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1. The Standard Model and the H boson

have a theory, the Standard Model, which describes micros copic wor
1

3 fundamental interactions in Nature interactions of s= = matter particles
2
(not including the gravitational force): via exchange of s= 1 force particles.
Particules de: matere (s=1 =2) force (s=1)
3 familles de fermions bosons-jauge
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o Graviton - u
Particles mediating: EiRE) Wt W Z° Y Gluons e W e
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Strength at § m 10 0.8 1 25 . d
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The Standard Model of the electromagnetic, weak and strong f orces:
f relativistic quantum eld theory: quantum mechanics+spec al relativm
based on gauge symmetry: invariance under internal symmetr
a carbon—copy of QED, the quantum eld theory of electromagn etism.
Standard Model based on SU(3)c SU(2). U(1)y gauge symmetry.
The symmetry group SU (3)c describes the strong interaction:
strong interaction between q, q, g which are SU(3) color triplets,
mediated by 8 gluons, corresponding to the 8 generators of SU(3).
SU(2). U(1)y is for a uni ed electromagnetic+weak interaction:

acts on left (doublets) and right (singlets) handed quarks/leptons,
u

R 4 . Ur;idr;

y group,

e L’
mediated by the photon and the weak W * , W , Z gauge bosons.
Problem: while the photon is massless, the weak bosons are ma ssive.
Naive M\, and M+ spoils gauge invariance and good SM properties.
Major problem in HEP: how to generate masses in a gauge-invar lant way?
LThe Brout-Englert-Higgs mechanism for electroweak symmet ry breakirﬂ
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|7Introduce an SU(2) doublet of complex scalar elds =( ,): 4 d.o.f.j
with scalar potential Vs= 2 Y + ( Y )?withamassterm “<0.

The elds and their interactions are still symmetric under S U U(1)
but, as the minimum of V gisnotat Oj °jOi = 0O, the vaccum is not!
The eld develqps a non—zero vev

j %j0i=v= — (= 246 GeV)

hence vacuum SU(2)xU(1) asymmetric.

Spontaneous EW symmetry breaking.

) threed.of.tomake My and M.

Interaction of fermions with same

) fermions masses M; also generated.
Residual d.o.f corresponds to spin—0 H boson: a new type of pa rticle!

Unique particle: spin zero , not matter particle and not force particle,

couples to all particles / theirmasses: gy / M¢;Quwy / My,

couples to itself, Quun / M ,2_| with the relation M ,2_| =2 v?,

Since v is known, the only free parameter in the SM is My (or ). J
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re—LHC constraints on the SM scalar sector and on the H boson ma SS:.
rp Experimental constraints: f | 57
— indirect from global t of EW precision data:
My = 92%3¢ Gev) My < 160 GeV@95% CL
— Direct searches at LEP and the Tevatron:
My > 114 Gev@95%CL and 6 160 175 GeVv s N

Constraints from unitarity at high energies: m,, MBeVN

without Higgs: jAo(vw ! wv)j/ E?=v? v Vi,
including H with couplings as predicted: w :Z@,N;Zj
Vv

jAoj/ MZ) theoryunitaryif My <700 GeV V
H

© -
A ¢ Daiaq = .
. i —0.02761A0.00036 | f:
b % - 002747A0.00012 [ fif 1
\: *++ incl. low Q2 data —

o [l N w ~ (6] (e}
| L | L | L | L | L

From triviality+stability@high-scale: 800 LT T T T T T T T T T

coupling = 2M a =V evolves with energy = 600 m = 175 Gev

— M 4 too large: coupling non perturbative §4oo_ e

— M y too small: stability of the EW vaccum ool E

c 1TeV ) 70<My<700GeV NI i A
¢ Mp ) 130<My <180 GeV e

Séminaire Poincar é 29/11/2014 Implications of the H boson discovery — A. Djouadi —p.5/30



