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General overview

 General Goal: give a short summary of the most recent results obtained with 2016 data in the context of

Additional Neutral Scalars Charged Higgs Exotic Higgs decays X = hh Constraints from h1as

' ' v !

» MSSM H(z7) HIG-17-020 || Several new charged | |+ h — aa(2b27) HIG-17-024 (| hh(2b2y) HIG-17-008 | - HIG-17-031

Higgs results under
 bbH, H(bb) HIG-16-018 internal CMS review | |© h — aa(2p27) HIG-17-029 ||+ hh(4b) HIG-17-009

« A(Zh) HIG-18-005 No analysis  h > aa(d4p) HIG-18-003 ||+ hh(2b2t) HIG-17-002
« H(Z2) HIG-17-012 | | presented in this talk | |. K — invisible HIG-17-023 || + hh(2I2v2b) HIG-17-006

- M~ =

Main focus of this talk

Describe tools and recipes used for the signal modelling

Describe the explored experimental signatures and possible extensions

Current and missing interpretations of the already published searches

20/09/18 Raffaele Gerosa



https://link.springer.com/article/10.1007/JHEP09(2018)007
https://link.springer.com/article/10.1007/JHEP06(2018)127
https://link.springer.com/article/10.1007/JHEP08(2018)113
https://cds.cern.ch/record/2628545?ln=en
https://linkinghub.elsevier.com/retrieve/pii/S0370269318306725
https://arxiv.org/abs/1809.05937
https://arxiv.org/abs/1805.04865
https://cds.cern.ch/record/2632275?ln=en
https://cds.cern.ch/record/2308127?ln=en
https://arxiv.org/abs/1806.00408
https://link.springer.com/article/10.1007/JHEP08(2018)152
https://www.sciencedirect.com/science/article/pii/S037026931830008X?via=ihub
https://link.springer.com/article/10.1007/JHEP01(2018)054

BSM scalar/pseudo-scalar resonances
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MSSM H — 7t : overview HIG-17-020

« MSSM free parameters: ma and tan() = vu/vq Search in a nutshell

Production modes: in MSSM
scenario coupling to b-quarks Decay modes: enhanced BR for  Htt is the golden channel to constrain
enhanced by tan(3) 3rd generation at high value of tan(3) the high tan(f3) parameter space
5 gluon-fusion - - * 7-decay modes: Tnth €Tnh, UTh, EM
X 2
h.H. A % : * b-quark jet tagging used to define a
. ! i N ’ bbA/bbH enriched sample
* mr is used to separate prompt from
fake Tn backgrounds
{—— T _ eybtagtightm,  ssom(iaTey
- % 60F CMS h,H,A—tt —e— Data
10 — } "5 "-m,=180 GeV G 250:*700 o % f;:h
: // : mfiZZ ze: :;:, a0l tanf = 20 E él—e:tfoweak
10.SOI | 20 | 40 = Fe60 g I:Igackground uncertainty g
tanB < 200 13
1
102 ' g
Signal extracted by fitting the mrtt. / 104} g
The region with the largest S/B roughly fo-e
i corresponds to the mr > maz2 B ™
y | | == T
o 20 30 100 200 1000 2000
5 m? (GeV)
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MSSM H — 77 : results HIG-17-020

Gluon fusion signal B-associated production (bbH)

* Gluon-fusion events generated via PYTHIA LO . Generated with NLO precision via aMC@NLO

 ptHdistribution re-weighted to NLO via POWHEG

For the MSSM interpretation,

assuming only top and b-quark in loo
J Oy op a P Limits in narrow width approximation

do . L
dpH = 07,001,(0;) + a]@SSM(Qb) + 1(Q,,) —> * When gg¢ limits are set, bb¢ contribution allowed to
Pr float freely and viceversa
x Y2 x Y7 x Y.,
35.9 fb' (13 TeV) 35.9 b (13 TeV)
T T T T T T T T T T - T T — T T T T =
103 = CMS —e— Observed 3 N CMS —e— Observed i
B 35 : - E;Seg(epdect ed 5 102 :_ """ Expected 1
5 5 | L ! Dot % ineint
g 35t [j tb interference (Q, ) £ of [ tinterference (@,) : [J95% expected
a ® a ® — Expected b quark only 1 10 __
g f [ ] bquarkonly (@) 2 [ ] bauarkonly(Q) —— Expected t quark only
° [ t quarkonly (Q) © 251 [ ] t quarkonly (Q) 3

Q,,, o Powheg damping factor Q..o+ Powheg damping factor

N
0

N
' —— .
T r
N
-
4

95% CL limit on o(gge)-B(¢—rt)(pb)

95% CL limit on o(bbd)-B(¢p—tt)(pb)

i L :
i tan /B — 5 1'5E_ ta)n /8 — 3() %: 1 L
1508 - 10 £ 107
- 4 . -¥
1= T -
3 ‘E.Bagnaschi and S. Liebler LHCHXSWG-3‘ 02k & 1072 ¢
05 F £ -
0_1x11111111111111111 T 0 e e o O PR om.;‘luu i . - ) _3 g' -3
0 50 100 150 200 250 300 350 400 0 50 100 150 200 250 300 350 400 107 EL©. . . e . 107 E4 . . e .
p, [GeV] p, [GeV] 100 200 300 1000 2000 100 200 300 1000 2000
m¢ (GeV) m¢ (GeV)

top-dominated » b-dominated
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MSSM H — 77 : results HIG-17-020

Gluon fusion signal MSSM constraints

* Gluon-fusion events generated via PYTHIA LO
« ptHdistribution re-weighted to NLO via POWHEG

