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Higgs sector beyond the SM

* Search for Higgs physics beyond the SM: important pillar of the Higgs physics program of the
LHC experiments.

* Equally important to SM interpretations/investigation of properties of h(125).

Investigate properties of Search for more complex
the observed Higgs Higgs sector.
boson.

- |s h(125) the ONLY Higgs

- Is h(125) THE Higgs boson
boson?

of the SM?

* Properties different from SM * More than one SU(2), doublet?

expectation. * Predicton of many BSM models
* Exotic decays not expected (among those SUSY).
within the SM.

* Rich program to search for new physics in the Higgs sector. — Concentrate on those
searches most relevant for the (N)MSSM.
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Higgs sector in SUSY

NB: w/o CP-violation in the SUSY Higgs

sector.

* SUSY requires @ least 2 Higgs doublets (2HDM type-Il) - five Higgs bosons:

_|_
bu = (2@) Y,

=+1, wv,: VEV, >
g,
¢O £
pa=1"2), Yy, =-1, wvg: VEVy =
ol € ool
Nndof = 8 3 =95
W,Z  H* H h A

* Strict mass requirements imposed by
symmetry

* Attree level two free parameters: m 4, 70+ e T
tan ff = /v sol.# 7 . _MSSMLO

A T i 0
50 60 100 200 300 400

m%{i — 771124 i m%/[/ m, [GeV]

2
m%{, L= % (m?4 +m?% + \/(m?4 +m%)" — 4m?m? cos? 26)
tano  — —(m% +m%)sin2p
(m%—mi) cos 2/B+\/(m124+m2z)2_4m?4m2z cos? 283
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my, and tan 5 in the MSSM

NB: w/o CP-violation in the SUSY Higgs
sector.

m,% ~ m% cos? 28 + Arag

NIRRT N AV T
rad = (47)* v? m?2 2 12m?2
) t £ f

* +30% of my due to higher order corrections.

* Following factors help to increase my, : large my,

large m; , large X; , large tan S3.

My [GEV]

X = my (Ay — pcot 3)

/

tan o

m? + m,

125

60

-----------------

. MssMLO

[ I B A i i i i
50 60 100 200 300 400
m, [GeV]

b+ fon 4 m)? — amm

—(m% +m%)sin 23

(mQZ—m?q) cos 2ﬁ+\/(mi+m2z)2_4m?4m2z

cos? 23

cos? 25)

Also see presentation by
S. Heinemeyer Wed 16:10 — 16:30.
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NB: w/o CP-violation in the SUSY Higgs

Down-type fermions in the MSSM sector

CP-odd part
of coupling.
vy Juu Jdd <4— Relative to corres-
ponding couplings
A — ~s5 cot 3 ~5 tan 3 to a SM Higgs
H cos(f—a) —0 sin a/sin 8 — cot 3 cog’au/ cos f— tan 3 boson.
h  sin(f—a) —1 cosa/sinfs — 1 —sina/cos f— 1
For ma > mz:a — 5 — n/2(coupling A/H to down-type fermions enhanced by tan ().
Production modes: Decay channels: mj'*
g A— 11 —A- uu %
T |
b H,A 1 -
g g 10—1 E,':m Ly fmmmm oo TT|®
99— ¢  (“gg¢") w2l
; : X
,Dm 10 g SRR P 0 S -5 L8 1 S 0 B R o
[_hiA e e |
g 4 b 10-4 z :" ==5= ...mA=.1.80..GeV..
OO i — m,=300 GeV
[ \/ A
gg — obb (“bbp”) 10° e iS00 GV
0 20 40 60
tanp
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Also check slides by C. Beskidt Mon 15:00 — 15:20 &

MSSM - NMSSM HiggS Sec'tor presentation by S. Heinemeyer Wed 18:20 — 18:40.

» Extend Higgs sector by one more singlet field S’

1
Wanmssm = Wassm + AS P, Pg + gﬁSB

P

Higgs relevant part
of Superpotential

Mass term for light Higgs boson 21 or hs:

Coupling of S'to \2
Higgs doublet m% ~ m% <C082 253 + — sin® 25) + Arad

In the MSSM. fields ¢u and da . 2
S Self-coupling. \ AN
* Solves “pu-problem”. \
5 LO NMSSM part
* Adds terms to m; at LO. LO MSSM part 1072
to m?2.
* Adds more degrees of freedom: h
5-7 Higgs 26 parameters @ LO: tan 3, A\, k, Ax, Ax, lest

bosons:
* More complex phenomenology (14 benchmark points in

YR-41).

