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Particles =& Resonances — “Bumps”

e We often see particles as “resonances”

— most particles are not stable
— reconstruct from their decay products
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How do We “See” Particles

e We “see’ semi-stable particles by “tracks” in matter:

e [able-top illustrations e Complex multi-ton detectors

\.

Cloud chamber
image, JHU
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Particle Data Group: pdg.lbl.gov
16(UPy=1"(07)

Mass m = 139.57018 + 0.00035 MeV (S = 1.2)
Mean life 7 = (2.6033 + 0.0005) x 10~8s (S = 1.2)
cr = 7.8045 m

7t — £*y~ form factors (2]

Fy = 0.0254 + 0.0017
Fa = 0.0119 + 0.0001

Fy slope parameter a = 0.10 & 0.06

— +0.009
R = 0.059 13909

7~ modes are charge conjugates of the modes below.

For decay limits to particles which are not established, see the section on
Searches for Axions and Other Very Light Bosons.

p
x+ DECAY MODES Fraction (I';/T) Confidence level (MeV/c)
ntu, [b] (99.98770-0.00004) % 30

v,y [c] (200 #4025 )x10~% 30
et v, [b] (1230 +0.004 )x 10~4 70

et Ve [c] (739 4005 )x10~7/ 70
et yenl ( 1.036 +0.006 )x 108 4
etv.et e (32 405 )x10~° 70
et Vv < 5 x 1070 90% 70
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http://pdg.lbl.gov

How do We “See” Particles

e Most particles live too short to be “seen” directly

— "see’ decay products:

Ct=4x1 0-15m

o€ ©

e Time (decay) and energy (resonance) amplitudes:

A(t) _ A(O)ez’EOt/he—Fot/Qh — ‘A(t)‘2 ~ 6—F0t/h _ 6—75/70
C h

Ty —
(FE — Ey) —ily/2 T

A(E) = [ A(t)e™hdt =
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“Resonance”

e [he Uncertainty Principle [y X1 ="h
compare: AE X At ~ h

o Probability o< |A(m)[?

- Mass
[ m=896 MeV

A(m)|" = \(m ) — iy /2

Breit-Wigner resonance

Width
I'=50 MeV

0.7 0.8 9 ! 1
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Decay Dynamics

e Unstable particles decay

Feynman diagram:

e Decay = study elementary particles and interactions

(this “strong” decay is mostly understood)
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“Periodic Table" of Mesons

e Quark-antiquark make up a Meson:

|<+
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“Periodic Table” of Baryons: Proton, Neutron,...

e [hree quarks make up a Baryon:
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Particle Data Group: Proton

Citation: K.A. Olive et al. (Particle Data Group), Chin. Phys. C, 38, 090001 (2014) and 2015 update

N BARYONS
(S5=0, I=1/2)

p, Nt = uud: n, N = udd
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1JP) =3(3h)

Mass m = 1.00727646681 + 0.00000000009 u
Mass m = 938.272046 + 0.000021 MeV [2l

m, — mg|/m, < 7x10710, CL = 90% [*]
;",% |/(g,%) = 0.99999999991 + 0.00000000009

dp + q5|/e < 7x10710, CL = 90% [®]

ap + Ge|/e < 1x 10721 [d]

Magnetic moment p = 2.792847356 + 0.000000023 up

(p + 1p) [ pp = (0 £ 5) x 107°

Electric dipole moment d < 0.54 x 1023 ecm

Electric polarizability & = (11.2 + 0.4) x 10~4 fm3

Magnetic polarizability 3 = (2.5 + 0.4) x 1074 fm3 (S =1.2)
Charge radius, up Lamb shift = 0.84087 + 0.00039 fm (9]
Charge radius, ep CODATA value = 0.8775 + 0.0051 fm (9]
Magnetic radius = 0.777 + 0.016 fm

Mean life 7 > 2.1 x 1029 years, CL = 90% €]  (p — invisible mode)
Mean life 7 > 103! to 1033 years [¢]  (mode dependent)
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Like Periodic Table of Atoms

PERIODIC TABLE
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From large to small to elementary

Molecules Atoms Nucleus
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Particle Data Group: Quarks

QUARKS

The u-, d-, and s-quark masses are estimates of so-called “current-
quark masses,” in a mass-independent subtraction scheme such as

MS at a scale  ~ 2 GeV. The c- and b-quark masses are the
“running” masses in the MS scheme. For the b-quark we also
quote the 1S mass. These can be different from the heavy quark
masses obtained in potential models.