* Two representative benchmarks: hMSSM and mpmod+

* ggH cross section: SusHi NLO-QCD for MSSM + NNLO-QCD for

For the MSSM interpretation, top-quark contribution

assuming only top and b-quark in loop * bbH cross section: NLO-QCD from SusHi and bbH@NLO
combined via Santander matching
do
R b . . :
i 0155t Qp) + 64951/(Op) + 1(Q)) —— * branching fraction: FeynHiggs (mnmed+) and HDECAY (hMSSM)
T
2 2 359 (13 TeV 359 (13 TeV
X Yt X Yb X Yth CMS 95% CL excluded: ( = CMS 95% CL excluded: ( =
__|Observed W 68% expected __|Observed W 68% expected
---- Expected 95% expected ---- Expected 95% expected
) sk o~ 60— — ~ 60— S
2 Powheg NLO (2HDM) 3 I Powheg NLO (2HDM) = | m* scenario / = . hMSSM scenario
S rf M, =500 GeV, tanfi=5 S ¢ M, =500 GeV, tan=30 o - ! -
g;_a's?[\ C] tb interference (Q, ) :"_ 3_ C] tb interference (Q_ ) 50 ... _ _
1\3 . " [ bauarkonly @) 1\3 E [ bauarkonly (@) : j j
© E D t quark only (Q) © 25H D t quark only (Q) i : :
oo e ; o Pt 40 : :
- 2t ! 4 4
ot ] L i ] ]
tan B —_ 5 15( ta’n /B - 30 30 - ]
1.5~ B : :
. ‘. 20( : -
] ‘E Bagnaschi and S. Liebler LHCHXSWG-3 ‘ - ' -
0.5 . . ]
o L e jm\-—-&-’_l Lo | 10p mSM _ 125 = 3 GeV - - B
0 50 100 150 200 250 300 350 400 0 50 100 150 200 250 300 350 400 . A 3 e
p, [GeV] p, [GeV] R R RN 2= M R S S
500 1000 1500 2000 500 1000 1500 2000
top-dominated >  b-dominated m, (GeV) m, (GeV)

20/09/18 Raffaele Gerosa 6


https://link.springer.com/article/10.1007/JHEP09(2018)007

bbH, H—bb : overview HIG-16-018

: . . Analysis overview
» Signal benchmark: analysis designed to target

2HDM type-Il and flipped scenarios » Because of trigger limitations: two high pr central
jets and Anjj< 1.6

 A/H—bb promising channel in these 2HDM scenarios

where d-type quarks are exclusively coupled to one * At least 3 b-tagged jets
doublet .
* Presence of hi2s not considered because not relevant
« Limitations: huge background from QCD for m(H/A) > 300 GeV
r‘lﬂ?ﬁiprOdUCt'o?]at the LHC compared » Signal extracted by fitting the invariant mass distribution
0 T searc of the two leading jets \<
\ 0.25 CMS Simulation Preliminary
= e T T Small signal acceptance < 1%
4] - igna .
bbA/H and bA/H modes : e | ]
g b 0.2 -_ " May = 600 GeV —- CMS Simulation Preliminary
LQQQQQ p#—> —_— My = LN L L D L D
A - e g - A/H —bb —«— Offline kinematic selection 7
b B N -g - —e— + Online selection
0----< 0'15_ E 1 + Offline b tag selection  —
‘ ¢ b : : ; -
gl\Q.Q.Q.Q.Q) - 7 01—_ _ 10_1__ //././~(—k — T - __
» Natural signal width is negligible compared to the el S B SR ok et T e E
experimental resolution L A A\ o - —
O- -~ " - ' . B
200 400 600 800 1000 1200 1030205500805 o505 2e
M,, [GeV] My [GeV]
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bbH, H—bb : results HIG-16-018

* Analytical model of the background tested in a control region where only 2 bjets are required
* Analytical model chosen independently for three overlapping sub-ranges

e Bias on the fitted signal strength studied on toy experiments

comparing the nominal fit model vs alternative truth functions model independent limit

CMS Preliminary 35.7 fb"' (13 TeV) _ CMS Preliminary | | | 35.7 fo (1 3 TeV)
%) T T l T . T Data T T '8_ [ i | _
5 10* Background — B 95% CL upper limits| -
B -1 std. deviation § |3 -
1Lf_) 3 +2 std. deviation . 0 1 O . —— Observed ]
- 10 = My, = 300 GeV, o =500 pb = | m —— -
2 - TRy, My, = 600 GeV, 0 =120 pb €I B T P Expected i
2 S
"q&') 10 m,,, = 1300 GeV, ¢ =90 pb 55 - B 68% expected |
> B i Q i 95% expected
w10 - o ¢ e ‘# ‘H‘{,Iﬂﬂlr T
lT I = =
1 L l l l | l S |§
1 M 1 1 1 1 1 1 . _Q
8 * * * * ____________________________________________________ | o) 1 :_
(@)) —2 * * ] B
N — — — . ! i
TIE B0ttt e e - l
SIE2 2f th # - - -
A 1ttt —t—t—t—t—t—t—t—t T: — i i
21 } —
Of--------n-n-- §:14.0 4,
-2 * * { i ¢ ] -1 ! ! | | | | | | l |
1 1 1 l 1 1 1 l 1 1 1 l 1 L 1 l 1 1 1 l 1 1 1 l 1 L 1 l 1 10
200 400 600 800 1000 1200 1400 1600 500 1000
M., [GeV m,,, [GeV]
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bbH, H—bb : results HIG-16-018

