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Successes of Standard Model

Standard Model describes almost all the experimental
data produced over many decades in many different
experiments (not only particle accelerators).

Describe a few of the tests in this lecture:

* muon magnetic moment

 electron magnetic moment

 Z line shape and the number of neutrinos
* precision measurements at LEP

* hadron collider results

* the discovery of the “Higgs”
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Muon anomalous magnetic moment

de Rafael, 0809.3085
g-factor: relation between spin and magnetic moment
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Perturbation theory at work — 5 loop calculation!

QED _ @ 3)2 9)3
a@EP =+ 0.765857410(27) (7r + 24.05050964(43) (ﬂ
a\4 a\°
+ 130.8055(80) (;) + 663(20) (;) +o (5)

Table 2 Standard Model Contributions

C'ONTRIBUTION Resurt IN 10~ uniTs

QED (leptons) 11 6584 718.09 4+ 0.14 + 0.04,
HVP (lo) 6 908 £39.., £ 19,4 £ Toqcn
HVP (ho) -97.9+0.9.,, £0.3..4
HLxL 105 + 26
EW 152 +2+1
l'otal SM 116 591 785 £ 51

ap™ = 116 591 802(2)(42)(26) x 1071

a, P =116 592 089(54)(33) x 1071
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Aa, = af — a3 = 287(63)(49) x 107! PDG 2012
3 parts in a billion!
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Electron anomalous magnetic moment

Following Dyson we can write a, as Kinoshita 2010
ae = @e(QED) + ae(hadron) + a.(electroweak), where

ae(QED) = A1 + A2(me/my) + A2(me/m;) + Az(Me /My, Me /M)

Ai=AD (Z) + A (3)2+A,(6’ (3)3+...,i: 1,2,3

s (s

@ First four A1 terms are known analytically or by numerical integration

A(12) = 05 1 Feynman diagram (analytic)
A" = —0.328 478 965 ... 7 Feynman diagrams (analytic)
A(16) = 1.181 241456 ... 72 Feynman diagrams (analytic,numerical)

Laporta, Remiddi, PLB 379, 283 (1996)
Kinoshita, PRL 75, 4728 (1995)

A(18) = —1.914 4 (35) 891 Feynman diagrams (numerical)

Kinoshita,Nio, PRD 73, 013003 (2006)
Aoyama,Hayakawa,Kinoshita,Nio, PRD 77, 053012 (2008)

as(exp) = 1 159 652 180.73 (0.28) x 10~ 2 [0.24 ppb]

Hanneke, Fogwell Gabrielse, PRL 100, 120801 (2008)  1able top experiment

Best determination of fine structure constant
o~ (ae) = 137.035 999 085 (12)(37)(33) [0.37 ppb] 6



Z-boson and the number of neutrinos

More than 15 million Z-bosons were produced and
detected at LEP through the process:
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The Z-boson shows up as a resonance in e*e" collisions
iIn the LEP collider:

10 5 T T T Year || Centre-of-mass lnlvgr;ll.ml
£ energy range | luminosity
S Z [GeV] [pb']
g 1989 88.2 — 94.2 1.7
b= 1990 | 88.2 -~ 94.2 8.6
35 10 4 _ + iggi 88.:’:” li)fﬁ.? i(:?
s - by v ¥4 v 40.0
£ - €c _)hadrons 1993 || 89.4, 91.2, 93.0 40.0
O i 1994 91.2 64.5

1995 || 89.4, 91.3, 93.0 39.8

103k _:

10 > E56RTs | E
- PEP ]
- PEIRA | -
P S e _

PEP-II

. 3 ! ! ! IlJEl)lI | ! LIIZP I|I ! E
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Centre-of-mass energy (GeV)
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The Z-boson mass is one of the best measured
quantities in the SM:

ALEPH  |[—+—  91.1893+0.0031

DELPHI —f—i 91.1863+0.0028
L3 : —;— 91.1894+0.0030
OPAL —5— i 91.1853%0.0029
LEP ;—Q—; 91.1875%0.0021

common: 0.0017

¥’ /DoF = 2.2/3
91.18 91.19 91.2
m, [GeV]

