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| Outline |

e SM prediction « Why only 1Higgs?

e Higgs discovery

e Particle properties

e Mass e BSM searches
o X-section e Current limits
e Spin

e CP
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[ Prediction]

e SM prediction
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| SM particle content |

FERMIONS [(matter) ‘ BOSONS (force carriers)

® Quarks @ Leptons @ Gauge bosons @ Higgs boson

ELECTRON
NEUTRINO

NEUTRINO
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Detector observables

ELECTRON
NEUTRINO

NEUTRINO

NEUTRINO

6 D

Detector observables?

O ONLYe,m, 7y and jets
O Others are identified via their decay products
o Z - ee/upn

& e t—> Wb — e/l + jets + missing energy /

November 18, 2021 Two Days with Part

® Quarks @ Leptons

FERMIONS [(matter) ‘ BOSONS (force carriers)

Electromagnetic /|

Calorimeter
Hadren
Calorimeter Superconducting
Solenoid
e MlUON Electron

= ==-Neutral hadron (e.g. neutron)

Iren return yolke fnterspersed
with muen chambers

@ Gauge bosons @ Higgs boson

Charged hadron (e.g. pion)

Photon




Particle discovery timeline|
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e
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Particle discovery timeline|

- —» Higgs proposed

—
-

e

1900 1920 1940 1960 ,”/ 1980 2000
[ I O O N I O A
BEIEE LY AfA x AJA T 42 A
18I97 1919I 19IZ3 19I32 I1937 195IS 1;969 19I83 19I95 IZOOO 2612
e P ~ N 1 pTue uds W, Z ot v, H
1962 1974-79
Vu c,b,g, T

O Proposed in 70s , found so years later !
O All quarks and gluons are discovered before Higgs discovery !

November 18, 2021 Two Days with Particle Physics Workshop 7



Last piece of SM found|

- N

'O Being less massive than top quark, 17 years
later discovered?
O Easier to produce and observe top quarks in
experiments

O Higgs boson does not carry color charge
\\ e Produced indirectly at a hadron collider /

November 18, 2021 Two Days with Particle Physics Workshop



o

Being less massive than top quark, 17 years

later discovered?

O Easier to produce and observe top quarks in
experiments

O Higgs boson does not carry color charge
\ e Produced indirectly at a hadron collider /

o (E," > Vs/20)

c (nb)
=10

ot
0, (E." > 100 GeV)

events / sec for ¢

M, =125 Ge‘uf{

i
k2
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Expected Higgs multiplicity

O Till the time of discovery:

O 200,000 Higgs events

* ~10/tb x 0.01 nb

O 1,000,000,000,000,000 pp collisions

\ e ~ 10/fb x 100 mb /

N
o
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| Indeed a fantastic job was done! |

\

v 4

‘0 Till the time of discovery

O 200,000 Higgs events

* ~10/tb x 0.01 nb

O 1,000,000,000,000,000 |

* ~ 10/fb x 100 mb

T T T
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e Higgs discovery

November 18, 2021

| Discovery |
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Francoise
Englert
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2013 Nobel prize|

Peter
Higgs

symmetry breaking mechanism
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| Higgs production channels |

1”2
% I
H JJ Wz
nz

| 9gF | VBF | VH | ttH

associated VH associated ttH

O, (pb) ‘ ? depends on mass
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| Higgs production channels |

Vector boson fusion - associated ttH

Vs=8Tev

| 9gF | VBF | VH | ttH

o(pp — H+X) [pb]

O, (pb) ‘ ? depends on mass

« ggF is dominant over the entire mass range I e

November 18, 2021 Two Days with Particle Physics Workshop 102t | | A
80 100 200 300 400 M, [Ge\1/?00
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o(pp — H+X) [pb]

[I-liggs production x-section from theory]

I]\III TTTI1 TTTT III]‘IIII‘III]l\lIIl\IIIlIfl\lI%
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Decreasing BR

[Higgs decay modes|

e Main decay channels:

H — bb (60%)

H—gg
H—o 7T
H— cc

H—- ZZ (3%)
H- ~~ (0.2%)

November 18, 2021

gs BR + Total Uncert
()
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107
10%g5" 200 300 400 1000
125 GeV My [eav]
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[Early modes of discovery|

e Main decay channels:

to control harsh background

O Distinctive final states used

O A few decay modes are used
at the time of discovery

e H—bb
% [ ]

e H—
o g9
g = e H—- 71
g « Ho ce
7]
.
(V)
Q
)

\/

November 18, 2021

gs BR + Total Uncert
o

LHC HIGGS XS WG 2013

"==P> . Moderate production rate
e Leptons in the final state

Two Days with Particle Physics Workshop
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Higgs discovery plots
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Particle properties

Mass
X-section
Spin

CcpP

| Properties |

Two Days with Particle Physics Workshop
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[Now is time for precision measurement|

—_
[e)]
o

—_
B
o

.

