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Motivation for the BSM Higgs searches

%13 TeV measurements so far indicate consistency of the h(125) with the Standard Model
(SM)
*However, several phenomena are not explained by the SM:
skDark matter and energy, gravity, neutrino masses...

BSM

*kh(125) still can be only the one member of an extended Higgs Sector:
skdirect searches for Heavy Higgs bosons to check this!
*Heavy neutral Higgs bosons predicted by several BSM extensions:

Today
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%*kHiggs sector of Two Higgs Doublet Model (2HDM):

2 doublets - CP-even CP-odd  Charged
(h, H,A) = ¢

y-
1

|

|

| . hH A H
&(I)Z D B : |

sktan [ - ratio of vacuum expectation values ; a - mixing angle between h and H

-+

k4 types of 2ZHDWM with natural flavour and CP conservation, depending on how the 2 Higgs
doublet fields couple to SM particles

Type | Type | Lepton Specific Flipped

¢2 u f ¢2 u u u u- (U,C,t)
. A d - (d,s,b)
d 1 @iy d ‘ £ - ()
all fermion couples up v.s. down quark v.s. lepton
to one Higgs boson

*kMinimal Supersymmetric Standard Model (MSSM) features same Higgs sector structure
as in Type Il:

*kTwo parameters at tree-level: ma and tanf3




*Enhanced b-couplings in various scenarios within prIsEEEREIIEECITRIRIRIRICCR RSN RSN ONY
2HDM and MSSM:

*kMoreover in Flipped scenario leptons are dis-
favored: ' s u u :
*kLow sensitivity of A/H—1t .

%2 decay channels dominate: A/H — bb, : :

A — Zh(notshown here) et
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’ bbA/H, AlH—bb Analysis

s*kSearch for the b-associated production of degenerate
H and A in higher mass region:

skcross-section enhanced up to - 2tan23 both in
MSSM and 2HDM models;

*kbetter background control
*Main challenge: huge background rate from QCD multi

CMS, 19.7 fb™' (8 TeV) + 4.9 fb' (7 TeV)
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s*dedicated trigger has been developed 50F | |

*7+8 TeV analysis achieved best sensitivity in this ‘
channel to date: 3of

skimprove further with 13 TeV data
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‘“Bump hunting”

Signal: h
Bkg.: 51

*kLook for a peak in the invariant mass of the two leading b-jets (M12)

Dedicated Trigger
Double jet with pr > 100 GeV

reduce rate

double b tag (tight reduce non bb background

—__\

Expected Signal Shape

CMS Simulation Preliminary
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Signal Efficiency

skEffect of the trigger pr turn-on and b tagging

CMS Simulation Preliminary
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kEfficiency up to 1.5% at 500 GeV mass point




Background estimation: control region

*Model QCD background using analytical function

%*kFind control region with a shape of M1z similar to the signal region — validated in MC
*“Reverse b-tag CR” has been selected

*kMain challenge:
kprecise fit of a large mass range including the background peak region

*Divide M+2 range into 3 sub-ranges to reduce the bias from the choice of the function
and simplify the fitting procedure
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Background estimation: signal region

skParameters of the background pdfs allowed to change between CR and SR:
kData is well fitted with functions developed in the CR

*kNo excess found — compute Upper Limits
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systematic uncertainties | Size |

kinematic trigger efficiency, p/jet 0-7% *The mOS:t p_rorTnnent systematic
jet energy scale / resolution, p/jet 1-6% uncertainties:

QCD scale, mssm/2hdm cross-section 1-10%

NLO correction for the selection eff. 5%

b-tag 5 59, *kOffline b-tag efficiency, jet energy scale,
efficiency(b/c), p/jet U bias
b-tag efficiency(udsg), p/jet <0.3%
pilewep 0000 4,6 %
uminosity [P CMS proimiary s5.710" (13T
= — = 2 T | T T T T | T T
gnllir(ierb-t':ll efﬂmﬁ?cc ,/l (:)t —— 0.8-1.3 % i 95% CL upper Tmits| -
ackground specltic, p'stib-rang 100 %, 25 % ,20 % | .-

10 —— Observed |

pdf + as, mssm/2hdm cross-section 1-6% - —+ ]
B U Expected N

I 68% expected
95% expected

Main features

o(bbA/H) B(A/H—> bb) [pb]

1
*Mass range is extended up to 1300 C
GeV in comparison to 8 TeV analysis; i i
*no significant excess found I 8 TeV\ .
*At 500/1100 GeV limits are calculated
in adjoint sub-ranges o_r 1 .
500 1000



~ |MSSM interpretation

% Observed limits are translated into exclusion limits on MSSM parameters - tanf3 and Ma
* Interpretation within the m,mod* and hMSSIM benchmark scenarios*.