LEPEWW
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The resonance line shape is a consequence of the Z-
boson propagator which must include quantum
corrections due to its decay such as the diagram

f

AVAVAVAVAVA' AVAVAVAVAVA
v,.ZIW ~ v.ZIW
fif

which leads to a cross section proportional to the so-

called Breit-Wigner factor: 2
1

s—M?2+i"' > M
Z widht
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Partial Z width in lowest order (tree-level):

N(Z = []) = 525Mz(a] + aj) Ne
Channel ai + aj,
vy %
I 11(17 sin® 6y 25i111(}”-)
it il(i] = sin® 0y 4 %sin'(}”-)
dd ]_l<l1 +sin” Oy %sin'(}”-)

Total Z width given by (why?):

[(Z) =2xT(Z = ut)+3x0(Z — dd)+3x(Z — IH17)+ N, x[(Z — v)
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Using Gr=1.166x107% GeV—2  sin®fy = 0.231

| get
['(Z —ut) = 0.2854 GeV, I'(Z — dd) = 0.3679 GeV,
['(Z—=1T17) = 0.0834 GeV, I'(Z — vv) = 0.1658 GeV

and hence I'(Z) =2423 GeV for N, =

to be compared with experimental result:

F(Z) = 2.4952 + 0.0023 GeV

No room for an extra neutrino!
Agrees with cosmology (BBN)

12
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% 2v
= A
bg 30 | ALE PH v ll"'.\"
- DELPHI
L3
OPAL

20

/
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11/

| 4 average measurements,
error bars increased
by factor 10

786 88 90 92 o4
E_[GeV]

cm

Effective number of near N, = 2.984 + 0.008

massless neutrinos N =3.84 + 0.40 from WMAP9
eff

Dark radiation? Wait for Planck. 3



Precision measurements at LEP

Many observables were measured that depend on the fundamental
parameters of the SM.

At tree level, only g4, g, and v are necessary to calculate
electroweak processes.

Other parameters appear at the loop-level and are important since
the measurements are very precise.

New physics could be the cause if there are poor fits between SM
and measurements — but there are NOT.

Gfitter group provides a global fit of electroweak observables
http://gfitter.desy.de/Standard Model/
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Poner e [ Mt Rl i iy
My ([Gev)©© 1257404  yes  125.7+04 94%3 9472

My [GeV) 80.385+0.015 -  80.36740.007  80.380 = 0.012 80.359 4 0.011
Tw [GeV] 2.085 £ 0.042 - 2.091 + 0.001 2.092 £ 0.001 2.091 £ 0.001
My [GeV] 91.1875 £ 0.0021 yes 91.1878 +£0.0021 91.1874 = 0.0021 91.1983 + 0.0116
'z [GeV] 2.4952+0.0023 - 24954+ 0.0014  2.4958 £ 0.0015 2.4951 £ 0.0017

ol 4 [nb] 41.540+0.037 -  41.479+40.014  41.478£0.014 41.470 + 0.015

R! 20.767+0.025 -  20.740+£0.017  20.743+0.018 20.716 + 0.026
AN 0.0171£0.0010 -  0.016274+0.0002 0.01637=0.0002  0.01624 & 0.0002
Ay ™ 0.1499 +0.0018 - 0.1473 700008 0.1477+0.0009  0.1468 £ 0.0005"
sin¥’ (Qrp) 0.2324 £0.0012 - 0.23148F0-00011  0.231437-00019 0.23150 = 0.00009
A, 0.670 £ 0.027 - 0.6680 ) 500z 0.6682 70 0004z 0.6680 + 0.00031
A, 0.923 £ 0.020 - 0.93464 1) 00%%  0.93468 £ 0.00008  0.93463 = 0.00006
AV 0.0707 £0.0035 - 0.0739 700003 0.0740 £ 0.0005 0.0738 = 0.0004
AL 0.0992 +0.0016 - 0.1032 =9-0004 0.1036 + 0.0007 0.1034 = 0.0004
R? 0.1721£0.0030 -  0.17223£0.00006 0.17223£0.00006  0.17223 = 0.00006
R} 0.21629 = 0.00066 -  0.21474 £ 0.00003 0.21475+0.00003  0.21473 £ 0.00003
M, [GeV] 1271097 yes 1.27 707 12790 -

i [GeV] 4.20104% yes 4.20 033 4.20104% -

my [GeV) 17318+ 0.94  yes 173.52 + 0.88 173.14 + 0.93 175.8 5% ]
Aol (M3) (&) 2757 + 10 yes 2755 £ 11 2757 + 11 2716 715
a:(M2) - yes  0.1191£0.0028  0.1192 4+ 0.0028 0.1191 £ 0.0028