* Higgs bosons with large singlet admixture can become
undetectable.
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Harvest of LHC Run-1

Searches for heavy Higgs bosons in
final states w/ down-type fermions

CMS Preliminary <5.1fb" (7 TeV) +<19.7 o' (8 TeV)

Searches for h — aa decays in various

final states

« 60 =
G 50 . 'MSSM m["°*
40 =
30 "2 </ """" = m,=126 GeV
. 7
20
o m,=125 GeV
10
EE m,=124 GeV
6 LI - —-—- m,=123 GeV
5 S T iy D m,=122 GeV
4 ; ‘:’ Observed exclusion 95% CL
3 % Expected exclusion 95% CL
) [ ] W (arXivi1508.07774)
. 1 % AH = bb (arXiv:1506.08329)
2, A/H/h = . (arXiv:1508.01437)
[ ] AMh -t (HIG-14-029)
1 % N H — WW/ZZ (arXiv:1504.00936)
100 200 300 400 500 1000
m, [GeV]

Similar plot from ATLAS

19.7 tb (8 TeV)

f(‘ﬁ\.loq. T T T TTT] T

> opCMS
Preliminary

L

5 10°

X 10

102
10°
10 & 2HDM+S type-1

5 arXiv:1312.4992
10 1 1 L L L1 II L

h—aa searches

No prediction for B(a— XX}

h—aa—purt (HIG-15-011)

h—aa—pbb (HIG-14-041)

h—aa—stzet (JHEP 01 (2016) 079)

h—aa—ttrt (HIG-14-022)

h—aa—pupp (PLB 752 (2016) 146)
expected i observed
1 1

1

10
m, (GeV)

* Huge parameter space in MSSM systematically explored, NMSSM exploration ramping up.

* Also more general model independent limits and effective 2HDM(+S) interpretations.
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Summary of (selected) Run-2 searches

Existing Run-1 results f—

Links to: ATLAS analyses

Links to: CMS analyses

MSSM-like
searches:

» A/H/h —» bb (arxiv:1805.12191)

\ TT (JHEP 01 (2018) 055, arXiv:1803.06553)
)

H:I:
CS TV (CMS-PAS-HIG-16-031, PLB 759 (2016), ATLAS-CONF-tbp) m
cb
+h W7 (PRL119 (2017) 141802)
(ATLAS-CONF-tbp) g Note that most of these
analyses can also be
(bb) (bb) (arXiv:1806.07355) interpreted and have

even stronger sensitivity
in other non-SUSY

ATLAS-CONF-2018-025) (bb) (fepe) (arxiv:1807.00539) | - > =
/ h(125) — aa —» (77)(99) (PLB 782 (2018) 750)
/ \ (pape) (f4pt) (CMS-PAS-HIG-16-035, CMS-PAS-HIG-18-003)
(kp) (77)

Low mass h —> 77y (CMS-PAS-HIG-17-013,

(arXiv:1805.04865)

NMSSM-like B
(7

searches:
(bb)(7TT) (arxiv:1805.10191)

@) Here a indicates just a Higgs boson that could be

Priv. Doz. Dr. Roger Wolf
scalar or pseudo-scalar
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Summary of (selected) Run-2 searches

Existing Run-1 results |—

Links to: ATLAS analyses

Links to: CMS analyses

MSSM-like
searches:

» A/H/h —» bb_(arxiv:1805.12191)

\ TT (JHEP 01 (2018) 055, arXiv:1803.06553)
2%

H:I:
CS TV (CMS-PAS-HIG-16-031, PLB 759 (2016), ATLAS-CONF-tbp) <
cb +h W7 (PRL119 (2017) 141802)

(ATLAS-CONF-tbp) ZTg Note that most of these

analyses can also be

(bb) (bb) (arXiv:1806.07355) interpreted and have
Low mass h — 77y (CMS-PAS-HIG-17-013, even stronger sensitivity

