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From last exp. lecture

SUSY signature depend on the model assumed

RPC SUSY (MET + high pT jets/leptons), RPV SUSY (SUSY
particle invariant mass reconstruction), Exotic SUSY
(unconventional signatures)

Interplay of different search channels to investigate the full
model phase space

Event categorisation based on the signature helps in
addressing specific models



N this lecture

Recap on theory of SM and MSSM Higgs sector

Detour on experimental detection of SM(-like)
Higgs boson h0

e Discovery channels: H—yy and H—4l

e Higgs reconstruction techniques

e Exclusion or discovery?

Searches of the MSSM Higgs bosons at the LHC



Where are the masses ?

it only works for massless gauge bosons!
Introduction of mass terms ruins the gauge invariance!

Solution proposed by Brout-Englert-Higgs:

assume the existence of a scalar field that pervades the
universe

particles interacting with this field acquire mass - the stronger
the interaction, the larger the mass

the particle associated with the Higgs field is the



Higgs In MSSM

to ensure anomaly-free theory
to give mass to both up and down type fermions

HO
3 are used to make Wt and Z0 massive 14 = (Hci) Hy = (HO)
MSSM contains 5 physical Higgs states  tan8 = (H

-
Sy

LO

~—

e 2 charged scalar H+*
Mixture of Hg- and Hy*, fixed by tanf3

1 neutral pseudo-scalar A% MSSM Higgs bosons:
Mixture of Im(Hq%) and Im(H.P), fixed by ho HO. A0 Ht
tanf3 T

I ——

e 2 neutral scalars h® and H°
Mixture of Re(H4%) and Re(H.9), with
mixing angle a



Higgs masses at tree level

From scalar potential, tree-level masses are:

1 1
mi, = =(m% + M) £ 5\/(m?4 + M2)2 — 4m? M2 cos? 23

Higgs masses depend on only 2 parameters: ma and tanf3
Mass hierarchy at tree level:

o 0<my < Mz|cos2f| My,
=91 GeV
o mp <ma < mpyo me| 2 o1 Ge
o mpyo > My o m, = 80 GeV
A

® Mg+ ZMW

Expect light hO® — observable at LEP2
But radiative corrections are large, especially on mp



Higgs mass radiative corrections

Top loop corrections

* Dependency on top and stop masses (no cancellation)

* And on stop mixing

In MSSM, m,0 has an upper bound

* increases with tan f}

e increases from minimal to
maximal stop mixing

m, < 130 GeV

3
(for Mgy = 1 Tev, m, = 175 GeV) &

maximal stop mixing

- . 0
- - - - minimal stop mixing /

140 T

120

100

80

st

tanB=1.6

e e - e - - - - - - = — — — — — — gy
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The SM (?) Higgs boson

SM-like Higgs boson:
 How was it found ?

« Can itfit into the
MSSM Higgs sector ?




Limits on SM Higgs boson mass before LHC

From LEP and Tevatron (1983-2011) experiments:

6 July 2010: - mUn:i[ i='1 58 GeV
g Wit Ad- | . m,>114.4 GeV (LEP)
. i —0.02758+0.00035
1 3 i - 0.02749+0.00012 « my<158 GeV or > 175 GeV
4 % % ees incl. low Q2 data - (Tevatron)
(\l?< | |
I 37 i
27 1« m, =8935, GeV (global fit of
14 _ EW precision data)
0 | Excluded s / Preliminary |
30 100 300

m,, [GeV]
https://inspirehep.net/record/880855/



https://inspirehep.net/record/880855/

o(pp — H+X) [pb]

Higgs production at the LHC

VBF (Vector

-- H Boson Fusion)
102? ' R a2 @b
- \s=8TeV It st
Z p o g gg fusion
10 : W/Z Yoo
W)z
] | a1
1E = ,
- 7] y)
N 7] Y 4
10" 3
i q W/Z
I V associated tt associated
10°g production production

| L n
80 100 200 300 400
M, [Ge

gg fusion, VV fusion, W and Z associated
production, tt associated production



SM Higgs decay modes

1= | =

1 1 1
LHC HIGGS XS WG 2013

‘. tt . I ff = Tf, JHVV = o

gs BR + Total Uncert
)
| T T
\g

Hig
. Q
T T |||||||I\) T T

N

10-4 | \ ! ! ! |
90 200 300 400 1000
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Discovery channels

* Clean experimental signature: four e Clean experimental signature: 2

isolated leptons high energy and isolated photons
* Narrow resonance peak in four e Narrow resonance in di-photon
lepton mass spectrum mass spectrum over a falling

continuous background

> AR R | I | R B R B RS
& 3°pATLAS Preliminary .25 o (m - 125 Gev) - %2000;" OMS Preliminary  —4~ & Wahtua Dai
10 :_H—)ZZ’_)‘“ -ZZ-' _: 61800: \s=7TeV,L=51Mb | B: Fi:Com nent
S 30F 15 rev, 148" B v W 1 Sig0ok =BTV L=531" P
€ r 24 Uncertainty 1 - &y B =26
:>j 251 E 14000
C 7 » L
51200:—
>1000F
w r
© 800
4 N 2 E
e, '8)600__
Commonalities 3 00k
2 400
200F
0 * Both channels suffer low g o o
80 90 100 110 120 130 140 150 160 170 0 130 140

m,, [GeV] BR
e Both allow mass peak
reconstruction with very

good resolution
. J

12



1YY

Critical channel for the discovery of the Higgs

Small BR (~0.2%) but very clear signature:

. ) ) v - T —_ -
e 2 isolated highly energetic photons Er >. ¥ ==
_ oWty G
e Search for a narrow peak over a falling background i 5 = T~ .zl,
(' - -. ’\‘F
o very good mass resolution (~1-2%m yy) 5 === 2o
VBF production channel helpful for background
: - E.=56 GeV
rejection T
o 2 forward jets from outgoing quarks
e T [T Tt T T -
CMS E 900 é CMS preliminary + Data 3
< 800% \S=7TevL=51fp" [ 2prompty =
- < n X [ 1 prompt y 1 fake y 7]
,E [ 2fakey 1
(O] [ Drell-Yan .
> [ Hovy (120 GeV) x5 -
w MC k-factor uncertainty |
500 :
4005 ]
3000 LA g
2008 LAk 3
iy 100 =
k‘lf['ar R 900 110 120 130 140 150 160 17% V180
}d‘M‘g)éxperimem at LHC, CERN : m'Y‘Y ( e )

Data recorded: Mon Sep 26 20:18:07 2011 CEST
RuniEvent: 177201 / 625786854
Lumi section: 450
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H—vV - Backgrounds

o
J ~108
o(H - yy)

/VWW“M“ Reducible backgrounds
i Mainly due to jets identified as photons

q Y7 q Yoo
g Y q g
D 1
g q 8 q
q g 8 q
2.3 2 M M
Ly Lo (i 1am )= 3 A, (3 14m2) Need a very good y-jet separation

=)= v
e q

c )
Irreducible backgrounds oc@#E-mw)

~ 60

YY pair production from non-Higgs
decays

g %ﬁ 7 q 7 9 Y
L e
14

q RN



V-jet separation

direction of y candidate

19.7 o' (8 TeV)
i

T T T T T

CMS ¢ Data: signal (Z—puy)

¢ Data: background E
[ simulation ]
[ Simulation: statistical uncertainty |

Sum the pr of all particles
reconstructed in a cone
around main object

Barrel

Events / 0.2 GeV
2

False photonsE
005 ©

6°00°0000006%0009

low for prompt photons,

larger for jets faking 10
photons
1
1 , 19.7 b (8 TeV) o 2 i
[32) T T T T f . N R
§ L CMS. ¢ Data: signal (Z—ppy) E 151 == ++++"'+++++'H‘ 11“
o ¢ Data: background [a) 0 2 4 6
.‘\B [ Simulation T I,[ (GeV)
S 4000 [T Simulation: statistical uncertainty |
> L
Barrel ‘ Variables describing the energy distribution in ECAL
| (shape of the shower)
2000 E.g. 0,,~ width of the shower in n, larger for
background of jets faking photons
o 2 , Combination of these requirements, often via
i T machine learning techniques, provides excellent
8 0.005 0.01 0.015 0.02 0.025 . . . .
O discrimination
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H|ggs — VY. V-jet rejection

-l

do/dM (pb/GeV)

prompt yy

L IIIIIII

+ +
++
+

1 ] IIIIIII

e y-jet
m |solated y-jet

T

PP FPPT IR FUVRTTUT FRITTI PP P PP TA P

100 110 120 130 140 150
m., (GeV)

IIIIIII]III]lllllllllllllllllllIIII

B H-vv (120 GeV)
U//.”] MC k-factor uncertainty

> .
8 800 CMS preliminary I
- - 4 2 prompt Y
% 700 NSETTOVL=ASMT 5 prompt 11 fae
-OE [ 2fakey
q>J 600 (] prell-Yan
L

|l II|l III [IIIIII]lI]IIlIIIIII[Il |l

00 110 120 140 150 160 170 180

m,, (GeV)

remaining background from jet-emulating-
photons is about 30% of the total
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Higgs —vy: event topology categories

all gamma-gamma
pre-selected events

-

also also
2 fwd jets 1 lepton & MET ) -------.

category
ttH VBF VH ggF

\

category category category categories

all remaining
events (99%),
split by photon

these extra requirements reduce the

background (gamma-gamma prompt better signal/bkg ratio
production) more than signal

17



Higgs —vy: event topology categories

all gamma-gamma
pre-selected events

also also
2 fwd jets 1 lepton & MET ) -------.

category
ttH VBF VH ggF

\

category category category categories

all remaining
events (99%),
split by photon

probing cross-section
of different production
processes

probing the coupling of the Higgs
boson to different particles

18



Higgs —Vy: photon categories

- i - N Z
NQ 1.8 :— 46*5* Simulation gﬁilzaeol:)mmary § - ﬂ*&* Simulation
% 16F © 500 , <40 GeV
(O] " —— parametric Model All Categories (0] [ —— Parametric Model Fh)ATax(|n|) s
- Combined 0 C ar= .
8 4 : Oy = 2.45 GeV/c? g 400 Ogr = 1.64 GeV/c® Min(Ry>0.94
o 12 "7 e
< oF 300 .
O UF FWHM=4.35GeVic? = FWHM = 3.1 GeV/c
S 0.8F >
> . T
W o6k
0.4F
0.2f
0 ' PR TRSSTRSe S S S e v i 1o - e S
700 110 120 130
m,, (GeV/c?)
: -3
Instead of lumping all photons 5 —160F"°
[l [l o o : 2 "
together, split higher- and = 140 - simuiton | oo
. . - ) p"<40 GeV
worse-resolution categories RT | S Max (11,5
0 i 6., = 3.59 GeV/c? Min(R )<0.94
©100| o
2 80F
§ L FWHM = 7.85 GeV/c® 1if
AT 60 :—
401
20f &
£00 110 120 130