OMS pemnay  asrpiuaTey MSSM interpretation
% | | | | ’ 1 Data | | j |
G 10° Background -  bbH cross section: NLO-QCD from SusHi and
I +1 std. deviation = . . .
w ot devition = bbH@NLO combined via Santander matching
- 10 My, = 300 GeV, o =500 pb o . . _
o FE e e My = 600 GeV, o= 120 pb « branching fraction: FeynHiggs (mpmod+)
GCJ 10 ’%_ Pocnca, My, = 1300 GeV, 0= 90 pb ~5 and HDECAY (hMSSM)
> S s e, e e Y =
LLl 10 g e ¢ —=utd
- M reli 7’ M reliminar 7’
15 . e e - 6OC §Pl\ . 35.7 b (13 TeV) o 60C 'SPII ary I 35.7 b (13 TeV)
oby b bt g P 1= -
@) -2 ¢ ¢ 1 50 /? m 50 —
é S AN ——t ,* ——t—t }, * — * — ? B |
R e
SE YT g T 40 | - 40 -
s Tt =t Tt — E :
; 30 — 30 —
_D ¢
o b by m{"°* scenario B -
200 400 600 800 1000 1200 o0k u = +200 GeV B o0  MSSM sconario B
——— Observed B Obhacrved
e SXpocton | e Expected |
B I 68% expected H u |
10 95% expected 10 Y 68% expected
- m,, =125 = 3 GeV | 7 - 95% expected -
O ] I ] 1 1 l 1 I ] l 1 1 1 O 1 I 1 1 ] I 1 1 1 | ] ] 1
400 600 800 1000 400 600 800 1000
m, [GeV] m, [GeV]

Weaker constraints compared to MSSM H(tt)
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bbH, H—Dbb : results

HIG-16-018

CMS Preliminary
—

35.7 fb' (13 TeV
——— s

N

L) l L] L} L) ' L} L} Ll l

' ' ! |
Data

2HDM interpretation

* Parameters set according to LHCXSWG recommendation:
Ma = My = MH: and m122 = 1/2 ma2 sin(2f3)

 bbH and bbA cross section and branching fractions computed at
NNLO via SusHi, 2HDMC and LHAPDF

> ¢ =

Q -

G 1 04 Background —

L0 I +1 std. deviation =

— 3 +2 std. deviation ]

—~ 10" = My, = 300 GeV, o =500 pb o
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() —

> = :

L 10 o ¢ CMS Preliminary 35.7 fb” (13 TeV)
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200 400

600 800

1000

1200 14

20/09/18

10

o N

lllll

0.2 0o 02

0.4
cos(p-a)

tanf

40

30

20

10

W s

7x107"

35.7 fb” (13 TeV)

CMS Preliminary

2HDM flipped scenario
A/H— bb, cos(f-c) = 0.1

—— Observed Jl 68% expected [ ] A— Zh, ATLAS
----- Expected

95% expected
|

— —d
— —
. B
—— 4
. o
. —

—_— P—
— —

1 l 1 1 1 I 1 1 1 l
400 600 800
m,,, [GeV

Complementarity with A— Zh searches for high tan(B) and small cos(f3-a)
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A — Zh — Z(vv,ff)h(bb) : overview HIG-18-005

Analysis strategy

¥

* |n addition to fermionic decay modes A — (tt,bb),
it may decay with a large BR to a Z-boson and

a Higgs boson when kinematically allowed ma > mz+mn O-leptons
2-muons or electrons Ermiss S 200 GeV
* Region of interested: ma [200,350] GeV and small Ermiss < 100 GeV
tan(3) complementarity with fermionic final states e ma cannot be reconstructed = mt
* ma can be reconstructed used for the signal extraction
* Production modes: ggA or bbA « Z-boson mass constraint imposed « At least one b-tagged jet

to suppress SM backgrounds

* mt> 500 GeV
i h 8 b « Events splitin 1, 2 and 3 b-ta .
SP ’ J * Only used to probe high ma values
y y categories
_____ / F—-IA_—- / h
A A ;\.\ « Kinematic fit imposing m(bb)=125 o 1Az ZhII(W']')PPI”,l”I,m],ml,m',mq?T?V_)
009999 T~ GeV to improve the resolution of £ gme;t . 0, 1btag =0, 2btag = 0l 3 btag 3
. 7 g = the reconstructed mA peak ;::) - NSR(Z% ) | ry -a-2l,1btag -=-2l,2btag -= 2l, 3 btag B
3;1 Sl O L A S —

Q = e =

* §

Qo

&
<102k E

Best compromise between decay branching
fraction and background contamination is
represented by final states where h = bb 0% _
— 1 s Lo bbb b b b b L
and Z — leptons or neutrinos 200 300 400 500 600 700 800 900 1(()gov)
m, (Ge