—_
L
R
|
N =t
~~
N =
+
e

)
m=23*3TMeV  Charge=3e =t}
my/mg = 0.38-0.58

[=]

1JP) =33

my = 481_83 MeV Charge — —% e Iz —_—
me/my = 17-22
m = (my+mg)/2 = 3.5%5) MeV

N =

-]

I(JP) =0(3T)

me =95+ 5 MeV Charge = —% e Strangeness = —1
ms / ((my, + my)/2) =275+ 1.0
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Anti-Matter: Mirror Object of Matter

anti-matter
® Mmatter

leptons

e Produced equal in Big Bang

energy — matter + antimatter

anti-matter should behave differently than matter
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Particle Data Group: Bosons

Citation: K.A. Olive et al. (Particle Data Group), Chin. Phys. C, 38, 090001 (2014) and 2015 update

GAUGE AND HIGGS BOSONS

oton) 1JPCYy = 0,11 )

=2

~

g~
-

Mass m < 1 x 10718 gV
Charge g < 1x 1073 ¢
Mean life 7 = Stable

g Py ngq—
Mass m = 0 [2]
SU(3) color octet

Mass m < 6 x 10732 eV
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Hunting for New Particles



Producing New Particles

Produce a resonance Detect its decay

g
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LHC schedule: 10 year plan
e LHC Epp=13 TeV, Phase-1 thru 2023/24

2015 2016 2017 2018 2019 2020 2021
F[M[A|M|]|J|A|S|O|N(D]J|F[M|A|M[I|]I]|A[S|O|N(D] ] |F[M|A|M[]|]|A[S|O|N|D]]|F[M|A[M[]]|][A[S|O[N|D]][F|M|A[M|]|][A|S|O[N|D]][F|M|A[M|]|][A|S|O[N|D]J|F|M[A[M]|]|]|A]|S|O|N|D]
| EYETS [ 2
Shutdown/Technical stop >
Protons physics R u n - 2
ﬁ)onr;\missioning d >
today T T Run-3 thru 2023/24

~30-40 fbo-1 ~100 fb-" ~300 fb-"

e Phase-2 with Run-4
plan to start in 2026,
Snowmass: ~3000 fb-1

e Legacy: Run-1 (2010-2012)
~25 b1 at 7 and 8 TeV

Andrei Gritsan, JHU 19 25 July 2016



Resonances in LHC Run-2 vs Run-1

Produce a resonance

100 ——— . y—————————r v
[ ratios of LHC parton luminosities: 13 TeV /8 TeV

luminosity ratio
=

MITW2008NLO
1 1 PO | M M 2
100 1000
M, (GeV)
*high mass”
“intermediate mass”

“low mass”

~3 fb-1in Run-2 at 13 TeV (2015)
~30-40 fb-1 in Run-2 at 13 TeV (2016)
compared to ~20 fb-1 in Run-1 at 8 TeV (2012)
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E weights / GeV

E weights - fitted bkg

Hints of Bumps from ATLAS

® H(125) is one particle surely discovered

® Several hints in either Run | or Run Il excited interest

- especially when ATLAS and CMS saw something similar

H(I25)°—> YY

_I T I T T T T I T T T T I T T T I I _]
180[— fLdt=451" Vs=7TeV ATLAS =
C = -1 = 3
1601— ‘fsl_Bdt 2:.3dfb ,Vs=8TeV ¢ Data .
> ight ]
i weighted sum ) — Signal+background
140 Signal strength categories —]
- ===+ Background .
120 :— — Signal —:
C m,, =125.4 GeV m
100— O- -
C ° ]
o ® ]
80— A ]
60— —
40— —
20— i
0 S . !m . | | =
110 120 130 140 150 160
m,, [GeV]