H—vyy - Signal and background modelling

(\/I\
O
~
>
)
O
0
i
o
Z
2
——
c
)
>
L

Events / GeV

x10°

10

Signal is parametrised from MC simulation
e Crystal Ball + Gaussian

Background is estimated by fitting a
polynomial function to data in the full mass
range

19.7 o' (8 TeV) + 5.1 fo! (7 TeV)

i CMS Sum over all classes
L H— vy
. ¢ Data
Slgnal + — S4B fits (sum)
Background vs .- B component
Data - +1o
A St = +20

0.26
=1.14"7,

= 124.70 £ 0.34 GeV

3) ™)

llllllllllllllllllllllllllllllllllll

CMS preliminary
Simulation

o]

# Simulation

—— Parametric Model

All Categories
Combined

G = 2.45 GeV/c?

FWHM = 4.35 GeV/c® 4

S o9 o0 =~ = = =
N P 0 O N O

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

U is a free parameter in the fit that
parametrizes the signal hypothesis
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Higgs —vyvy: results

Events / GeV

Events / GeV

x10°

10

-200

19.7 b (8 TeV) + 5.1 fo (7 TeV)

H=

+0.26
14 -0.23

1
124.70 + 0.34 GeV

Sum over all classes
¢ Data

S+B fits (sum)
B component
- 1o
20

i

_lIIIIIIIlIIIIl[IIIIIIIIIIIII[lIIIIIIIII-

100

110

120

130

140 150 160 170 180

m,, (GeV)

Perform maximum likelihood fit to
the B+uS distribution in all
categories simultaneously

=> extract best-fit value of u : ,t/)
- ;,\t =1 : observation is in line with

SM prediction

- ,l//\l = 2 : observation favors 2 x
SM prediction
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Higgs —vyvy: results

= x10°
)
(3 35
~
o 3
-
Q b5
)
o
3 |2
S )5
R)
= 1
Qs
<2
0
%)
200

0

-100

19.7 b (8 TeV) + 5.1 b (7 TeV)

100

IIIIIIIIIlIIIIIIIIIIIIIIIIIIIIIIII]III

CMS S/(S+B) weighted sum
H - yy

¢ Data

—— S4B fits (weighted sum)
------ B component

M i

------ +2c

-~ 0.26
io=1.14107
m,, = 124.70 + 0.34 GeV

lIlIlIIIIlIIIlIlIIIIIIIIIIIIIlIIIIlIlII

LI I | I LI I B | I LI I | I L L I L l LI I B l LI I B | I LI L

B component subtracted

i

lIIIlIIIIlIIIlIlIIIIIIIIIIIIIlIIIIlIlII

110 115 120 125 130 135 140 145 150

m,, (GeV)

Not all events are “equal”
in the statistical analysis.

High weight to most
sensitive categories,
lower weight to less
sensitive categories
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Claiming a discovery

What does it mean sufficiently?

We can quantify how relevant is the excess by stating what is its
significance or p-value

e p-value: probability that the observed excess is due to a background

fluctuation 1 2 1 n
& €T er
b »/na V 2T 2 \/§

o Often preferred to quote “ng” significance

It is common habit to claim:

e Evidence of: if significance is >3 o

e Observation: if significance is > 5 o
(i.e. prob for bkg fluctuation = 2.87 x 10-7)

f—Z —f X
Z significance

<> 23



Higgs —vyy: results

Z (o) p

. 19.7 fo" (8 TeV) + 5.1 fo™ (7 TeV) 1.00 1.59 x 10_1
=i R4 Y\~ 1.28  1.00 x 1071
I e LT T D & 1.64  5.00 x 1072
g .. 2.00 2.28 x 1072
o ! 2.32  1.00 x 1072
b 3.00 1.35x 107"
L 3.09  1.00 x 1077
o NN 3.71 1.00 x 10~*
= \ 100 317 x 1073
. 5.00 2.87 x 1077
1o e a0 s iae ias 40 5. iso 6.00 9.87 x 10~10

m, (GeV)
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What if we do not observe a significant excess?

The signal may indeed not be there
Or the collected dataset is not enough to claim a discovery

We can still say something by setting upper limits

One possible definition of upper limit: “largest value of the signal s
for which the probability of a signal under-fluctuation smaller or
equal to what has been observed is less than a given level
(usually 10% or 5%)”

Upper limits for an exclusion are set requiring:
e p<0.05 (95%CL) or p<0.10 (95%CL)
e In this case p indicates the probability of a signal underfluctuation

25



Statistical Interpretation of Higgs searches

Null Hypothesis (Ho) vs alternative hypothesis (H1,
Existence of Higgs)

Need to quantify the level at which each hypothesis is
accepted or rejected

l A

Identify the experimental observables and
define a statistical test and the parameters
of the model

Ievatroe Run U Preliminery, L<8.2th
10 T
=i Bksal g 1
: —— e f'evatron ]
W 210 fqeand Exclusion i
220 ligeasd - o
" ]
N\ ,’.
Q ~ .
- X .
4 ]

CL Limt/SM

Compute the confidence level for exclusion
or the significance of the excess

98

Wk M |

130 140 150 160 170 180 190 200
I, 1GeVieT) 26




s it a SM-like Higgs boson 7

@)
=
7))
T
\
3

19.7fb" (8 TeV) + 5.1 b (7 TeV) CMS H - vy 19.7 " (8 TeV) + 5.1 fb'' (7 TeV)