1. The Standard Model and the H boson

Once M 4 known, all the properties of the H boson are xed in the SM,

and to produce and detect it, take advantage of the fac

H boson decays in the SM:
(for My 125GeV)
H! bb:WW : dominant

H! cc; ; gg= O(few %)

H! ; zz ' 4 [ 10 3

H production at the LHC:
gg! H by far dominant.
gg! H!

gg! H! zz! &
gg! H! ww!
also some help from: -
HX! X JHV ! bb X

Gigantic theoretical+experimental effort: more than 30 ye

0.01

t that OHpPp / m

(PPy_H + X) [pb]

s= 8 TeV
MSTwW2008
m¢ = 173:1 GeV

1‘15 1‘40 1‘60 1éOZbO
My [GeV]

to make sure that the H boson will not espace detection at the L
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2. First, is it really a scalar H boson?

f ... a challenge met the 4th of July 2012: a historical day! —‘

|
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First let's check it is indeed an H boson.

Spin: the new state decays into T
not spin-1 state: Landau—Yang
could be spin-2 like graviton?
— miracle that couplings t that of H,
— “prima facie” evidence against it: e newere B Sana T
eg.Cqy 6 Cc;cy 35C T T
many th. analyses (no suspense...) !

CP no: even, odd, or mixture?
(more important; CPV in H sector!)

ATLAS and CMS CP analyses for £ oo E

pure CP—even vs pure—CP—-odd i =00 e fﬂL

HV V versus H L L E o
d (H! zZ ) d (H! zZ) ® o0 =

) dM and d HiesY
MELA 3 fOl’ CP'even . 93:0‘ BT R ‘%‘_1;5\' (25 /L 3)0
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f There are however some problems with this (too simple) pictu re: T
— a pure CP odd scalar does not couple to VV states at tree—leve ,
— coupling should be generated by loops or HOEF: should be sma I,
— H CP-even with small CP—odd admixture: high precision meas urement,
—inH! VV only CP—even component projected out in most cases!

Indirect probe: through "y
Onvw = Cv( with ¢ V 1
better probe: "7z = 1:1 0:4!

gives upper bound on CP mixture:

e 1 C2 > 0:5@68%CL

Direct probe: gy more democratic

) processes with fermion decays.
spin-corelationsin a ! HZ ! Dbbll

orlaterin @ =gg! Htt! Dbbtt.
Extremely challenging even at HL-LHC...
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BR rates compatible with 1o7h7(@TeV) 511 (7 Tev)

those expected in the SM. H;@; 1§2ﬂ§inary t
Fit of all LHC Higgs data ) 5 | [=emct
i | - | |—95% CL
Azlt?en,?gth = observed/SM: 0i] M Higgs
agreement at 20-30% level. :
AILAS = 1:30 0:30 102} .9
CMS C —68% CL
"o = 101 0:30 A Ewmea]
Comblned Atot ! 1| 1 2 345 10 20 maSJéO?ng\%
H boson couplings to elementary particles as predicted by BE H mechanism
couplings to WW,ZZ, roughly as expected for a CP-even scalar,
couplings proportional to masses as expected for the H boson
So, itis not only a “new particle”, the “125 GeV boson”, a “new state”...

ITIS AHIGGS BOSON!
Butisit THE SM H boson or AN H boson from some extension?

For the moment, it looks damn SM-like... What are the implica  tions?
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3. Implications of the discovery for the SM

he observation of the new state is
a triumph for high-energy physics!
Indeed, constraints from EW data:
H contributes to the W/Z masses
through tiny quantum uctuations

- —

H . | -log i+
Wiz Wiz

/

Fit the EW ( < 0.1%) precision data,

with all other SM parameters known,
one obtains My = 92*3%

56 GeV, or
My < 160 GeV at 95% CL

We make an experiment and measure

My =125 GeV

A very non-trivial check of the SM:
test at the quantum/permille level!

Dc?