20/09/18 Raffaele Gerosa 11


https://cds.cern.ch/record/2628545?ln=en

A — Zh — Z(vv,££)h(bb) : results HIG-18-005

 Main backgrounds: estimated from dedicated control regions

Z+jets = via mass sidebands W-+jets = 1-lepton CR ttbar = Z-mass sidebands B e 8591" (13TeV)
Q0
;%' 10 :—CMS 95% CL upper limits —=
2 = Preliminary Observed =
. . . . . ; s e Expected ]
o 2-lepton categories: MVA using the Zh kinematic properties, = 2f B - 1std deviation -
. . = + 2 std. deviation —]
(s 1 =
e.g. the five helicity dependent angles 3 == 2l channel expected 3
\ y < 03 - 0Ol channel expected .
A on " 02 _
.~ 0 < 041 —
A — Zh — (vv,ll)bb 35.9 fb' (13 TeV) A — Zh — (vv,ll)bb 35.9 fo' (13 TeV) | ( \(‘\9 ! =
J . L . | ] c) —
..(L) LllllllllllllllllllllllIllllIIIIIIIIIIIIIIIIIIIII -.(210000'::&0llllllllllll|llllIlllllIlIIllllIllIIllllIlIl-’g S‘de 9 —
S 2000 CMS ¢ Data 41 - CMS ¢ Data = Con o 88:23 i j
Lﬁ 1000 _Prellmmary Z(vv) +jets N Lﬁ 2000 - Preliminary I Z()l) + jets : . tanp=3, cos(p-t)=0.1
= 0l 2bt . . I Z(vv) +b_ = . . B Z(I) +b_ 0.01 Tvpe-|
- 0l ag, signal region B Z(vv) + bb . 1000 :_2I, 2 b tag, signal region mm Z(Il) + bb — - yp
N B W(h) +jets = fi E 0.003 - Type-ll
200_ tt . — t+x ] 0.002 | I I | I I L1 1 I | I | I | I | l | I | I | | l | |
t+X | 200 [ Bl Vv, VH 7] ' 300 400 500 600 700 800 900 1000
100 BV, VH E 100 [ JFit unc. _ m, (GeV)
[ ]Fit unc. . . 7S DL Pre-fit =
................ Pre-fi'(800 ey - “sam, = ggg gex 3
.. 2 KW My = eV 20 77 M = o 35.9 fb"' (13 TeV)
10 ObbA=01 pb _:‘: 10 "‘"‘,‘"mA=1OOOGeV_: OOO g 20 LI I L I L I LI I | I LI I | I L I L L I LI I B | I
---------------- 3 = S‘/' — 10 :—CM_S_ 95% CL upper limits =
. S . - O’@/,. 8 = Preliminary Observed E
a T s e - 2 i //{Q ! sF L e Expected ]
.............. 1| éé = 2r B - 1 std. deviation -
4 = 1 + 2 std. deviation —
. O/)/J/ '? -.=.=:= 2l channel expected
4 ; < 03 e --= 0l channel expected 7
g - 3 Q 02 B .
2 i S 0 = -
‘ 1 , l l 1 . ‘ . -4 . 1 1 . , ‘ ‘ . b = s C =
600 700 800 900 1000 1100 1200 1300 1400 1500 £ 300 400 500 600 700 800 900 1000 1100 1200 003kF n
my, [GeV] m,,, [GeV] 0.02 0051000,
-L)=V.
- | Type-ll ]
8.883 k\l I 1 l]\AI | I | l | I | l | I | I | | I | I | S| l_Il
' 300 400 500 600 700 800 900 1000
m, (GeV)
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HIG-18-005

A — Zh — Z(vv,£¢)h(bb): 2HDM

» Cross sections and branching fractions computed via 2HDMC and SusHi

 Parameters: mn = mu: = ma and m122=ma2 tan(p) / (1+tan()2), As,7 = 0 to ensure CP-conservation

 B(h—bb) goes to zero in the regions where a — 0 (xr/2) in the Type-Ill (Type-l) scenarios

102 CMS Preliminary 35.9 fb" (13 TeV) 102 CMS Preliminary 35.9 fb™ (13 TeV) 102 CMS Preliminary 35.9 fb' (13 TeV) 102 CMS Preliminary 35.9 fb' (13 TeV)
= S ' Observed = L T T ' Observed =) - ' ' ' Observed <o 5 ; Observed
= [Typel2HDM | Expocted c [ Typelli2AHDM § | .. Expected c [ Typel2hDM .. Expected S e, s 000 U Expected
- : mA=300 GeV N =1 ostd. deviatfon = : mA=300 GeV P = 1std. devfatfon = : COS(ﬁ-Ot)=0-1 B -1 std. dev?atfon - : B =1 std. dev?at?on
+ 2 std. deviation + 2 std. deviation + 2 std. deviation + 2 std. deviation
N ] . ['p/m, B
> 2%
10} _ 10 10 s 10
h‘ — -]
7 /7// /
1} | 1k ik : 1 V) e .
i - = ZOENN AN S % ; -
C C L f i 2 ;% i
FA/mA J i | EZ ]
| >2% | i i
— >10% %
i |5
1 0_1 ! R 1 0_1 R T T R NN S W S 1 0—1 1 N ! 1 0—1 I 1 48 A 1 I 1
-1 0.5 1 -1 -0.5 : 300 400 500 600 700 1000 300 400 500 600 700 1000
cos(p-a) cos(p-at) m, [GeV] m, [GeV]

Excluded regions in 2HDM Type-I. for mA < 350 GeV: tan(3) < 7 and cos(-a) > 0.01
Excluded regions in 2HDM Type-II. for mA < 350 GeV: all tan([3) for Icos(3-a)l > 0.5
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High mass X — ZZ resonances HIG-17-012

Basic assumptions of this search Four lepton channel

 Search for an heavy scalar partner (X) of the Higgs boson o« X ZZ - 4u,4e,2uu2e where events further split in VBF and
ggH categories