O My [MeV] [—4,4)ineo yes 4 4 -

by sin%; (4 [—4.7,4.T)iheo  yes -1.4 4.7 -

°) Average of ATLAS (My = 126.0 = 0.4 (stat) = 0.4 (sys)) and CMS (M = 125.3 + 0.4 (stat) = 0.5 (sys)) measurement
assuming no correlation of the systematic uncertainties. (”)Average of LEP (A; = 0.1465 = 0.0033) and SLD (A, = 0.1513 4 15

0.0021) measurements, used as two measurements in the fit. ' The fit w/o the LEP (SLD) measurement gives A; = 0.1474 b o o

-

(Ay = 0.1467 750008y (“)In units of 10~°. (¥Rescaled due to .= dependency.




The famous “pull” diagram - SM works beautifully
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Indirect limits on the Higgs mass

H
,H- B
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L ! o R — 20
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Particle production at hadron colliders

Protons are made out of quarks and gluons. What really
participate in the collision are the proton constituents,
called generically partons. Partonic center-of-mass

energy is not fixed!

1 18



Cross section: Factorization at work!

Parton distribution functions (PDFs)

—

1 .
do(hihy — ed) = / dzidzs Zfa/hl(xl,,u%)fb/hz(a:g,u%)d&(ab_’Cd)(QQ,u%)
0 a,b

H1 and ZEUS HERA I+1I Combined PDF Fit

xf(x)l: HERAPDF1.5

July 2010

L (Prel) _ cseoris oo Partonic cross section

B exp. uncert.

|_| model uncert. )

- parametrization uncert. W To prOduce (at central rapidity, ie. x1~x2) A
0.6 -

mass of
il 20005 LHC 7tev) | TEVATRON
* 100 GeV | x~0.014 0.05

0.2+
L XS (¢ 0.05)

3TeV x~0.43 -

HERA Structure Functions Working Group

10 10° \\10
gluons dominate at low x ! l attice Field Theory 19




Cross sections and event rates

Productions of particles are characterized by cross
sections o with units of area:

barn b 10724 cm?
millibarn mb 1027
microbarn ub 10730
nanobarn nb 10733
picobarn pb 10736
femtobarn fb 1073
attobarn ab 10742
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Accelerators are characterized by their center-of-mass

energy and luminosity. Luminosity has dimensions of
iInverse of an area (or inverse cross section).

The product of cross section with luminosity gives the
number of events that would be produced.
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Large Hadron Collider at CERN

27 km circumference — largest experiment ever

New Horizons in Lattice Field Theory
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Dipoles
Quadrupoles
Sextupoles
Octupoles/decapoles
Orbit correctors
Others

Total




e

FE NS PN FEAaREe .

24
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Outstanding LHC performance: 2010, 11 and 12

| | I I | | I I | | |

ATLAS Online Luminosity

2010 pp\s =7 TeV
w2011 pp \s = 7 TeV
w— 2012 pp Vs = 8 TeV

w
(&)

w
o

N
o

llll]1]]IIIIIIIITII]TIIIIIIIIIllll]]

“Higgs” discovery

Delivered Luminosity [fb 7]
o o

10
HCP update
5
0 | | i | | | |
ot o) N oct

Month in Year 55
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http://Ihc-statistics.web.cern.ch/LHC-Statistics/index.php

Quick search
@ LHC Performance and Statistics Fil numoer:
2012]+] 4Tev_[+] proton - proton [+]] Stsbie Beams [+] [[Apply i
Online Integrated Luminosity
ALICE:3.77pb?  ATLAS:16.64 b’ CMS:16.68fb’ LHCb: 1.6 fb
Latest 5 LHC Fills

