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4th of July 2012, Discovery of a resonance at 125-126GeV

ON A
ERT DE

CouV :
auol EST FAIT
LE RIEN!
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Hare Higgsna, Hare Hare...

from Adam Martin, from? why not just praise the Lord and the SM
The holy cow has got 4 legs: 3 Goldstones and one scalar
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2013 NOBEL PRIZE IN PHYSICS

Francois Englert

Peter W. Higgs

Press Release

8 October 2013

The Royal Swedish Academy of Sciences has decided to award the Nobel
Prize in Physics for 2013 to

Frangois Englert \
Université Libre de Bruxelles, Brussels, Befl S8

and

Peter W. Higgs
University of Edinburgh, UK

“for the theoretical discovery of a mechanism that contributes to our
understanding of the origin offfiass pf subatomic particles, and which
recently was confirmed through

particle, by I‘heP TLAS and CMS experiments at CERN'S Large Hadron Collider 1
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Mechanism...Spontaneous Symmetry Breaking

Yevspace*-2cm

The Nobel Prize in
Physics 2008

—
e =
—s

Phota: University of © The Nobel Foundation @ The Nobel Foundation
Chicago Phaoto: U. Montan Photo: U. Montan
Yoichiro Nambu Makoto Kobayashi Toshihide Maskawa

The Nobel Prize in Physics 2008 was divided, one half awarded to Yoichiro
Nambu “for the discovery of the mechanism of spontaneous broken
symmetry in subatomic physics’, the other half jointly to Makoto
Kobayashi and Teshihide Maskawa "“for the discovery of the origin of the
broken symmetry which predicts the existence of at least three families of

quarks in nature”.
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Higgs in the SM model

V = (02 - v?/2)?
(A>0)

(0|9|0) = v/V/2
Qem|0) = |0
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Production at LHC:

Important contribution from the theory side to get precise HiggsXsections, novel techniques,...

Production mechanisms
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Production at LHC:

Important contribution from the theory side to get precise HiggsXsections, novel techniques,...
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N
A

1 1
500 1000

My = 125GeV a very lucky strike, many channels open/accessible/useful. Allows more tests.
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1 1
200 500 1000
B My [GeV] _

Indirect effects again, for a crucial channel, top, W loops

il il
nennl L owan a H
Ly = c—F, F*—
Hn 4z v
g 1
+7 (W=
I - ) = GuMj; o? SIQNC R, Fi= 1;( ’
) = 2Ne,iFy . 4 fermion
' 4 scalar

3

Related to the 4 function.
4th generation reduces the rate by 15%.
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o (nb)

in ATLAS

proton - (anti)proton cross sections
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proton - (anti)proton cross sections
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Higgs looks fairly standard

Combined
=1.00+0.13
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Coupling proportional to mass

19.7 o' (8 TeV) + 5.1 16" (7 TeV)
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in the SM, Higgs and Mass are "ONE"

» Goldstones w' and H combine to form a linear representaion of SU(2) x U(1)
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in the SM, Higgs and Mass are "ONE"

» Goldstones w' and H combine to form a linear representaion of SU(2) x U(1)

» H=H+v=v(1+H/v), coupling of H is to the mass. Factor the mass out, the
coupling is universal (tree-level). This must be verified precisely
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in the SM, Higgs and Mass are "ONE"

» Goldstones w' and H combine to form a linear representaion of SU(2) x U(1)

» H=H+v=v(1+H/v), coupling of H is to the mass. Factor the mass out, the
coupling is universal (tree-level). This must be verified precisely

» Residual SU(2)y custodial symmetry (SO(4) — SO(3) origin of p = 1).
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in the SM, Higgs and Mass are "ONE"

v

Goldstones ' and H combine to form a linear representaion of SU(2) x U(1)

v

H = H+ v =v(1+H/v), coupling of H is to the mass. Factor the mass out, the
coupling is universal (tree-level). This must be verified precisely

v

Residual SU(2)v custodial symmetry (SO(4) — SO(3) origin of p = 1).

v

Origin of the potential:????
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in the SM, Higgs and Mass are "ONE"

v

Goldstones ' and H combine to form a linear representaion of SU(2) x U(1)

v

H = H+ v =v(1+H/v), coupling of H is to the mass. Factor the mass out, the
coupling is universal (tree-level). This must be verified precisely

v

Residual SU(2)v custodial symmetry (SO(4) — SO(3) origin of p = 1).

