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Outline — Last year

* Introduction
« The Leptons
— electron, muon, tau & their neutrinos [& photon]
« digression — point-like particles
* The Quarks -1
— up & down
« digression — magnetic moments
* The Quarks — 2
— strange, charm & bottom [& Z]
e The Quarks — 3
— top
« The last force carriers
— W* & gluon
« And finally (?)
— the Higgs
« Conclusion
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Outline — This year

~« Introduction
« Summary of what we know from last year
 Update on the Higgs
 What is Real an what is Imag ned
« Conclusion
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(From Last Year) The Standard MOdel

The Standard Model Effective Lagrangean ™) Tak e a p ro C eS S
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I % a is the fine structure constant
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excluding GRAVITY
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Y o(e"e” —» hadrons)

(From Last Year) R —

og(ete” - utu-)

e We “derived”

At

3s

olete" -pu u )=

 We can generalize this to

2
L b=\ 2 4T
(always for s > 4m? and « m3)

C is a “colour factor” (=I1for u,z, 3 for quarks)

* gy is the charge of the fermion f; =1 (p, r),g or % (quarks)

R=3 Z q:

im;<<./s/4

John Adams Institute APPEAL-4: Particle Physics — Fact and Fantasy 14t June 2013



(From Last Year) What dOeS R |OOk Ilkef)
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UPDATE ON THE HIGGS
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Higgs limits (or signal) — last year

Ken Peach
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How do we expect the Higgs to be produced?
Higgs production

associated prod. with tt

gluon fusion vector boson fusion (VBF)  associated prod. with W/Z ¢
T — r ‘hlﬂlﬁmﬁfﬁ] -
OOD0000C0 ; q ,, q q W 7 g,u_,t, O ;
g t » H W,Z II.’EH?'.'.': = H | L- Wzt Ty ™~ =
A t qg—— g q qo ool Dt

| 11
LHC MIGGS XS WG 2012

Main production mode via
loops. Theory uncertainty
0(10%)

o(pp — H+X) [pb]

Access to top-quark, W
and Z couplings via
production cross section

L oo b o by oy |
100 120 140 160 180 200
M. [GeV1

Krisztian Peters
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Let us look at one of these in more detall

fusion (VBF,
.f“"}q

vector bo

pdfs

]

Quarks embedded
in the proton

Each quark “radiates” aW oraZ
(Both must do the same)
(c.f. Bremsstrahlung)

(??? What is the force field?)
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More detail ...

- s 2
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Even more detail

‘ ‘;:"-1.2 I T T I III.IIII| ] IIIIIII| I TTTTTI
q : 2 4 2:
X | Q°=10" GeV* -
%1 \\ ~
I | /10
0.8 N Partons:
”: Quarks
0.4:— \ _
[ (. .
0.2 . ] x:fraction of proton momentum
_ ‘1 Q2:energy of the (parton) probe
n lllllllll lllllllll L L1l
10* 10° 10?107 1

f(x,Q2): probability that parton “p”
has momentum fraction x when
probed at Q?
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Put it all together ...

vector boson fusion (VBF)

f1(x1, Q%) __.--""--. q
Wz H
L |
r"'E] =
P2 = xZPZ W .Z ..-.I m%! =(Q1 + QZ)Z

f2(x2, Qz) Q'-i.__ [;I'




... and then ...

* Repeat for other Higgs processes
107

I | I I I | 1 I I I I | I | I j:

\s=8 TeV _

LHC MIGES X5 WG 2002

- Don’t forget the
backgrounds
also have to be
calculated in the
same way

o(pp — H+X) [pb]
=

2L 1 T I B R N R T N A N B |
1080 100 120 140 160 180 200
M. [GeV]
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Now the Higgs has to decay ....

Higgs Mass ~ 125 GeV/c?
Top-quark Mass ~ 175 GeV/c? ’Y
lquark H] — mq\/ V2G.gqgH

[quark ~] QqAq

Yy

eeeeeeee



... and this is what we see!

Events / GeV

Data - Fit
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— Background-only

Vs =7 TeV J Ldt=0.02f6" Apr 18,2011

ATLAS Preliminary
H—vyy channel
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A “typical” Higgs Candidate event

ATLAS

A EXPERIMENT

Run Number: 191426, Event Number: 86694500

Date: 2011-10-22 15:30:29 UTC
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Another (more) typical event

ATLAS 2011-08-12 20:16:51 CEST source: JiveXML 187219 19058020 run::

(R B e B T T [ T [T rfrrr
-10 ] X (m) 10
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Many events in one bunch crossing

Run Number: 189280, Event Number: 1705325

Date: 2011-09-14 02:47:14 CEST
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And another accumulation ...

2 450 AT1 AQ Praliminars e fa =
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A not-so-happy story

CMS, 8 TeV, 4.1 fiy"

CMS, 8TeV, 365"
T I T T T T T T I T T T T

= 10° g
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[e}] [e}]
O 4 —s— DATA O ¢ —s— DATA
n ] vZ—p'w ® [ ] yZ—se'e
& 10° I i oW, WW, WZ, ZZ, 1t 6 10° I i tW, WW, WZ, ZZ, 1
w92 [ iets W qp2 [ ] jets (data)
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* In both the p*uw & e*e-channels
— excess of events > 500 GeV @ 7 TeV ©?