Limit —

i1 —00275000.00033 [ ;
41+ 0.02749A0.00010  ff ¢
it incl. low Q®data  jf §

0 | Excluded
30 100 300
my, NGeVN

CMS Preliminary {s=7TeV,L£5.1fb" Vs=8TeV, L£12.2 fb™
—
20
18 0O
o

0.0
120 122 124 126 128 130
m, (GeV)

R
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f For theory to preserve unitarity:
we need Higgs with M 4 < 700 GeV...
We have a Higgs and it is light: OK!

Extrapolable up to highest scales.
= 2M & =V evolves with energy
— too high: non perturbativity

— too low: stablllty of the EW vacuum

(v2)
@le|) MH>12969V|
at 2loops for mIOOIe =173 Gev.....

pole

but what is measured My at TEV/LHC

m pole m; MC 2 not clear: much better:

mt = 171 3GeV from (pp ! tt)
Esue needs further studies/checks...

L

180

178

176

174

172

170

168

166

+ ~ >' \l< +

EW vacuum:

. My = 125:6 0:4 GeV

instable pole _ 171:2  3:1 GV
my = 17322 0:9Gev ——

stable 68%CL

stable

124 124.5
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3. Implications of the discovery for the SM

Particle spectrum looks complete: no room for 4th fermion ge neration!
Indeed, an extra doublet of quarks and leptons (with heavy % would:

—increase (gg! H)byfactor 9 g H o
—H! gg suppresses BR(bb,VV) by 2 9::]> _____ QLD

— strongly suppresses BR (H ! )
NLO O(GEm§g,) effects very important: <[i§ ____ ”ﬁiéii

0.1F ]

[ Myu=125 GeV

Mpo= M;o+ 50 GeV = 600 GeV -
| | | |

100 200 300 400 500 600

(Direct seach also constraining..) Lenz.... m o= mo[GeV]
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Thus we have a theory for the strong+electroweak forces, the SM, that is:

a relativistic quantum eld theory based on a gauge symmetry
renormalisable as proved by 't Hooft and Veltman for SEWSB,
unitary as we have now a Higgs and its mass is rather small,
perturbative up to the Planck scale as again the Higgs is ligh t,
leads to a (meta)stable electroweak vacuum up to high scales
compatible with (almost) all precision data available to da te...

Is it the theory of eveything and should we be satis ed with it ? No:
The SM can only be a low energy manifestation of a more fundame ntal theory!
Indeed, the SM has the following problems which need to be cur ed:
“Esthetical” problems with multiple and arbitrary paramet ers.
“Experimental” problems as it does not explain all seen phen omena.
"A theory consistency” problem: the hierarchy/naturalnes S problem.
L All indicate that there is beyond the Standard Model physics . J
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There are major theoretical and experimental problems in th e SM:
does not explain why 2 <0 and has too many (19!) free parameters.

does not incorporate the fourth fundamental interaction, g ravity;
does not incorporate masses for the neutrinos (there is no R In SM);
does not explain baryon asymmetry (baryogenesis?) in the un verse,

No real uni cation of the interactions
— 36 gauge groups with 36 couplings,
— no meeting of the couplings in SU(5).
No solution to the Dark Matter problem:
— 25% of the universe made by Dark Matter,
— no stable, neutral, weak, massive particle.
Above all: there is the hierarchy or naturalness problem:

radiative correctionsto M 4 in SM with a cut—off =Mpnp Mp

M 2 H@'*/ 2 (108 GeV )?!

M 4 prefers to be close to the high scale than to the EWSB scale...
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Three main avenues for solving the hierarchy or naturalness problems
(stabilising the Higgs mass against high scales) have been p roposed.

|. Compositeness/substructure:

there is yet another layer in structure!
All particles are not elementary ones.
Technicolor: as QCD but at TeV scale.
) H bound state of two fermions

(no more spin—0 fundamental state).