ATLAS-CONF-2018-025) in other non-SUSY

\ —» (77)(g9) (PLB 782 (2018) 750)
(pft) (J4pt) (CMS-PAS-HIG-16-035, CMS-PAS-HIG-18-003)
\ow
(p2)(7T) (arxiv:1805.04865)

(bb)(7TT) (arxiv:1805.10191)

J//vy (bb)(t) (arxiv:1807.00539) | - >0
/ h(125) — aa"

NMSSM-like
searches:

Priv. Doz. Dr. Roger Wolf @D Here a indicates just a Higgs boson that could be
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MSSM H/A— bb

* Largest coupling and branching fraction to b quarks.

* Main challenge: background from QCD multijet production

Concentrate on b-

Reduce input rate: associated production Model remaining background.
g b
| nHA
* Strict trigger requirements g 1 b * Signal region (SR): three b-tagged
already @ trigger level.) 000000003 ———— high pr jets (100, 100, 40 GeV).
. Mo_nitor effici_ency \{v.r.t. to Use b jets and invariant . Cont_rol region (CR): invert b-_tag
offline selection using tag & mass to distinguish requirement on third leading jet.

probe method. signal from background

* Fit analytic model to data in SR.

fing
//;)a
Suited shapes for
' background model
Suited shapes from CR.
for signal from
simulation. &

Nj(pp > 100 GeV) > 2

Priv. Doz. Dr. Roger Wolf ny > 2.4; Anj < 1.6
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Signal and background model

arXiv:1805.12191

* Discriminating variable: invariant mass of two leading jets

after b-tagging requirement (M5 ).

* Different shapes of signal and background motivate

separation into three (overlapping) categories in M5 .

Background shapes (from CR):

Arbitrary units

Signal shapes

(from simulation):

(13 TeV)
P e ey e e s vy e e
- CMS Signal
| Simulation —— My =400 GeV 1
g @ “““““““““ My = 600 GeV 7
Bl TN My, = 1100 GeV |

JJ T s -r‘ .:ij' LI Y
200 400 600 800 1 000 1200
M, , [GeV]

Natural width of signal <19%, experimen-
tal resolution ~25%.

35 7 fb (13 TeV)

I E|
2/dof 32 9/39 E

350 < M,, <1190 GeV
—e— Data (control region) —

— Fit

L=

p-value =0.74 J

g 221
#*mﬁm ;i *M #ﬂHﬁ%ﬁH m §

400 500 600 700 800 900 1000 1100

T e s oun W PR G S Ie pa
8 F 2/dofI 38 g/ig E 8
I value —
,‘214000 200<!\‘/?‘2<650(3e\/ 5 b
"o 12000 —e— Data (control region) = o)
g — Fit 5
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L L
8000 10°
6000
4000 102
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0....|....|....|....|....|....|....|....|....
. [T i a
il 2§ § T
gz of +H++ {»HHH{'%H'}{» W | EE o
e e | P
206250500356 400450500 65606 650
M, [GeV]
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Events / 25 GeV

Data-Fit

Fit
mom =
T

CMS 357fb (13TeV)
T e e e e —

2/dof 32545 |
p-value = 0.92 3
500 < M,, < 1700 GeV I

—e— Data (control region)
= —— Fit =

B
ﬁw *ﬁggmﬂwf@ mm# #m +§

| | I
600 800 1 000 1 200 1 400 1 600
M, [GeV]
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Results

arXiv:1805.12191

* Most important systematic uncertainties:

* Potential bias due to choice of analytic
functions.

* b-tagging efficiency.

* Sensitivity significantly improved w.r.t.
Run-1 analysis (Run-1 analysis reached
further down in mp).

35.7 b (13 TeV)

T | T T T T | T

95% CL upper limits

—o— Observed

----- Median expected

I 68% expected
95% expected

o(bbA/H) B(A/H—> bb) [pb]
S

I\Illlll
I\IIIIIl

©

I | i
1000

35.7fb" (13 TeV)
T

Events/ 15 GeV

T
¢ Data

Background
[ +1 std. deviation
+2 std. deviation
m,,= 300 GeV, ¢ =500 pb
---------- m,,= 600 GeV, ¢ =120 pb
m,,, = 1300 GeV, ¢ = 90 pb

g o, B § * { e

(R e —
W]

alff i#ii*i }ﬁmﬂiii PRATTREARATE
e = 3

_g—. e .§|§.. i ¥§.. $ e ~()

200 400 600

800

1000

1200

1400I I1600I
M, [GeV]

* No deviations observed from SM expectation.
- limits on o x BR.

m,,, [GeV]
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MSSM H/A/h— 77

* Flagship analysis in MSSM motivated BSM Higgs

searches.

