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Back to the Future

What would have happened if in 1996 the
CERN directorate had accepted
the of fer of the German company who
was producing the LEP superconductive
cavities and spent XX MCHF to buy 32
extra cavities?

O the Higgs is discovered in the Spring of 2000

O the democrats understand that Clinton made a mistake in canceling the SSC and
they decide to resume the project

O science becomes a major topic in the campaign and people understand that the
results in Florida is not a statistical fluctuation but a fraud

O Al Gore becomes the 43 US president

O no war in Afghanistan nor in Irag

O no economical crisis

O Japan starts building an ILC in 2010, CLIC construction starts in 2011.

O LHC discovers SUSY in the fall of 2012... Etc, Etc...

We are only a few years behind schedulel
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Back to Reality

For many years, physicists kept repeating:
CHhe Ul oSt :‘m,parz,‘mzf ?.«:.{.552,‘#'{:#7 vz /ﬁ@"f;ﬂ/ - /5/7}/5#'&5
15 Co discover Che ‘/7/:335

After July 4™, things have changed and physicists now want to:

ﬁ!‘ﬂ?/y e/ac:!a’az‘e 125 nctetre and 7S role ih Z e
e han S of electroweak Syrinrelhy 5;*-5@(’:}73

Inthe absence of any direct evidence of new physics, the Higgs will be (one of?)
the best source of information about possible new physics and we need to make
sure That the future experimental program is well designed to answer questions like

™ what are its quantum numbers: J? SU(2)xU(1) charges?
@ what screens the quantum corrections to its mass?

@ is it an elementary scalar or a composite bound state?

@ is it alone or part of an extended sector?

@ is it a portal o SM-neutral new physics?
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Where are we?

we are living a privileged moment in the history of HEP

“We have found a new particle”
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Where are we? What's nexi?

we are living a privileged moment in the history of HEP

“We have found a new particle”
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S — R —
“this discovery came at half the LHC design energy, much more severe pileup, and ore-
third of the integrated luminosity that was originally judged necessary”

S— Higgs is the most exotic particle of the SM
A ——. 12 discavery Aas protfound implhicdions T

O Spin O? Against naturalness: small mass only if protected by symmetry
O Couplings not dictated by gauge symmetry? Against gauge principle

(elegance, predictivity, robustness, variety) which used to rule the world (gravity,

QCD, QED, weak interactions)
O Symmetry breaking? ground state doesn't share the full symmetry of interactions
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What's next?

’ ith 3}“-5525 power Conres 3r££22f reéﬁc:ﬁéféf/ f‘Z,‘}/ "

i i A0 |- U R . LR Y e (N T g
\WIaltgir a RHrddoar. bW on
vOLLEIT e &F H‘L;! der-iian

which, in particle physics, really means

T A 3re.=_czz‘ IS VeriesS Cosre 3re.c:az‘ mreaSiresents

/ A o5
Higgs properties Higgs couplings BSM implications

J‘PC

Important & nice to see progresses but
“this question carries a similar potential
for surprise as a football game between

Brazil and Tonga”
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Chiral Lagrangian for a light Higgs-like scalar

Coyy = Ol W ZEEEZEETZE.TT:...ZD
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h
~ L 0 BB (1+e 2+ by

RN

W OWW&ZZ
@ custodial symmetry

R EWPD

@ no Higgs FCNC

(generalization of Glashow-Weinberg th.)

R

Flavor
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Chiral Lagrangian for a light Higgs—like scalar
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Higgs coupling fits: test of unitarity
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Chiral Lagrangian for a light Higgs—like scalar
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Higgs coupling fits: test of unitarity
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Higgs coupling fits: test of unitarity

Cp=Cr=C, =520,

>0 —

7&8 TeV LHC & Tevatron data z |

CMS [yr = TTev; s48 0 ']

Higes coupling tofermicns o

Higes coupling te weetor a
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Hiagas coupling fits: test of unitarity

don’t leave it in the hands of theoristsl!

CMS Preliminary
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v2 fit: other tests of the SM structures

O custodial symmetry: Cw=Cz?

O probing the weak isospin symmetry: C,=Cq?

