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About the role of experimentalists
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- Formal logic vs. “Common sense”

Or, how to decide which experiments to perform.
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Woason selection task
2
0 “You are shown a set of four cards placed on a
table, each of which has a number on one side and
a colored patch on the other side. The visible faces

of the cards show 3, 8, red and brown. Which

card(s) must you turn over in order to test the
truth of the proposition that if a card shows an

even number on one face, then its opposite face
is red?”
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In simple terms

0 How to test the idea that ‘“even implies red’?
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Formal logic

0 A>=>B

o That is:
even = red
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Formal logic

0 A>=>B & B = A,

o That is:
even = red © not-red = not-even.
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“Common sense”

1 even = red
&

not-red = not-even.

0 What does this imply for each of the cards?
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- Respect retture uncertainty
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CERN
\
L

The importance of uncertainty

m [ http://observador.pt/especiais/transplante-de-medula-ossea-um-novo-e-grande-incentivo/ |

A taxa de sucesso em Portugal foi
maior que a média europeia

NUmero 290 projetos Horizonte 2020 NUmero

de propostas aprovados em Portugal de projetos
apresentadas aprovados

Taxa
de sucesso

- , 13,65% 14,29%
@ Total da Unido Europeia

@ Portugal

Fonte: Gabinete de Promogao do Programa Quadro de I&DT/Ministério da Educagao e Ciéncia
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The importance of uncertainty

CERN
\
i~

m [ http://observador.pt/especiais/transplante-de-medula-ossea-um-novo-e-grande-incentivo/ |

The success rate in Portugal was higher
than the european average

Number of 290 Horizon 2020 projects Number of

proposals approved in Portugal projects
submitted approved

Success
rate

13,65% 14,29%
@ European Union total

@ Portugal

Fonte: Gabinete de Promogao do Programa Quadro de I&DT/Ministério da Educagao e Ciéncia
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The importance of uncertainty

m [ http://observador.pt/especiais/transplante-de-medula-ossea-um-novo-e-grande-incentivo/ |

13.65% 14,29% Significant digits ?
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The importance of uncertainty

[ http://observador.pt/especiais/transplante-de-medula-ossea-um-novo-e-grande-incentivo/ ]

31.372 2.030 ‘ 4.281

290/2030 > 4281/31372 ?
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The importance of uncertainty

[ http://observador.pt/especiais/transplante-de-medula-ossea-um-novo-e-grande-incentivo/ ]

31.372 2.030 ‘ 4.281

290/2030 > 4281/31372 ?

lLe., 1.047 > 1 ?

@DrAndreDavid  IHST - 2019



The importance of uncertainty

[ http://observador.pt/especiais/transplante-de-medula-ossea-um-novo-e-grande-incentivo/ ]

$ R

R version 3.2.2 (2015-08-14) -- "Fire Safety"
Copyright (C) 2015 The R Foundation for Statistical Computing
Platform: x86 64-apple-darwinl4.5.0 (64-bit)

> library("rateratio.test")
> rateratio.test (c(290,4281),c(2030,31372),conf.level=0.90,alternative="greater")

Exact Rate Ratio Test, assuming Poisson counts

data: ¢ (290, 4281) with time of ¢ (2030, 31372), null rate ratio 1
p-value = 0.2331
alternative hypothesis: true rate ratio is greater than 1

90 percent confidence interval: A taxa de sucesso em Portugal f0|

0.9664013 Inf 31
. " maior que a média europeia
sample estimates:
Rate Ratio Rate 1 Rate 2 : .
Nimero 290 projetos Horizonte 2020 Nimero
1.0468849 0.1428571 0.1364593 de propostas aprovados em Portugal de projetos

apresentadas aprovados

Taxa
de sucesso

" 14,29%
@ Total da Unizo Europeia

@ Portugal

Fonte: Gabinete de Promogao do Programa Quadro de 1&DT/Ministério da Educacao e Ciéncia
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The importance of uncertainty

CERN
\
i~

n [ http://observador.pt/especiais/transplante-de-medula-ossea-um-novo-e-grande-incentivo/ |

The success rate in Portugal was higher basically the same as
than the european average

Number of 290 Horizon 2020 projects Number of

proposals approved in Portugal projects
submitted approved

Success
rate

13,65% 14,29%
@ European Union total

@ Portugal

Fonte: Gabinete de Promogao do Programa Quadro de I&DT/Ministério da Educagao e Ciéncia
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Success: “rate is in line with”

m [ http://observador.pt/especiais/transplante-de-medula-ossea-um-novo-e-grande-incentivo/ |

A taxa de sucesso em Portugal esta
em linha com a média europeia

NUmero 290 projetos Horizonte 2020 NUmero

apresentadas aprovados

Taxa
de sucesso

‘ | 13,65% 14,29%
@ Total da Unido Europeia

@ Fortugal

Fonte: Gabinete de Promogao do Programa Quadro de I&DT/Ministério da Educagao e Ciéncia
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- Accuracy and precision

Error and uncertainty
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Errors are not uncertainties

Let’s not make that mistake.
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Two words on

error and uncertaint
m*

NO/LONGERJUNCERTAINES

1 Error: the result of a bias or mistake.

0 Uncertainty: the degree to which some
thing is not known.

o I¥’s a mistake to call errors uncertainties. BRI

0 E.g., experimentalists correct for
systematic effects (biases).

o Corrections come with added uncertainty.
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“ “If you try hard enough...”

