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o

o

the interaction of S—= % matter particles

| . MATTER ~ FORCE
via exchange of s=1 force particles.

It is based on a gauge symmetry: : m G n . .

SU(3)cxSU(2)L,xU(®1)

Ny fd]s]b ..
e relativistic quantum field theory, |

have a theory, the Standard Model, which describes micros copic Worl:;LT

Quarks e GaugeBosons o

e perturbative, renormalisable,

e and most of all, very successfull: . . . . m
—> infinitely precise predictions

—> high precision experimental tests. " .

Lep tons

But true only if particles are massless [
putting naively masses for W/Z/fermions

a) . b) 7, c) “:EE:
spoils gauge invariance and therefore 4; . ﬂ‘wéﬂ<e u
e\ P,

the nice properties of the theory above.
Problem: how to generate particle masses in a gauge invarian t way?
— the Brout—Englert—Higgs mechanism for EW symmetry breakin g!

4This has nothing to do with mass of macroscopic objects due to binding energy..J
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duce a doublet of complex scalar fields @ = (2, ): 4 degrees of freedm
Scalar potential: Vg=p2®T®+\(PTdP)2, SU(2)y, x U(1)y invariant.
(1 > 0: minimum of Vg at (0|®°|0)=0: vo vo
4 new scalar particles with mass 1mg = (.
1? < 0: (via quantum fluctuations?):
the field ¢ develops a non—zero vev : g .
(0|®°|0)= v=1/4 (=246 GeV) "
fields/interactions still SU(2) X U(1) symmetric
but vaccum not — spontaneous EW breaking.
= three d.o.f. for Mw=+ and M.
Introduce interaction of fermions with same
fermions masses my¢ also generated!
Residual d.o.f corresponds to spin—0 Higgs particle.

e Unique particle: spin zero, not matter particle and not forc e particle,
e couples to all particles o< their masses: gug XMy, gpvv X My,
e couples to itself, g X M%I with the relation M%I —2)\v2,
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1. The Higgs in the Standard Model and beyond

Since v is known, the only free parameter in the SM is My (or )\).
Pre—LHC constraints on My 6 1%

R O =
B Aapog = i
1 —0.02750£0.00033  ff :
31 0.027490.00010  iff
i incl. low Q° data [ ¢

e Experimental constraints:
— direct searches at LEP/Tevatron:

My > 114 GeV, My # 160 GeV i |
— quantum effects in EW data: N ,. |
My <160 GeV @95% confidence . o [Excluded VA

e The Higgs unitarizes the theory: N m,, [122\/] N
without H: |Ag(VV = VV)|xE? Vv \ H
including H:  |Ag| oc M%;/v? va Z/gﬁi
theory unitary but My <700 GeV... R
e Triviality and stability bounds: 600 m, = 175 Gev

og(Mz) = 0.118

coupling evolves with energy A = A\(Q?) g
A>>1: becomes infinite (no perturbation) =
A < 1: potential unstable (no EWSB)
L A ~ Mp;: 120 < Mg < 180 GeV! T L j
A [GeV]
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1. The Higgs in the Standard Model and beyond

A major problem in the SM: the hierarchy/naturalness proble m.
Radiative corrections to M%I in SM with a cut—off A =Mnp ~Mp; T

AM%_I = --Ij_-@___l__l__ X A2 ~ (1018 Gev)z

M prefers to be close to the high scale than to the EWSB scale...

Three main avenues for solving the hierarchy problem:

1) Compositness: there is another layer!
all particles are not elementary ones.
Techicolor: like QCD at scale of 1 TeV.
—> H bound state of two fermions
= properties 7 from of SM Higgs.
2) Extra space—time dimensions
In which at least gravitons propagate;
effective gravity scale M ~ Ac~ Tev
— same Higgs mechanism as in SM,
—> but possibility of Higgsless mode! J
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1. The Higgs in the Standard Model and beyond

— —
3) Supersymmetry: doubling the world. il

e SUSY = most attractive SM extension: P

—links s= % fermions to s=1 bosons .

