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Present view: The Standard Model

Strong, electromagnetic and weak interactions (not gravity) are described by a
renormalizable Quantum Field Theory based on the principle of local gauge
invariance with gauge symmetry group SUQB)ec x SUQR2)w x U(1)y
spontaneously broken to SUB)c x U(l)em . The quanta of the gauge fields (W,Z)
acquire mass via the Higgs mechanism. The left-over of the EWSB process is
(at least) a spin 0 particle, the Higgs particle, whose coupling to gauge bosons
and to fermions is determined by their masses.
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After spontaneus symmetry breaking the Lagrangian is still renormalizable

Renormalizable lagrangian ==>  predictivity at the quantum level



The sector known best: the gauge part
QED (unbroken)
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_ QED weak had
a, = a}u -+ au -+ aﬂ

sensitivity to hadronic, weak and NP contributions increased in ¢,

by a factor (m,/m.)? ~4-10* withrespectto a. H

al™ =116 592 089(63) x 10~ " Muon 62 Col. (08)

a!l =116 592 840(59) x 10~

Aay, = a,"f — azh = 249(87) x 1071

afjea’“ = 154(2) x 10~ Aa,, in the ballpark for a NP explanation
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The sector known best: the %au% part
phy

Electroweak (broken, W and

sics)
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Purely EW corrections indirect vs. direct

established M,, M, determination
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The Higgs sector: pre-LHC

Known M, M, => M,
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pdf(mg)

The Hiigps sector: pre-LHC
LEP + Tevatron

Q(Mh)e—(x2/2)

Combining direct and indirect information:  pdf(M},)
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The consistency of the (minimal) SM at the quantum level predicts a Higgs boss
with mass between 110 and 160 GeV



The Hi?gs sector: LHC
Production mechanisms
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Gluon-fusion process dominant
Weak-boson fusion has a very good-signal/background rati

Bands include: PDF + (xs+ scale uncertainties

Heavy replicas of SM particles contribute to gluon-fusion:
ex. 4™ generation
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sector: LHC
ecays

S 1N5 - 15
© g 1o
o i ZZ 8
£ i :
_(C.) tf 5
% 1 0-1 :—TT gg =
oM ¢ ]
10%F E
1 0'3 1 1 1 1 1 1 1 1
100 200 300 500 1000
M, [GeV]
A NP increase in gluon-fusion X-sect. often

corresponds to a decrease of BR(H — 77y)

The BR(H — ) can increase
reduces the other BR's

if NP

Golden Channel V=2

NP: white + colored



Y weights / 2 GeV

¥ weights - Bkg

The Higgs sector: LHC
4™ of July 2012
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Clear evidence of a new particle
with properties compatible with those of the SM Higgs boson



The Higgs sector: LHC
Studying the properties of the new particle

1 | | |
ATLAS Preliminary
W,ZH — bb

\s=7TeV: [Ldt=4.7 fb"
\s=8TeV: |Ldt=131b"

H— 1t

\s=7TeV: [Ldt=4.61b"
\s=8TeV: |Ldt (=*)13 !
H— WW'' — viv
\s=7TeV: |Ldt=4.6f0"
\s=8TeV: [Ldt=20.7 "
H— vy

\s=7TeV: [Ldt=481b"
\s=8TeV: J'L(d't)= 20.7 o'
H—ZZ'" — 4l
\s=7TeV: [Ldt=4.61b"
\s =8 TeV: |Ldt=20.7 o'

I

I I
im,=1255GeV

Combined
\s=7TeV: [Ldt=4.6-48fb"
\s=8TeV: |Ldt=13-20.7 fb"

| | | |

i =1.30+0.20

R

-1

0 +1
Signal strength (u)

7 o - .
£ '} ATLAS Preliminary —— Combined (stat+sys)
o L ys=7TeVifldt=dbasm’ o Gombined {stat anly}
B |s=aTeV:]Ldt= 20.7 fb”’ ==t
5__ — H-= 22"—\4]'
5_
4— |2g
3
2
| R —— S — lio
L I]Jlll]lll]]

RN NN N
?21 122 123 124

127 128 129
my [GeV]

M, = 125.5 £ 0.2(stat) 53 (syst) GeV

H — bb (VH tag)

H — bb (ttH tag)

H — Tt (0/1 jet)

H — =t (VBF tag)

H — =t (VH tag)

H — vy (untagged)
H — vy (VBF tag)

H — WW (0/1 jet)
H— WW (VBF tag)
H — WW (VH tag)

Vs=7TeV,L<5.1fb' ys=8TeV,L<12.2 "

CMS Preliminary m, =125.8 GeV

R S—

H—» ZZ | :
-2 2 . 4
Best fit G/O'SM
CMS Preliminary {s=7TeV,L<51fb" {s=8TeV,L<12.2f"
| 10_l||l\1|\\l|||||||||w|-w------.-wu-w---
- H— Y + H— ZZ —— Combined
= 9 —Honyy
Cﬁ 8* —HozZ
U3 -
4 -
/e of =
1 .
122 124 126 128
my (GeV)