Or the price of searching.
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Significant — xkcd.com /882

JELLY BEANS WE. FOUND NO THAT SETILES THAT.
SCENTISTS! JELLY BEANS AND Acekmwcgwrz
INVESTIGATE! ANNE (P> 0.05), Tr(ATCﬂuses IT,

BUT WeRE ,
... FINE. H'lllntMT !
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Significant — xkcd.com /882

42y
WE. FOUND NO WE. FOUND NO WE. FOUND NO WE FOUND NO WE FOUND NO
LINK BETWEEN LINK BETWEEN LINK BETWEEN LINK BETWEEN LINK BETWEEN
PURPLE JELLY BROWN JELLY PINK JELLY BWE JELY TEAL JELLY
BEANS AND ANE BEANS AND ANNE BEANS AND ACNE BEANS AND ANNE BEANS AND ANNE
(P>0.05). (P>0.05) (P>0.05). (P>0.05) (P>0.05).
o8 |Ca | O || ©a || ©
WE FOUND NO WE FOUND NO WE. FOUND NO WE. FOUND NO WE FOUND NO
LINK BETWEEN LINK BETWEEN LINK BETWEEN LINK BETWEEN LINK BETWEEN
SALMON JELLY RED Jeuy TURGUOISE JELLY | | MAGENTA JELLY YEWow Jewy
BEANS AND ACNE BEANS AND ANNE BEANS AND ACNE BEANS AND ANNE BEANS AND ANNE
(P>0.05) (P>0.05). (P>0.05) (P>0.05) (P>0.05).
/ / / / /
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Significant — xkcd.com /882

WE FOUNDNO WE FOUNDNO WE FOUNDNO WE FOUND A WE FOUNDNO
UNKGEWEEN | | UNKBEWEEN || UNKBEWEEN || UNKBEWEEN | | LINK BEWEEN
GREY JELLY TAN JELY O/AN JELLY GREEN JeELLY MAUVE JELY
BEANS AND ANE BEANS AND ANE BEANS AND ANNE BEANS AND AINE BEANS AND ANE
(P>0.05) (P>0.05). (P>005) (P<0.05), (P>0.05).

/ / / oar /

WE FOUNDNO WE FOUND NO WE. FOUNDNO WE FOUNDNO WE FOUNDNO

LNK BEWEEN || UNKGEWEEN | | UNKBEWEEN || UNKBEWEEN | | LINK BEWEEN

BEIGE JELLY ULAC JELY BLACK JELLY PEACH JELLY ORANGE JELLY

BEANS AND ANE BEANS AND ANE BEANS AND ANNE BEANS AND ANNE BEANS AND ANE

(P>0.05) (P>0.05). (P>0.05), (P>0.05). (P>0.05).

/ / / / /
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Significant — xkcd.com /882
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The experimental method

falsifying theories since the dawn of reason
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Evolutions & revolutions of the elements

[ Plot courtesy of Jim Virdee ]

| | | | | | | |
100 & Chemical . B
_ Elements Subatomic ]
. B Particles -
2 - ? .
'Oc—u‘ - "' =
= i o
e '
[7)]
(4v] — -
m
ks
e Sulfur, Salt
E 10 :— —:
< L Mercury -
C - —
(4] - ]
@ B Quarks i
a | Earth Leptons .
Air |
Fire Electron
Water Proton g
1 ] I l ] ] ] I | 3
1000 0 1000 1500 1800 1900 1950 1980 2000 2020
BC AC

@DrAndreDavid  IHST - 2019



B oy Soxonve

s leropont
/ b er&M

Reserve
naturelle/
de la haute
chaine 2 \ , : :
dﬂ'lur:—‘n-~ ' ‘Vemmr’\

@DrAndreDavid  IHST - 2019




:m‘

14 L
| - Hg ORD
= e AN sBOb'gQ)Zl%rs = RINGS
O -,
- 3 e
f// .~ >Courbevoie 3 .

36~ N
“>#~ Nanterre T( / ;
LalDéfense - 4 A= Noisy-le-Sec

Pyteaux )"zNewlly e ..~ Romainville
'/ “Seine | B 22 Villemo
Imaison . S {/ ' e o e : oy
: A Y & i v Rosny-sous-;-
., Suresnes.~ ¥ 27 T loi ‘
Zo T ; Bagnolet ¢ .-48ois |
¢ Bois de 16?‘Arrond|sse ep\t//,_ —& y/ it ) ‘.“ E" Montreuil 5 18 o
¥ Boulogne =+ hens v _/"
Buzenval . <5 ! P . P
‘ > ' b < v,
| Q:;gr;zﬂes Faui::;?ﬂ?;’fi % o e PN Fontenay-sousi.
' 0 : g ~Vincennes__ [ Bois
X L
arches ; S0\ VS Salnt Mande St X NN L
, - YNt RLePerr
__,f 15e A ondlssemen» Faubourg Saint- E ’ N\ i
~ Jacques £ : LIS
L

laisance n
A\ }, Quaru r-de ' i
! laGlaciéere

Paris 12e y
Arrondissement ,-—"'"

~ - Joinyille-le-

Le Kremlm- ’ IP,,ont P

S« Bicétre|
.1 Arcueil Pl S\ N

. g ) ‘4 Y
¥ i \

@DrAndrquvid IHST - 2019

~Montrouge ..