C ys=7-8 TeV s=13 TeV

e
o
o

" Run1 \& Run 2 /

Integrated Luminosity [fb]
=
o

g &
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| Most precise Higgs mass measurement |

Phys. Lett. B 805 (2020) 135425 |
O Runr: 7 & 8 TeV , 2016: 13 TeV "

O Higgs mass measured by CMS (in ¥y +41): 125.38 +- 0.14
O Highlights from the plot:
e Higgs mass is known to 0.1% uncertainty ¢

o Still statistical unc. is dominant B s TR ety —Total [ _stat only
i ) Total (Stat. Only)
Run 1 Hoyy —_— 124.70 £ 0.34 (+ 0.31) GeV
Run 1 H— ZZ— 4l [ —— 125.59 £+ 0.46 ( + 0.42) GeV
Run 1 Combined — 125.07 £ 0.28 ( £ 0.26) GeV
[ ateHorr == 12578:026(+018)Gev |
2016 H— ZZ— 4l —— 125.26 £ 0.21 (£ 0.19) GeV
2016 Combined -|--¢ 125.46 £ 0.16 (£ 0.13) GeV
e B T mmiucomen |

11 I 13 | | [ I | | IS ) 15 | I | 1 S NS | I | I S S | | 11 1 | | SN VS | | | S
122 123 124 125 126 127 128 129
m,, (GeV)
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[Higgs production in various production modes|

O The plot: product of cross-section times branching ratio for H=ZZ decay

e Points with error bars: measured values

o Black dashed lines with gray uncertainty bands: the SM predictions
CMs

O Highlights from the plot:
» Higgs production cross-
section decaying to ZZ is
known up to 10%
uncertainty
e Better estimation in data
rather than theory !

Eur. Phys. J. C 81 (2021) 488 ‘

10°

(0B)obs [fo]

102

10! =

Ratio to SM
L= ] - N w

137 fb~' (13 TeV)

|

J318:13

J1214538

¢  Observed (stat@syst)
--------- SM prediction

6178

H-2ZZ
mp=125.38 GeV
STXS Stage 0 - |yy| <2.5

41*32

+16
3—3

Inclusive

ggH

qqH

VH—lep ttH




Higgs production in various kinematic regions

O To search for new phenomena, the cross ’ Eur. Phys. J. C 81 (2021) 488 ‘
sections in particular kinematic regions

are measured CMS 137 b~ (13 TeV)

 BSM theories predict different production
rate for the Higgs with hight pT
O Four main production modes are split

I + Observed (statdsyst) H-ZZ
-------- SM prediction

611438

my=125.38 GeV

(0B)avs [fo]

Y STXS merged Stage 1.2 - |yy| <2.5
into even more categories Er o i
O Conclusion: measurement in agreement .7 = . - |
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[Higgs production in various decay modes|

O The plot: likelihood scan for the individual decay channels and their combination
o Markers indicate one standard deviation confidence interval
O Highlights from the plot:
 Measured cross-sections are compatible with theory
e Theory: 55.6 +- 2.5 pb CMS Preliminary  35.9 fb™ (13 TeV)

- Oy, from DOI: 10.23731/CYRM-2017-002
e Measurement: 61.1 +— 7.0 pb < 5? Stat. uncertainty
<] i Combination
AN L H—2ZZ
4,_ H— vy
| O, =61.1 £6.0 (stat.) £3.7 (syst.) pb
3
2
= 1
Phys. Lett. B 792 (2019) 369 ‘ i
Oi\l\llli\‘\\llll\ { W ol T Y T T Sy I |
30 40 50 60 70 80
November 18, 2021 Two Days with Particle Phys

Oyt (PD)
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[Fiducial cross section measurement]

O Definition from Wikipedia:

e Fiducial cross section, in particle physics experiments, a

511" (7 TeV), 19.7 10" (8 TeV), 137 " (13 TeV)