* Branching fractions are assumed to be SM-like —

dominant in ZZ when mx > 2*my * The separation between signal and background is maximised
| via the my4 and a kinematic discriminant built using the
* Mass unknown: searches are covering mx = [0.2,3] TeV kinematic information of the fully reconstructed ZZ decay system
* Model independent approach: for a given mx, 'x and CMS 550 % (15 TeW)
production mechanisms are assumed to be unknown > F a1 T e Das ' ‘
A 10* - )
910 = Untagged L g(:;zz =
* Production modes: ggX, qgX (VBF), gqVX or ggZX are minor U _- 90, W—H—)2Z, 21"
‘QE) 10 [ ] Systematic
. . . ignal + interf f =0
* Interference: when I'x is not small there is a sizeable 0 o . — f{?l-,L":fsoe,w?:fé:\?‘ )
interference with ggZZ or qgqZZ production | (m,, I'x)= (200, 0)Gev
— (mx. Iy) = (800, 100) GeV
] _ ] 10 T (m, I,)= (3000, 10) GeV
- Signal events simulated via JHUGen at NLO-QCD | f .
1 "'l".‘ . .
« MELA package interfaced to JHUGen and MCFM used to ) I.&
model the interference contribution 2 f * o 3
0 15F ol 1 Y] el i
< 1B ¢é§§++’o’.¢¢ﬁm .-J- l? -
gO.S; RS A A -
0110 200 300 400500 700 1000 2000 3000
m, [GeV]

20/09/18 Raffaele Gerosa



https://link.springer.com/article/10.1007/JHEP06(2018)127

High mass X — ZZ resonances HIG-17-012

Basic assumptions of this search 2-lepton + 2-neutrino channel

e X ZZ - 2u2v,2e2v Where events need to contain a
e Search for an heavy scalar partner (X) of the Higgs boson Z-candidate with pt > 55 GeV and ptmiss > 125 GeV

» Branching fractions are assumed to be SM-like — . Signal extracted by fitting the mr distribution
dominant in ZZ when mx > 2*mz

_ o Categories: VBF-tag, 1-jet and O-jet events
 Mass unknown: searches are covering mx = [0.2,3] teV

 Model independent approach: for a given my, ['x and CMS 35.9 b’ (13 TeV)
_ _ - S —_ 1 .2 A1
production mechanisms are assumed to be unknown s 212y +-Data  [llog —(H—)2Z[Jaq —22
2 19 E o jet B wz Mzvw Bl instr. pm
= . o N
* Production modes: ggX, qgX (VBF), qqVX or ggZX are minor O 102 B TopW/WW £ Syst. Z]Syst. + Sut.
signal + interference —~ggF  --VBF
_ _ _ (Mx, I'y)=(800,100) GeV
* Interference: when ['x is not small there is a sizeable 10

interference with ggZZ or qgqZZ production

—_—

» Signal events simulated via JHUGen at NLO-QCD 107 e o
. 10 2 é— s .....................
 MELA package interfaced to JHUGen and MCFM used to = s
model the interference contribution o 2F B A,
5 15 . / L;:jf‘, s, \'3‘
% 1 AR S55554 "‘3'5'3':'3"::3?::3?:?':::?‘1:"1-:»\,\.\% ' \‘%} 3
O 05'?_ “c IS AA LA S A S A ‘1
% 500 1000 1500 2000 2500 3000

my [GeV]

20/09/18 Raffaele Gerosa



https://link.springer.com/article/10.1007/JHEP06(2018)127

High mass X — ZZ resonances

HIG-17-012

Basic assumptions of this search

Search for an heavy scalar partner (X) of the Higgs boson

Branching fractions are assumed to be SM-like —
dominant in ZZ when mx > 2*m;

Mass unknown: searches are covering mx = [0.2,3] teV

Model independent approach: for a given mx, ['x and
production mechanisms are assumed to be unknown

Production modes: ggX, qgX (VBF), gqVX or ggZX are minor

Interference: when ['x is not small there is a sizeable
interference with ggZZ or qgqZZ production

Signal events simulated via JHUGen at NLO-QCD

MELA package interfaced to JHUGen and MCFM used to
model the interference contribution

20/09/18

2-lepton + 2-jets channel

e X ZZ - 2u2q,2e2q where events need to contain a
Z-candidate with pt > 100 GeV

e Events are split into a resolved and a merged category
depending on the pt of the hadronic Z-candidate.

e mzz > 500 GeV therefore no access to low mass resonances

* Events further split in: VBF, b-tagged and ggH categories

CMS 35.9 b (13 TeV)
S /L
8 10 — q —+— Data =
Q E Untagged, merged jet — 9gF(900)—~2Z =
~ . T TP VBF(1500)—~2ZZ .
£ 10° —=
C -
O B o e, =
>
o .
10 =
1 §
107
2 2
@ 115
© 1 SBPPABNPIIR AR IR R R R R R RIRTRTHH HHHHHHHHHhhHhhHHHR
S 05 ‘ ‘ | ‘ ‘
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High mass X— ZZ : sighal model HIG-17-012

P (x,,mx, I'x) = ﬂzpvv_>x_>4f(x,,mx, I'x) + VuiPy (x,,mx, I'x) + 7700_>4f( X;),

v v { v

S+B cross section for a _ background-only term
production mode i in the Signal-only contribution interference

category Kk / \
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High mass X— ZZ : results HIG-17-012

Sensitivity
* In the range mx in [130,500] GeV, the most sensitive is the X = ZZ — 4]

* In the range mx [500,700] GeV, the X = ZZ — 2I12v channel dominates
« For mx >700 GeV, the X = ZZ — 2|29 channel dominates

Both ggX and VBF production considered Only VBF production allowed
CMS 35.9 7 (13 TeV) — CMS 35.9 fb! (13 TeV)
. e | 1] | | ] 11 13 ] 1 ] E 1 .
3 [ T T T T 1 ! 1 T I 1 ] ‘8- - fVBF= —
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—~  I'=0GeV 18558 Expected = 1o . N [T Expected + 20
N [T i e Expected = 20 N
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>1; *, — - Expected 4 E x - — = Expected 4 :
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High mass X— ZZ : results HIG-17-012