v

Origin of the potential:????

v

Spin: Spin can only be 0 in this picture. A particle with a v.e.v can only by of spin-0

(angular momentum....)
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Mass and the Higgs, mass without a Higgs

AH+H+v

v

Dynamical mass from strong dynamics

» naive prototype: technicolour (3GB and no Higgs)

v

Technicolour revamped, larger symmetries (modern parlance Composite Higgs)

v

More implementations, X as pseudo-scalars and other dynamics
SO(5)/SO(4) — 4PGB : w*, W, H Agashe,Contino,Pomarol
» 5PGB + H,A, Gripaiois, Pomarol,Riva, Serra '09

v

» more dynamics? updated walking technicolour (X+dilaton, resonances, 60(!) PGB):
Bando, Kamawaki, Ken Lane and friends,...
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A Misconception: is Higgs Needed? Non-linear realization of symmetry breaking SO(4) — SO(3)

Masses in a Gauge Invariant Way without Higgs

The I/V, Z, 7Y kinetic pure gauge term still of the same origin but
mass and longitudinals through a system of Goldstones without the Higgs (still gauge

invariant): Non-Linear realisation of SB

iw

) ;
vT ) (v=246 GeV is the vev) and D,% = 8, + % (gW .5 — ¢’ B.¥rs)

Y = exp(

2 2
UZ’I‘r(D“ETD#E) = 7%"&0}#]2“) with V, = (D, %)=t

[
S
Il

Replaces all of the Higgs sector, potential and all.
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Higgsless

1 )2 1 in  i\2 i\ 2 i\ 2
Lep = (0w - oy ((@0uw)? - (@) (Buw)?) +---
wiw? 5 whw! = AYR(s,t,u) =Sym A(s, t,u)84 5
A(s,t,u) = - Weinberg LET
v

breaks for energies beyond 4wv
This calls for New Physics, the Higgs and the SM Higgs alone ?
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The "chirally coupled" Higgs, composite Higgs

Chivukula and Koulovassilopoulos ('93,94)
FB+Chopin, '95
Grojean et al.

Coupling the Higgs X, to the chiral Lagrangian

s - emp(le)
v
1 2 1 2 2
EM’X = E(BHX) _EMXX

v? X X2 —i X
+ TTEI D) (14205 4050 ) = YU SR (14 e S+ )

1 X X
— MZX?“(hy4+hs—)+--
XA ( 3+ 44U) +
for X = H, a=b=c=1, hs =hg =1
Composite X better have c¢;; = celse FCNC
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The Chiral Higgs
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The Chiral Higgs

WIW— = tt =
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The Chiral Higgs

WW— = XX
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The Chiral Higgs

Couplings to W, and more so perhaps to top need to be measured quite precisely
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The potential: Stability up to which scale?

the Higgs boson self-coupling A = M3 /2v?
A= M2/202 = 0.118(My = 125GeV)  A?/4w ~ 1/900 < Qemm

yi=v2m/v ~ 1 ‘
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Running of couplings in the SM

Again importance of top, Higgs (self-coupling), gauge bosons
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Running of the quartic coupling (one-loop)

A= M% /202 = 0.118( My = 125GeV); 4.9(Myg = 800GeV).
H

dx 1
dt ~ 16mw2

—6y;

9018 4,222, 4
+8 (2591 + 59192+92

S S—.—

+ = like with em coupling, breaks at the Landau pole, Q 1. p
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Running of the quartic coupling (one-loop)

i ! { +240% —

dt _ 16m2

9(3 4,299, 4
+§ (%91 + 59192 + 92

| — = Coupling will decrease and may turn negative! |

— = the Higgs potential will be unbounded from below: vacuum is no longer stable
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Stability and Perturbativity

gy 350 [ T T T | T T | T T T [ T T T | T T T T
3 L .
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J. Ellis, Espinosa, Giudice, Hoecker and Riotto '09
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Stability: The Miracle (Degrassi et al '12,)

0.10
008 M, = 1255 GeV ]
30 bands in
_ M, =1733 +0.6 GeV
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1%} o
Py M, =1714 GeV
L0 0.00 =
02} i =
min TeV
-002}
\A
0.0 = = M, =1752 GeV
P T T S S S SO RO S N M S S S S =004k, e e ey
10 10* 10° 10% 10% 10" 10" 10' 10'® 10% 102 104 106 10° 101 10" 10 10' 10! 10%
RGE scale pin GeV RGE scale jin GeV/

Also Bezrukov, Shaposhnikov,..., Buttazzo,...