155 | 08:23 15/102012 | 7:45 | 4000 | 21047 | 21088 | 1374 | 272 | 1368001282 | 6941 | 1878 | 6014 | 405 | 121007 | 19084 | 122362 | 10001
152 18:00 14/10/2012 2258 315 2000 21018 208.38 1374 278 1368/0/1262 8729 1572 | 6es1 425 77181 107.14 78422 5015
178 05.05 14/102012 0749 2:21 3000 213.02 200.45 1374 230 1388/0/1262 8356 1356 | 681 411 47747 BB 43778 3231
3180 16:22 13/10/2012 15:21 0:25 3000 11.08 11.81 75 2.76 720048 334 0 341 54 479 0 273 53
138 13.02 07/10/2012 17.03 9:54 4000 219 215.07 1374 251 1368/0/1262 7310 10.27 7244 311 120374 112.66 148403 12073
Integrated Luminosity Evolution
Zoom |1wk|2wk| 1m [ALL] [—ATLAS—AUCE—CMS—LHCb] From: | Apr4,2012 | To: [Oct 15,2012 (& &
15000 -
7 10000
Y
a
5000

[v] —— e —
9. Apr 16.Apr 22.Apr 20.Apr 7.May 14.May 21.May 28.May 4.Jun 11.Jun 18.Jun 25.Jun 2 Jul 9. Jul 16.Jul 22.Jul  20.Jul 6.Aug 12.Aug 20.Aug 27.Aug 2.5ep 10.5ep 17.5ep 24.5ep 1.0ct B8.0Oct




38 Countries, 183 Institutes, 3000 scientists and engineers (including 400 students)

TRIGGER, DATA ACQUISITION

& OFFLINE COMPUTING

Austria, Brazil, CERN, Finland, France, Greece,
Hungary, Ireland, Italy, Korea, Lithuania, New Zealand,

Poland, Portugal, Switzerland,
WX

RETURN YOKE

Barmel: Estonia, Germany, Greece, Russia
Endcap: Japan®, USA

SUPERCONDUCTING
MAGNET

All countries in CMS contribute
to Magnet financing in particular:
Finland, France, ltaly, Japan®,
Korea, Switzerland, USA

:12500T
:15.0m
:215m
14 Tesla

Total weight
Overall diameter
Overall length
Magnetic field

TRACKER

Austria, Belgium, CERN, Finland, France, Germany,
Italy, Japan®, Mexico, New Zealand, Switzerland, UK, USA

HCAL

Barrel: Bulgaria, India, Spain®, USA

Endcap: Belarus, Bulgaria, Georgia, Russia,
Ukraine, Uzbekistan

HO: India

CRYSTAL ECAL
Belarus, CERN, China, Croatia, Cyprus, France, Italy,
Japan®, Portugal, Russia, Serbia, Switzerland, UK, USA

PRESHOWER
Armenia, CERN, Greece,
India, Russia, Taiwan

FORWARD
CALORIMETER

Hungary, Iran, Russia, Turkey, USA

MUON CHAMBERS
Barrel: Austria, Bulgaria, CERN, China,
Germany, Hungary, Italy, Spain
Endcap: Belarus, Bulgaria, China, Colombia,
Korea, Pakistan, Russia, USA

CBPF, UERJ and IFT-UNESP

New Horizons in Lattice Field Theory
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ATLAS Collaboration

..........

25m

EM Calorimeter
Pixel Detector

Transition Radiation Tracker
Toroid Magnets SemiConductor Tracker
Muon Specirometer Solenoid Magnet

Diameter 26m
Length 46 m
UFRJ and USP Weight 7000 Tons
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LHCDb focus on b-physics
(UFRJ and CBPF).

ALICE is dedicated to heavy ion collisions
(USP and UNICAMP)

New Horizons in Latti ) LICE =

b e
o <
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Example: top quark pair production

UE _I LI I LI I 1T 17T I 1T 177 I 1T 17T I 1T 17T I L I T l_
= ~ ---NLO QCD (pp) # Single Lepton (8 TeV) 241+ 32 pb B .
. | ¥ Single Lepton (7 TeV) 179+ 12 pb Leadlng Order
o= E Approx. NNLO (pp) , o7
B A Dilepton 173 a pb
~"NLOQCD (PP) (5 Ajl-hadronic 167 =81 pb
102 |_—Approx. NNLO (pp) @ Combined 177 'fipb .
~ ® CDF =
- 4 DO i
B 250 i
10 — 200— 7] ]
- - dominant
= 150 B
i ATLAS Preliminary . .
7 8
1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 l 1 1 1 1 I 1 1 1 1 I 1 1
1 2 3 4 5 6 7 8
Vs [TeV]
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Gtotal [pb]

10?

