘iW’ e tanB 1
T -® T o8l 7;
= 100 — TV +
Q - H, L -3
Q -5

15
- 0.6
& -10
102F s 20

/

102k
0.2~

1000 200 400 600 800 1000
m,; (GeV)

104 , n \ ; .
50 100 150 200 200 400 600 800
inputs provided by LHCHXSWG my. (GeV) inputs provided by LHCHXSWG m,. (GeV) inputs provided by LHCHXSWG
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For intermediate H* a more involved computation is required due to:

» Finite top-width effects

» Interference between resonant and non-resonant diagrams

The full process pp — bW ~bHT is required for reliable calculation:

non-resonant t single-resonant t double-resonant t neutral scalars

Recent predictions for the NLO cross section of pp — bW~bH* at the LHC:

» Focus on Type || 2HDM
> Increase cross section by roughly 50% (wrt LO)

> Reduce uncertainties by more than factor of 2 (scale variations)


https://arxiv.org/abs/1607.05291

The H* decay BRs in the hMSSM benchmark scenario are shown below:

hMSSM scenario

tanp=1 tanp = 10 hMSSM scenario tanp = 30 hMSSM scenario
< i < OIF N N <O
—H - hw g +
1 —H - hw* t p H — hw
+ + H - AW’ +
L L L H - b
& 107 o 107 C 6 o 107
Q H .6 Q H - b Q
“““ H = T,
102F 102F Sty 102F
SeH LS K
S . b
“H - cb
10°F 10°F 10°F
H - cs
. H - ¢cs : —H L& _ —H - us
107 | L 107 b, L 107 A, L
100 200 1000 2000 100 200 1000 2000 100 200 1000 2000
iputs provided by LHCHYSWG My (GEV) s poveay Lrcrnswe My (GV) s povseay Licrnswa m, (GeV)
hMSSM scenario hMSSM scenario hMSSM scenario
~ = —
@ —tanB=1 rd i —tanB=1 =) —tanB=1
= i
! tan =3 ' i tanB =3 ! tanB =3
+_ 08 o8- 1} to08F
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Q L 4 Q
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- L. e d .
foo 700 1000 2000 foo 200 1000 2000 100 200 1000 2000
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The H* decay BRs in the

125

/\/I},25 benchmark scenario are shown below:

al Material Singly-charged Higgs boson

125

29/43

125

tanp=1 M;** scenario tanp = 10 M;** scenario tanp = 30 M;*® scenario
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Additional Material Doubly-charged Higgs boson

The doubly-charged Higgs boson can be produced via 3 main processes:

pair production (PP)

qa S OHH

.

N
N

7 )

associated production (AP)

q S OHt

weoo
-

vector boson fusion (VBF)

q

H*+ decays have unique signatures which can be utilised in direct searches:

Log[v/GeV]

type Il seesaw model

my++ = 250 GeV

arXiv:1903.02493

_o| Asbb
H*>w'w*

> >

3 53

Q Q-4

= =

= =

S S ASWEHE
-6

Asvv
H™* I
-8 N
-40 -20 0 20 40 -40 -20 0 20 40 -40 -20 0 20 40
Am [GeV] Am [GeV] Am [GeV]



https://arxiv.org/abs/1903.02493

Additional Material CMS H* — th leptonic
For the heavy my;+, the decay into top and bottom quarks is dominant:
> Single lepton (£) & OS dilepton (¢*(T)

» Categorisation with jet & b-jets multiplicity

» Major bkg is leptonic decay of W in tt

> MVA techniques to enhance $ (BDT & DNN)

postfit DNN distribution for £=¢F upper limit of 9.6 pb — 0.01 pb
1 M 35.9 b (13 TeV) _ CMS 35.9 fb™ (13 TeV)
= T A RARR RS eat e AALA T ——— . 4
f Dilepton Background-only fit fl; H ~ th -
g 107z =30 4 Daa O VHets WV ) Single and dilepton 7
5 " Bt iw vy I ti+b(b) "T‘ 10 |
g w Mlice) LR . El
----- H* 500 GeV (0, x B =10 pb) s 95% CL upper limits ]
s n <
10 W Post-fit unc. o —e— Observed 4
T RSN e Median expected q
10' s I 66% expected i
. 1; [ 95% expected 3
10° [ 1
107 E
1 £ 3
g 14 r 8
&g 12 r
= 1
é 08F 1072
0.6E E . . L .
0 01 02 03 04 05 06 07 08 09 1 200 300 400 1000 2000 3000