= 60 CMIS Prlelimi/?ary _ | 35.7 o' (13 TeV) = 60 CMIS Prlelimir:ary 35.7 o' (13 TeV)
c c
s : - s ¢ :
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N | |
40 g . 40 .
30 — 30 -
m°% scenario . i
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I IR Expected 7 e Expected 7
| I 68% expected a | _|
10 95% expected 10 I 68% expected
oo my =125 = 3 GeV [ B 95% expected ]
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400 600 800 1000 400 600 800 1000
m, [GeV] m, [GeV]

% In spite of higher trigger thresholds, 13 TeV limits for mymod+ are better than at 7 + 8 TeV
everywhere except for the 300 GeV;
* New hMSSM interpretation: lower tanp limits than mymod+ at large Ma

* - z-phobic, light-t and light-T in the backup
 BSMHiggssearches 20032008  Rostyslav Shevchenko 11



4 2HDM Interpretation: Flipped scenario

% Exclusion limits on tanf vs Ma and cos([3-a) for 2HDM Flipped and Type-Il models:
*kvalues of cos(pB-a) = 0.1 and Ma = 300 GeV were chosen to compare with ATLAS A —
Zh analysis [0]
% Our measurements are uniquely sensitive for small |cos(-a)| (alignment limit) for high
values of tanf3:
*this is where h couplings are SM-like

cos(p-a) =0.1 Ma = 300 GeV Ma = 500 GeV
CMS Preliminary 35.7 b (13 TeV)
CMS Preliminary 35.7fb" (13 TeV) CMS Preliminary 35.7 b (13 TeV)
2HDM flipped scenario 2HDM flioped - SHDM flipped -
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[0] - ATLAS collab., arXiv:1712.06518
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2HDM Interpretation: Type-ll scenario

%k Exclusion limits on tanf3 vs Ma and cos(B-a) :
*kvalues of cos(pB-a) = 0.1 and Ma = 300 GeV were chosen to compare with ATLAS A —
Zh analysis [0]
% Our measurements are the only sensitive near the alignment limit for high values of tanf:
s*kwhere couplings are the most SM-like

cos(B-a) = 0.1 Ma = 300 GeV Ma = 500 GeV
CMS Preliminary 35.7 b (13 TeV)
) CMS Preliminary 35.7 b (13 TeV) CMS Preliminary 35.7 b (13 TeV)
2HDM type-ll scenario - -
A/H—> bb, cos(-c) = 0.1 2HDM t{pe-ll scenario 2HDM t!pe-ll scenario
— Observed [ 68% expected [—] A— Zh, ATLAS AM-—bb, m_ =300 Gev A~ bb, m, =500 Gev
..... Expected 95% expected —— Observed [l 68% expected [ ] A— Zh, ATLAS —— Observed [l 68% expected
@ L — —— R Expected 95%expected | e Expected 95% expected
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[0] - ATLAS collab., arXiv:1712.06518
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% A new search for high mass Higgs boson in bb decay channel in association with b-
quarks was presented

skunique analysis at LHC

%k Results interpretations in context of MSSM:
*kimproved limits in my™od* and new hMSSM interpretation

* Analysis put strong constrains on the relatively unexplored «Flipped» 2HDM scenario:
*kComplements ATLAS measurements of A—Zh;
*kCover alignment limit for large range of tanp.

% Analysis to be published soon
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1 Two Higgs Doublet Model (2HDM) ‘

s*kHiggs sector of Two Higgs Doublet Model (2HDM):

G

2 doublets - CP-even CP-odd  Charged

|
|
|

1 . (h, H,A)= ¢
LDy D h, H A H=

\_ - _

sktan B - ratio of vacuum expectation values ; other

%ka - mixing angle between h and H + parameters

*4 types of 2ZHDWM with natural flavour and CP conservation, depending on how the 2
Higgs doublet fields couple to SM particles

Type | Type |l Lepton Specific Flipped

u - (u,c,t)

D, Uf () ) u

u u
A d - (d,s,b)
d (1)1 - d ‘ ‘ e - (e,p,7)
all fermion couples up v.s. down quark v.s. lepton
to one Higgs boson




»~ | Two Higgs Doublet Model (2HDM) ‘

s*kHiggs sector of Two Higgs Doublet Model (2HDM):