10

Standard Model at the LHC

[ lllllll| I lllllll| I IIIIIII| [ lllllll]

[ IIIIII|

- ]

ATLAzS Preliréninary

35pb

e LHC pp Vs =7 TeV
35pb”" 3 | Theory

o Data(L=0.035-4.6 )

LHC pp Vs =8 TeV

mem Theory
5.8 fb1 | * Data(L=5.8-20fb )
. 58" ' |

1.0 "

=
1.0
E

P 13 b

o

46"

-

2.1 fb"

20 fb*
T =
461"

wz | owt | zz
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2012: a Hi(gg)storical year

July 4th at CERN

32
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“At the beginning I had no idea a discovery would be
made 1n my lifetime,”
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HO

W.Z

01

W, Z bremsstrahlung

t

t t fusion

Finding the Higgs

Higgs production at the LHC

10

o(pp = H+X) [pb]

[ |IIII|

10

[ Illllll

102

Il|

T

\Us= 8 TeV

] T T T T

L L]

L llll
LHC HIGGS XS WG 2012

| lllllll

| 1 Illllll

lll

I

1 1

2

50 300
My, [GeV]




Exercises:

1. Given that the instantaneous luminosity

at the LHC is approximately 7 x 10%%cm ™25~ 1
how many Higgs bosons are produced in one
hour if its mass is 120 GeV?

2. Why ~2 Higgs bosons @ 125GeV produced at
LHC out of 1079 pp collisions?
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Higgs decays

g TH o |  _ WW 18

B T

é’ i - Z2Z :

= T BRE
S 1011 /9 o
sl - .
102/ [°C E
vy 4Y ]

_3 | | | | | ! t |
107 Jce—— 200 300 500 1000




Main search channels

H-> vy
H-> Z Z -> 4 charged leptons

Backgrounds are manageable



~candidate




H-> Z Z() -> 4 charged leptons

C

8 TeV DATA

4-lepton Mass : 126.9
GeV

W(Z,) pri24GeV

e*(Z,) pr:21GeV

CMS Experiment at LHC, CERN

Data recorded: Mon May 28 01:35:47 2012 CEST
Run/Event: 195099 / 137440354

Lumi section: 115



H->Z Z0) -> 4 charged leptons

Events / 3 GeV

30

10

CMS preliminary
L} ) I

« Data Vs=7TeV:L= 5.1fb"
] m, =126 GeV (s=8TeV:L=19.6fb"
] &y ZZ

B z+X

6. ? [ 2) s.d cbser ed (expected) significance
o fosy = 0.01

Moriond 2013 |

pRby ||

400 800

m,, [GeV]

New Horizons in Lattice Field Theory
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Evartat: GaVv

60

S0

40

J0

10

| * Data ATLAS Preliminary
1" ey

- - Background 77 H—)ZZ‘ 4

_ B Background Zjels, 1T

i |_1 Signal ["M:‘?S GeV)

- %7, SystUnc. Moriond 2013

{5 =7 ToV:|Ldl - 4.8 1b"
" s =8 ToV:|Ldl - 20.7 b

100 120 200

270
My |G|

ﬂ Observed local significance of the excess: 6.60\
(4.40 expected for SM Higgs)

= Best mass fit 124.3 "4‘;-55 (stat) T:'ss (syst) GeV
[measurement dominated by 4..'- 0.2% systematics from p,-scale]

= Signal strength @ this mass: p=1.7+23
[@ 1255 GeV: p=1.5+0.4] -/

41



H-> vy

= Sum of mass distributions for each event class, weighted by S/B
= Bisintegral of background model over a constant signal fraction interval

%2000 - CMS Preliminary —¢— S/B Weighted Data
(51800:— \s=7TeV,L=5.11b" S+B Fit

N~ ls=8TeV.L=53f" — Bkg Fit Component
©1 600 , [ J+1o
1400

[ +26
9p)
+=1200

21000
L

800
600
400
200
0

&
8
&

Weighted

IlI|Illllllllllllllllllllllll




> 10000 I_l T T T I T T T T l T T T T l T T T T I T T T T ] T T T ‘_'

(ODJ B Selected diphoton sample ]