) H properties 6 from of SM Higgs.

ll. Extra space—time dimensions
where at least s=2 gravitons propagate.
Gravity: effective scale M 2 TeV
(and is now included in the game...).
EWSB mechanism needed in addition:
same Higgs mechanism as in SM,
but possibility of Higgsless mode! J
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lll. Supersymmetry: doubling the world.

SUSY = most attractive SM extension: T
— links s= % fermions to s=1 bosons,
— links internal/space-time symmetries,
— if made local, provides link to gravity,
— naturally present in string theory (toe),
—natural “< O: radiative EWSB,
— Xes gauge coupling uni cation pb,
— has ideal candidate for Dark Matter...
Needs two scalar doublets for proper
and consistent EWSB in the MSSM:
) extended Higgs sector: h;H;A;H";H withh H Hgy,
—SUSY ) only two basic inputs at tree-level: tan =Vv,=V{; M4,
—SUSY ) hierarchical spectrum: My Mz ; My Ma My
(SUSY scale M s pushes M, to 130 GeV via radiative corrections).
Most often decoupling regime: h  H gy , others decouple from W/Z.
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4. Beyond the Standard Model

... and along the avenues, many possible streets, paths, cor ners ...
Just for EWSB, there are dozens of possibilities for the Higg S sector.

Which scenario is chosen by Nature? The LHC gave a rst answer !
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We observe a Higgs boson with a mass of 125 GeV and no other Hi ggﬁ

] I [ T T T T Vs=7TeV,LE5.1fh" s=8TeV, L£19.6 fb”
ATLAS Preliminary {m,=126 GeV . 1257 GeV

. - : Combined CMS Preliminary my, =
BR rates compatible with | wzuen B
those expected in the SM @éﬁﬂ:‘iﬁ HO B o .
Fit of all LHC Higgs data ) |#emism i o L
agreement at 20-30% level Hog | .
kel i o ® a B

tA-IgL — 1.30 0.30 F®ZZ«)®4| m=0.77 + 0.27

0 ' ' b o HE W L

%Ii\:/ls — 1:01 0:30 Eombmedmw m=13+03 =088 0.20 1

I e + H®Z:Z()92+028 o
combined : ¢ 1! e S T T
Signal strength (m) ' Best fit sisg,

B) We do not observe any new particle beyond those of SM with Hi ggs:

profound implications for the most discussed BSM scenarios , they are in:
“Mortuary”. Higgsless models, 4th generation, fermio or ga uge-phobic..
“Hospital”: Technicolor, composite models, ...
“Trouble” and strongly constrained: extra-dimensions, Su persymmetry,
Here, | discuss the example of Supersymmetry and the MSSM.

Séminaire Poincar é 29/11/2014 Implications of the H boson discovery —A. Djouadi —p.19/30



H ¢ HJ
' and H, = &
Hl

H 2
to generate up/down-type fermion masses while having chira I anomaliZ]
after EWSB, three doffor W ;Z, ) 5 physical states: h;H;A;H
Only two free parameters at tree-level to describe the syste mtan ; M :

Miy =3 Miz+M3 [(MZ+M3)? 4M3iMZcos2 ]
MZ = M2+ M

(MZ2+M3)sin2 _ M2 +M 32
(M2 M2 )cos2 = tan2 M2 M2 ( 2 0)

Mh<szC052 J+RC<1BOGGV,MH Ma My <MEWSB:
Couplings of h;H to VV are suppressed; no AVV couplings (CP).

fIn the MSSM we need two Higgs doublets H, =

tan2

For tan 1: couplings to b (t) quarks enhanced (suppressed).
g uu 9 qd g vv
h s 1 1 sn_ 1 1 sin 1
H o shigotan @01 tan cos(( ))I 0
sin ° cos .

A 1=tan tan 0
Lln decoupling limit: MSSM Higgs sector reduces to SM with a |i ght h. J
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-

o

Production/decay phenomenology more complicated in the MS SM.