Untagged 0
Untagged 1
Untagged 2
Untagged 3
VBF dijet 0
VBF dijet 1
VH tight |
VH loose |
VH MET
VH dijet
ttH tags
Untagged 0
Untagged 1
Untagged 2
Untagged 3
Untagged 4
VBF dijet 0
VBF dijet 1
VBF dijet 2
VH tight |
VH loose |
VH MET
VH dijet
ttH lepton
ttH multijet Lt

~

-1.14 02

combined -0.23

[m, =124.7 GeV]

0.26
L =114 to.za
combined ggH 1.12 igg;
[ m, = 124.7 GeV ]

7 TeV
=

FTTTTTTTTTI

. : VBF | 158 5

I combined + 1c

—@— per-process =16

-0.16 *}1¢

8 TeV

VH
I combined + 1o

—e— per-channel+1c

FTTTTTTTTTTTI

ttH 269 +2.51

. -1.81 et

[

IIIIIIllIIIlIl IlllllllllllllllllIIIlllIlI

-1 0 2 3 < 5 6

| IA -2
4
obtained by performing fit in then combine different

individual categories categories by production type

7
t
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Very clean signature
« four isolated leptons (e or p)

And very small background

Challenges: requires high lepton
identification/reconstruction/
isolation efficiency

Reducible background

Z+Dbb, tt, tt+ jets. Z+jets,
W<Z+jets

Irreducible background
7

Events/2.5 GeV

LY ALY RN RN LR AR RN A AL

35 ATLAS Prellmlnaryé 3‘;‘;5(,,, 125 60v)

I 2z ]
- H— ZZ* - 4] — . B
: 13 TeV, 14.8 fb™ tt+V, VWV i

7% Uncenrtainty

)

90 100 110 120 130 140 150 160 170
m,, [GeV]
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4 lepton invariant mass spectrum

CMS Preliminary
o

w
o

> anb s
O VYL 4+ Data - | = 4 -
M E ~m. =126 GeV \s=7TeV:L=0.01b E
Qo5 Ozrz =
w r B z+X -
S 20F =
> L .
w -
15 —
10F =
51 —

0: o | | o

80 100 200 300 400 600 800

m,, [GeV]
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H — Z/(*)— 4

First Observation

CMS Praiminary f3=7ToV,L =505 fa=8Tov L=5261" = = =
SO L L A B Increasing statistics
8 f * Data
o IF .7~x r CMS prelimnary VE=7TeV.L=51M " \a=0TaV,L=122%h"
e F 1 > — T
7)) . () ~l * Daa
g 6F I B2y z | o 12 1 Full Run-2 data
2 sl []m =128 Gev Y (B2 CMS 137 16" (13 TeV)
3 o @ 10 M Dz-,',zz 2 I
F s O
E o [ ] m=126 Gev o
il o8 2
r [ c
k 1 (]
| >
. 68— w

110 120 130 140 150 160 170 180
m, [GeV] 2

110 120 130 140 150 160 170 180
m,, (GeV)

increasing amount of data

collected...
& - Two pairs of SF, OS lepton
/_& - Compatible with a ZZ system
S Z
¢ el A narrow resonance on top of a
o & smooth background in the 4-
S lepton invariant mass distribution
¢
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H —//(*) = 4l. event categories

CMS Simulation \s =8 TeV CMS Simulation \s=8TeV CMS Simulation \s=8TeV
= 450¢ > r 1400
ok -2.0GeV ©1400/- 5. =1.6GeV o 5 =12 GeV
O 400 H-—-7Z —4e i TacB = S [ H—>2ZZ—>22u j dBT - O, onnf. H—2Z — 4 g CacBT -
0 . ([, O.4=28GeV 0 [ ‘ ¥ o,=23GeV 012001 ) o, =1.7 GeV
! m,, = 126 GeV ®™1200 m, =126 GeV eff ! [ m,=126 GeV , o
2 350 ©12000 M e t
=~ . ~ ~1000(
£ 3001 £1000}- L
o, f g & ann
o 2505 © Simulation [ 2 8ool Simulation . o 800: ¢ Simulation
200F  Parametric Model - — Parametric Model |, L —— Parametric Model |
g 600 600
150
F L 400
100 400i
501 200} 200
10 115 120 125 130 135 140 0370 115 120 125 130 135 140 05490115 120 125 130 135 140
m,, (GeV) M,es, (GEV) m,, (GeV)

>

Improving mass resolution moving from electrons to muons.
(Muons are basically not affected by bremsstrahlung)

events are split in
different lepton
categories

As for H—yy search, narrower the signal
peak, better the signal/bkg ratio
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Higgs mass: combination of yy and 4l channels

19.7 fb (8 TeV) + 5.1 fio'! (7 TeV)
| 10: T T T T T T 1 I ; }—II_I)'Y'IY téggled T
< gf_ CMS — H — ZZ tagged
<] rH->yy+H-—> ZZ Combined:
N 8: 1) (ggH’ttH)’ - Stat. + SySt.
I : v - stat. only
7t llW(VBF’VH) +0.26 +0.14 B
- my = 125.02" 5, (stat)" 015 (syst)
6F : ; E
¢\ /’/ /
4F : :' =
3F ' -
2} -
i :
0 - ] / 1 1 .