N go00 — e  Data2011+2012 ]

~ B Sig+Bkg Fit (mH=126.8 GeV) _

£ m O Segy e Bkg (4th order polynomial) N

Q6000 — ATLAS Preliminary —]

w - H-yy —

4000 — _

~ {s=T7TeV, JLdt =481 _

2000 — 1 -

~ Ys=8TeV, JLdt =20.7fb . ]

- Moriond 2013

500 = SR SR } — —

o) = 3

é 400 = =

- 300E- =

9 200E- + + =

T 100E + =

m 0E ' H ¢ 4 ¢ &

£ -0 3 + T + ¢ ¢ =

m -200 ;_ 1 1 1 1 1 —2
i 100 110 120 130 40 150 160

m., [GeV]

* Observed local significance of the excess: 7.4o0 (4.10 expected for SM Higgs)
» Best mass fit: 126.8 = 0.2 (stat) = 0.7 (syst) GeV —»Systematics fully dominated by y-energy scale

= Best fit of signal strength @ this mass p=1 .65"%-‘;40 = 1.65 = 0.24 (stat) +g-fg (syst)
[consistent across various categories] = e

[ = 2.3c from SM Higgs + background hypothesis ]




Summary of Higgs mass

[ 125.4 £ 0.540; & 0.64c GeV  CMS 7y
125.8 £ 0.5, &+ 0.2, GeV CMS ZZ
126.8 + 0.25t0t £ 0.7syc GeV  ATLAS 7y
124.3 £ 0.6, & 0.5, GeV ATLAS ZZ

M, = 125.66 +0.34 GeV = |
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I’'m not an experimentalist but | also found
the Higgs at CERN...

o b - ¥ v




Have we found THE Higgs?

Given the Higgs mass in the SM, all parameters
are known!

Strategy: measure Higgs cross sections and
compare with SM predictions.

In particular, define “signal strength”:

=

ok

OSM



An example of signal strength

| | | | | | |
ATLAS Preliminary  m, = 126 GeV

W,ZH — bb

\s=7TeV: |Ldt=4.7 b °
\s=8TeV: [Ldt=13fb"

H— 11

\s=7TeV: |Ldt= 461" — e
\s =8 TeV: ILdt 13fb‘ :

H— Ww' %IVIV

\s =8TeV: [Ldt=13fb" e
H— vy .
\s=7TeV: [Ldt= 4.8 10" P —e—
\s =8 TeV: ILdt 20.7 fo” :

H— zz" = 4 ,

\s =7 TeV: [Ldt= 4.6 b - —

\s =8 TeV: |Ldt=20.7 b

Combined u=1.40+0.21 :

\s=7TeV: [Ldt=4.6-4.8fb" D e

\s =8 TeV: [Ldt=13-20.7 fb"

I I I I I I I
Photons only 10
u=1.65*02 = 1.65 x 0.24 (stat) *02° (syst) Signal strength (u)

I = 2.3c from SM Higgs + background hypothesis ]

Many papers have been written to explain this “excess” — but CMS has a deficit!
New Horizons in Lattice Field Theory 47




Many measurements on Higgs
(but large error bars)

my = 1256 GeV
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arXiv:1303.3570
Figure 1: Measured Higgs boson rates at ATLAS, CMS, CDF, D0 and their average (horizontal

gray band at =1¢ ). Here 0 (red line) corresponds to no Higgs boson, 1 (green line) to the SM
Higgs boson (including the latest data point, which describes the invisible Higgs rate).
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The universal fit

Parametrize new physics with an effective lagrangian (9 free
parameters —r's - that are equal to 1 in SM):

E my . — me , + me s, _ M2 2ML2‘V — i
ELh = 'rtvhtt+rb7hbb+r,7h'rf+r#thu+7‘47h22+7’w vV hW:Wu +§

+7 Carg thF vF + rgcgilm VhG“ G, + TA,}CSM

A s s e e e e e e G e s s S Gn Gn En G S GE GE EE S G GE Gn EE EE S G R GE GE EE G G SN GE GE SE G R GE GE GE S G G GE GE GE SE G R GE GE GE SE G SR GE GE GE G G SR Gn EE SE G G G GE GE GE G G GE GE S G G G G GE S S G G GE GE G G G G s e e e e e e

Use all available data do minimize

2
X (Tta TosTrsTWyTZyTgs Ty TZyy Ty BRinv)

OBS: given a model, parameters are correlated.
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Fit to Higgs couplings Assumption:

e — —— ho new particles.
1f :
03+ )
50 N
£ & :
5 Py
S 0.1 W
o - N\ 3
20 B o
2D N ]
v - T b W Z t -
0.03 | -
0.01 - 3 i
- . 1 arXiv:1303.3570
1 3 10 30 100 300

Mass of SM particles in GeV

Are you convinced it is THE nggs’?