, Saint-Maur-
WMaicAnc. Alfarth \ rAoc.Fnecéc




—
®

o

i
i

3 - » / # \ \ ¥
cLean Cleveland Park ' - | COlmar Ma n or\
s A € Y i
SR 695 . ok
. Glover Park
’/ N
1ills P ; Arboretum A MD 704
’ 1 —_ \
’ A > \ Y
, Eastland Gardens', :
668 ( Langston g Fairmount &
\ \ &532099 Helghts
68, 72 e* Northeast Boundary. 0
,/ \69 e et 'Arlmg s : .!; AN .
: \ o ' Capitol Height{ Noag
+ Falls Church. \ 5y Virginia Square NN
5'. ——— v PImS—_ A ¢ )L 3 = - Vi _‘ir_
. ST - L Walker Mill
= _Seven Corners e 4 1 Ny )
GsInI=" o g { Arlmgton Heng K S e Foa +7
<hurch % o Alcova Heights -\ 9 |5 re/\N By o & ‘ k2 S
\~ v - - r K *
A, b\
o Barcroft ¢ District Heights-
- o N = ‘::"
20 Ball,\ey S Crossroad\s Fort BarnardF i
4 = , N N -"-g Forestvill
’,"\ S e < '-f\ N Weaiagd / \*/ Sllvg‘r Hill \ : ~ _»._,
S R - 3 U ¢ --/‘\
SR 613 o & A N > i
\ - AN ey X o8 Hillcrest Heightssa_
ndale <L | 1395 | us1 ) & S, A " Mornmgslde
% / PN VA7 Tyl e A Ity N S\ 2
ke & - Il!f, .' i m % ,I i
’ 1 S 4 [
Lincolnia i | ,l Glassmanor ‘_474} : ‘!...

VA 236

7
G
>
-.-._,-o

"’ = “
I /{nple Hills ,/'
.948 ’

+* Forest Heights

@DrAndreDavid  IHST - 2019



Rioiliejo PN
.

Pt~ ~ Alfragld?/
Outurela \ ,

7 ]
‘/ o . ) - 4

Terrugem \ B oA -

. Cruz-Quebrada R =

i P A —— -

A0 derArcos A g
” L -7 — \‘_

-v N -
. E oo |

- \‘ Sal
e ‘__.. .Porto’ Brandbo 0 2P Posaruo
+ . Trafaria Loio

N

ok f a e
N A oy e

\

_Base aval S ‘_.Barrelro ) 7 BN > \
de Lisboay’ N N \ /kﬁ\; ‘ =\
e MR Alto'do Seixalinho 2

@DrAndreDavid  IHST - 2019

- 4
:.'N
e o I
et Raposeira .

> s NN \\A Péra



Pixel detector

Si Tracker

EM calorimeter

Hadron calorimeter

Solenoid coil (4T)

Magnet return yoke

Muon chambers
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2007: ECAL barrel installed
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I | | | | | | |
0m im m im 4m 5m 6m im
Key:
Muon

Electron

Charged Hadron (e.g. Pion)

— — — - Neutral Hadron (e.g. Neutron)
""" Photon

Silicon
Tracker

R Electromagnetic
i )]“ Calorimeter
Calorimeter

Transverse slice
through CMS

Superconducting

Solenoid

EEN A A A I

Iron return yoke interspersed
with Muon chambers

- 1 -
D Barney, CERN, Febwicuay 2004
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& Detecting particles in CMS
s

Om

Key:

Muon
Electron
Charged Hadron (e.g. Pion)
— — — - Neutral Hadron (e.g. Neutron) Aﬁ \ ll Ml a

= = ===photon
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s The Standard Model of Particle Physics
T T ———————————————

—50,950,9% — 95 f 0959095 — 3927 [ ghgc9tgs + 5192 (@7 q] )gu + GG + gaf“”c(?u@“G"gf, -
O,Wia,W; — M2WJW,; ~10,290,20 — 5 M?2020 — 19,A,0,A, — 10,HO,H — Ym}H? — 0,67 9,6 —
]\/I2¢+¢_ 18 ¢08“¢0 M¢0¢o [2A +2MH+ (H2+¢0¢0+2¢+¢ )]+2M ap — chw[a ZO(w+w—

W,W;) — ZYW}o, w ~ W9 W+)+ZO(W+8 W ~ W, 9,W;)] —zgsw[a A (W+W ~WiW;) -
AWFO,W, — W, 0 W+)+A (Wia,W, —W, 9 W+)]— 2W+W WiWw, + 1 2W+W W+W +
g2c2w(Z}3W,jz,9W,,— - ZgngjW;) + gQS?U(A,,W,jA,,W; - AﬂA”W,jW;) + g2swcw[A,,ZB(W;W; -
WIW,) = 24, Z0W, W, | — ga[H? + HE'¢" + 2Ho o] — cgPan[H* + (6°)' + 4(¢7¢7)* + 4(0°)?0T o~ +
AH?¢* ¢~ +2(¢°)* H?| =g MW F W, H — 19?! Z)ZH — lig[VV’L(cboaudﬁ‘ —¢70,0°) =W (¢°0,0" =07 0,0°)] +
LS9l (HOup™ — ¢~ 0,H) — W, (HO,u0" — #10H)| + Lo (Z0(HD,0" — ¢°0,H) — g MZY(W,;i ¢~ —
W;¢+) + igstAu(W:(b— W ¢+) - 29 ZO(¢+8;¢¢— - ¢ au¢+) + ngw (¢+au¢— - ¢—au¢+) -
TPWIWH? +(6°)° +20%67] — 19 2;2”2222[}12 (¢°)2 + 2(25% — 1)%¢* 6] — Lg? 2 206" (W,F o~ +