I | | | 1 l | 1 1 1 |
123 124 125 126 1 27
m, (GeV)

125.02 7028 (stat) 1915 (syst) GeV
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Other channels

]
L T T

—
—

T T T TTTIT

| TT

—

—
Q

\

=

Higgs BR + Total Uncert

|

—_
<
n

T T IT]III

T Ib_

bll T T 7 T
l!
\ ZZ
|
|
|
|
|

WW

LHC HIGGS XS WG 2011

1 lIIIII[

IIII|

Z

-3 3 3 3
10" 00

120,

M A \ AN
140 160 18%‘H [ Geé?o

oy/M
bb 10%
T 10%
WW  20%
/7.
YY

Ingredients that influence the sensitivity of a channel:
* how much signal compared to background
» performance of the physics objects = resolution of the

invariant mass
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SM Higgs boson 7

19.7fb" (8 TeV) + 5.1 fb" (7 TeV)

19.7fb" (8 TeV) + 5.1 fb' (7 TeV)

. m, =125 GeV
Con;tilr;%%i ota CMS _ CMS m,, = 125 GeV
Combined
pSM=0.96 u=1.00+0.14 p. =024
SM .
H — vy tagged
nw=087+0.16
H — ZZ tagged
=1.00+0.29
" VBF tagged
=1.156+0.27
H— WW tagged '
u=0.83+0.21
VH tagged
H - 1t tagged p=0.83+0.35
w=0.91+0.28
ttH tagged
H — bb tagged n=275+0.99 "
w=0.84+0.44 , N PP PP
I 1 L l 1 1 1 1 O 2 4

0 0.5 1 Best fit o/c

15 2
Best fit G/GSM M

From combination of all channels:
H'="1.00 £ 0.09 (stat) 7005 (theo) =+ 0.07 (syst)

Signal strength consistent with SM prediction

as well as with many BSM predictions (e.g. MSSM)
34



Back to the MSSM road

MSSM

SM
Higgs

MSSM
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SM Higgs boson 7

Within uncertainties, new discovered particle is compatible
with SM 0+ Higgs boson

Discovered SM-like boson can fit into the MSSM
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From SM-like Higgs boson to MSSM ones

For a SUSY interpretation, focus is then on two different
fronts:

Measure deviations in couplings/ Directly detect the other MSSM
properties Higgs bosons: HO, A, H#
of the discovered boson which are NOT
compatible with SM predictions.

This will require very high luminosity remaining slides about this
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Neutral MSSM Higgses

for h/H/A coupling proportional to mass = 3 generation
favoured

in the decoupling limit (ma>>mz):
e couplings of A same as couplings of H

e A/H couplings to down-type fermions are enhanced (unlike h)

COS ¥

—sin o (—1)
gnotg X My — ~ My Jropy, X My, ~ myp (—
sin h2bb cos 3
sin o ) CoS &/
GHOtE X My — ~mgcot B GHOops X M ~ myptan
sin cos 3
g A0+ X My cot [ g q0p5 X My tan

in the decoupling limit: o ~ B-11/2
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A/H production

_

e

Je

gg fusion

gg-fusion dominant
at intermediate tgf3

~
-

—_

-’

S —

>
—
N

b-associated

b-quark associated dominant
at large tgp3

_ J
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A/H branching ratios

high tan 3 low tan 3

o — 9 o
© No gtop mixing © W - X X 5
o [ tang = 40, A = 0, p= —200 GeV ' © [ tang = 5, A = 0, u=r=200.Gev
c f c f
5 H° > XY 2 5[ H° \A
104.— L& ... :' 10“’-_
F|_ss —~— : t :
3 W R "’-‘g'
I 2z \ » I
T T LT e ess (GeV) "I moss (GeV)
- BRinto bb and 171 favoured for high - BRiinto ttbar open up ifor low
tan tan3 and high mass
« BRto hh, WW, ZZ can become
* plots shown for HO, similar considerations for A important
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Conventional MSSM A/H channels

H—> WW
A/H— 1T H — hh(bbyy)
A/H — ppu H — hh(bbtT)
A/H — bb A — Zh(TT)

AH — tt
(..))
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B-flavoured jets

We have seen last time that quarks and gluons undergo fragmentation
and hadronization producing Jets

displaced

jet tracks charged

lepton

B-jets vs uds/gluon-jets:

ifeti heavy-fi
longer lifetime 1~1.5ps \heavy-flavour

sV Jet
e secondary vertices (SV) up to ~1 cm from PV e i

~ 20% of decays to leptons &
e leptons-in-jet jet
larger mass of B-hadrons
 larger reconstructed mass at secondary vertex (SV)
|dentification of b-jets largely based on machine learning based
discriminators
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Tau leptons

Decay Mode Resonance B|%
I leptonic decays | T_ ¢ Vevr 178
s LT o u" vuvr 17.4
1-prongdecays | T =& ¥z m(140) 1.6
™ = w w0 v p(770) 26.0
= > ax— 70x0 v aq (1260) 10.8

> — — + —
TT =T wT T vy a;(1260) 9.8
- n

3 - pronge deoxys r~ > wx wt w0 vV 48
Other hadronic modes 1.7
All hadronic modes 64.8

Tau hadronic differs from g/gluon-jets
Lower multiplicity: 1-3 1+ + 0-2 170

Longer lifetime than light hadrons but shorter than b/c-
hadrons

suoupey Jo 1ol

7 not colored = isolated

|dentification of taus largely based on machine
learning discriminators

Tau leptonic decays reconstructed with usual

techniques for electrons and muons 13



A/H — Tt Categorization

Split events into categories depending on tau decays:
* use the 4 most sensitive channels: ey, eth, 4 Th, ThTn
Further categorization based on:

e presence of b-jets = target b-associated production

e transverse mass mr in €Th, UTh ; signal expected at low mt

m;(l‘) — \/2 P-?(ll) p?iss (1 — COS A‘P)