— links internal and space-time symmetry AP

— if made local, it provides link to gravity e Skl

— naturally present in string theory (TOE?) MmEbe, e

— natural 1% < 0: radiative EWSB

— fixes gauge coupling unification

— ideal candidate for Dark Matter...

e Needs two doublets P, P, for EWSB: -

= extended Higgs sector: h, H, A, H* with hOH~Hg

— SUSY => only two inputs at tree level: tanp :V2/V1, Ma

— SUSY = hierarchy spectrum: M}, ~100 GeV, Mg~ Ma ~ M=

(SUSY scale Mgysy pushes via radiative corrections M}y, to 130 GeV).
L e Most often decoupling regime:  h = Hg\, others decouple from W/ZJ
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1. The Higgs in the Standard Model and beyond

and along the avenues, many possible streets, paths, corner S...

Which Higgs?

-

n? &
Undiggs? Private Higgs? Gurslriks Yhiggs*

> ; Loitfle FFige?
Gaugephobic Higgs?  Kstble's %995 798!
"{gpm“ied Fhiggs Tetermediafe ‘H‘nﬁ@,

eSile Yt ts?
@@hﬂr ‘ uﬂ ]Fﬂf Hﬂ?ﬂg

?
Werfal :ﬁ'ﬁgg& ;
P i @e’(‘f‘g 5“‘] %auf"E“? f"ﬂ © ﬁﬂ?ﬁ@
@auge—ﬁﬁ_ggg? Loene ﬁ”?%
| T'win ﬂiggg?
(S‘E?;ap ﬁ? S f ﬁﬁyﬂ'@f? ('p;tan-’ ol Hﬁgg&‘?

CArstorhe Grojecn Evatic £8d sactors alarsas, Fad.io

L Which scenario chosen by Nature? The LHC was devised to tell! J
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fhysms at hadron machines is a nightmare...
e Protons non—elementary: difficult environment
® Huge cross sections for QCD processes
e Small cross sections for EW Higgs signal

S/IB 2> 10'° = aneedle in a haystack! s PPIpp cross ‘Se‘c‘t'\?rj‘s‘ -

Q E <>

e Need some strong selection criteria: o10M: 01
: : : : 10%% g 0 ]

— trigger: get rid of uninteresting events... e g 3
— select clean channels: leptons and photons 10" ;//
- : . ) 101% Oub | ]

— use specific kinematic features of Higgs 109 /?
e Combine # decay/production channels 1% g e a0 ﬁé?/
) 107k oy | ]

(and eventually several experiments...) 106 ojet(E,et>loo(;‘ezv)> ‘ .
e Have a precise knowledge of S and B rates 10% /><§
- 107 | .
(higher/quantum effects can be factor of 2!) 107 . //
e Gigantic experimental + theoretical efforts 102%* e S
10 nggs(M =150GeV) >< 4

(more than 30 years of extremely hard work!) L 3
_1 H| S(M SOOGeV) ; E

to make sure that the Higgs will not escape! T
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Since v is known, the only free parameter in the SM is My (or )\).
f Once Mg known, all the properties of the Higgs boson are fixed. T

Example: Higgs decays in the SM '
e As giprp X Imp, H will decay into
heaviest particle phase-space allowed:

o My $130 GeV :

- H — bb: dominant decay
~-H — cc, 7777, gg = O(few %) 7
-H — vy,Zy = 0(0.1%) |
o My 2 130 GeV: oo

-H —+ WW, 2% dominant

0.1F

g ¢

300
My [GeV]

—decaysinto tt for heavy Higgs < e

e Total Higgs decay width: L

— very small for a light Higgs H%W |
\— — comparable to mass if heavy <[Xi J

0 200 300
My [GeV)
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Main Higgs production channels

Higgs—strahlung Vector boson fusion

gluon—gluon fusion in associated with QQ
:]> =
H
_____ ®-----H
9 9 TOOOO———

Large production cross sections
with gg — H by far dominant process
1fb~! = O(10%) events@LHC

= (0(10%) events@Tevatron
but eg BR(H — 7, ZZ —4()~1073
... a small # of events at the end...
with a huge QCD-jet background.