DNN discriminator m,. (GeV)



Additional Material CMS H* — 7%, hadronic

Q Signal trigger (7 + pT'*)
Q At least 1 T-jet (trigger-matched):
> p >50 GeV, |n|™ < 2.1
> piietk 530 GeV
> 1-prong decays
» Discriminators against e/
@ Isolated electron/muon veto:
> pt > 15 GeV, |n|° <25
> ph > 10 GeV, |77\“<25
Q At least 3 PF :
> pl>30 GeV, [nf <47
» Separated from 7, with AR > 0.5
@ From selected jets, at least 1 b-jet:
> p2>30 GeV, |n|° < 2.5
> Tagged with CSV algorithm (medium)
Q p7's > 90 GeV
@ Angular selection RTI" > 40°
Q R, = pi&™ /pTt categories (< 0.75, > 0.75)

b-jet



Additional Material CMS H* — 7%, hadronic

Backgrounds with genuine 7, and e/u — 7, events estimated from simulations.
Misidentified 7, background is measured with fake rate method:

» application region (AR)
» inverted region (IR)

» normalisation region (NR)

All

Loose

inverted rominal ISDLM“”l

» Use samples enriched in misidentified taus by inverting 7, isolation
> Calculate transfer factors (R) from IR to NR (jet — 7, enriched regions):

N
Rir=NR = ﬁ ~ RAR—SR (1)

» Apply Rr_nR to the AR to estimate jet — 73, in the SR



Additional Material CMS H* — 7%, hadronic

The transfer factors are calculated separately (different g/g content):
NEWK MC

» For EWK (includes tt) from simulation as REVKr = BRI
IR

» For QCD from binned ML fit of pss templates to data as:

ffit_ pData Fit
» RQCD __ 'Qcp "NR
IR—NR — QCD Fit
IR

» The fraction of QCD events, fg&D, is a fit parameter.

QCD Fit EWK Fit Final Fit
INVERTED REGION (RO NORMALISATION REGION (90> NORMALISATION REGION (90>
F I3 I3
H H é ‘ i

— DATA FIT

— EWK TEVPLATE (IC) — EwK TEMPLATE (10>

i 0CD TEMPLATE = DATA-EWK 0CD TEMPLATE (DATAY
b3

i ). —

!i‘ \\7 I

gt O | gt | gt &P
The combined transfer factor is defined as a weighted average:
_ ..QCD  pQCD QCD EWK
> Rirong = Wag - RrSne + (1= wig) - RRENR

with WSRCD being the QCD purity in AR.



Additional Material CMS H* — 7%, hadronic

The measurement is performed in pr and |n| bins of the 7, to:

> Minimise correlations of the pi! - p'ss variables
» Mitimage geometrical differences in detector response

.. The jet — 7, background measurement in the SR is thus given by:

Th bins

jet = m Data EWK genuine 7, EWK e/pu —
Nggr = § (NARS — Nar s — Nar i ) X Rirnr (2)

1
The systematics uncertainties accounted for include:

> The Rir_nNr Stat. uncertainties (normalisation uncertainty)
» Difference in the mt shape in SR and AR (shape uncertainty)
» All uncertainties related to the simulated samples



Additional Material CMS H* — tb hadronic

Both analyses selected fully-hadronic final states by enforcing lepton vetoes:

Resolved t
Q@ > 7 AK4 jets, > 3 b-tags
Q@ Hr > 500 GeV

© 2 resolved tops with BDTG > 0.4
custom tagger trained in tt sample

signal

Ll

@ Reconstruct my+ using tetrajet from:

» leading in pr resolved top
P> leading in pr free b jet

@ Search for excess in the my, spectrum

Boosted W /t

Q > 1 AKS8 jets, > 1 b-jets
© Jet substructure used for W/t tag
Boosted W+

> Y <06

Boosted t
> 7P < 0.67
> m% c [65,105] > mip € [135,220]