No B-tag B-tag
H— 711 —ep Low-D¢ Medium-D; || High-D, Low-D¢ Medium-D; || High-D,
H — 77 — etp, |Loose-mrp Tight-mp Loose-m7r Tight-mr
H — 77 — ptp, | Loose-myp Tight-mr Loose-mp Tight-mp
H— 117 = 779
Z = Ju

o

e CMS-HIG-17-020
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A/H —1t: Backgrounds

Reducible backgrounds: B aC kg roun d eStl Ma t | on

—Hadronic taus faked by
jets in ut, et, TT channel

— estimated by the w 35.9 b1 (13 TeV)
fake factor method 2 :
o I CMS ®  Observation
o 30000 |:] jet—t, fakes
f [ DZ—nt
*2 L tight loose-m, 0 zomw
o | signal-region  signal-region I Etectroweak
Lu200005i._1 : ; I &
L N, i g D Background uncertainty
Irreducible backgrounds:
7 high-mT
o __VFT . 10000 control-region
—tt, single-top, diboson .
with genuine taus :
—Taken from simulation _ ;
M 0 1 1 1 1 1 1 1
in all 4 channels o =
m ..........................................................................................................................................................
B ffeeceegieeetes s s lel e e
O 0.8 T T
0 20 40 60 80 100 120 140

m. (GeV
Smaller backgrounds — estimated by simulation v (GeV)
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A/H =TT discriminating variable

my = \/mT (P, pr) + mi(pr, PF™°) + mi(pr, T,
mr = 1/2pr pi [1 - cos(A9)]

o Juth'b-?ag'tfgf\t-ﬂh ‘ _ 359fb (13 TeV)
Worse resolution than invariant mass mrtr, g NS — HA Egi"‘;
. .. . . . - m, =700 GeV [ Jet—t,
but better discrimination against multi-jet > 1o} tanf =20 [ Zun
=] I Electroweak
é_ I tt
g sol N Background uncertainty | g
. o @
Two peak structure of the signal: | g
1
Light h ~ 125 GeV 18
107* 18
nearly mass-degenerate A/H at 700 GeV ’
10°°
Simultaneous fit of mrtot in all categories 05“_% -+ on a,a_(‘;‘ »»»»»»»» f_jf .
'20 30 100 260 — .1l000 20.00 ‘

m' (GeV)



Charged Higgs bosons searches

mH+ <mt : H+ produced from top decay

mHx > mt : H+ produced in association
with top/bottom g

2 H'
) g T
01 .
& |
. S
mH+ <mt : BR(H-7v) dominant g

mHz >mt : BR(Hx-tb) dominant

CMS has searches in both
channels,
H+* - 1v leading channel
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Charged Higgs bosons searches

l ! v T
/ H* -th ——
H¥ - hW* —no
mH+ <mt : H< produced from top decay N HE 7o
3 H* = be 1
mH+ >mt : Ht produced in association % HE
with top/bottom z
M low tanf
tan3 = 2
0.001

150 200 300 100 500
I\lu + [(;(‘\]

mHz <mt : BR(Hx-7v) dominant

mHz >mt : BR(Hx-tb) dominant

1

b —

high tanf 1= 5

H* — cs

BR(H*)

CMS has searches in both ol
channels, |
H+ - 1v leading channel /

0.001 L s L L
5 200 300 100

tan 3 = 30

.\l"; G(_‘\]



Landscape of MSSM Higgs search

Results presented in the hMSSM
framework

incorporates the discovered higgs as h0

Experimental status of the searches
by CMS

1T channel dominant for intermediate-
high tgf3
WW channel dominant at low tg3

light blue line indicates indirect constrain
from higgs coupling measurements

tanp

CMS Preliminary

35.9 fb' (13 TeV)

0
ok
0

W b~ OO
T

:] Observed exclusion 95% CL

w— Expected exclusion 95% CL
h(125)

EPJC 79 (2019) 421
AHM = pp
CMS-PAS-HIG-18-010
AH — bb

JHEP 1808 (2018) 113

l:] AHMh = Tt
JHEP 1809 (2018) 007
H— WW (Iv lv and Iv qq)
JHEP 03 (2020) 034
H — hh (bbrt)

u PLB 778 (2018) 101
H—tt
CMS-PAS-HIG-17-027
A — Zh (lkt)
arxiv:1910.11634

'\ 1 1 | l hMSSMl

130

200

300 400

1000 2000
m, [GeV]
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First of a series of
SUSY Higgs
bosons ?

SM Higgs boson ?