—> an extremely challenging task!

100

10

0.1}

0.01

gg—H MSTW2008

- m; = 173.1 GeV 1
qq—qqH

3 qq— WH X

" o(pp — H+X) [pb]
Vs =T TeV

115 140 160 180 200 300 400 500
My [GeV]

Main sensitive channels:

gg—H—=7y
gge—~H 77— 40,2020, 202
ge—H—>WW = /(v/iv+0, 1]
also help from other channels:

~-VBF+gg —H — 77
-qq—HV — bb/X J
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Higgs—strahlung

-

gluon—gluon fusion

9 00000
b H
9 00000

Vector boson fusion

g 00000 ———
®----- H
9 TOOOO——— @

[
1000 B

100 |

10 b

0.1}

pp — H b

0.01
100

M(I) [Ge\/]
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1000

Things are even more complicated/challenging in BSM: MSSM c

ase—L
e More Higgs particles: ®=h . H, A ' H
— some couple almost like the SM Higgs,

— but some are more weakly coupled.

e In general same production as in SM

but also new/more complicated processses
(rates can be smaller or larger than in SM).
e Possibility of different decay modes

(and clean decays eg into Y7y suppressed)
e Impact of light SUSY particles?

— In general very complicated situation!
But simpler in the decoupling regime:
—hasinSMwith My=115—130 GeV
— dominant mode: gg,bb—H/A — 77
It is even more tricky in beyond MSSM!

and also in some non—-SUSY extensions.J
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2. The Higgs at the LHC

... a challenge met the 4th of July, when the Higgs was discove red at L

o L L R L BN LN BN BRI %) A L . L WL .~
%_ ATLAS 2011 - 2012 on g 10 \FCMS Preliminary ) ; gbser\t/egl 8% i
S - . - - ' s=7TeV.L=5.1"fb xpecte 0) §
S (5=7TeV: [Ldt=46-4.8 1" - BXp. % s=8TeV,L=5.3fb"| e Expected (95%) ]
Vs=8TeV: [Ldt=585.9fb? =10 o 1
>
% ﬁ 101 95%
zz _8102 99%
L 107 99.9%
40 > 0
4
50 "'5 10
_IU)lo-5
60 (@)
' 10°
10-11 11 1 1 I 11 1 1 I 11 1 1 I 11 1 1 I 11 1 | I 1 I‘I"l I 1 1 1 1 I 1 1 1 1 10_7 I I
110 115 120 125 130 135 140 145 150 110 115 120 125 130 135 140 145

GeV
m,, [GeV] Higgs boson mass (GeV)
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pin: the state decays into 7y
e not spin—1: Landau-Yang
e could be spin-2 like graviton?
— miracle that couplings fit that of H,
— “prima facie” evidence against it:
e.g.. Cg # C,, Cy > 35¢, e B B M7

M, =150GeV | b My, = 280 GeV

CP: is it CP—even or CP—odd?

I/L //I/VIOO- 0.12
HV V¥ vs Het"P 7,2, .
dI‘(H—>ZZ*) dF(H—>ZZ) I — i( B —

= ML and 3

..
Problem : if H is CP mixture, only 5
0" component is projected out!

O Loool-
(or very large O ~VV loop cplg). 3

%Eo - Mml‘o - 3030

-2 % In(LO_/L0+)
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3. Implications of the discovery: Is it a Higgs?

I N N N N ! N \s=7TeV,L<5.1f* (s=8TeV, L<12.2 fiy* Eiégtigl?&

ATLAS Preliminary EmH=1266eV CMS Preliminary m, = 125.8 GeV .