Run-1
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2 X(2000)— ZZ, WW, ZW

Events / 100 GeV

Significance

10*

10°

102

10

1

E I T T T T I T T T T I T T T T I T T T T E
= ATLAS —e— Data =
| Vs=8TeV,20.3fb" N
= —— Background model E
~ —— Significance (stat) -
§ [ significance (stat + syst) §
= WW+ZZ+WZ Selection =

ol mn[ll

Events / 40 GeV

Data - fitted background

2 X(750)— YY

1045 """"""""""""""""""""""""
ATLAS Preliminary
® Data

10° =
= —— Background-only fit

360- Vs =13 TeV, 3.2 fb"

10° &

—_

200 7400 600 800 1000 1200 1400 1600
m,, [GeV]
Run-2 (2015)
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Events / GeV

Events / GeV

Hints of Bumps from CMS

® H(125) is one particle surely discovered

® Several hints in either Run | or Run Il excited interest

- especially when ATLAS and CMS saw something similar

H(125)°= yy  2X(2000)= ZZWW,ZW 2 X(750)— Yy

19.7 6 (8 TeV) + 5.1 fb™ (7 TeV)

x10° VS CMS L=19.7fb"at Vs=8TeV
of r?—> > Sum over all classes T R ' R 10EMS Preliminary 3.3fb" (13 TeV) +19.7 o™ (8 TeV)
A ¢ Data 1 E_ —®— Frequentist CLS observed - é - T 4
i —— S+Bfits (sum) e - B Frcouontist GL. expoctod = 1o = L m=14x10 J=0
8 ---+ B component N ° > B - - - Expected limit
L K ' """" Frequentist CL,S expected + 20 1\ 8 — + 1
........................... . : %) B +10
o gt | DT 40
: IR 1 S L R M | i i
B e 8 e —— Observed limit
.................... B -
" - 4
107 = - -
- 9
...................... <0 =
....................... s o
.................................................................................................................. (e)} L
r ' I R W 2k ¥ < O e
10-3 __TZIZIZZ‘IZIZ:IZir'ZIZIZZ‘]ZIZ:IiiiZIZZIZ‘1ZZIZIZZiZIZZIZIIZZIZIZZ‘IZIZ ZZZZ :ZIZIZZ‘]ZIIZIZiiZIZZIZ‘1ZZIZIZiiZIZZIZIiZZIZIZZiiiZZIZir'ZIZIIZ‘]ZZIZIZZiZIZZIZ]:: 0 — , , , , , | , ,
600 1000 1500 2000 25(
I ] M. [GeV 5x10? 10° 2x10° 3x10°
100 110 120 130 140 150 160 170 180 c[Ge mg (GeV)

m,. (GeV)

Run-1 Run-1 Run-2 (2015)
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LHC Luminosity in 2016

CMS Integrated Luminosity, pp, 2016, vs = 13 TeV

Data included from 2016-04-22 22:48 to 2016-07-24 17:06 UTC

20

N
=)

B LHC Delivered: 19.18 b !
\| 1 CMS Recorded: 17.67 !

=
ul
|

115
CMS Online Luminosity

Total Integrated Luminosity (b )

10f 110
5 15
0

0 | | | | | | | | | | | | |
$ aoY oY oY Y o) W™ W™ Wt Wt W W o
25 P o W oW W oW e Wi Voo Wt W e Wn Wied
Date (UTC)

~3 fb-1in Run-2 at 13 TeV (2015)
~30-40 fb1 in Run-2 at 13 TeV (2016)

compared to ~20 fb-1 in Run-1 at 8 TeV (2012)
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Hunting for the Higgs Boson

H(125)



The H(125)° Resonance: 2012-2013
o Ehe New Lork Cimes:

VOL.CLXI .. No. 55,823 53013 The Now Wb Thess NEW YORK, THURSDAY, JULY 5, 2012
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The Higgs Boson: H(125)0°

e Why discuss H(125)°

— window to Beyond SM (extended sector, dark matter, etc)

— techniques applicable to any new patrticle...