New Horizons in Lattice Field Theory



Another fit paper — yesterday!

Higgs At Last

Adam Falkowski®“, Francesco Riva®, Alfredo Urbano*®

® Laboratoire de Physigue Théorique d'Orsay, UMRE627-CNRS,

Umiversité Paris-Sud, Orsay, France.

¢ SISSA, via Bonomea 265, I-34136 Trieste, Tialy.

Abstract

We update the experimental constraints on the parameters of the Higgs effective
Lagrangian. We combine the most recent LHC Higgs data in all available search
channels with electroweak precision observables from SLC, LEP-1, LEP-2, and the
Tevatron. Overall, the data are perfectly consistent with the 126 GeV particle being
the Standard Model Higgs boson. The Higgs coupling to W and Z bosons relative to
the Standard Model one is constrained in the range [0.98, 1.09' at 95% confidence level,
independently of the values of other Higgs couplings. Higher-order Higgs couplings to

1303.1812v2 [hep-ph] 18 Mar 2013

electroweak gauge bosons are also well constrained by a combination of LHC Higgs

data and electroweak precision tests,

arXiv

New Horizons in Lattice Field Theory

b Institut de Théorie des Phénoménes Physigues, EPFL, 1015 Lausanne, Suitzerland.
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Conclusion for the successes:

All measurements performed so far at accelerators are

In good agreement with predictions of the Standard
Model.

Why we are not totally happy with the SM?
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Shortcomings of the Standard Model

Many free parameters — mostly associated with the Higgs

New non-gauge interactions:
Higgs self-couplings A
Yukawa couplings between Higgs and leptons — Flavor problem

Conceptual problems related to the scalar sector

 Perturbative unitarity
* Triviality
* Vacuum stability

* Hierarchy and naturalness 53



I. Perturbative unitarity

SM is “sick” without the Higgs boson — WW scattering
violates perturbative unitarity

o, T e

Contact
interaction t channel exchange

E{i W a5 (sz,)

W.—-
_ My
A= (2 My )

nggs boson in ¢ channel
Bad energy behaviour is cancelled by the Higgs

s channel exchange

Higgs boson in s channel
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I1. Triviality: upper bound on M

.......... yt yt ““’0‘
R
::3t:: }}::!: ? 7\,
d A« 2 3 """ Yt Yi
_ yE
Ve d
2 2 for large A
dinu” 8w J



“Running” A.:

(- ?t(v )

DyL(V ln(A2 /v° )

871

Landau pole: coupling constant diverges
at an energy scale A.

325722 ) ln(A2 /v° )= |




Only way to have a weel defined theory at all scales is
to have a vanishing coupling: theory is trivial

Lesson to be learned:
Higgs sector is an effective theory, valid only up to

a given energy scale A.
Given a cutoff scale A there is an upper limit in the
Higgs mass:

3)L(V

871

ln(Az/V )<1=>

16V
M =2)L(V2),2 31n(A2/V )




II1. Vacuum stability: A >0
Higgs can’t be too light (small A):

2\ 2
| v
“Running” A\ V(o) = A (O ¢ — 7)
........ Yi Yi
..... A S
::32:: );:09‘ * 7\«
_ \jsmall 2] S Yo
dk(u ) 3 2 3% 2
~—— y, = AA° )=\ ~Inl\A”/ v’

dln u’ 1

4
Vacumm stability (A>0) M2 > 3yt 2
implies a lower bound: H 471>

\% ln(A2 /Vz)




Higgs sector is an effective theory valid up

to an energy scale A
Ellis et al., arXiv:0906.0954
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Recent results on vacuum stability

Condition for absolute stability up to the Planck scale 1s

Pole equation M}% = 2\ + Hhh(Mf%)

Higgs pole mass at NNLO (independent of )