* Coupling enhanced + signature can be

reconstructed and isolated from backgrounds.

\

: »
Six decay modes:

ThThy, UTh, €Th,

ef

Ve, Vi, d
W T )
T -7
YT Decay Mode BR [%)]
eVelr 17.4
UV, Vr 17.8
1-prong v, 49.6
3-prong v, 15.2

~90% of all 77 final states
contain at least one 7,.

e Search for 2 isolated high pt
leptons (e, w, ).

* Reduce obvious backgrounds

(- E71).

* Reconstruct discriminating variable,

related to 77 final state: m,-, m.;s,
m' BDT .

Priv. Doz. Dr. Roger Wolf
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urh no b- tag tlght-mT

359 fo! (13 TeV)

Signal extraction S . [cus S
D 4000} mod+
0] mp ] Z-t
= m,=700GeV []Jet—t,
. . ~ anf = 0 Z-
* Signal extraction based on: S il | ECN
£ i
g 2000 Background uncertainty'§
t t T o
y \/mT (p7,pg) +ma (T, p*®) +mi(pg, pF™) |
» Categories exploit topological & kinematic peculiarities . s
of MSSM motivated production: E |
* Sensitivity beyond 1TeV for tan 5 2 20. /f —teee W"
O.5ll-¢-Data/Bkg —(S|g+Bkg)/Bkg , i ’—1»" . ;
10 20 30 100 200 1000 2000
/ mit (GeV)
No B-tag B-tag
H— 717 —=ep |LowD: D Mediun-D. || High-D, M Medium-D, || High-D;
H — 77 — er, | Loose-mrp Tight-myr /’ Loose-mr Tight-mr
H—71r— )T | Loose-myp Tight-mp - Loose-mr Tight-mp

H— 71— ™1

Z =

tt(ep)

: Signal region (SR)
: Control region

Priv. Doz. Dr. Roger Wolf
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@) check backup for more detailed

explanation of event categories.
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Background estimation

SR

signal region

TF F
AR

application
region

DRqcp

determination
region

Fr=) wF

)
NAR

Npass © # isolated 7, Ny @ # anti-isolated m, .

e -
J
2_Nar
J
1,7 € {QCD, Wjets, tt}

tF
FF

DR

TTaken from simulation

Expected event composition in
AR:

QCD

multijet

—»>

LT, — T,

Z+jets
tt

Wijets

Simulation based cross check:

ut, 1-prong, Ojet 35.9 b (13 TeV)

r CMS —+‘—Measlured
0»6;‘ Supplementary — Best fit value _;
050 o
045 3

F /
0.3’;_‘; 3
02 £
o1E =
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o o7 L e w 0.7 P S
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F e Y | o
0.2 3
01 . 0.1F 3
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ut, no b-tag tight-m, 35.9 0" (13 TeV)
T i e e A e e . Lz el Bl | . U
CMS —e— Data
[ Supplementary ) Z-t

@ Z-pp

[ Electroweak

[_J1Qcb

.

[ Background uncertainty
[a ] Background model using

. .
o|e0S Jeaul|

fake factor method
1z
E = Ja
L i 40
L o ®
|

-#- Data/Bkg [a]FF/BKkg Lo

1 1 i e ol it I L b 2 I E I
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Results

359 (13 TeV)
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MSSM interpretation

CMSs 35.7 b (13 TeV)
o« 60— L ®
S =
&g 11X
<
50 &
; HE
401 4 |19
=
3 N
A/H —bb ||2
308 ©
[ =
m™% scenario 4
20 W= +200 GeV
—— Observed
ARG R Expected
10 I 68% expected
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N m,, #125 +3 GeV |
0 NANBEEN N NN NN RN NN ON N NON N O NENTINNONN NN
400 600 800 1000]
T T R TR S
% ATLAS — Observed
Eard [ Vs=13TeV,36.1fb" -- Expected 7
r MSSM m’h"m” scenario, Mg ¢, = 1 TeV +1c
60| H/A — 1w 95% CLlimits t+2¢

' ceN' -
L 112630,
M2

<1000 GeV.