@

2 doublets - CP-even CP-odd  Charged

1
|
|

1 . (h, H,A)= ¢
LDy D h, H A H=

\_ - _

sktan B - ratio of vacuum expectation values ; other

%ka - mixing angle between h and H + parameters

*4 types of 2ZHDWM with natural flavour and CP conservation, depending on how the 2
Higgs doublet fields couple to SM particles

Type | . '.I!yr;e.ll ’ ’. Lepton Specific ¢ Flipped ..
(U oy P2 Cud . fu . 'S o
() ° L - 'S,
d (1)1.- . d : 2 € - (e,p,7)
all fermion couples '.up v.s.down ¢ quarkv.s. lepton ® o e e o ,.

to one Higgs boson © o 0 0 °




| Minimal Supersymmetric Standard Model

(MSSM)

*kFeatures two complex Higgs doublets as in 2HDM.
*kTwo parameters at tree-level:

2 _ 2 2
* ma and tanf M =AMy

1
m%],h = §(m,24 + m2z + \/(mi +m%)? — 4m*m%cos?2[3)

(2 4 2 )sin2
> -r-my(tang=10) ---- my(tanB=3) | tana = A Z
&, 500 —-mh(tar43-10) """"" ——mhtarﬁ """" 3)" i (m% —m?)cos2B + /(m% +m3)? — dm%m7cos?2
é 400 _‘ ..... _._ m i :
¥ : i i :
= ' h
300 ETTTT *kMSSM features:
200 IR ' T *Solve hierarchy problem

*kintroduce dark-matter candidate

125)-------- < : *kCompatibility with h(125) achieved by
o the HO corrections:

100 L .........
8ol T S T *kmy increased up to 30%
zg : | ) s*kVariety of benchmark scenarios to test
5ol | different phase-space properties:
50 60 100 200 300 400 *mpmod+: low-t, low-t, h(MSSM... [0]
m, [GeV]
— — [0] - M. Carena et al., Eur. Phys. J. C 73 (2013) 2552



i Novosibirsk and Extended Novosibirsk

% Function taken from H. |keda et al. NIM A441 (2000), p.401 (Belle Collaboration):
1 T —Tp o8

Flz) = Nexp(——zlnz(l - n — —)
207, OF 2

og = (2/¢)sinh ™ (ng /2)(¢ = 2vInd = 2.36)

%k where x, = peak, o = width

*Extended Novosibirsk PDF was introduced to give more flexibility to the function by
adding one more “tail” term:

| A | | T —T T —1,)° op
F(zx)=N exp(—j1112(1 = Eni— p4( P i— 2
203 OF OF 2

%kn = tail




Turn-on functionn

%k F(x) = 0.5*Erf(Po*(x-P1))+1)
s*where Erf(x) = 2N * Jet"2 dt — integral between 0 to x

*kPo indicates slope of this turn-on function and P+ is turn-on point
0.5*(TMath::Erf(0.05*(x-205))+1)
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MSSM interpretation

% Expected limits are translated into exclusion limits on MSSM parameters - tanf3 and Ma
* Interpretation performed using NNLO cross sections in the Santander matching within the

light-t ,lightf and t-phobic benchmark scenarios

CMS Preliminary 35.7 b7 (13 TeV) 35.7 o™ (13 TeV) CMS Preliminary 357" (13 TeV
T T T T T

CMS Preliminary
T T

I <ol T T T
C
— 30 - —
| Light-T scenario | | Light-t scenario | t-phobic scenario
20 —— Observed 20 —— Observed N 20 Observed
A T Expected N A T Expected N A T Expected N
10~ I 68% expected N 10 I 68% expected N 10~ I 68% expected N
95% expected \\ 95% expected 95% expected
SO0 myy, =125 =3 GeV | SO0 myy, =125 =3 GeV [ oo myy, =125 =3 GeV |
0 |\\ |\\\\l Il |\\w\|\\\| 0 I Il Il \\Q\|\\q 0 |\\ |\\\\l Il |\\w\|\\\|
400 600 800 100 400 600 800 1000 400 600 800 1000
m, [GeV] m, [GeV] m, [GeV]

* 13 TeV limits are better than at 7 + 8 TeV




sk Standard Novosibirsk function has been extended to SuperNovosibirsk function:

70 B | =
oo = (2/€)sinh™ (ne/2)
e = 2VInd) = 2.36

F(x) = N - exp(~ (1~ - -{(pr (- xpy')} D))

*po = 1;

%kn - tail parameter;
*k0E - width;

*Xp - peak position