1<

cross section for the subset of a process in which the ouN A LR AR R A SR LR RS
distinctive process signatures are visible within the = F cms E
sensitive regions of the detector volume. & f 1 LHoRundaialat © sys ]
. . . 5 — ¢ LHC Run 2data (stat @ syst) ]
O F lduCIal Cross SCCthIlZ [ = Systematic uncertainty ]
« Extrapolation to the full phase space is avoided AL S Standard model (minloHy, m, = 125,00 GeV) ]
o Has the benefit of reducing systematic uncertainties [ S Standard model (NNLOPS, m, = 125.38 GeV) ]
 Attempt to be as model independent as possible 3l o
: s
2F .
[ [ [ ] [ [ : ‘\é\ﬁ\\; :
O Measured inclusive fiducial cross section consistent with £ 4= .
theory . pp >(H >4+ X
e ———————— 0 : Ll | Ll | Ll | Ll 1l | L1l | L1l | Ll | I | L1l | 'l :

Eur. Phys. J. C 81 (2021) 488 ‘ 6 7 8 9 10 11 12 13 14

Vs (TeV)
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[Measurement of the Higgs rare decays|

O Rare decay: small branching ratio
 Higgs to muons: one in 10000
O SM prediction: coupling strength of the Higgs boson to
fermion ~ fermion Mass
o Branching fractions to light fermions expected to be small
e Challenging measurement

Decay channel Branching ratio [%c]
H — bb 57.5+1.9
H— WW 21.6 +0.9
H — gg 8.56 + 0.86
H— 17 6.30 + 0.36
H —> @ 2.90 + 0.35
H—> ZZ 2.67 +0.11
H — yy 0.228 = 0.011
H — Zy 0.155 +0.014
B I T

m
November 18, 2021 Two Days with Particle Physics Workshop 28



[Evidence for Higgs—)uu] ——

O Left plot: signal strength in each production =~ O Right plot: Higgs coupling to SM particles

category e First measurement of Higgs to 2™ generation
e Solid red line: combined fit fermions
* Dashed gray line: SM expectation 35.9-137 b (13 TeV)
CMS Preliminary 137 fo™' (13 TeV) g [T L W T
) A © £ CMS Prelimina 7
Combined [i = 1.197 g 4 w P 3
' = i = 125. V e 1
= —— Combined best fit p o il M 5-38 Ge i
ggH-cat. P 0.63:;):45 - - - - SM expectation 2 o 3
B ' B 68% CL i = i -
oo [ ]95%cL § 102k 7 .
VBEGa | B=y m, = 125.38 GeV signal strength " 8
@)
B f=) 3 ¢ Vector bosons
fiH-cat. | n=2327% U= (UB(H — ]’l)u))obs L 103, o ¢ 3" generation fermions
| ‘ (O'B(H — MM))SM = + 2" generation fermions
----- SM Higgs boson
VH-cat. | pn= 5.48?;;: = 104 =
:I\I III | I
B ] % 1.5 T 1 |
e 55, SN . [ . . .
s da g (8 g5 L aoe e b pada = 15% §+ .
=4 —2 0 2 4 6 8 s with Particle Physics V& ol I Ll I
Best-fif w / © 05507 1 10 107

particle mass (GeV)



| Measurement of Higgs boson width|

O Width measurement can be used to probe the existence of
new physics that couple to the Higgs sector

O Direct precise measurement of Higgs boson width at

hadron collider is not feasible

¢ Width of the resonance peak is known up to about 100 MeV

O Methods are developed which relies on relative
measurement of on-shell and off-shell production

e Measured I': 3.2 + 2.8 - 2.2 GeV
o SM expectation: 4 GeV

O Measured width is consistent with SM prediction
e Presence of new particles to which the Higgs boson can

decay is ruled out

November 18, 2021

Two Days with Particle Physics W

-2 A InL
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Ph s. Rev. D 99, 112003 (2019)

51" (7 TeV) + 19.7 o' (8 TeV) + 77.5 fb™' (13 TeV)
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[Spin-parity properties from angular study]

O Different behavior in  distribution

@ :angle between the two Z-Boson decay
planes spanned by the flight directions of
the two leptons in the Z-Boson rest frame

November 18, 2021

1/T dT/do

0.20

(a)

T ] T T

H>Z2Z> ()G |
M, =125GeV |

\\‘LHC HIGGS XS WG 2013

0.1%_' —
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| Spin and CP measurement|