— the only LHC discovery so far e Follow PDG check-list

— MAassS
J=0 — lifetime
Mass m = 125.09 =+ 0.24 GeV —_— Wldth

HO Signal Strengths in Different Channels
See Listings for the latest unpublished results. o q uantu m num be IS

Combined Final States = 1.17 = 0.17 (S = 1.2) — cou p||ng Strength

WW* =081 + 0.16
* 0.27

— +0.19
7Y = 117 7517
bb = 0.85 + 0.29 J =0
ptu= < 7.0, CL=95%
7777 =0.79 £+ 0.26 In the following HO refers to the signal that has been discovered in
Zvy < 9.5, CL =95% the Higgs searches. Whereas the observed signal is labeled as a spin
tt H? Production = 2.5f8:g 0 particle and is called a Higgs Boson, the detailed properties of HO
p and its role in the context of electroweak symmetry breaking need to
HO DECAY MODES Fraction (I';/T) Confidence level (MeV/c) be further clarified. These issues are addressed by the measurements
—— listed below.
invisible <58 % 95% -
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Mass of H(125)% in Run-1

197 fo (8 TeV) + 5.1 fb" (7 TeV)

Events / 3 GeV

. . DC% i ‘C‘NI‘S‘ - | -I' Cl,on‘wbl‘ne‘d O

e LHC combination: © porH—yyeH—zz | @ el
H® MASS : :
VALUE (GeV) DOCUMENT ID TECN  COMMENT 1.5 i 7
125.09+0.21+0.11 1,2 AAD 158 LHC pp, 7, 8 TeV i ]
e o o We do not use the following data for averages, fits, limits, etc. @ o @ 1_0} N
. o ]

e |Vilass = position of two bumps | ;

H—DZZ, YY 005124 125 126 27

m,, (GeV)

CMSI — | \E=7TeIV, L=5.1Ifb' ; \EI=8T?V, LI= 19;7fb' - 16.7 1" (8 TeV) + 5.1 fb™ (7 TeV)
351 e Data > ] 3 [ CMS
B 16 1 7 i
- | Cometzscev 30 ps0s 1] b How Sum over al classes
of | Bz . 6.80 |1 ¢ o1
- ® -Z+X . . > i —— S+B fits (sum)
= i _ Lﬁ 8_ ------ B component
B 8F N . . 1o
25 = of ; e N, 220
- af . :
20 ? 2} . 4k
n 1 =70 120 130 140 150 1 S o
15__ m4l (GeV) N 2__ u =1.14",5
N | I N - M, =124.70 = 0.34 GeV .y
B ] [ | | | | | | |
10 :— [ | —: % 0 T I | I T | | |
i | || | {1 220
5; | :-l. l"ll ! |!| ‘ | _: "g 0 — _
b T Wikl B ) 1 &N -
0 RS0 ﬂNWIWﬂ !I!u| L dete8 0 9 b ! m _ W o00f * % |
80 100 200 300 400 600 800 _IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII_

100 110 120 130 140 150 160 170 180

m,, (GeV) m,, (GeV)
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H— 7/ — 44

W
o

Events / 3 GeV
S o

N
(&)

-
-

CMS Preliminary
]

- t Data Js=7TeV:L=00f" -
C m,=126 GeV _
l. Zy* 27 —
B z+X -
:_|_|_| " N 1 -
80 100 200 300 400 600 800
m,, [GeV]
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Re-discover H(125)°%in Run-2 (2015 data)

HY — ZZ

12082447

H° — yy

U=0.69+8-47

Events / 4 GeV

14

12

10

o

S/(S+B) Weighted Events / GeV

S Preliminary

2.8 (13 TeV)

III|III|III|III|III|III|III|IIIO
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[] H(125)
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Hunting for ?X(~2000)
?X(750)



? X(~2000)

® Hints for X(2000) do not seem to be confirmed with new data
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? X(750)

® Waiting for ICHEP conference in Chicago next week

new data from 2016 will tell ...
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