777777777777777777777777

L

tan

Private compilation
of public results

30

40!

50 -+

\:| Observed exclusion 95% CL
% Expected exclusion 95% CL
A/H/h — 11 (HIG-14-029)

A/H — bb (arXiv:1805.12191)

[ ] AM/h— tt JHEP 01 (2017) 055)
[ ] AH/h = o (arXiv:1803.06553)

35.9 fb (13 TeV)

L L
500 1000
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[]Observed
---- Expected
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JHEP 01 (2018) 055
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1
500
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L
1000

1
1500 2000
m, (GeV)

* LHC Run-2 searches for neutral
SUSY Higgs bosons.

* Consistent interpretation, here in
mod-+
my, (EPJC 73 (2013) 2552).
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Charged Higgs bosons et —Hom | sy
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« Smoking gun for non-trivial Higgs sector. 4 TV —— tanp=30 2
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* Most important decays: HY — 7v /tb
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* Two distinct production modes depending on my+:
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Signal extraction

—>TV tb

/N

Low & high my High my+

'

* Select events with one 7, * Concentrate on fully LML S Patas saeposp e
candidate. leptonic (lepton+jets) g pATHAS F’fe"m'"aWD.m.gm T
— & BDD_E 18TeV, 36107 mg, oy [Aex -
o o channel of tt. G F erfots, 2 6124b post [ ot Urcortaimy ]
. 500 3
« Discriminating variable is * Select events with 2(1) E
a BDT trained in 5 bins in lepton(s) and 3(5) jets. E
My,  Categorize in number of E
b 103-/. b_tagged jetS. .................... o
S B?ALAS '""\""I""\“"\""l.""'l"",; .
3 7 5-1aTev.301 0" ,_‘_,Sf“;mev Em:z:g;;;; * Extract signal from BDT |
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BDT score, 130 to 160 GeV
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R It @ Note the missing gap between - I
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Upshot of Run-2 MSSM search results (presented here)

tanp

CMS Preliminary
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* Including exclusion estimates from h(125)

coupling measurements.
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Summary of (selected) Run-2 searches

Existing Run-1 results p—

Links to: ATLAS analyses
Links to: CMS analyses

MSSM-like

» A/H/h —» bb (arxiv:1805.12191)
searches:

\ TT (JHEP 01 (2018) 055, arXiv:1803.06553)

T, i

H:I:
cS \ TV (CMS-PAS-HIG-16-031, PLB 759 (2016), ATLAS-CONF-top) g

cb
b W7 (PRL119 (2017) 141802)

(ATLAS-CONF-tbp) <

(bb)(bb) (arxiv:1806.07355)
-PAS-HIG-17-013
h — (CMS-PAS-HIG-17-013, 25 “one-for-

ATLAS-CONF-2018-025) (bD) (1) (arxiv:1807.00539) € a1 example

vY)(gg) (PLB 782 (2018) 750)

/ h(125) — aa ey
NMSSM-like \\\“ (papt) (f4ft) (CMS-PAS-HIG-16-035, CMS-PAS-HIG-18- oo%
)

searches: (pape) (TT) (arxiv:1805.04865)

(bb)(7TT) (arxiv:1805.10191)
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CMS Preliminary 35.9 b (13 TeV)

= 05 T
h(125) — aa 2 AP
=
O.4r..~_~ & sestit K SMexpected
* Constraint on BRggm from h(125) couplings fits still allows for : e
up to 20-30% decays into unobserved particles. D3 BRin’V. >0, ]
b BRundet‘ >0

Decay chain h(125) — aa — ... offers several constraints
during kinematic reconstruction.

Plethora of final states analyzed from lowest possible m, up to 03 jo_.4
mh/2 . inv.

CMS-PAS-HIG-17-031

Very low m, searches enter boosted regimes — requires special care for reconstruction &
selection (e.g. for lepton isolation requirements).