» 0 b-subjets » 0 or 1 b-subjets

© Reconstruct my+ from AK8+AK4

Boosted W+ Boosted t
> W+b+b > top+b
> Wbt > titb

Q@ N;, Ny, Amy= categorisation

© Search for excess in Hy of Amy=



nal Material CMS H* — tb hadronic

Resolved t Boosted W+ /t
g A
s CR : Mirror ‘
§ 732> 0.67, 72 2 0.6 in shape
BDT > 04
32 < 0.67, 7, < 0.6 el in above Nb.jets
wor 0s < normalization
. Czscvs,v\;ALA > 3CSW2-M @IET
» Dominant QCD multijet (~ 90%)
> M _— .
Minor -GenUIr.1e b estimated > Shape from CR: Mirror (invert 73} and 7;5°)
from simulation > Norm from below/above Amy+ (sidebands)
» Main Fake-b measured from  » (T with CR: Single Leptonic
data by inverting top- & > 10 with 10 < pr < 35 GeV
b-tagging selections » The CRs and SRs are simultaneously fitted to:
N,-SR = Z NI.AR . (x;::) P determine normalisation
i

> determine shape of the bkg distributions

i runs over pr and 7 bins



Additional Material CMS H* — tb hadronic

ombination of H* — tb leptonic & H* — tb hadronic final states:
» Single lepton dominates entire my+ spectrum

> Dilepton sensitive at low my+ region (~ 20% gain)

» Hadronic ~comparable to dilepton at low my=+

» Hadronic competes with Single lepton at 3 TeV (~ 30% gain)
Combination H* — 7%1, + H* — tb leptonic is also shown

upper limit of 9.25 pb — 5 fb interpretation inm

h
CMS Preliminary 35911 (13 TeV)
CMS 35.9 b (13 TeV. % 50 s 1
— T — T T E 5 R i 4
Q < 40
o 95% CL upper limits ] 30 |
= 5 —e— Observed 1
| 10 - gﬂseoilir;:exg:?ed 3 20 MSSM m"* scenario 7
1 [ 95% expected ]
*ﬁ: Median expected, hadronic
= 10 . Median expected, single lepton3
Q Median expected, dilepton 3 95% CL upper limits
5 ] === Excluded H* ~ tv,
IR e R\ IS Median expected H* — v,
R | E = Excluded H: - tb |
Sl e A A S Median expected H* — tb
] 4445 miSSM £125 + 3 GeV o
107" 3
H* - th
10’2 Leptonic + hadronic final states
.
02 03 05 1 2 3
200 300 400 1000
m,. (TeV)

m,. (GeV)



Additional Material CMS H* — cs

In type Il 2HDMs a light my+ decays predominantly to cs for low tan 3 values:

> Require 1¢, > 4 jets (> 2 b-tagged), piiss
» Top kinematic fit (KF) with my constraints
» Categorisation based on c-tagging (L,M,T)

» Fit discriminant is mj; of 2 non-b jets

b
postfit dijet mass after KF on objects (T) upper limit of 1.68-0.25% on B (t — bH'*')
1
s M 2 AsTe) CMS 35910 (13 TeV)
r CMS B —~ | . -
O np ‘Ea‘a - 2 30 ‘—>|:| b,H" —c§ 95% CL upper limits
é 10; =zl(n:ngel é :20, B(H" — ¢s) = 100% ~Observed
@ C et W+ jets J t -+ Medi ted
P R = 10 ot xpe
F Loose mw E T F .68 % expected
o D:::;f:‘:‘ncsrs;t;/{ % 3: [[]95% expected
- === m,; = 100 GeV -
4; B(t — H'b)=0.13 ] 2r ] +jels
r 1 1k
2 3 F
go 22 1 2x107"F
[=1C S b
8E 10 el b b b b b b e
06FL 1 80 90 100 110 120 130 140 150 160

20 40 60 80 100 120 140 160

m, (GeV) m,. (GeV)



Additional Material CMS H* — W*A°

First LHC search for light my;+ decaying to WA in any range of my=:

» Target ey or pjupe with A — ptp~
> B (A% — pp~) small but high £l and o(py)

PT
» Major bkg is tt with nonprompt leptons
» Excess search in mass windows w of my,+,,-
m+,,— of AO — ptp~ candidates w optimised to maximise median significance
CMS 35917 (13 TeV, CMS 35.9 fb™ (13 TeV,
%20,...,....,....,....,....,....(,....g 5307 ( )
Data —Signal A ko) [ Data —Signal
%18 m=asGey  SHHTHHE 3 25; m,=asGev SHHTHUH
g 16 Bkgd,unc. m, =130 GeV 7: ; E Bkgd.unc. m,; =130 GeV
o 14 - Nonprompt bkgd. ’ E 20F - Nonprompt bkgd.
12 - Prompt/Conv. bkgd. 7: w E - Prompt/Conv. bkgd.
: 15[-
10f