A turns negative but "not too much" it levels out ... 3, vanishes over a wide range, starting from

u > 108GeV.
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Stability: The Miracle (Degrassi et al '12,)

SM couplings
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A turns negative but "not too much" it levels out ... 3, vanishes over a wide range, starting from

u > 108GeV.
some new physics contribution could easily move us to a stable region and perhaps give gauge
coupling unification
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Stability: The Miracle (Degrassi et al '12,)

SM couplings
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A turns negative but "not too much" it levels out ... 5 vanishes over a wide range, starting from
> 108GeV.
some new physics contribution could easily move us to a stable region and perhaps give gauge
coupling unification

Is there any meaning in this? M}, vs Planck Scale. ‘ Higgs as inflato
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Stability: The Miracle (Degrassi et al '12)
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Stability: The Miracle (Degrassi et al '12)

200 ¢
150 |

100 |

Top mass M; in GeV
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some new physics contribution could easily move us to a stable region
m; essential (which m;?)
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The trouble with the SM Higgs: A¢?

why is then My < A
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Unnaturalness and fine-tuning

Take a fermion f with Yukawa coupling Ay = V2m £ /v. (Assume for simplicity that the
fermion is very heavy so that one can neglect the external Higgs momentum)

2

A A
2 _ f 2 2 2 2

AMZ o« A2

tuning of contributions at the level of 30 digits

F. BOUDJEMA (LAPTh) Higgs, Symmetry Breaking and the New Physics Paris, Jan. 2015 26/1



Calls for BSM

What is problematic about the Higgs in the SM:
A pathological description: why My < 1TeV??

at one-loop:

Spin-1, Local gauge symmetry (Current is conserved, locally)

2 -
M2=M2,=0

Spin-1/2, Chiral symtrie (global)

me = m? (14 221og(A%2/m2)) A =Ap =>6m ~ 30%

Spin-0, a lone spin-0 has no symmetry
M — M?—I,O ~ ZA?

Fine-tuning, hierarchy problem
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Ways beyond the SM Higgs, naturalness argument as guiding principle?

The New Physics must explain why:

Mpu, € Aplanck

3 Solutions

o
» A~ 1, 10, ) 100TeV: Extra-Dimensions: A large or GNewton small because

gravity is diluted in a much larger space! , ,..

® <K symmetry=supersymmetry is one implementation

This argument certainly implies New Physics with New Particles

One of these particles: neutral and stable is a Dark Matter candidate: Higgs as a Portal

(new philopsophy: reject the fine-tuning argument, anthropic principle, ex: Tides)
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Supersymmetry and the Higgs

Particles that play a role

Supersymmetry

Sleptons Squarks
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Supersymmetry and the Higgs
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=

<15TeV
< 700 GeV
< 400 GeV

natural SUSY

Papucci, Rudermann, Weiler ‘11

decoupled SUSY
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Some already tested, not much is seen
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Why haven’t we seen anything