W,ZH - -bﬁfba H - bb (VH tag)

i i — M bb (tH tag) . I~

T . - T O

H- ww® - iy H - tt (VBF tag)

Vs=8TeV: [Ldt=13 b _._._ H _ 11 (VH tag)

F - y\fd ot e H - yy (untagged) ——

L i ijd igﬂzu H - yy (VBF tag) .

N —— H - WW (0/1 jet) - _ .

Combined p=13+0.3 H ~ WW (VBF tag) — ::?ETLAS Pre‘:mmagyfb igg’llsrfm( ) 2_32

S ~ H - W (VH tag . T e s

— 1% Jil l -z b (‘)1_5 — 1 @ E

Signal strength () Best fit o/og,, °: ----------------- :

From ATLAS/CMS results: e
Higgs couplings to elementary particles as predicted by Hig gs mechanism:
e couplings to WW,ZZ, -~y roughly as expected for a CP-even Higgs
® couplings proportionial to masses as expected for the Higgs boson
So, it is not only a “new particle”, the “126 GeV boson”, a “new State”...

IT IS AHIGGS BOSON!

Butisit THE SM Higgs boson or A Higgs boson from some extension?
To check this you need very precise measurements to see small deviations

Ex
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3. Implications of the discovery: the SM

r'[he Higgs looks like expected in SM = 6
a triumph for high-energy physics! s Wi_oge ]
Indirect constraints from EW data [ . %1’.’&3.??5‘523222;’ ]
H contributes to RC to W/Z masses: J ] 1
I H \ Oé log _|_ 2_- ]
W/Z W/Z 14 -
_ o o LExcluded N A~ |
Fit the EW precision measurements, 30 100 300
one obtains My = 92755 GeV, or - M eV
% 40 reliminary {s=7TeV,L 5.1fb" \ESTeV,LZE)Z,2£1
Mg < 160 GeV at 95% CL J <

16
14

compared with the measured mass

2.5
My ~ 126 GeV. i
A very non—trivial consistency check! - :
(remember the story of the top quark!). 05 X
The SM is a very successfull theory! %f20 122 124 126 128 130

my (GeV)

2 Still some problems with AI]?‘B (LEP), A%B (TeV) and g — 2 but not severe...
MPI Munich, 18/06/2013 Implications of the Higgs discovery — A. Djouadi — p.15/25



3. Implications of the discovery: the SM

® The theory preserves unitarity
Es we have My < 700 GeV...

W?%T

e Particle spectrum complete:
Fourth generation excluded by

H — Z7Z, WW, v, bb rates...
(as well as by direct searches@LHC...)

>< BR|SM4/SM

) yyQLHC
e Extrapolable up to highest scales. " ;
)\(Qz) - 1 ZM%V—I—M%—élmfl Q2 I mbl,{;mt,+5o gevlzﬁool(;e\lz ]
)\(V2) ~ —|_ 3 167T2V4 Ogﬁ 100 200 [?éovz]mo 500 600
tops make A < 0: unstable vacuum . H_ AV
SR

AC ~Mp; = MH >129 GeV!

at 2loops for mpo °=173 GeV.....
(Degrassi et al., Bezrukov et al.)
but what is measured m; value?

e SM = TOE? Maybe not (?):

—m,,, DM, GUT OK with extensions

— but about the hierarchy problem?
MPI Munich, 18/06/2013

mP [GeV]

182
180
178
176
174
179 | stable
170
168
166

164
120

122

124 126

My [GeV]

128 130
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3. Implications of the discovery: beyond the SM

CMS Preliminary {s=7TeV,L=5.1fb" {s=8TeV,L=12.2fb"
| —=— Observed
B Expected (68%)

— ----- Expected (95%)

f e Rates compatible with SM Fit of yratios
fitof alldata — OKat =~ 20% .
e No other resonnance found « ...
In many search channels....