80
Myu(GeV) Window index (m, (GeV))

43(35) 74(55)  95(75)



Additional Material CMS H*™ — W*A°
Upper limits at 95% CL on B(t — bH') - B (H* — W*A%) - B (A% — ptp~):

» Based event yields in w from eup & ppp

» Upper limit between 0.63 — 2.9% g
LW
» Sensitivity dominated by stat. uncertainty ”ij%
AT
» Limit difference smaller than uncertainties "
my+ = myo + 85 GeV \-) my+ = 160 GeV
CMS 35.9 b (13 TeV) CMS 35.9 b (13 TeV)
L o e B B s e
68% expected 68% expected
UMM . EUUFHU -
95% expected 95% expected
---- Median expected -- Median expected
my-=m, +85GeV —e— Observed m,- =160 GeV —e— Observed

BH -~ W'A)=1 BH - WA)=1

B(A ~ py)=3x10" B(A - pp)=3x10"

N W d» O o N o ©
N W O o N o ©

95% CL upper limit on B(t - bH") (%)

95% CL upper limit on B(t — bH") (%)

R A S A A AR S S A AN AN AR B
0 20 30 40 50 60 70 0 20 30 40 50 60 70

m, (GeV) m, (GeV)



Additional Material H** — W= W+
In the GM model H* and H** are produced via VBF:

v yvyyw

Semileptonic WV (1¢) and ZV (2¢) decays

W:t
Hadronic V reconstructed as AK8 (7 < 0.55)
Leptonic W reconstructed from solving the p¥ W
Major bkg is W+jets (WV) and Z+jets (ZV)
Signal extraction with fit to mpyy Signal extraction with fit to mzy
CMS 35.9 fb (13 TeV) CMS 35.9 fb™ (13 TeV)
2 10°F T T T ] a T T T
5 0k —e— Observed - V +jets ] g 10*F  —— Observed - V +jets 3
U>J " - Top quark l:l QCD WV ] LI>J 103 L - Top quark l:l QCD zv 4
10 l:l SM EW WV l:l Bkg. uncertainty 5 l:l SM EW zV l:l Bkg. uncertainty
3L ] L 4
107 . /A= -0.5 TeV-rrr: M. = 1000 GeV, 5,20.5 0% . /A= 2.5 TeV*---- M, =100 GeV, s, =05

| 1 0 2
T T L%. 2'2 4-‘
' 2 Mt |
e — o o5t e o
1500 2000 2500 1000 1500 2000 2500
my,y (GeV) m,, (GeV)



Additional Material H*+ — WEW=*

» Use WV & ZV to extract limits on

interpretation in GM model

. OVBF * B (H:t — W:t ZO) ) cMs - 35‘,9VD"‘(1?T9‘V)
,'. i i mI 0.9 —— Observed
» Use WW channel to extract limits on el G Expected
N - [ 68% expected
OVBF * B (H:t:t — WiWi) 0.7 [ 95% expected
: 06 ~ [CrHym#H)>01
: » Combine WV, ZV, WW for GM model limits 05
H 0.4
1 > Exclude sy > 0.53 for my, = [0.6,2] TeV 03
~p Theoretically inaccessible 02
K 0.1
"' o e
. 1000 1500 2000
m(H5) (GeV)
"4 WV channel ZV channel WW channel
CMS 35.91b7 (13 Tev) CMS 35.91fb7 (13 Tev) CMS 35.9 fo’ (13 Tev)
10° . observed . observed ~onserved

Expected
[ 68% expected
[ 95% expected

H* - W*Z - qglv

Oyge(HY) x B(H -~ W*Z) (fb)

I
1000

Oyge(HY) x B(H - W*Z) (fb)

Expected
[ 68% expected
[ 95% expected

HE - W*Z - qgll

I
1000

Expected
[ 68% expected
[ 95% expected

H* S W*W* - qq'Iv

I
1000 1500 2000

m(HY) (GeV)
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