— Disappears at 4x luminosity & 8 TeV ®!!
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Errors

10000 = ———T T

> = — e
o C Selected diphoton sample 1 r L n
o - ° ° ] - — All systematics ATLAS Preliminary
L N & Data 201142012 _ 3 _ L -
- - Sig+Bkg Fit (m =126.8 GeV) _ C ----- Withoul mass scale uncerlainties Hosyy ]
b= - =+ Bk (41h order polynomial) ] o Withoul systematic
£ sonof— ATLAS Preliminary — a5 + Besthi ]
W - H—vy - '
4000 — — - .
C -.s.=?Te'-.r.j|_dt=4.th' . 2 =
2000 — — = -
C V==8TeV, dei =207 b _ N ]
C ] 1.5 -
(=] S0 E = - -
5 i ] - .
R = :
200 —] = S -
= E E C 15=7 TeV, j Ldt=48fb ]
E e t KR ¢ = — 8% CL ]
2 -0 by [ — 95%CL 1= TeV, j Ldt=20.7 b -
& mn% + + V2] S I I I N R T
il T T T T R T T R T-'v B =17 124 125 126 127 128 129 130

m,, [GeV]

m,; [GeV]
Observed significance 7.40 (expected 4.10), consistent result w/o categories
Mass: my =126.8 £ 0.2(stat) £ 0.7(syst) GeV
Signal strength: y = 1.65 £ 0.24(stat) £ 0.22(syst) [2.30 compatibility with SM]

Fit prefers narrower than nominal mass resolution by 1.80. This is better than
with a perfectly uniform calorimeter, likely due to background fluctuation

Fitting without resolution constraint gives a ~10% lower signal strength

Ken Peach John Adams Institute APPEAL-4: Particle Physics — Fact and Fantasy 14t June 2013



Errors

'

Evenis - Fitted bkg
s
.l | IJ_lulullllllllllllllllll |J]

EL L
m.,. [GeV]

m, =126.8 £ 0.2 (stat) £ 0.7 (syst) GeV/c?

—
i
i
—i
=9
L
—
[ [N ]
o |
-
[=1
[ |
-k
=
=

FWHM =4,5GeV/c?=2.36 c = 6 = 1.9 GeV?
Statistical error on the mean is usually ~¢ /YN
- what is N?
~ 900 ev in signal would give ~0.07 GeV?
But there is a background (~2700 events) which dilutes the signal
Oyt ~ 3 % .07 =0.21 GeV? (c.f. 0.2 above)

Ken Peach John Adams Institute APPEAL-4: Particle Physics — Fact and Fantasy 14t June 2013



Errors — systematic errors

Events / 2 GeV
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Uncertainty on photon energy resolution (14 — 23%):

Ken Peach
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H->yy versus the Standard Model
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Add information from all channels

Ken Peach

| [ [ [
ATLAS Preliminary
W,Z H — bb

VB =7 TeV: |Ldt= 471"

I I
i my= 1255 GeV

Ve =8 Te: | Lt =13
H— 1t

Vs = T TV: Lok - 2B B
\s-u'cV:ILmE;am'
H— WW' = v
vB=TTeV: [Lat= 46"
ve=8TeV: L =207 "
H— 7y

¥& = 7 TeW: | Lt = 4.6 I
1.5:3'5\'u':j|t¢.]=?$-?t"
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Combined
NS =T TeW: | Lok = 4.6 480"
V5= 8 ToW; | Lk = 13- 20.7 57

w=130+020

=

-1 0

+1

Signal strength (i)

Higgs Boson Decay

H

(mg=125.5GeV)
VH — Vbb -04+1.0
H— 17 0.8+0.7
H— Ww* 1.0+03
H—yy 1.6+0.3
H — ZZ®) 1.5+04
Combined | 1.30+0.20

Combined signal strength y =1.30 £ 0.13 (stat) £ 0.14 (syst)

Global compatibility between the 5 channels and the SM expectation is 8%

Dependence of the combined p on the mass is weak
(4% for 124.5 - 126.5 GeV)

John Adams Institute
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... SO ... Is this how it happens?

Shall |
interact?

onon” This is what
[quark, the Monte
gluon] Carlo
programme
Select X, Q2 does

Fmd
another
panon
Select a
process- Not mterested
Higgs?
v Yes
(Choose a decay)

20,000,000 times/second

Bunch length~9 cm Time for bunches to cross =9/(3 x 101°)~ 0.3 ns
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DD PDDDDDVDVDVDIVDVV?

* Probably not
— This i1s our description of what happens
and our explanation of what happens

e It has the merit of “accuracy”
— when used to predict what will happen
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A bit more detail on the calculation ...

Remember this?
vector boson fusion (VBF)

T '_

'Z “L o 77

11 ”
momentum-space

Finally: We know precisely all the particle momenta
. We (Heisenberg) have no idea where they are!!!!
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QUESTION?

Is this fact?
or
Is this fantasy?




Conclusion (almost as last year)

« We have a wonderful “model” to

describe the particle world

— but it is not a theory
it describes but does not explain

— and has “missing links”
What about gravity?

Why 3 forces?

Why 3 generations?

How does the matter-antimatter asymmetry arise?
Why 3 space and 1 time dimension?

Are there more dimensions?

P P i
JCIICTALIONS Ol

MALLer

e We can model it
— but do we understand it?
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LEAD-LEAD COLLISIONS

Something Different




'ATLAS

EXPERIMENT

Run Number: 169206, Event Number: 310336
Date: 2010-11-14 18:20:52 CET
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ALICE: A Large lon Collider Experiment
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