My, = 125.8 £ 0.4(stat) £ 0.4(syst) GeV

< 0.88%=0.21



Implications of M_~ 125 GeV

WELL, . WAAT™ DID  You EXPECT
From A PARTICLE WITH No SPIN 7



Reversing the heavy Higgs argument

Specific type of NP could allow a heavy Higgs in the EW fit (“conspiracy”).
Take

po= potoplpg =1L0p (1, 1))
Afw — (63, S)
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, M, (Aa)y M \*
2 pnleptyo t
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p>1— po>1 = Extra Z
To increase the fitted M, : op>0 = Isosplitt (s)fermions,
Ary <0 Multi Higgs models,
.
Light sleptons

NP (if there) seems to be of the decoupling type



(Meta)Stability bound

Quantum corrections to the classical Higgs potential can modify its shape
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M, ~125-126 GeV: -Yt4 wins: A(M) ~ 0.14 runs towards smaller values and can

eventually become negative. If so the potential is either unbounded from below or can
develop a second (deeper) minimun at large field values



Illustrative

If your mexican hat turns out to be a dog bowl you have a problem...

from A. Strumia



The problem

There is a transition probability between /
the false and true vacua /

It is really a problem ?

It is a problem that must be cured via the appearance of New Physics at a scale below
that where the potential become unstable ONLY if the transition probability is smaller
than the life of the universe.

Metastability condition: if A becomes negative provided it remains small in absolute
magnitude the SM vacuum is unstable but sufficiently long-lived compared to the age of
the Universe



Vacuum stability at NNLO

* Two-loop effective potential
(complete) Ford, Jack, Jones 92,97; Martin (02)

* Three-loop beta functions
gauge Mihaila, Salomon, Steinhauser (12)
Yukawa, Higgs Chetyrkin, Zoller (12, 13)

* Two-loop threshold corrections at the weak scale
A Yuk x QCD Bezrukov et al. (12)

Yuk x QCD

SM gaugeless Di Vita, Elias-Miro', Espinosa, Giudice
Isidori, Strumia, G.D. (12)

Dominant theory uncertainty on the Higgs mass value that ensures vacuum
stability still comes from the residual missing two-loop threshold corrections

for A at the weak scale G o (1) (2)
V2
G 1 T(2) i
s @ = Seae {A (2) | [ + ReIl'? (M2
G_\/% = ﬁ(l + Aro) V2 M? | Vyen i h)_
N( ) 3T . T
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Full stability is lost at A ~ 10" GeV. but A never becomes too negative

Mp,
GeV

A Mp;) = —0.0144 + 0.0028 < — 125) +0.004757, £0.0018,_(ar,) £ 0.0028,

Both A and 3, are very close to zero around the Planck mass
Are they vanishing there?



Top mass M; in GeV
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We live in a metastable universe close to the border with the stability region.
If the top pole mass would be ~ 171 GeV we were in the stable region.
Is the Tevatron number really the “pole” (what is?) mass?
Monte Carlo are used to reconstruct the top pole mass form its decays products
that contain jets, missing energy and initial state radiation.

MtM—S can be extracted form total production cross section and the corresponding
pole mass is consistent with the standard value albeit with a larger error



M _~ 125 GeV and Supersymmetry

Standard fields

(2HD|V|) SUSY fields
Supersymmetry:
chiral fermion «—> complex scalar h A H° H*

vector boson <«==> Majorana fermion

<EWSB> ——— 2 MP — A]\4}5

In the minimal model the quartic
coupling in the Higgs potential is
related to the gauge couplings

— prediction for the Higgs mass

SUSY must be broken!
It is not possible using SM (super)fields to break SUSY in a realistic way. The breaking of

SUSY should come form somewhere else and communicated to the particles we see.

SUSY breaking/\/\/ visible sector
sector (hidden) (WE)
interactions that

transmit the breaking

Left-over Eg‘g%y (may be with some kind of universal features at the scale of the
breaking transmission)



The MSSM Higgs sector

B, o
Hg/

- . Hy = , Hy = — h,H, A HT
Higgs sector: 1 ( H; ) 2 Hg )

Higgs masses: predicted at the tree level in terms of MA, tan 3, Mh< MZ

I(r;lclujging rad)iative corrections: dependence on all SUSY(-breaking) parameters
ty by o

M, < 135GeV decoupling h sm-ike

” +
MA,H,Hi ~ 100...TeV My ~ My~ Mz >0(200GeV)
Large tan3
e o 941 gvv 93& 4
h cosa /sinfi — 1 —sina /cosf —1  sin(f—a) =1 decoupling
H || sina /sinf — 1/tanf8  cosa /cosff — tanf  cos(f—a) =0 gf;cj—) 0
A

1/tan 3 tan 3 0

delayed decoupling



How easy is to get M, ~ 125 GeV in the MSSM ?