ATLAS SUSY Searches* - 95% CL Lower

ATLAS Preliminary

Status: ICHEP 2014 Vs=7,8TeV
Model emny Jets EN™ [rainy Reference
T
MSUGRAGMSSU 0 26l Yes 03 @ ATV, i) os7ers
MSUGRACHSSH Tew  Seets Yes 203 | 12700 anymie) ATLAS ConF 2012062
MSUGRACHSSH o' 7ojls ves 03 |E 117eV anymi) 12001041
) o 26jets  Yes 203 |7 0G0 14057875
o 26 v 3 |E i vios7e7S
Tew  Sseis Yes 203 |E u’kzmmv i osmienia) | ATLASCONE 2015
2ep 03jets 203 |& mm, TLAS.CONF 2013089
24fls ves 47 T2004een
t2re01c 02ets Yes 203 |E Tatey w2 vioroeta
2y S v 3 & 1287eV mM)>soa-v cone-z014.001
Tepsy - Yes 48 i 50GeY ALAS Con¥- 2012144
oM Mgsne o NisP) ¥ ihoves 48 2206 et 1167
GGM (Hggsino NLSP) 2042 03 Yes 58 mNLSP-zonGv AL CONF- 2012152
Graviino L5P. 0 mooiet Yes 105 0 v ALAS CONF 2012147
3] o 3 ves 201 |E 12570V mifycscnGov Tioroem
E 2 o 710jets  Yes 203 R 11Tev mi¥}) <350GeV 1308.1841
B oten ab  Yes 201 |& 1TV miifesoocev Taorce
B Oten  3b  ves 201 |B T3TeV i) <a00Gev vioroen
o 2 ves 21 |h 100620 Gev mifj<s0Gey Ta0n 2681
2e.u(SS)  03b Yes 203 |hy GeV. i =2 miF?) 2500
e 126 Yes 47 |7 v mii)-85Gev 1208.420, 12092102
i ozeis v 203 i 130:210 GeV. ] 50 G\, i< a5
2en 2l ves 203 |7 215530 Gev i cav Tioadesa
o 25 ves 21 i 150580 GeV ) 2mGen i miscev 13082631
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o 20 ves w1 |4 i Taos 1122
0 monoieuciagves 203 | %0240 Gev miEpesscey vio70e0n
2e.u(2) b Yes 203 150-580 GeV miF1)>150GeV. 1403 5222
3el2) 1b Yes 203 |& 290-600 GeV' mi¥?)<200GeV. 14035222
2en 0 s w3 |7 Gev Ticaszmt
2epn o Yes 203 i] 140-465 GeV )=0.5(m(F] ) om(f))) .5204
T - Yes 203 |F, 100-350 GeV' v, mi? S(mi{E; Jom(1) 1407.0350
&l Sen 0 e 208 [EhE 700 Gev e mw’y 'M\'“HJ sty ez 7028
i‘«wxb 3en 0 Yes 23 [ 2066V i 14035254, 14027029
iy Ten  2b Yes 203 |EhE 205.Gev
i ot den o Yes 203 |ih 620 GeV mw-mm'; )0, miZ, -0 i 1405.5085
Direct ¥4} pved \eng Hm}n Disapp. trk 1 jet Yes 203 |y 270 GeV. nii)=02ns
Stabl, stoppod 0 skl ves 219 B s32Gev 00 GeV 10,81 1000 s ar0
(GMSB, stable ) 124 N N 159 10<tans<50 ATLAS.CONF-2013.058
GMSB. TG, o 2y S e a7 oacriyez 046310
9. 81 qqu (RPV) Tadsiwe - - 203 [g 1oTev 15 e 150 . SR -1 mi)108Gev | ATLAS CONE Z013082
[ —" Zen - - s 2010, 21 iz
WV pps 4 Xhmeer  Teprr - - 4 100 4005 i
% | S ousoy 204(88) 036 Yes 203 |aF 3TV i, er <t mm Ta04 2500
& il i 4o - Yes 203 | & 750 GeV' mED02xmiE]), 41220 1405 5085
Fensr - e 203 |B 450 Gev. ()02, 40 14055088
i 0 e7es - w3 |E 6 Gev BB BR-0% ATLAS CONF2013.081
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Mass scale [TeV]

“Only a selection of the available mass limits on new states or phenomena is shown. Alllimits quoted are observed minus 1c- theorefical signal cross section uncertainty.
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Conspirancies: Compressed spectra, stealth models, (R, violation

i, production, i» b 1 %, /> ¢ %/ A Wb X /i>t%,  Status: ICHEP 2014

L S e
8 F ATLAS Preliminary L, =201"1s=8TeV Ly =47 6" s=7 TeV
— F oL [1406.1122] oL [1208.1447)
W r 1L [1407.0583] 1L [1208.2590)
E 2L [1403.4853] 2L [1209.4186]
1L[1407.0883, 2L [1403.4853]
0L [1407.0608]

0L [1407.0608], 1L [1407.0583]

—— Observed limits ===+ Expected limits
Alllimits at 95% CL.

m;, [GeV]

weak production for some, more energy and more luminosity
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Or shall we give up on naturalness ? ?

the landscape/multiverse ?
anthropic principle ?
Humm ?
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At the Same tlme, NeW PhyS'CS mUSt eXISt but perhaps not at the LHC..