A 125 GeV SM-like Higgs boson was discovered
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sSummary

Precise measurement
of Higgs couplings

P— .5 = o o
T : = R

| Direct search of SUSY §

heavier Higgs bosons



Key concepts in search design

rates of decay channels
types of backgrounds and handles to kill them

discriminating variables between signal and background (e.g.
invariant mass spectrum vs MET spectrum vs score of a multi-
variate classifier)

event categorisation
background estimation methods

statistical interpretation: discovery (reject B-only hypothesis) or
exclusion (reject S+B hypothesis)
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Bibliography

Easy to read and accurate overview of the physics at the LHC:

 “Physics at the LHC Run-2 and Beyond”, Andreas Hoecker, Lecture
notes from the 2016 European School of High-Energy Physics, https://
arxiv.org/pdf/1611.07864.pdf

Original papers, linked in the slides
“Status of Higgs Boson Physics” , PDG 2018, http://pdg.lbl.gov/
2018/reviews/rpp2018-rev-higgs-boson.pdf

e VII.1 for MSSM higgs bosons

e 1.1 1.2, IV for SM Higgs boson
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Significance and corresponding p-value

Z (o) p

1.00 1.59 x 10~!
1.28  1.00 x 1071
1.64  5.00 x 102
2.00 2.28 x 1072
2.32  1.00 x 102
3.00 1.35x10~°
3.0 1.00 x 1073
3.71  1.00 x 10~
4.00 3.17 x 107°
500 2.87 x 1077
6.00 9.87 x 10~1°
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The CLs method

Signal strength 4 =o/0osm -
L(ObS’:ua M)

est statistic q = —2In " A 0 )
i R

ol CL.., = P(q, > ¢ °|u # 0)

(s+b hypothesis)

g CL, = P(g, > ¢|u=0)

(b-only hypothesis)

C1Ls—|—b
o ClLy=—"—
CLs

The exclusion of a SM Higgs boson is defined by the following condition:

» CLs(M=1) = aat1-a=95% confidence level, C.L.

We can say that s<sup at 95% C L (or 90% CL)
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Likelihoods

product of the response function of the
measurement associated to the nuisance
parameters (systematic uncertainties)

If we are combining more channels,
the overall likelihood is the product
of the likelihood functions of each
channel (L)

In case of a

counting |:> L(obs|u,0) = Poisson(neps, p - s(0) + b(0))

experiment

Inputs:

> Signalyield, s(0)

> Background yield, b(0)

> Observed data, nobs

> Systematic uncertainties on yields, 0
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Likelihoods

product of the response function of the
measurement associated to the nuisance
parameters (systematic uncertainties)

If we are combining more channels,
the overall likelihood is the product
of the likelihood functions of each
channel (L)

Nobs
Including L(obs|u, 0) = Poisson(neps, p - s(0) + b(0)) H f (x|, 0)
informations from , i=1

the shape f(@ilp, 0) = ps(0) fs(a4,0) 4 b(0) fu(x4,0) K

Inputs:

> Signalyield and shape, s(8) and fs(x, 6)

> Background yield and shape, b(0) and fy(x, 8)
> Observed data, nobs

> Systematic uncertainties on yield and shape, 6
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Combining all channels together

) LIS B B e e L L L L L L AL L L

| | I
= ATLAS 2011-2012
§ {s=7TeV: [Ldt=4.6-4.8b" - Exp.
{s=8TeV: [Ldt=58-59fb" 1o

> Combining together results from Higgs boson
searches in 5 decay modes: H»yy, H>ZZ, H>WW,
H>bb, H>T1T

> Early Summer 2012: sufficient statistics collected to
claim the observation of a new boson

T T T T T 10 .........
\05 ATLAS Preliminary 2011 + 2012 Data 110 11'5 1éo 1é5 1:3,0 1:'35 1zllo 1;15 150
S 10 —obs. Vs=7TeV: [Ldt=4.6-481" 7 my, [GeV]
& [ B Vs=8TeV: [Ldt=5859"
= - [Cs10o .
E I~ [(J+20 .
=4 | 1 }
O
X 1 o
& Observed excess of 7 6 around 125 GeV
107 3T~ Clear excess in the limit plot ~ 125 GeV
- CLs Limits - upper imit pto ¢
100 200 300 400 500 600
m,, [GeV]
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H —4l| - Spin and parity

Events /0.05
O o NN W A O O N

©

CMS s=7TeV,L=5.1f";fs=8TeV,L=19.7 fb"

SAARERARRS LALAS RARAE RALLE RAREE RARAN RRRAE RAARE RARE*
E_° oma Dyg>05
E e J°=0 ;
- [ Zz/zy E
3 I Z+X 3
3 T E
g N A ]
e Ll Tl
0 010203040506 070809 1

D,

example discriminant

SM requires H to be a CP-even scalar (0+)
Other hypothesis are tested:

0- excluded at 99.95% C.L.
1+,1- [ 2+,2- excluded with higher / similar level of
confidence

CcMs (s=7TeV,L=5.11" {s=8TeV,L=19.7 ft'
2 T ] Trrr [ TIrrrrrr ’:“'.'W '—Y T ] L B B
o [ i.i0 |
E oor B -
g A —CMSdaa | p-value = 0.05%
® 008- {1 4 probability to observe
S i 11 ] in a future experiment
2 006 P | alarger incompatibility
: P with the 0- hypothesis
0.04; JI
, ]
0.02— / —~ .,
[ F Jdbservation

% 20 -0 o0 10 20 30
2xIn(C, /L)

combining all discriminants 60



Mass measurement of the new boson

High resolution channels, H—yy and oSt e ez
H—ZZ—4l, allowed already in early 2012 T fHOMHSZZ [—uinsys
to get a good estimate of Higgs boson N I i
mass 7 . . E
6} E
> 35 CMSPr]e]in:in?ryl F='7TeV,L|=|5.1lfb‘|‘;#|§=8Te\1,LI=‘!lesrbl” 5; i
8 - * Data . 4} i
> 4 Hao E
c 25K V.22 . 2i E
L%’ - [ m,=126 GeV g ;
= 1F =
220000 s betiminary | - Oam ] obiect i L ANAL
8 [ 5=7TeV, L=51 15" (uvA) A 122 124 126 128
’_,4000- {s=8TeV,L=19.61b" (MVA) %zz _: mX (GeV)
PR
c L
03000
L L
B Measurement of the observed
<2000
= boson mass:
= 1000f HYY
3| my = 125.8 + 0.4(stat) + 0,4(sy5t) GeV
R N R R T
m,, (GeV)
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H—=>WW=LVLv: spin properties