Cw M

W) — %i92%‘2‘ng(W+¢_ Wi ob) + 59%su #¢°(W+¢‘ + W, 9") + 5ig SwAuH(W[f¢_ W, o") -
g7 e (2c}, - 1)ZSAH¢+¢‘ —g's2 A A0t —é (78 +md)er — Pyt — ad (v0 + mi)u) — J?(v@ +my)d; +
igswAu[—(é*v"e*)wL%( v“u )— (d*v"d*)] 1= ZN(P (L4220 + (€M (4s, — 1=7")e )+(u (58—
1—7%)u}) + (v (1 = §s2, — )d'\)] +3 W+[(V 7”(14"7 )e?) + (@i (1 +9°)Condf)] + 55 W,, [(e ’7"(1 +

P + (JKC:{N’Y"U*"Y DI+ \/-M[ ot (v 7)et) + o7 (eM1 + ")) — 2]\,][H
i¢"(eMyeM)] + 2A1\/‘¢+[_md( '\C/\n( V°)d5) +m ( '\CAn(l +7°)d5] + 7,&%¢_ [my(d)CL (1 + ) ') -
mi(d)Cl (1 — ¥ )uf] — 475 H(U ) - %W}‘H(d'\d’\)’*' “zqﬁcbo(u’\’Y%'\) WY ¢0(d'\ d}) + XH(0% ~
M2)X+ 4+ X~ (02 —M2)X X007 — 112)X0+Y02Y+zgcwwﬂ+(a XOX~ —8,X+X%) +igs, W0,V X~ —
O XTY) +ige,W, (0, XX - 9,XX*) +igs, W, (9, XY -0 YX”) +igcy ZO(B )_(+X+ 0, X X7)+

95w AKX = 0,XX7) = JgMIX* X H 4 XX~ H o+ A XXVH] 4 12240 MR+ X0 —
XX097] + - igM[XOX -6+ — XOX 6] + igM s,[X°X 6+ — XOX 6] + LigMIX X0 — XX~ 6]
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The Standard Model of Particle Physics

—30,9,:0,9;, = 95" 0ug39,9;, — 3921 F* 99,99, + 3i92(aT 7"(1]) + GG + qsf“”“c?,,G“G”qu
AWioW, = MPWIW, —30,200,2)) — 55 M*Z0Z)) — 10,A,0,A, — 30,HO,H — ymj H? — 0,67 9,6™ —
M2t ¢ — 50,0°0,0° — 5 M 6° — Bu[24" + BLH + L(H? + ¢°¢° +2¢+¢ )|+ 24, —igew [0, Z3W,E W, —

WSW,) = Z0W oW, — W, o,W,5) + ZUW, oW, — W, 9,W,)] - zgsw[a A (WIW, —WiW,) —
AW oOW, =W 0,W,) + A (W0, W- W, 0,W.H)] = 3> WIW, WiIW, + 1 W IEW, WiEW, +

GPE(ZIWFZ0W, — Z0ZOW W) + g*sE (AW F AW, — AL AWIW) + g%su,cu[AZ0(WEW, —

WiW,) =24, ZW, W] — ga[H® + H¢°¢° - 2H¢+¢ | = Ld%an[H + (%) + 4(¢Td7)2 + 4(¢°) 20T o~ +

H2¢+¢ +2(¢°) H?) = g MW, W - H = S g > ZuZiH — zg[W*(qﬁoaﬂgﬁ‘—¢>‘8“¢°)—W;(¢°8u¢+—¢+3#¢°)]+
YW (HO,¢™ — ¢~ 0,H) — (ch+ 61 0,H)| + Lo (ZO(H,0" — ¢°0,H) — g MZY(W;i ¢~ —
Wy ¢+) + ZQSwR[Au(W;Qs— W ¢+) - zg ZO(¢+6;L¢— -0 a;t¢+) + ngwA;t(¢+6p¢_ - ¢~ 6p¢+)
TPWIWH? +(0°)° + 20707 — 19° Zgzg[m (6°)2 + 2(252 — 1)%¢*¢] — L2570 C(Wro™ +