Sensitivity
* In the range mx in [130,500] GeV, the most sensitive is the X = ZZ — 4]

* In the range mx [500,700] GeV, the X = ZZ — 2I12v channel dominates
e Form mx > 700 GeV, the X = ZZ — 212q channel dominates

Both ggX and VBF production considered Only VBF production allowed

1 CMS 35.9 fb™' (13 TeV) .
y SMS 35.9 fb' (13 TeV) . Ex 0.3 1 O
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Summary on neutral resonances

 General Goal: give a short summary of the most recent results obtained with 2016 data in the context of

Additional Neutral Scalars

'

¢ MSSM H(rr) HIG-17-020
. bbH, H(bb) HIG-16-018
. A(Zh) HIG-18-005
. H(Z2) HIG-17-012

~

Are the current searches fully covering the interesting phase space?

Are there missing signatures which might be particularly interesting ?

Are we doing proper interpretations of our results ?

20/09/18
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Exotic decays of h12s
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HIG-17-024

h - aa — 2b2t search

: : : Search in a nutshelli
Exotic decays of hi2s interesting for many reasons

« Higgs width is narrow and not well known experimentally * All Higgs production modes are considered: ggH, VBF, VH

* Small deviation can be justified/induce relatively large BR - Categories: pe, etn and uth + at least one b-tagged jet

to non SM particles
 Backgrounds: Z(tT) and ttbar processes

e In 2HDM+S models, h — aa decays are allowed
* Challenging: particles produced in the decay are

typically very soft

—~ 1 : l ] l ] 1 | - l . ] ] .
E : A = S » Events in each category are further divided by exploiting
LT) [ 2HDM4S,m, =40 GeV ot the discrimination power of: mt, m(zzb)
m : - ¢ S : 1
S __CMs 35.9 fb' (13 TeV)
1. ——
af) (?8 » er,, m;l‘st < 80 GeV —4- Observed
B 1oF. ™M =40 GeV, B(h—>aa— bbrr) = 10% [Jz—«
T Bz ee/u
g) 1 [ tisjets ) i
F PR W o T (et v, Search for signal in the
0% g — PO e 0s e visible m(zz)
- v ; Type " ‘ _ ] a4 ) I [:]ha aa— bbrr
A . Type 11 B ] 0.2 ' Bkg. unc.
’ -+Type IV ,
10—3 _a' A PR T S T W | Lcﬁl
10" 1 E
tan B ORI -] s o I S G S S v siasiisissins sttt

my; (GeV)
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h — aa — 2b2t results

HIG-17-024

Interpretation in 2HDM + S scenario: B(a— 1) and B(a— bb) are
analytically expressed asaf ma and tan(f3)

35.9fb7 (13 TeV)
§ o5 :-CMS —e— Observed _
.(g I —— Median expected ' \
N i I 68% expected ) )
L2 95°% exper MS 35.9 fb' (13 TeV)
(4] " —_ —_
I I Combined BR(a— tT1) and B(a— bb) PHDONES Ere Bl S| 8
= 15F s
o from PRD(9075004) s L
5"0‘” """ 959% CL on Z)B(h— aa) = 100% 10 ? Em§
c 10 £ £ ‘6"0‘”
= . gger CL on SUVB(h-» aa) = 34% & S
g . Ogm SsiEs 5‘ a —
a O ool O
S 5| &
Lo?) O-....I....l....l....l....l....l....l....l..... 102_' O)
@ Y5 20 25 30 35 40 45 50 55 60 ©
m, (GeV) &
o
o from YR4

Branching ratio upper limit

~or small ma — leptons are close-by so
ower identification efficiency

-or large ma = more background-like, so
decrease in S/B

20/09/18

35.9 b (13 TeV)

L] Ll Ll L) ' Ll
2HDM+S type |
2HDM+S type I, tanp = 2.0
2HDM+S type lll, tanf = 2.0

2HDM+S type IV, tanp = 0.5

.........................................................................................................................................
..........................................................................................................................................

..........................................................................................................................................
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Allowed region according to direct
measurement of the Higgs couplings

Raffaele Gerosa

Search sensitive to 2HDM type-lll and
type-1V which are maximising the
interesting branching ratios
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h — aa — 2t2M search

Why looking at this final state signature ??

Branching ratio of B(a—xx) ~ my2

This implies B(a— ) to be 103 times smaller than B(a—bb)
This channel provides complementary results in the

high tan(f3) region

The background contamination is expected to be
much smaller than the one in the 2t2b final state

Events / 5 GeV

. 35.9 fb' (13 TeV
CMS - Signal model —— Bkg. model
7 - - - Bkg. uncertainty | | ZZ— 4l

| | Misidentified t ¢ Observed

L4+ Ut
M 1, B(h— aa— 2u2t) =0.01%

5 B(a— 2u)/B(a— 2t) = mu‘?/mf

--u’._‘.‘_-_’- -

0 15 20 25 30 35 40 45 50

55 60

m,, (GeV)

20/09/18

Events / GeV

h— aa— 2u2t 13 TeV

- CMS —m, =20 GeV —ma=3OGeVE

5 —m, =40 GeV — m, = 50 GeV |

= Simulation
— m, =60 GeV
[ uu+ ut

B(h— aa— 2u2t) =0.1%

15 20 25 30 35 40 45 50 55 60

m,, (GeV)

HIG-17-029

Search in a nutshell

Presence of many leptons allows to use low pr triggers

Categories: pupe, ppetn and JpHUTh and HUThTH

In three lepton final states, the softest muon typically
comes from a t-decay

Background suppression: visible invariant mass
smaller than 110-120 GeV

Relevant contamination from h = aa — 4t which has
much higher branching fraction. It needs to be taken into
account but does not exhibit a peaking my, spectrum

Signal extracted by fitting the my, spectrum

Raffaele Gerosa
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HIG-17-029

h — aa — 272 results

x 10° 35.9 fo' (13 TeV)

™

21 “rCMS —e— Observed

' 07 — Median expected

s O

® . 68% ted

i 0 Combined [ expecte e I

EEO 5 95 /O eXpeCted EININININ 950/ CL 5 O(h)B(h_) ) T 1 00
Dc‘bm | ° Bres aa) = 1.