If the Higgs boson has spin 0, the two leptons expected to be

emitted in the same direction (small azimuthal opening between
the two)

300 L« data — m=125GeV  CMS Preliminary 1
- M H125 I Wiets Vs=8TeV,L=1211" ]
%% Top

events / 10°

250 M Zv* WwW -
-\ stat.@syst.

B \_.<

50 -
0 - L1l L1l I L1 1 L1 1 L I Ll I I I I %
0 20 40 60 80 100 120 140 160 180
(o]
A, [°]




H =Tt @ 13 TeV

0 50 100 150 200 250 300

35.9fb" (13 TeV)
> 1800__I rrTr[rrrr oot T T T T [T T T T[T T1 |__
& 1s00F CMS = 4« ] Significant cross section
P i 30F ] but again a poor mass resolution
E 1400 -+—0bserved el 20_ _:
q>) — H—tt (1=1.09) ]
GJ 1200 Z->1t 10' _'
O .W+jets Lo ]
% 1000 QCD multijet ' ]
(@)) Others -10F ] 3
) E
+ ]
< .
S~ —
2 :

Vv =1.09 £ 0.27
600 —e— O-jet:t,T, M., (GeV) H
VBF: T,
400
.. ] Boosted: ,t,, ut , e, ew

200 * o

-IIIIIIIIIIIIIIIIIIIIIIIIIIIII: I I

. TR BT T, R exceed 5 sigma when combined

m,. (GeV) with 7+8 TeV analyis
Phys. Lett. B 779 (2018) 283
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30

20

10

CMS

A/H - Tt interpretation

h,H,A—>1t
1 1

19.7 fb™ (8 TeV) + 4.9 fb™' (7 TeV)
L]

CL(MSSM,SM)<0.05:

— Observed
----- Expected
+ 10 Expected
+ 20 Expected

52
.
2
"
.

.
.
-
i
-

—— mMSSM i
miSSW ¢ 125.3 GeV |_.

MSSM m™* scenario -

200 400

600 800 1000
m, [GeV]

35.9 b (13 TeV)
c MS 95% CL excluded:
[ ]Observed [ 68% expected
----Expected 95% expected
60 U T T T l T T T T ] T T T T T
| m°* scenario
50} )
40¢ ]
30} ]
20} ]
10 [ ] mMssM . 125 + 3 GeV

FANAN ANAVRREVANRNRRRERRNN SRR
500 1000

AN INNRRRNA NN
1500 2000

m, (GeV)
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H—//*—=4|: Kinematical discriminant

Matrix Element Likelihood Analysis (MELA)

uses kinematic inputs for signal to background
discrimination

{m1, my, 81, B2, 8%, ®©, P4}

* -1
Prokg(m1, ma, 01,02, @, 0%, ®1my)
MELA = |1+ *
Psig(mlv ma, 017 927 (I)a 0 ) (I)llm4€)

CMS Preliminary 2012 \s=7 ToV, L=5.05b™"; Vs=8 TeV, L=5.26 "' CMS Preliminary 2012 \s=7 ToV,L=5.05 ™" Vs=8 TeV,L=5.26 10" CMS Preliminary 2012 \5=7 TeV, L=5.05 Ib™; Ys=8 TeV,L=5.26 "'
30-1_"¥"I"I""""‘"'l"l"l"' T I’: T
'£0.09[ . 1 E
577 SM Higgs (125 GeV ] ]
£0.08}- &8 ( ) ~ = =
O ]

g 0.072 qqZZ s E
'© 0.06 - ]
go 05 E %
e / &
0 Z Z . . %
-1-0.8-0.6-0.4-02 0 0.2040.6 0.8 1 60 -1 -0.8-0.6-0. 4 020 02040608 1

cos 6* m,, [GeV] cos 0,



H—//*—=4|: Kinematical discriminant

. . . 1 CMS Preliminary Ns=7TeV, L'=l5.l'153 P':a{s':ﬂe\{.ﬁs;zg fb_'
Directions of final 4 leptons are correlated. 3 M Higgs. 1
Angles ¢, 0, ¢,, etc.. can be combined into = 4 g IESS:

b 25 GeV)i 108
a kinematical discriminator that separates 07 E
signal (values~1) from background 22 El
(values~0) 0.4 404
0.3 =
CMS Preliminary 2012 Ys=7TeV, L=5.05b™; ys=8 TeV, L=5.26 fo' 0.2 - 0.2
b _Tlll]llIIIIIllllll1llllIlIlllllllllllllllllllllll_ 0.1 _f
20.14 E 0 B0 °
S - —— SM H(1 25 GeV) _ 00 110 120 130 140 150 160m17[%e\1/§30
20.12f . !
o M E L A i CMS Preliminary Ns=7TeV,L=50511b";Ns=8TeV,L=5261b"
& oqf — 9942 . z 1
= i =
€0.081- - 08
S - }
0.06- = 0.6
0.04 . 04
0.02 . 02
0 4 Q00 110 120 130 140 150 160 170 180
0 0102030405060.70809 1 m,, [GeV]

MELA