Lo99%
1o} S

Huge implications for BSM! M 2013

I I I I I I
0.0 0.2 0.4 0.6 0.8 1.0 1.2

—_
o
TT

95% CL limit on o/og,,

10" E

.. SN VI PN SR ST N N
100 200 300 400 600 1000
m,, (GeV)

Some beyond the SM scenarios are in ‘mortuary”:
e Higgsless models, extreme Technicolor and composite scena ros, ..
e fermiophobic Higgs, gauge-phobic Higgs, 4th generation, .
Some beyond the SM scenarios are in “hospital”:
® ‘light” versions of Technicolor and composite models...
e many other extended Higgs scenarios: private, portal, ....
Other BSM scenarios are strongly constrained...
L and the best example is Supersymmetry and the MSSM. J
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In MSSM, two doublets Hjy, Hy = 5 physical states: h, H, A, H*
|7only two parameters at tree—level: tanf3, M butrad. cor. important: T
MpSMz|cos25|+RC<S130 GeV ) Mga~Ma ~Mpu+ SMgewss

126 GeV is large for MSSM: = M}, needs to be maximal from start...

Ma>M I’Yl4 M2 2 2
M N+ 55 38+ 351 )

272v2sin?

e decoupling regime with M ~ O(TeV); h is SM-like

e large values of tan 3 = 10 to maximize tree-level value;

e maximal mixing scenario:  X; = v/6Mg;

e heavy stops, i.e. large Mg = /Mg, Mg but Mg <3 TeV...

Scan parameter space with all corrections and full SUSY spec trum

Constrained MSSMs are interesting from model building poin t of view:
ity,.. _
— concrete schemes: SSB occurs in hidden sector gragy MSSM fields

— provide solutions to some MSSM problems: CP, flavor, etc..
— parameters obey boundary conditions = small number of inputs...
the protype model is M\SUGRA:  tan /3, my,2, mg, Ag, sign(u)

full scan of the model parameters with 123 GeV <M, <129 GeV
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3. Implications of the discovery: the MSSM
ﬁ:> SUSY scale rather large... ... backed up by direct searches —\

-—h140||||r|.1|||||_||||||||||||1_-|.1|.I‘_||.||

M, =2 TeV - Maximal mixing

D «a 50

Q

“"; 135 E All points

s M, = (125 + 2.5) GeV

+ Excluded by flavour
[ CMS limit
0 LEP limit

00 150 200 250 300 350 400 450 500
M, (GeV)

especially in constrained MSSMs ... especially squarks/qg| uinos...

<135
> L T, production Status: LHCP 2013
[1)} i = 600
8 ATLAS Preliminary WISBTeV L, =471 {57 TeV
(.D = n
— —e‘ ~ =
~ 1 30 ...................................... I 500 [~ == Observed limits — 2 ]
= - NUHM e Observed limits (-1 ) —— !
E 9] 1op |77 Erpectedimis = e
F - — ]
125 B msuGrA -
L 0 o
)
AEEEEEERS: [ Jvcmssm 200 ]

M AVSB

[ cNmssMm 200
- No-scale
[CJmemsB

1 1 0 : 3 I | | | | | | | | | | 0 ( 290 300 400 500 Siz [G;(;(])
1000 2000 3000
M, (GeV)
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3. Implications of the discovery: the MSSM

A 126 GeV Higgs provides information on BSM and SUSY in partic
e M =119 GeV would have been a boring value: everybody OK..
e M;; =145 GeV would be a devastating value: mass extinction..
e M3~ 126 GeV is Darwinian: (natural) selection among models..
SUSY spectrum heavy; except maybe for weakly interacting

sparticles and also stops = more focus on them in SUSY searches!

One has to refine all other MSSM Higgs searches in particular:

egg. bb - H/A — 77, up

ot > H'™b,gg — tH™

eH - WW, ZZ asin SM 3
egg H/A — tt

eH — hh A — Zh..