BR ( a— TT) and B( a— ,Ll,U) ' i 9504 CL on (;(STB(he aa) = 0.34
from PRD(9075004) |

o
I

O
W

95% CL limit on
o
N

o
—

0
15 20 25 30 35 40 45 50 55 60
m, (GeV)

Branching ratio upper limit

 Upper limit on B(h—2u21) < 0.3%
for all ma tested [15,62.5] GeV

» CLs bands largely asymmetric due Most sensitive region, for which
to very limited statistics in the SR BR < 3%, is tan() > 3
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212b vs 2t2u HIG-17-029

h — aa — 2t2b h —- aa — 2t2M
-1
 10CMS 35.9 fb™ (13 TeV)  50gCMS 359" (13TeV)
S 2HDM+S type Il 2HDM+S type I

EimiImIEE o(h)

95% CL on %B(h—» aa) = 100% o(h)

95% CL on Cen

B(h— aa) =1.00

o(h)
O

95% CL on z—(::.—)B(h—’ aa) = 34%

95% CL on B(h— aa) =0.34

20 30""""40 50 60
m, (GeV) m, (GeV)

Comparing the sensitivity of the two searches, in view of a possible combination,
the 232« channel can help in improving the result for tan() [1.0,1.5]
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HIG-18-003

h — aa — 4u search

e Signal benchmark: analysis designed to search for light pseudo scalar decays of a Higgs boson in NMSSM or dark-SUSY.

NMSSM scenario

CMS Preliminary 35.9fb' (13 TeV) CMS Preliminary 35.9 b7 (13 TeV)

T r[rrrr[rrrr[rrrr[ Tt rrrr [ rrrrl — LI L L L L L L L L L L L L L L L L L B

- ' : Q. 2l NMSSM 95% CL upper limits: |
3__ NMSSM 95% CL upper limits: ! = —=10°F SSM 95% CL upper limits: :
' =y - —*-m, = 90 GeV .

I ' ] =. N

- ¥ ma,=3'55 GeV : S al i —e mh1= 125 GeV

2.9 ——m, =0.25GeV ; = | v m, =150 GeV
' ©

« Signal generation: via PYTHIA at
LO, only gluon-fusion production

e ho = 2a1, m(h) [90,150] GeV taking into

| Reference model: — Reference model:

Bla—2u) = 7.7%

o(pp = h) xB(h —2a)=0forj=i I
j j

-

* Light pseudo-scalar: assumed to have
mass between 21 and 2t

o

=

AN

T

8 : .

account LEP and relic-density constraints — | & 2f~ — olpp ~h —2a) =0.003 x o, . 9 10E —olpp ~h —~2a)=0008 x o -

c [ ' = ~
A

M

N

!

Q.

a

o

i T 1F
5 s |
0.5 ©
i h = h; = hy: ]
oL AL AT 107'E
90 100 110 120 130 140 150 0
Analysis strategy m, [GeV]
Analysis designed to reconstruct two low mass Upper limits on the cross section x branching-ration in the
dimuon resonances with simple selections such NMSSM derived for a set of discrete points in the mai-mn1 plane
that the difference between the event selection
efficiency and the generator acceptance Reference model: tan(B) = 20, o(pp—h1 = 2a1) = 0.003 X Osm
does not depend on the benchmark model

20/09/18 Raffaele Gerosa 27


https://cds.cern.ch/record/2632275?ln=en

HIG-18-003

h — aa — 4u search

e Signal benchmark: analysis designed to search for light pseudo scalar decays of a Higgs boson in NMSSM or dark-SUSY.

NMSSM scenario
CMS Preliminary 35.9fb' (13 TeV) CMS Preliminary 35.9 fb (13 TeV)
- Signal generation: via PYTHIA at 2 3l wmssmosCLumpertimis: . 4 2402 [\ NMSSM95% CLupper imit:
. . —_ B : = = - —k - = 90 GeV
LO, only gluon-fusion production = f v m,-355Gev 1 = . =125 GoV
L 2.5 ——m, =0.25 GeV = i

« ho = 2ay, m(h2) [90,150] GeV taking into ST ; !

account LEP and relic-density constraints — (% o o(pp —h —2a) = 0.003 x g,

- [ B(a—2u) =7.7%
* Light pseudo-scalar: assumed to have
mass between 21 and 2t

e

e 1"1'7"1"-?11251618\1'11“11“511"‘.‘251(3;"\/1:1"]“1‘7‘";1.11: [0 = T D P T P B B
90 100 110 120 130 140 159 O 05 1 156 2 25 3 35 4
Analysis strategy m, [GeV. m, [GeV.
Analysis designed to reconstruct two low mass Upper limits on the cross section x branching-ration in the
dimuon resonances with simple selections such NMSSM derived for a set of discrete points in the mai-mn1 plane
that the difference between the event selection
efficiency and the generator acceptance Reference model: tan(B) = 20, o(pp—h1 = 2a1) = 0.003 X Osm
does not depend on the benchmark model
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h — Invisible

HIG-17-023

Submitted to PLB

Searches for decays of the SM Higgs boson to BSM particles that cannot be stopped/measured inside detectors

In the SM, Higgs boson decays invisibly via h =+ ZZ — 4v with BR < 0.1% — not accessible at the LHC

Interesting final state = Higgs can be portal to a dark-sector

Specific analysis targeting production modes: = VBF and Z(l[)H most sensitive channels

Events / GeV

(Data-Pred.) Data / Pred.