O : SM expectation O H=VV couplings are investigated
O : alternative J* hypothesis O Several spin 1 and 2 hypotheses are tested
O Red arrow: observed data o Alternative models are excluded PC
m) J =0
o (,":M? I l|1‘9.‘7Ift|)"|(|8:rel\al')I+‘5.|1‘fl?"‘(7:"‘l'el\f) — 120 CMS : x_—>zz:+w:w _ 19:.?fl:-':taT:e".']+:5.l f!:l"(?:Te"-"]
g 012~ qf — X(1) »2Z ] ;mo ;Sbffsmd _-"JEPTTEd g - T
E | —Observed ] i~ 80 ﬁﬁ 'j:ii“
o Of ] =S 2 A e S I A R S S
% i ] X 4ok
0.08 . o
% Eg l l”li'i’ ‘_} "I‘-I‘
0.06 -
g o | -Eollii[] I|| |“|['I|||
0.047 7 -40
l ] -60
0.0z ; .—.Lith* t +=+=r.=,.3,~.55@.5;?+.:; BECRCREN
gg production o production

R T T "2'o'k 3
2xIn(L, /L ] Phys. Rev. D 92, 012004 (2015)
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Search for anomalous Higgs couplings|

O SM Higgs boson is even under CP inversion ’ arXiv:2110.04836 , Submitted to JHEP ‘

O Deviation from a purely scalar interaction would be a direct

indication of new PhYSiCS . CMS Preliminary 137 b1 (13TeV) -
O H=TT CouPling: CP-even CP-odd - % SM I I — 6|8% CL 1 |1
. H coupling ' coupling [ # DBest fit -- 95%CL ] |3
Lo T L — [ — 99.7%CL 4 |20
* Ly =— (ke TT + Ko Ti7ysT) 11 . B
z i 1 15
* tan(¢..) = — [ 1 (1 . &
KT o 0 N |- 2
_ 1 B9
O Mixing angle ¢ determines the CP structure of I ]
. _1 | —]
the coupling - [ =T(eni) 1 W5
o ® = (:pure scalar [ _ o5 ey
g=1,%=0%iLT
® @ S 90 : Pure PSCUdo—Scalar _2 - L L L ] I 1 1 1 1 I L L L 1 I 1 1 1 1 ] O
e ® = 45 : maximally mixing states =2 -1 0 1 ,

Ky
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|Any more Higgs?|

e Why only 1Higgs?

November 18, 2021 Two Days with Particle Physics Workshop 34



|Asymmetric pattern of SM particles|

mass - =2.3 MeV/c?
charge » 2/3

spin > 1/2 lJ/

0?23\"% up

O.QS S‘Q& ~4.8 MeV/c?
\C‘Q" \9 -1/3 ‘

N s ﬂ«'\““& i
down
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0 v
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2/3 C
A 4
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~95 MeV/c?

-1/3 S
1/2 /

strange
105.7 MeV/c?

-1 u
1/2 #«,;if/
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<0.17 MeV/c?

. i
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=173.07 GeV/c?

2/3
12 L
top

=~4.18 GeV/c?

-1/3
bottom

1.777 GeV/c?
-1 T
12 p 4

tau

<15.5 MeV/c?

L Do
_

1/2

tau
neutrino

0

A e

1 a
gluon

0

photon

91.2 GeV/c?

0

N

1

Z boson

80.4 GeV/c?
+1

1

=

GAUGE BOSONS

W boson

=126 GeV/c?
0
O H
Higgs
bo%gn
Only one
with spin zero 2!
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N Baryon
Hierarch — Asymmetry
Problem

Neutrino /
Oscillation

unanswered question
within SM

‘ Strength

Electroweak TOE
\ Gravity
v : ]15 ]19 Gev
100 10 10
Jarnestad/The Royal Swedish Academy of Sciences mk Naturalness ' -E{Q:IHIHI h PI.MH Ene gy
cale Unification Scale Scale
ha Toy
Huﬂ.lll m'ﬂ'%'ﬂ' l&u.'?'t !
Electron ot "_"”"."I ;"I i
\ AY ", \ ]/ '.2 /
T
November 18, 2021 | ' Vo JI LI I L TR '
1073 100 107 1% 1w0? 1012
Ernorny (nigaclectron volts)
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’ Even more fundamental questions?|

e SM bosons : force carriers
e A new boson is discovered — seems natural

C’) to find a new force!