Cu M
W) - %z‘gz%ng,‘zH(Ww- W) + 30750 Au (W67 + W, 6%) + big swAuH(Wms- — Wt -
gzjﬁf(%ﬁ, - 1)ZSA“¢+¢_ —g'st At e — ey 4+ m))er — Pyovt — (0 + miy)u) — Jj‘(’ya—l-md)d’\
igswAul= (@) + § (@ u)) — (3 )] + 3L Z)[ ([ (149°)07) + (@97 (dsh, = 1=7°)e) + (a)r* (555 —
1—7%)u}) + (" (1 = §s2 — )d")]+ W*[( Mr(L490)et) + (@ (1 +7°) Candf)] + 55 W (@M (1 +
YW + (d5CL A (1 + 7)) + 5% M[ ot (M1 = 7)) + ¢~ (M1 + )] - %ﬁ[H( etet) +
10" ()] + 5350 [~mii(@;Cre(1 — 7°)d5) + my(a "C,\n(1+'}f5 )] +2—£%¢‘[m3 (d}CL (1 +7)uf) —
mi (@ (1 - 7)uf] — $5 H (@hu)) — 453 H(D ) + 275 60(@hyPu)) — $ 786Dy ) + X+(0° —
M2)X++ X=(0%— M?) X~ +X°(a2 -’;f)xuyaw +ige, WiH(9,X0X ™ —9,X " X0) +igs, W}, Y X~ —
9, X+Y) +ige, W, (9,X X0 - 9,X°X ) +igs, W, (9,XY -9 YX+) + z'gchO(B )‘(+X+ 9, XX+
195, A0, X*X“L 0, X X7)— 3gM[X*XTH+ XX H + - XOXOH] + 220 MX X 0%t —
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The Standard Model of Particle Physics
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The Standard Model of Particle Physics

Weak force — star combustion Strong force — protons and neutrons

Quarks

u, c,t
1 N

B @ )
...........
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0 Gluon {
fusion

0 VBF

0 WH, ZH

O bbH, ! t
HH : .
t
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<

How SM Higgses die Q

“ [ http://cern.ch/go/qkhé ][ arXiv:1208.1993 ][ arXiv:1408.0827 ]

1 Couplings and

kinematics drive BR (bb,
Lo 1_—] T T | T T T | T T T T T T T I—_'n
o N
WW, tT, Z1). = I e ww i
v 1
: ° |
0 Decays with photons (yy, 5 | . 0 77 s
L R —— ]
Zy) through loops. s _ > :
+ B CC ]
o
M].O-ZE_ _E
// b, T y Cy t' (ﬁﬂs““g é ; E
H -/\ H <1t T | .
Shrteut " T 10—3 ]
,\NNN Y W, Z . ’\\ ? i e ]
H * t" \Nv H ‘ 10-4 1 1 | | Il 1 1 l \I 1 1 I Il 1 1 1 | |
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+ 10 —igel [LZYW W
gra b AL (W W, — WA,
W+ L

+ X4
WYX

MEX* 4 X (P~ ME)X - 3

DY) +ige W (@8 XT = BX0X7) + ign W, (@X7Y -8V X*) +ige,
BE0XT BN X < LaMIX X 4 KX H + S XOXOH] 4

seigMIKOX -6 = XOX*6°] 4 ighMs [XOX 6% - XOX*67] +
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201 1: nothing else in the horizon

[“Lawrence of Arabia” idea from C. Grojean]

o We first saw that we could not exclude a narrow
range.
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201 1: nothing else in the horizon

[“Lawrence of Arabia” idea from C. Grojean]

o We first saw that we could not exclude a narrow
range.
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And with the

The Higgs was found!
2.9 sigma

Some

theorists...
K

And you say
it was found ?
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2012: a rider!

[“Lawrence of Arabia” idea from C. Grojean]

7 We discovered a peak rising from the background.
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July 4, 2012

Lookin= u: to a new boson
[ http://cern.ch/go/q8ix ]
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Higgsdependence day recap
n [ http://cern.ch/go/q8jx ]

0 Both experiments at 5.00.
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1
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Evolutions & revolutions of the elements

I The Standard Model of particle physics w Leptons | Theorised/explained
Years from concept to discovery : (813?::: | Discovered

1880 90 1900 10 20 30 40 50 60 70 80 90 2000 12
[ ‘ .

Electron |

Photon | I |

Muon |

Electron neutrino ——— |
Muon neutrino f==A

Down
Strange
Up
Charm |
Tau |
Bottom |1
Gluon | I |

W boson [ — |

IIXI

Z boson R ——
Tau neutrino |
HIGGS BOSON = |

Source: The Economist

Top
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Evolutions & revolutions of the elements

I The Standard Model of particle physics w Leptons | Theorised/explained
Years from concept to discovery : 33:?:: | Discovered
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Gluon
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P
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Source: The Economist
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Evolutions & revolutions of the elements

I The Standard Model of particle physics w Leptons | Theorised/explained
Years from concept to discovery : (813:?:: | Discovered

1880 90 1900 10 20 30 40 50 60 70 80 90 2000 12

Electron |—l—|

Photon | I |
Muon |

Electron neutrino ——— |
Muon neutrino f=—=A

Down I 1
Strange |1
Up I 1

Charm H

Tau

Bottom
Gluon

M
W boson +—-|

Z boson

Top M
Tau neutrino |

HIGGS BOSON

Source: The Economist

Almost 50 years !
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Simulation of a Higgs-Boson decaying into four muons, CERN,
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What do you think?