In contrast to MSSM, sensitivity not reached, yet, to challenge the NMSSM.

Enterprise: obtain a clear overview of the NMSSM with a manageable set of benchmark
scenarios and possible exclusion planes. — Still under active research (LHCHXSWG-3).

Limits are usually presented in form of model independent o x BR exclusions.

A — ah / H — hh' are experimentally not covered, yet.
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h(125) — aa — (bb)(up) (pars pro toto)

arXiv:1807.00539

. .
* Select two u's and two b-jets.
. , T Mpp Mpb
* Use kinematic constraints in likelihood Tz—— e T o e ——
. . . 1) 3 F ATLAS [TIDY +jets  —m,=20 GeV A & 1200~ ATLAS MDY +jets  —m,=20 GeV ]
0 [ Vs=13TeV,36.1fb" [Ji —m,=30 GeV ] = [ Vs=13TeV,36.1fb" [t — m,=30 GeV
discriminant (KL). S 2500 murewr Bl | F3 Ee
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Adjusts b-jet energies within experimental
Mbbuw W/ KL resolution to fulfill kinematic constraints.
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Results

arXiv:1807.00539

* No deviations observed w.r.t.
SM expectation. — Limit set

on o x BR .

Discriminant for statistical

X) x B(X — bbuyu) [fb]

Gvis(

inference:

% A1 7 'Sl e PRE e e e e LT U e B
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g 35 N y 4444 SMtotal 3
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£ B ep E
§25 = B Other =
IETHE ARYZ, — m,=60 GeV 3
20 o 2 — m,=50 GeV 3
15 f_ 1 — m,=40 GeV _E
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10 [ — m.-20 Gev 3
5 EJlal : (B=0.04%) =
o e ! L, 3
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[ " 0 Ly I .
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T e e g S0 LT -
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Model independent limits on o x BR.
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Upshot of Run-2 NMSSM search results

CMS-PAS-HIG-16-035, CMS-PAS-HIG-18-003
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Conclusion

* Very successful start of BSM Higgs boson searches for LHC Run-2.
* Rich program of (SUSY motivated) BSM Higgs boson searches.

* Both experiments ATLAS and CMS show very compatible and consistent results.
Unfortunately no discoveries, yet.

* Current publications: milestones towards the analysis of the full LHC Run-2
dataset.

* In addition to established MSSM portfolio large number of evolving NMSSM
motivated analyses.

* Looking forward to high quality, highly sophisticated analyses of the full LHC Run-
2 dataset with more than 100/fb!
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Backup
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Hadronic 7-decay

* Start from anti- krclustered jets of particle flow objects with opening parameter of 0.4.

* Require one or three high p1 charged hadrons

(- prongs).

h*h*h*

h*nls

Reconstructed t decay mode

CMS Simulation
T

0.00 0.01 0.97

0.09 0.83 0.02

0.91 0.16 0.01

hi

h*n0s h*h*h*

Generated t decay mode

* Apply ID criteria to increase purity.

single ;
Hadron

Hadron + Strip

% Three Hadrons

/
J
/

arxiv:1510.07488 dN/d me [1/GeV]
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Uncertainty
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Hadronic 7-decay

* MVA based 7, -identification: energy deposits
close to 7-candidate + impact parameter
information on prongs.

* Discrimination against muons and electrons.

CMS Simulation Preliminary

>‘ T 1 T T T T | T T T T | T T T T T
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Fake rate : QCD multi-iet MC (20 < p_ < 100 GeV) ]
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0.4 05 = 06w 0.7
7, identification efficiency

* Predefined working points used in analyses.

CMS-PAS-TAU-16-002

CMS Simulation Preliminary
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Additional event information

Pet = (P + i)

e 3591 (13Tev) |* D = PC — 1.85Pm8
> ¢ ¢
8 000y c M S ¢ Observation
= Preliminary g .
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540000 ' = g :CD ‘\‘
o ]7\ Background uncertainty ‘s“
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P = Py + Py + Pp) ¢

: Signal region (SR)

E Control region
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Signal region (SR)

Control region

Control regions used for in situ determination of

normalization and partially shapes of backgrounds
in ML fit used for statistical inference of the signal.
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