°e




November 18, 2021

(Higgs BSM searches|

Two Days with Particle Physics Workshop

e BSM searches
e Current limits
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[Room for Higgs BSM decay)|

Eur. Phys. J. C 79 (2019) 421

O Coupling modifiers: to test for deviations in Higgs coupling
* Free parameters: K,y Ky B KB, KB, Ky, K, K

Production cross-section Partial width of Higgs decay memiaTen e
for process 1 to final state f i~ . o
< —
0i - BRI | i P
[y ]
|K1| _—"'__
O BR undet. : total branching ratio to any final state not detected K|
by the channels included in this combined analysis il
« BR(Higgs—BSM) ~ 30% Yol B
fic, | _+_
Binv ™
[ NI IS S | [

November 18, 2021 Two Days with Particle Physics Workshop T R RV TN
. . - P.aram-eter \.falue



| Things we can do after Higgs discovery|

Search for additional

, , Higgs-like states
Precise measurement of its

couplings to SM particles
rich experimental
program after
Higgs discovery
Search for exotic exotic decay
decays of Higgs

Decays that involve new
light states beyond SM

November 18, 2021 Two Days with Particle Physics Workshop 40



|Expected h—BSM in current datal

O Assuming BR(h=BSM) ~ 10% m===i> 1000000 BSM events already collected

ggF VBF VH ttH
Uexp(pb) 214 | 1.6 | 0.7 | 0.1
N, 20/fb | >42k | 3200 | 1400 | 200

November 18, 2021

Two Days with Particle Physics Workshop

ggF | VBF VH ttH
(0} exp(pb) 48.6 | 3.8 1.4 0.5
N, 150/fb | ~-730k | 57k 21k | 7500

41



[new physics may couple to Higgs boson|

O Higgs decay width very small : ~ 4 MeV
 Decays to SM fermions are suppressed by the small Yukawa couplings
o Decays to vy or gg are suppressed by loop factors
 Decays to VV are suppressed by multibody phasespace

even a small coupling to another light state can
easily open up additional sizable decay modes

November 18, 2021 Two Days with Particle Physics Workshop
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[Higgs as a portal to interact with hidden sector|

O Consider Higgs couples to a singlet scalar field s :

P J. 7T T T T T T
AL = %.5-2|H|2
01l £=0.01

O Right: Br(h—¥ss) as a function of smass | | :
« Even a small coupling yields BR ~ 10% T 0014 ¢=0.005
= 0.001} —
{=0.001 ]
ms < mp/2f« o4 ﬁ
.\\ S EU .ql A B .q| T A

h — ss isallowed 0 1020030 40060

. m, (GeV)
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[Exotic Higgs decays in 2HDM+S|

O In BSM models with more Higgs bosons, some can resemble the SM Higgs

O Adding another Higgs doublet to the SM plus a scalar
« Motivated in many BSM models like NMSSM

O Yields:
« h mm) SMHiggs
e a mm) pseudoscalar
« H° mm) Heavy Higgs
« Hf m) charged Higgs

tan J'} = U9 / (]

November 18, 2021

to avoid FCNC

O Fermions with same quantum numbers should
couple to same Higgs field

e Type I: all couple to H2

e TypeIl: dR, eR to Hr.uR to H2
 Type IIIL: leptons to Hi, quarks to H2
e TypeIV:uR, eR to H2.dR to H1

Two Days with Particle Physics Workshop
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[Exotic Higgs decays in 2HDM+S|

Typell,tan =5

O Decays like h=»::=»XXYY can happen in 2HDM+$

100:__“_ T T T T T T |""|""|""|"'ﬂE
b i | ]
< o 4 kb
b R S s
el s |
M 7] I b ] T
T 102 4 M
£ | e
10-3L ; _ ------ uu + dd + ss
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CMS searches for 2HDM+S in run2

[Phys. Lett. B 795 (2019) 308
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And many more which not discussed here...
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Higgs searches at Run3

O First CMS analysis for VH; H=cc

e Sensitivity to charm Yukawa coupling ’
* BR(H—¥cc) < 20 x BR(H-*bb)
 Runj needed for first evidence of this challenging decay

35.9fb" (13 TeV)
§2] SR LRI B L LR R LR B T 1
e ,F CMmS 4 obsorved | [ ot b0) ] CMS preiiminary 35,9167 (13 TeV)
@ - Merged-jet Evze—co) £ vviatnen ] oL
- {im] Ml singe op [Tt ] Exp =70xSM
20 High purity [ zvets B vHH-eo), p=21 ] Obs.=83xSM
B —— VH{H-:¢c) x 100 535 S+B Uncertainty |
15 1L
Exp.=72xSM
Obs.=110xSM
2L
Exp.=57xSM
Obs.=93xSM
. . —&— Observed
ECx(;rPSETSaI\;IOH ----- Median expected
Obs._:“.'OxSM I 68% expected
’ [ 95% expected
i ] 50 100 150 200
60 80 100 120 140 160 180 200 95% CL upper limit on u(VH,H—cc)

Higgs candidate mass [GeV]
November 18, 2021 Two Days with Particle Physics Workshop 49



Towards high luminosity
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