Should The Higgs Boson be TIME's Person of the
Year 20127

) Definitely () No Way
VOTE

Take a moment to thank this little particle for all the
work it does, because without it, you'd be just
inchoate energy without so much as a bit of mass.
What's more, the same would be true for the entire
universe. It was in the 1960s that Scottish physicist
Peter Higgs first posited the existence of a particle
that causes energy to make the jump to matter. But it
was not until last summer that a team of researchers
at Europe's Large Hadron Collider — Rolf Heuer,
Joseph Incandela and Fabiola Gianotti — atlast
sealed the deal and in so doing finally fully
confirmed Einstein's general theory of relativity. The
Higgs — as particles do — immediately decayed to
more-fundamental particles, but the scientists
would surely be happy to collect any honors or
awards in its stead.
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researchers at urope s Large Hadron Collider —
Rolf Heuer, Joseph Incandela and Fabiola Gianotti
— at last sealed the deal and in so doing finally fully
confirmed Einstein's general theory of relativity. The

Photos: Step inside the Large Hadron Collider.



On the shoulders of giants
detector makers & theory calculators

“Yesterday’s discovery is today’s calibration, and tomorrow’s background.” — V. L. Telegdi [http://cern.ch/go/If9C ][http://cern.ch/go/W6KQ ]

Inelastic collisions: ~7%10'° pb
March 2019 CMS Preliminary

'8_ F = 0 7 TeV CMS measurement (L < 5.0 fb") .
5 !

— 10° = @ 8 TeV CMS measurement (L < 19.6 fb™") -

o) = 8 @ 13 TeV CMS measurement (L < 137 fb™) 3
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2013: a rider with a gun

[“Lawrence of Arabia” idea from C. Grojean]

o By early 2013 a clear Higgs-like picture emerged.
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results from LHC (and Tevatron) experiments.

o Any mistake is the speaker’s fault (send email).
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T — Tevatron; A — ATLAS; C — CMS; combination drivers in red.

=B 2 Hobb How HoWW H—ZZ H—yy H—Zy H—inv. H—oup o6
o2 a H—HH
S F 3
* # E

: T|A T|A|C T|A|C T|A|C T|A]|C
goH IR IR SR 20 2R 2 R SR S RS0 S 3 IR -
VBF *|x *x % * * * ¥ * | - Y Y| - Yo
*727*727 * & K % * % * K| - * %
m Y Y| % ¥ | * * K

0 Still much to explore on the rarer ends.
(to the right and to the bottom) (and outside this picture [])

@DrAndreDavid  IHST - 2019



[ EPJC 74 (2014) 3076 ]

EPJC 74 (2014) 3076
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Relative signal strengths

ATLAS and CMS -@- ATLAS+CMS
~ LHC Run 1 - ATLAS
Tevatron Run Il, L, <10 fb = CMS
m, =125 GeV/c? — : — 1o
[ Combined (68% C.L.) nY ———— 425
—- Single channel _+_
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H— 1"t e
VH— Vbb [~ U __,,.__
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I TN N N (N NN N e
0 2 3 4 5 6 7 8 9 10 — :
Best Fit (c x Br)/SM b ———
—
IIIIIIIIIIlIlIIIIllillllIIllIIIIIIIIIIIIIIIIIIIII
-1 -05 0 05 1 15 2 25 3 35 4
Parameter value

my 125 GeV 125.09 GeV
M= G/GSM 1.44 +o'59_0.56 1.09 £0.11
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Weak bosons and fermions

[ arXiv:1303.6346 ][ JHEP 08 (2016) 045 ]

vy i A ww 3 L L |
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« The deviations that we do not (yet) see
I

ATLAS and CMS
LHC Run 1
Kgz -
Zg ——
tg - '
}"W - .
Z T oy
|}L | -
vZ -o— ATLAS+CMS =%
[ —%— ATLAS :
I}" | —+— CMS @
wZ — 10 interval —qh—_+_
— —— 20 interval :
Azl i
bZ
IIIIIIIIIIIIIIIIIIIIIIllIllIlllIIII
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Parameter value
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% The Nobel Prize in Physics 2013
Frangois Englert, Peter Higgs

Share this: I E 13« £

The Nobel Prize in Physics
2013

\

Photo: A. Mahmoud Photo: A. Mahmoud

Frangois Englert Peter W. Higgs
Prize share: 1/2 Prize share: 1/2

The Nobel Prize in Physics 2013 was awarded jointly to Frangois
Englert and Peter W. Higgs "for the theoretical discovery of a
mechanism that contributes to our understanding of the origin of
mass of subatomic particles, and which recently was confirmed
through the discovery of the predicted fundamental particle, by the
ATLAS and CMS experiments at CERN's Large Hadron Collider"
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% The Nobel Prize in Physics 2013
' Frangois Englert, Peter Higgs
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The Nobel Prize
2013

Photo: A. Mahmoud
Frangois Englert Peter W. Higgs

Prize share: 1/2 Prize share: 1/2
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The Nobel Prize in Physics 2013 was awa
Englert and Peter W. Higgs "for the theor§
mechanism that contributes to our unde
mass of subatomic particles, and which
through the discovery of the predicted ful
ATLAS and CMS experiments at CERN's La
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- What is the Higgs boson mass?

Something that the SM does not predict.