M, [GeV] —173.1\ _ . (‘@s(Mz) —0.1184
0.7 ' 0.0007

M, [GeV] >1294+14 ( ) + 1.0¢

M >1294+ 1.8 GeV arXiv:1205.6497

h
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Quartic coupling becomes negative: unstable vacuum

0.10 1 ] 1 ] 1 ] 1 1  § 1 | | 1 1 1 1 1 1 1 )
0.08 ) M, =125 Gf:V )
" 3¢ bands in 1
~ Y M, =173.1 07 GeV
S 006 @.(M,) = 0.1184 £ 0.0007
& ?
'§- 0.04 X
o
151 !
2 -
= 002F
g I
o
g’o N
20 0.00
:: L
-002 +

M, =1753GeV
-0.04 S SR T T S BN | 1 1 1 1 [

I

10 10' 10" 10%

RGE scale pin GeV arXiv:1205.6497

102 10 10° 10% 10 10'2
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Pole top mass M, in GeV

180

We live in a dangerous universe

===""" 100

Meta=stability - -~

175 "
170 3
165 - L 1 1 1
115 120 125 130 135
Higgs mass M), in GeV
arXiv:1205.6497
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We live in a dangerous universe

If my < mmin, there is a deeper vacuum with the Higgs vacuum
expectation value larger than the EW vev.

ME > Mmin My = Mmin myg < Mmin

—V MP| : V“ MP| : T/ —
Mp
The life-time of our vacuum is smaller than the age of the Universe if

My < Mmetas WIth M pmeta =~ 111 GeV
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It is curious that the Higgs mass is such that the theory
Is stable almost up to the Planck mass!

Is this a coincidence? Is there any deep reason?

Asymptotic safety of gravity and the Higgs boson mass
Mikhail Shaposhnikov

Institut de Théorie des Phénomenes Physiques, Ecole Polytechnique Fédérale de Lausanne, CH-1015 Lausanne, Switzerland

Christof Wetterich

Institut fiir Theoretische Physik, Universitit Heidelberg, Philosophenweg 16, D-69120 Heidelberg, Germany

12 January 2010

Abstract

There are indications that gravity is asymptotically safe. The Standard Model (SM) plus gravity could be valid up to arbitrarily
high energies. Supposing that this is indeed the case and assuming that there are no intermediate energy scales between the
Fermi and Planck scales we address the question of whether the mass of the Higgs boson my can be predicted. For a positive
gravity induced anomalous dimension A; > 0 the running of the quartic scalar self interaction A at scales beyond the Planck
mass is determined by a fixed point at zero. This results in my = muyi, = 126 GeV, with only a few GeV uncertainty. This
prediction is independent of the details of the short distance running and holds for a wide class of extensions of the SM as well.
For A; <0 one finds mpy in the interval mp,;, < my < mmax ~ 174 GeV, now sensitive to A; and other properties of the short
distance running. The case A, > 0 is favored by explicit computations existing in the literature.




IV. Hierarchy and naturalness

Higgs boson mass receives quantum corrections the takes it to
be of the order of the largest scale in the theory.

The origin of this behaviour is in the presence of quadratic
divergences in the Higgs 2 point function:




Physical Higgs mass:

M2(bare)
2(phys.) _ A2 2(bare) A2 H

Example:

M®¥) =100 GeV
A =10" GeV

Huge fine tuning of the bare Higgs mass: huge
differences in energy scales are not natural.




3 possibilities for natural Higgs:

* New symmetries to protect Higgs mass from
quadratic divergences:

v SUSY _
v Shift symmetry (Hltggs~NG boson?)
v Conformal symmetry (Higgs~dilaton?)

« SM valid qnlg Uﬁ to A~1TeV | |
Symmetry is broken by new strong interactions.

» Extra dimensions:
lower Planck scale (UED) or use warped
geometries (R-S).



Any substitute to the Higgs sector should:
* break SM symmetries down to EM
» generate masses for particles

* unitarize WW scattering

 explain hierarchy between electroweak and
Planck scales.



Beyond the Standard Model

» explain hierarchy between electroweak and
Planck scales.

» explain dark matter
» explain neutrino masses

« explain baryon asymmetry in the universe

All candidates predict new particles at
the TeV scale! On to the LHC!!
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