H—=VV
A—=hZ s |

H/A =t —

and of course sparticle searches... 200 00 60 800 1000

MA [GeV}

7—8 TeV LHC for the lightest h and 13—-14 TeV LHC for HA/H 772

and maybe some supersymmetric particles will show up?

ular:

|
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|—Ev

o

en if no sign of BSM physics is seen: is Particle Physics “cl osed”? T
No! Need to check that H is indeed responsible of SEWSB (and SM -like?)
Measure its fundamental properties in the most precise way:

e its mass and total decay width (invisible width due to dark ma tter?),

® its spin—parity quantum numbers and check SM prediction for them,

@ its couplings to fermions and gauge bosons and check that the y are

indeed proportional to the particle masses (fundamental pr ediction!),

e its self—couplings to reconstruct the potential Vg that makes EWSB.

Possible for Mg ~ 126 GeV as all production/decay channels useful!
A

0.001 ¢

0_ 1 L . L L 3 i} L L 00001 7 k h " L L
100 120 145 180 230 300 400 500 100 120 14 200 250 300 400 500
My [GeV] My [GeV]
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4. What next? Couplings

e Look at various H production/decay .

Baglio+AD
channels and measure No, = ¢ X BR -
e But large errors mainly due to: .
— experimental: stats, system., lumi... . |
— theory: PDFs, HO/scale, jetology... My 7
total error about 20-30% in gg — H

Attal (NNLO+EW) s

Hjj contaminates VBF (now 30%).. | MsTW

20 , J‘(gg — H) [Pb] 130

=7 TeV 154
/ \/5 © 1.00

...[

—> ratios of oxBR: many errors out! N "o W00 50500
Deal with width ratios I'x /Ty
— TH on o and some EX errors - LhC, 14Tev Ny

— parametric errors in BRs
— TH ambiguities from T'tg*

e Achievable accuracy: : |
— now: 20-30% on Yy / VV, TT / VV ol 99/ -y ¢ ]
— future: few % at HL—LHC! T
o _ ' Moreau+AD
ufficient to probe BSM physics?
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fChallenge: measurement of Higgs self-couplings and access to Vy. T
)[m]

o(pp — HH + X)
® o113 from Pp — HH —+ X = o oseme L1000 | My = 125 GeV gg—+HH |
® 214 from pp —3H+X, hopeless. >H
Various processes for HH prod: | ) qq' - HHg
! v ,.:' canen qq/gg—)ttHH
only gg — HHX relevant... M
40 ' T qf — WHH
. ( pp — HH + X) o™ T . qq - ZHH
L \/_ 14 TeV MH 195 GeV g . Ve q~ H |
30 :‘\
gg—-HH - :
25 + qq' —» HHqq' - 1 01 ' . . . .
%0 ) qq — WHH 8 25 50 75 100
_ g3 — ZHH - | Vs [TeV]
Bl | e H — bb decay alone not clean
op e N - e H — ~~ decay very rare,
51 . L e H — 77 would be possible?
05310;3 __________________ | e H — WW not useful?
Nevn /N — bb77, bb~y viable?
— but needs very large luminosity.
Maybe even needs an ILC.....
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Very precise measurementsj
mostly at /s < 500 GeV

el _ T Tyl | T
e SO W o L and mainly in ete™ — ZH
7t | (with o o< 1/s) and ZHH, ttH
- e R
) Vi G | E0.012
M grzz | £0.012
e Ve GHbb +0.022
OIZHG e - JHcc +0.037
e t | HHW JH+ +0.033
\‘H W0E A | GHtt +0.030
et i 20 300500 7000 1000 200003000 )\ HHH :|:O ) 22
o e My | £0.0004
¢ ol Ly +0.061
H CP +0.038
¢ 7

—> difficult to be beaten by anything else for ~ 125 GeV Higgs

|
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4. \What next?

fWe hope that we will finally understand the Higgs mechanism.. : T

Nﬂ 505’7 UNDERSTF\ND\S MET

e

.. but there is a long way until we get there....
L and there might be many surprises waiting for us... J
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