Something we can measure!
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Mass peaks: mass measurements

19.7 6" (8 TeV) + 5.1 fb (7 TeV)
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RN

Mass peaks: mass measurements
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Combined LHC mass measurement

[ arXiv:1503.07589 |

ATLAS and CMS

LHC Run 1
ATLAS H—yy
CMS H—yy ==
ATLAS H—ZZ —4l ; i

CMS H—ZZ -4l

ATLAS+CMS yy

ATLAS+CMS 41

ATLAS+CMS yy+4l

Fe—Total | |Stat. 1 Syst.
Total  Stat. Syst.
F———F— 126.02 £ 0.51 (+0.43 £ 0.27) GeV

124.70 £ 0.34 (+ 0.31+ 0.15) GeV

124.51+ 0.52 (+ 0.52 + 0.04) GeV

125.59 + 0.45 (£ 0.42 + 0.17) GeV

125.07 £ 0.29 (£ 0.25 + 0.14) GeV

125.15 + 0.40 (£ 0.37 + 0.15) GeV

125.09 + 0.24 ( + 0.21+ 0.11) GeV
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@ Combined LHC mass measurement

Mg — 125.09 = 0.21 (stat)

+0.11 (scale)
dominates overel +0.02 (other)
o +0.01 (theory)
oncertainty | GeV



nature.com Login : Register

nature e ——
For the record .

Physics paper sets record with

ﬂ I morre than 5,000 authors

Detector teams at the Large Hadron Collider

D —~ 5 ] 5 O CI U'l'h O rS. collaborated for a more precise estimate of the size of
the Higgs boson.
0 Found that there are two: Davide Castelvecehi

15 May 2015

o Archana Sharma

(both CMS)
o Andrea Bocci
o Muhammad Ahmad

o F M. Giorgi
(one CMS, one ATLAS)

CERN

Thousands of scientists and engineers have worked on the
Large Hadron Collider at CERN.

A physics paper with 5,154 authors has — as far as anyone
knows — broken the record for the largest number of
contributors to a single research article.
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Standard Theory of Particle Physics
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0 The SM vacuum stability depends crucially on the
masses of the top quark and Higgs boson.
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The Next Standard Model

tp://cern.ch/go
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@ Back to the #13TeV future

CATLAS

2 EXPERIMENT

iew image on Twitter

CERN

@CERN

The LHC experiments are back in business with record
energy collisions of #13TeV: cern.ch/go/D7z6
12:41 PM - 3 Jun 2015

- 23 853 % 558

@DrAndreDavid  IHST - 2019



CERN

\
L

@ Back to the #13TeV future

EE o Signin News Sport Weather Shop Earth Trav

NEWS

Home Video World UK Business Tech Science Magazine Entertainment & Arts

Science & Environment

Large Hadron Collider turns on 'data tap'

By Paul Rincon
Science editor, BBC News website

© 3 June 2015 Science & Environment

The CMS experiment team celebrated when the first collisions occurred
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750 GeV diphoton excess

From Wikipedia, the free encyclopedia

The 750 GeV diphoton excess in particle physics was an anomaly in data collected at the Large Hadron
Collider (LHC) in 2015, which could have been an indication of a new particle or resonance. 8] The anomaly
was absent in data collected in 2016, suggesting that the diphoton excess was a statistical fluctuation.[1)12] In
the interval between the December 2015 and August 2016 results, the anomaly generated considerable
interest in the scientific community, including about 500 theoretical studies.!'®! The hypothetical particle was
denoted by the Greek letter F (pronounced digamma) in the scientific literature, owing to the decay channel in
which the anomaly occurred.®! The data, however, were always less than five standard deviations (sigma)
different from that expected if there was no new particle, and, as such, the anomaly never reached the
accepted level of statistical significance required to announce a discovery in particle physics.['!! The digamma
was refuted in August 2016 publications.

December 2015 data [edit]

On December 15, 2015, the ATLAS and CMS collaborations at CERN presented results from the second
operational run of the Large Hadron Collider (LHC) at the center of mass energy of 13 TeV, the highest ever
achieved in proton-proton collisions. Among the results, the invariant mass distribution of pairs of high-energy
photons produced in the collisions showed an excess of events compared to the Standard Model prediction at
around 750 GeV/c2. The statistical significance of the deviation was reported to be 3.9 and 3.4 standard
deviations (locally) respectively for each experiment.

The excess could have been explained by the production of a new particle (the digamma) with a mass of about
750 GeV/c? that decayed into two photons. The cross-section at 13 TeV centre of mass energy required to
explain the excess, multiplied by the branching fraction into two photons, was estimated to be

o(pp = F) x Br(F = yy) = 5fb
(fo=femtobarns)

This result, while unexpected, was compatible with previous experiments, and in particular with the LHC
measurements at a lower centre of mass energy of 8 TeV.

August 2016 data |edit]

Analysis of a larger sample of data, collected by ATLAS and CMS in the first half 2016, did not confirm the
existence of the F particle, which indicates that the excess seen in 2015 was a statistical fluctuation.[1ll2]
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Digamma

g
Possible production and decay mechanism of
the digamma resonance at LHC.

Composition Elementary particle

Statistics suspected bosonic

Status Refuted; absent in August 2016
datal"l?]