35.9 fb' (13 TeV)
.llllllllllll|IIllllllllIlllllllllllllllllllllll
3 CMS _+_ Data . Z(vv)+jets (QCD)
L Pred. from W(lv)+jets (QCD) . Z(vv)+jets (EW)
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Other bkgs.

- == ggH(125)—inv.

lllllllllllllllllllllllll

lIIllllIlllllllllIlllllllllIllllllllllllllllll
[ % Pre-fit - Post-it Uncertainty ]
P — 4‘.‘,.*_‘-‘ = " < . -
II|lIll|lllllllllIllll|llll||l|llllll|llll|llll
]lll]lIIIIIIIIIIIIlllllllllIIIIIIIIIIIIIIIIIIII
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BR(limit) recasted in Higgs-portal

models of DM interaction
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h — Invisible

HIG-17-023

e Searches for decays of the SM Higgs boson to BSM particles that cannot be stopped/measured inside detectors

* In the SM, Higgs boson decays invisibly via h = ZZ = 4v with BR < 0.1% — not accessible at the LHC

e Interesting final states — Higgs can be portal to a dark-sector

e Specific analysis targeting production modes: = VBF and Z(ll)H most sensitive channels

Submitted to PLB

SM
—
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(o)
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[cm?]

DM-nucleon

O Sl
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 Results from the less sensitive channels, i.e.
ggH and ggZH can also be re-interpreted in
the context of simplified DM models

e Not easy to re-interpret VBF and ZH
results in the context of theories/models
predicting a DM particle

we need coupling with vector-bosons
without spoiling EWK symmetry breaking

20/09/18
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'

Are there possible models (i2ZHDM ..etc)
that can predict these signatures
with a dark-matter candidate ?
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Summary on exotic Higgs decays

 General Goal: give a short summary of the most recent results obtained with 2016 data in the context of

Exotic Higgs decays

'

 h - aa(2b2r) HIG-17-024
« h = aa(2u2tr) HIG-17-029
 h — aa(4p) HIG-18-003
 h = invisible HIG-17-023

'

Would be interesting to combine h— aa searches under a specific model ?
Are dark-SUSY scenarios potentially interesting?

For Hiny searches what else more than a Higgs-portal interpretation ?
Are there interesting 2HDM scenarios providing DM candidates ?

What about having a discussion with LHC DMWG which is working on a 2HDM+a model ?
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HIG-17-002| |HIG-17-006
HIG-17-008 | [ HIG-17-009

Di-Higgs searches

* Fixing a given final state, two independent searches: BSM resonances or dedicated to di-higgs non resonant production

/ \ Most sensitive channels for the
Typically CMS results interpreted interesting MSSM/2HDM parameter

in WED models predicting a space are 2y2b and 2t2b
spin-0 / spin-2 resonance

STy s CMS 35.9 ! (13 TeV) hMSSM interpretation pro |{lded
s L T T T T ' — T o [T T T only in HH(2b2t) analysis
= — bblvlv JHEP 1801 (2018) 054 % 35 B hMSSM 3 33 3 3 3 3 3]
T 10° —— bbtt Phys.Lett. - = ~ T} 8 KR8 8 3 g % :f‘ .
M e B A ]| - Signalsamples from ggt
>’]<\ : . ‘ —_— bBbB CMS-PAS-HIG-17-009 : 3:_ ; prOduced at LO With PYTHIA
\%103:— \ —— bbbb arXiv:1710.04960 — - _ _
e Ff N\ T — ooy omspas HiG-17-008 ] * Inclusive cross section from SusHlI
o L BRRN AN . i 5 . -
= [ NN _ obsorved - o5l : NLO as provided by LHCXSWG
j 107 - § --- Expected = i : - l
o AN o 2 | Sensitivity
S | : of- - . . .
oL N B - * ma>2"mnis the kinematically
S - | allowed region
360 460 560 660 — |1o|oo 20'00 30'00 40'00 1.5F u _
My (GeV) ‘ * mMa < 2*miep: Small branching
_ : gy fraction in hh above tt pole
14.“114f'.l....ls‘...!.l."...1...11...,1
200 250 = 300 350 400 450 500 » Small tan(B) value. Above BR in
] Observed 95% CL excl. Expected +1o m [GeV] )
---- Expected 95% CL excl. Expected +20 A bb or Tt dominates
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Summary on di-higgs resonances

X = hh

!

+ hh(2b2y) HIG-17-008
. hh(4b) HIG-17-009
. hh(2b21) HIG-17-002
. hh(2I2v2b) HIG-17-006

/

Can these searches constrain part of the 2HDM parameter space?

Would be interesting to have such interpretations ?
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Summary on h12s coupling constraints

Constraints from hq2s

'

 HIG-17-031

Could we use direct measurements of hi25 to constrain more BSM models ?

if so, analytical expressions for the coupling modifiers are needed so that the

relevant parameters can be extracted from the h(125) coupling fit ....

Raffaele Gerosa
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