3m} M2 X? X?
2 % ¢ S t t

T SUSY breaking parameters

Xt — At _,u‘COt/Ba MS — \/Mfleg)

TogetM ~ 125 GeV:

- Large tan (3, tan B > 10 (increase the tree-level)
- Heavy stops, i.e. large M_(increase the In)

- Large stop mixing, i.e. large X

The more assumptions we take on the mechanism of SUSY-breaking,
the more difficult becomes to get M, ~ 125 GeV



PMSSM: minimal assumptions on SUSY-breaking parameters
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XM, Ms (GeV)

Arbey et al., 2011

22 input parameters varying in the domains:

1 <tanp <60, 50 GeV <My <3 TeV, -9 TeV <A <9 TeV,
50 GeV < me,mfR,Mg <3 TeV, 50 GeV < My, My, |u| < 1.5 TeV.



Costrained scenarios:

(no) :
ta‘n/87 SZ.Q”(M)? Mm6887 Nm6887A E

VCMSSM
NMSSM

no scale
GMSB
AMSB

tanﬁ? szgn(,u), mo, M3/2 y B
120}/ ~
(yes) . ' :
tan 3, sign(u), mo, my /2, Ao 158 B
(nO) 110:. o | |:
mo ~ Ag ~ 0 10 20 30 40 50 tan B
(yes)

mo ~ —Ap gxcr)tﬁy etal,
(no) S mSUGRA: 50 GeV <mp <3 TeV, 50 GeV <myjy <3TeV, [Ag| <9 TeV;
mo ~ 0, GMSB:  10TeV <A< 1000 TeV, 1< Mue/A<10,  Npow = 1

AO ~ —1/4m1/2 AMSB: 1TeV S m3/2 S 100 TeV,

(yes)
non universal 770

50 GeV <my < 3 TeV.



M _~ 125 GeV and the SUSY breaking scale

MSSM variant: (m: Supersymmetry breaking scale)
High-Scale Supersymmetry Split SUSY:
All SUSY particle with mass m Susy fermions at the weak scale

Susy scalars with mass m

Predicted range for the Higgs mass

160 T T T T T
r— a3 = 50 Split SUSY

1 i
A(m) = 3 (g% () + ¢"* ()] cos® 23 7
(5]
&} L
£ 1400
N 7 ™
g;, Bof :g{e:sygf_ _
= v R |

120F [

110 _-| :

| | | | | | | | | | | | 17
10* 108 108 1010 1012 1014 1016 1018
Supersymmetry breaking scale in GeV

Supersymmetyry broken at a very large scale is disfavored



o~0o,, and the MSSM

Squarks and gluinos contribute to the loop-induced gluon fusion production
cross section

o(gg — h) isfully known at NLO QCD (standard + SUSY contributions)

‘7(9 g — h) implemented in the event generator POWHEG.
E. Bagnaschi, P. Slavich, A. Vicini,G.D. (11)

a) Interface POWHEG with a mass spectrum generator that provides Higgs masses
and couplings.

b) Rescale the SM contribution.

c) insert the SUSY correction

PO(sitive)W(eight)H(ardest)E(mission)G(enerator)

Nason et al. (04--)

Matching NLO-QCD matrix elements with Parton Showers

Generate the hardest emission first, with NLO accuracy, independently of the PS
Can be interfaces to several SMC programs (HERWIG/PHYTIA)

Generate events with positive weights

NLO accuracy of the total cross-section preserved



____decoupling solution
200F ! ' ] 200F

180+ 180+

160+ 160+
> >
g | g |
= 140" < 140t
= I = I
1201 120+
100+ 100+
10 20 30 40 50

m_=m =m_= 1000 GeV, X = A-u cot B=2500 GeV, M = 800 GeV, M_=2M, =200 GeV,
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o(gg — h)
O(g g — hSM)rescaled
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Squarks are heavy: corrections up to 10%
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Using the p" to disentangle between SM and MSSM
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obtained using POWHEG + HERWIG

(Bagnaschi et al.)



¢ — 77 (P = h, H, A) Kijlls the non-decoupling solution

cms Vs=7TeV,L=4.6fb"
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The ATLAS, CMS plots represent points in the MSSM parameter space different
from ours, the SUSY corrections are not included in these plots, but with these limits ......

M, ~ 125 GeV: Large M, , to be in the decoupling regime



MA (GeV)

Light Stops
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m_=m =m_= 500 GeV, X= A-j cot B=1250 GeV, M_= 2 M_ = 4 M, =400 GeV, |u| = 200 GeV

M;, ~ 280 GeV, M; ~ 660 GeV, M™% < 123 GeV



o(gg — h)

1 1 1 1 1 1
LHC HIGGS X5 WG 2011
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100- 100+

tan 8 tan B

0.504

For M, ~ 200 GeV squarks corrections are large (30—40%) and genuine
SUSY



Conclusions
SM is quite OK

M -125/6 GeVis a very intriguing value.

The SM potential is metastable, at the “border” of the stability region.
Model-independent conclusion about the scale of NP cannot be derived.
A is small at high energy: NP (if exists) should have a weakly interacting
Higgs particle

A and (3, are very close to zero around the Planck mass: deep meaning or

coincidence?

Inthe MSSM M -125/6 it is at the "border” of the mass-predicted region.

CMSSM models suffer. However, if SUSY exists its scale of breaking
cannot be too high.



THE END
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