Symbol

F. Bl F(750),14] &,15] X, (6]

nzy[7]

Discovered Resonance of mass =750 GeV
decaying into two photons could
have been seen by CERN in
2015819 (though sufficient
statistical significance never
reached)

Mass ~ 750 GeV/c? (CMS +
ATLAS)IE]

Decay width <50 GeV/c28le]

Decays into two photons (hinted in 2015
data;®1°) absent in 2016
datamlzl)
two Z-bosons (predicted)
one photon + one Z-boson
(predicted)
two W bosons (predicted)
two gluons (predicted)
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Post-seminar stampede

m [ http://cern.ch/go/DZ18 ]

#Run2Seminar and subsequent yy-related arXiv submissions
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Perhaps a whole fixion sector?

[ http://xked.com/1621 ]

A CHRISTMAS GIFT FOR PHYSICISTS:

THE. FIXION
A NEL PARTICLE THAT EXPLAINS EVERYTHING

P COTPORENT >/~ CFHES GURRXS D QU

OF DARK : SUPPRESSES ANTIMATTER
NEUTRALIZES MONOPDLES —" IN EARLY UNIVERSE
SPONANEDUSLY — * 7 — VEDRTES PROTON DECAY
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e CAUSES CORONAL HERTNG
ke SUPERLUMNALLY SMOOTHS
RIGGS-IsH ANISOTROPIES IN EARLY ONIVERSE.
ACCELERNTES CERAN —— (BUTADDs FAINT POLARIZATION
SPACECRAFT DURING FLYDYS ~ @, N FOR BICEP3 To AND)
VELTS ICE IN“SNOLBALL <& TRIGGERS SIBERIAN SINKHOLES
{ ST LIGHT BUrONLY ON CERTAIN DAYS

SUPPRESSES SIGHA
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CMS Integrated Luminosity, pp

Data included from 2010-03-30 11:22 to 2016-08-28 18:34 UTC
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110 || [CMS-PAS-EXO-16-027 |

The effect of #MoarData

- CMS Preliminary 16.2 b (13 TeV)
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m [ CMS-PAS-EXO-16-027 ]

The effect of even #MoarData

. CMS Preliminary _ 16.2 b (13 TeV) + 19.7 fo (8 TeV)
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Stampede no “moar”

#Run2Seminar and subsequent yy-related arXiv submissions
2016/08/16 19:01:23: Submissions: 545

Cumulative number of submissions [by @DrAndreDavid]
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Stampede no “moar”
[ http://cern.ch/go/DZt8 ]
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Stampede no “moar”
&
&
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The future is bright

Min. bias

WZ
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Very

André David
DrAndreDavid

proud of the #Higgs #physics results from

@CMSexperiment presented at #|{CHEP2016!
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Unlike mirages the Higgs is still with us

. ——

André David
DrAndreDavid

Very proud of the #Higgs #physics results from
@CMSexperiment presented at #ICHEP201 6!

CMS Preliminary 12. 9 fo' (13 TeV) 129 fb (13 TeV)
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& Moving forward
NN

0 We must examine this Higgs to the fullest extent !
It may be the only clue to leave the SM oasis and cross the desert.
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Pb-Pb p-Pb
p-Pb!
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The beautiful bering Universe today

m [ arXiv:1303.5062 ][ JHEP 08 (2016) 045 ]

0 Up above:

“Simple six-parameter

7 Down below:
(Not-as-simple) ~20-parameter Standard

7 ° .
ANCDM”. Model of Particle Physics.
10— -
t  Planck ATLAS and CMS —e— Observed 1o
}"ﬂ.\ t WMAP9 LHC Run 1 [ Th. uncert.
F Eoact = ] 4 i =
’ Vg SPT 1Y » ! : ! re=
— 10° iﬁ& 77 — | ——4 : :
X ailY E 5 :
1 - ' ' :
Q \“'g! - : bt :
3 T —— i —— - -
102 ] rfo‘{ : B E : '
% : L 1 L
8 bb + * +
O I 5 e S ' R
) ) . . . . 24 05 0 05 1 15 -05 0 05 1 15 <4 -2 02 46 8 4202 46 8 420246 8
2 100 500 1000 1500 2000 2500 3000 agF VBF WH ZH ttH
! o - B norm. to SM prediction

Looking forward to surprises at higher energy: PeV

neuirinos, #MoarData at LHC 13 TeV, ...
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“ ..and references therein.”

0 Experiments’ pages on Higgs results:
O ATLAS: hitp://cern.ch/go/7IDT
O CMS: hitp://cern.ch/go/6gqmZ
o Tevatron: http://cern.ch/go/h9iX
m CDF: http://cern.ch/go/g8NV
m  DO: http://cern.ch/go/9Djq
01 Partial list of conferences and workshops:
0 Higgs Days 2013: http://cern.ch/go/6zBp
ECFA HL-LHC workshop: http://cern.ch/go/SFW6
Higgs EFT 201 3: http://cern.ch/go/bR7w
Higgs Couplings 201 3: http://cern.ch/go/THp?9
Moriond 2014: http://cern.ch/go /k8FP
Bernasque 2014: hitp://cern.ch/go/Pz7I
ICHEP 201 4: http://cern.ch/go/8Btf
Rencontres du Vietnam 2014: http://cern.ch/go/9Z))
Zuoz Summer School 2014: http://cern.ch/go/9SHw
Higgs Days 2014: http://cern.ch/go/IfP6
Higgs Couplings 2014: http://cern.ch/go/HMmé
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