More Higgs particles: =h;H;A;H :
— some couple almost like the SM Higgs,
— but some are more weakly coupled.
In general same production as in SM
but also new/more complicated processes
(rates can be smaller or larger than in SM).
Possibly many different decay modes,
(and clean decays eg into suppressed).
Impact of light SUSY particles?
) very complicated situation in general!
But simpler in the decoupling regime:
—hasinSMwith M,=115 130 GeVv
—dominant mode: ¢gg;bb! H=A

It is even more tricky in beyond MSSM,
and also in many non-SUSY extensions...
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There is a rst direct implication from the measurement My=125 Ge\ﬁ
The lightest Higgs boson mass in the MSSM is given (at one-loo p) by:

M M 4 MZ
M2 M2 M2c0s22 + ot logs

2 2v2sin? m ¢

2 2
a1 o
and M =125 GeV is rather high ) maximize the radiative corrections:

decoupling regime with all other H bosons heavy, My O ﬁ)TgV);
large values of tan (> 5) and the mixing parameter X:( _6Myg);

heavy stops, i.e. a rather large SUSY-breaking scale M g= me My, .

o |
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5. Implications for Supersymmetry

f Hence, one needs a rather large SUSY scale, M s~ O(1 TeV).
This is backed up by direct searches of SUSY particles at the L HC.

-

o |
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Implications for Supersymmetry
What about the other heavier MSSM H states? Need also searchf  or them.
f Searches forthe pp ! A=H=(h)! resonant process: T
) rules out hightan  forlow M p values.

Searches for charged Higgsin t! bH™! b decays:

) rules out almost any tan  value for My < 160 GeV.
Non observation of heavier Higgs bosonsinH | ZZ WW modes:

) no analysis yet!? The width is different from SM-case.
Also searchesfor A'! hZ and H ! hh but notin the MSSM....
Searches for heavy tt resonances but not in the MSSM ( KK ;Z9...

, 456 ABSCD(DO/BEGBIS:-$%<1=181291>7 2 < 0pm T ————— PIESIAZSEG (MO LTI D0t 7KL KR
1 . % ~ ——- Median expected exclusion Data 20121 *® —— 0 $<=$>
o Q1RI4=I0JHCSNSNITSUDIO E = L [ observed exclusion 95% CL H =+ e |mm 2@ASB3$>I"CDL&
T 4] I L2@$BMSN E 50 ------ Observed +1s theory t+]etS —. P @ASBISI" -8
+x B T OJPSH.IN E B -eemme Observed -1s theory A % [z °@ T
#26 1$IPSH.SN 3 [ — —- Expected exclusion 2011 // 1 o) u 4
31 #)6I3IPSH.SN : = 40 Observed exclusion 2011 a3 L ]
N -oa E - — - ™ L )
3 3 - ATLAS Preliminary o A
] - mpa /s=8 TeV N
- 30 N ] —_— - A _o'
il ] : 12,
] E AN -1 Z S F 3
)* = = Odt = 195 fb / E - r ]
- ~ — 1 -
21 5 208 ‘T / ]
o 5665/’ |@HSO/BDL: § v A B0 1
1 15 crec 18121:5% _E 10} = < 7867: “n ",*' -
: C e - . ]
* L L L L ;c* L L '**' 0 I AT W RN RN SERTRTIT] S N I m
' » 90 100 110 120 130 140 150 160 788 K83 OB8 P88 Cas 789
(. 1"#P%& m,, [GeV] (. I"#P%&
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5. Implications for Supersymmetry

fConstraints onthe [Ma;tan ]plane T
Fits of the h properties )

can be turned into MSSM constraints

— no important direct SUSY corrections
(no sbottom/sbootom contributions)

— use both signal strengths and ratios
as there is no deviation from SM Higgs:

hSM-like ) M~ 200 500 Gev

Constraints in the high tan region:
-t! H'b! b :Mas =~ 140 GeVv
-H=A : M = 300 Gev

Constraints on the low tan region: 0
—H!I' WW,ZZ in SM
—H! ttin BSM scenarios
—H! hhand A! hz.