» Dark Matter
Does the Higgs provide a link in the sense of a portal? the stability of the
potential can be affected
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At the Same tlme, NeW PhySICS mUSt eXISt but perhaps not at the LHC..

Dark Matter
Does the Higgs provide a link in the sense of a portal? the stability of the

v

potential can be affected

v

Baryogenesis generated at the EWSB scale?

v

Neutrino Physics (Higgs connection?)

v

Flavour structure
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At the Same tlme, NeW PhySICS mUSt eXISt but perhaps not at the LHC..

Dark Matter
Does the Higgs provide a link in the sense of a portal? the stability of the

v

potential can be affected

v

Baryogenesis generated at the EWSB scale?

v

Neutrino Physics (Higgs connection?)

v

Flavour structure

v

the view from ... the top
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The H|ggS and the TOp FB, Godbole, Guadagnoli, Mohan/ yesterday on arXiv, also Ellis et al.,

Y T
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What do we know about the fth vertex ?

ftH vertex and " parity"
Lin = —gumnt(ax + ibeys) HE,

where gw» = m;/v normalizes the coupling to the SM strength.
where gun = m:/v normalizes the coupling to the SM strength.
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What do we know about the fth vertex ?

ftH vertex and " parity"
Lin = —gumnt(ax + ibeys) HE,

where gw» = m;/v normalizes the coupling to the SM strength.
where gun = m:/v normalizes the coupling to the SM strength.

one can also check

g 1
Lpyy = —rwymyh (W“ Wy, + 5 z/‘zu> .
2 0056W
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by
[
|

The @ indicates the best-fit value (ar, by) = (0.93,1.17).
, 95%, 99.7% CL
* SM
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by
2

-1 0. 1 -1 0. 1
a; a
Fits to a; vs. by in a scenario with £gg = &~~ = —1and kgg = Kk~~ = 0. Black dots indicate the best-fit values. The yellow , green and blue areas

represent the 68%, 95% and 99.7% confidence-level regions, respectively. The red star shows the SM point (a;, bt) = (1, 0). The plot to the right shows

the same fit as the plot to the left, but with pseudo-data, with namely all the signal strengths set to the SM values and the uncertainties reduced by half.
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Total cross sections

T g 4 0.42b7 o(pf} > 100GeV) /o™ (ol > 100GeV) = a? + 0.60 b
T
=|E [
= L
Do - (at=1 s bt=0)
- —_(a=0, b=1)
0.08— t t
S . (@=1, b=1)
0.0677
0.04}
0.02}
G‘; 200 400 ' 606 800I 100‘0‘1‘200 1400 16(-)0 180(;_;000

[GeV]

llh

More rapid increase with energy ( §) in the case of the scalar
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Asymmetries

o x AQT(eT ) and B x AGYN(¢,7) itis useful to define CP asymmetries as follows:

oo x ABT(F 07) > 0) — o(a x AOT(LH,07) <0

~

7 o(a x AGT(LF,6-) > 0) + oo x AGE(L+,4-) < 0)
and
A _ (B x DO, 01) > 0) — (B x AG (4, £7) < 0)
T 5 (B x AG(1—,67) > 0) + (B x AB(1— 1+) < 0)
> F
©0.04 __ A _ e
go.osi— __2“
&,,0_022 lab —_———
o.o*.; /
of
-0.01F 2
0.028 7
003 —
-0.04
s s 0 0 1 s
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C’était I'histoire d’un Higgs

3
L

Supplément ——

Quelle recherche
Pour I’Europe ?

Des programmes en quéte d'un nouveau soutfie

S — P —
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Favoriser I‘émergence
d'une mdusln: commune.
e

. Une présance lfflmlc dans Ils wTds projets
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C’était I'histoire d’'un Higgs

@
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Par le Japon) et de 1o llNancé
de francs enJ'Tgstj ?_e 120 millions

En Physique fon damentale

B
Europe peuyt néanmoing redres-

Ser la téte -

deux prix Nobel
i O

Couverts dang r;te.e"

& L‘él'laométres ;
(2), au

co”isionr:eur %Eem\::__]eﬂ 1983. Le
génération,
der (LHC),
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L en 1995. Pour 2 milliards de
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e Pouvoir «chasser » le boson[2x]|
p« Face a cette reconquate, le

" vi| projet américain de collisionneur

qu proton-proton SSC doit faire
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