Dlenty of space probed with current data... 200 400 600 800 M

Ma [GeV]

tan 3
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Now that the Higgs boson is found, is Particle Physics “close d’? No! T
1) Need to check that H is indeed responsible of SEWSB (and SM-  like?)
) measure its fundamental properties in the most precise way:

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

Its spin—parity quantum numbers (CP violation for baryogen esis?),

its couplings to fermions and gauge bosons and check if they a re
only proportional to particle masses (no new physics contri butions?),

its self-couplings to reconstruct the potential Vs that makes EWSB.
Possible for My 125 GeV as all production/decay channels useful!

| (pp 'p H + X) ‘[pb} bb’ e WW
s= 14 TeV

100

gg! H

(ee 1 THX)Tb] ' '

t '_
01f 1 1000F |7 My=125 GeV

10¢ ' 100F
Hag [H
WH ... 001} ¢ BR (H) | 10g| .-

1 JtH o I
01f

00t ]
200 350 500, 700 1000 2000 3000
L, s[GeV]

0.1 : : : : N T ‘ 0.0001 — ‘
100 120 145 180 230 300 400 500 50300 400 500
My [GeV ] My [GeV]
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|—An Important challenge: measure Higgs self-couplings and a

gns frompp ! HH + X )

Jn+ frompp ! 3H+X, hopeless.
Various processes for HH prod:

only gg! HHX relevant...
0 .

4 T T T T
el (P! HH +X)= %
p§: 14 TeV, M = 125 GeV
30
gg! HH e
250 N qq°! HHgg O
.
0l @ ° WHH
@ ! ZHH -
15 -
10+
5 Tl N
o e e
-5 -3 -1 0 1 3 5
HHH = i

.

fm:m> K 1000+

“JO0000"

ccess to ALT
(! HH +X)[]

My = 125 GeV gg! HH

100} qq°! HHqgg ¢

gy ! ttHH

10 ew 701 WHH 1
g__<,~' o’ zm,ﬁgﬁ ------- @ ! ZHH
11 |

0'18 % éop 75 100
s [TeV]
H ! bb decay alone not clean
H ! decay very rare,
H ! would be possible?
H! WW notuseful?
—bb : bb viable?

— but needs very large luminosity.
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6. What next?

2) Fully probe the TeV scale that is relevant for the hierarch y problem

) continue to search for heavier H bosons and new (super)parti cles.
Search for heavier SUSY H bosons: |
-pp! H=A'! ; 1t
-pp! H! WW ;ZZ;hh . rea—a
_pp! A! hZ v —
-pp! Ht! Wb

) extend reach as much as possible. -
AD, Maiani,Polosa,Quevillon (2013) ) My [GeV)

Search for supersymmetric particles:
(not only strong but also electroweak)
— sqguarks and gluinos up to a few TeV,
— chargino/neutralino/sleptons to 1 TeV,
— LSP/DM neutralino upto few 100 GeV.
example of CMS reach in T= 8 space )
L Search for any new particle: new f;:Z%V k , etc... at TeV scale! J
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Hence, we need to continue search for New Physics and falsify the SM:
f Indirectly via high precision Higgs measurements (HL-LHC, ILC, )M'T
directly via heavy particle searches at high-energy (HE-LH C, CLIC),

and we should plan/prepare/construct the new facilities al ready now!

o |
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f The end of the story is not yet told! T
“Now, this is not the end.

It is not even the beginning to the end.
But it is perhaps the end of the beginning.”

(after the battle of EI-Alamein, Egypt...).

We hope that at the end we nally
understand the EWSB mechanism.
But there is a long way until then,

and there might be many surprises.

We should keep going!

|
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