O quark and lepton symmetry: C,=C?
O new non-SM particle contribution:
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Is the Higgs part of an SU(2) doublet?

Does New Physics flow towards the SM in the IR?
i.e. is the Higgs part of an SU(2) doublet?

need to promote the chiral Lagrangian To an SM gauge invariant Lagrangian
pioneering work by
complete classification by

28 (P* operators
(+ 25 4-Fermi operators)

only
14 of these
operators
can be generated
at tree-level by NP
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Table 2: Dimension-six operators other than the four-fermion ones.

I

CP-odd |

doublet?

by-1 = 2(cv?-1)
3bsv = 4 cy(by-cv®)
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Is the Higgs part of an SU(2) doublet?

Does New Physics flow towards the SM in the IR?
i.e. is the Higgs part of an SU(2) doublet?

need to promote the chiral Lagrangian To an SM gauge invariant Lagrangian
pioneering work by
complete classification by

—ap— Higgs doublet? mmsmmt:
not an easy question at the LHC since we need multi-Higgs couplings
g pooo. t - h wr » h wr » h
H"# "l‘ **i‘
A . . oo h
g : * _ .
g TEOT h W ‘ho | W v q |

by-1 = 2(c- 1O 3bav= 4 cy(by-cy? O] )
for PGB Higgs for PGB Higgs
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Effective Higgs

NP SM

typical mass scale EW scale v=2466eV
M=g-f 9.9, i
2 *
9: /9

effective approach valid if f
mass gap: M > gsp v

--------------------------------------------------------

weakly coupled NP . strongly coupled NP :
9=~ gsm : : 9= >> gsp ;
MSSM in The decoupling ||rn|T . composite Higgs models

in both cases, Higgs couples to NP with g«
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Higgs power counting

® extra Higgs leg: H/ f B extra derivative: 3/mp
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Higgs power counting

® extra Higgs leg: H/ f B extra derivative: 3/mp
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Higgs power counting
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Probing Higgs New Physics

= nrobing Higgs interactions: g« or f e

- B Ut e

EH ﬁ”(HfH) 3, (HfH) Farametrize corrections to

P2 tree-level Higgs couplings:

Y% HYH p Hipr + hec.
7

Ac v oy
CaAd 2 CEAT f2 N
(H'H)
- |
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" EH o G EF 3 .
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Probing Higgs New Physics

probing NP scale: M = g- f

e o T
DDWTW h
WY (Hlo* DHH) (D*W,,)" R
Emw
EJMZWZMEL
Egg; o
- (HY D#H) (6" By)
My | e W

Use equations of motions: LV Vo= {m%rvy - vﬁ%wjvyh

A ()
_____ Agns AZ

inclusive WW. L7 rates

slide courtesy @ R. Contino
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Probing Higgs New Physics

probing NP scale: M =g+ f _ =

e R L
DWW, h
WY (Hlo* DHH) (D*W,,)" R
Fn s, &
o (H'¥D*H) (8B,
o | Fp Vv Lo

R —

direct(tree-level) contribution to EW oblique corrections

LEP already puts strong =S iits) & 13
bounds on these operators -

(A — WEW) -
l_ll:h — W[*}W*}SM -

2 o

slide courtesy @ R. Contino
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Probing Higgs New Physics

probing NP scale: M = g- f

e o T
DDWTW h
WY (Hlo* DHH) (D*W,,)" R
Emw
EJMZWZMEL
Egg; o
- (HY D#H) (6" By)
My | e W

R —

possible strategy: new contribution
is local, cut on ¢* = m(ll)* = 00===--

dl’ dl’ = 162
—/ — ~ 1+ ¢w.m q_z S1+tews :;r
dg? Lo g g

NP could in principle be seen in differential distributions in h-»ZZ*->4|

slide courtesy @ R. Contino

Christapte Grojean eto Vadis wiggss % Kt TEALS, 237 Jan 2ais



Probing Higgs New Physics

R e

loop operators

?IfCHWg s 'I' L e
=y (DEE oo D* H)

f

B, B* H'H

‘°HEY (peHM (DMH) B,

L.
W,

C W7 W

r:g,:, =

= 2
998 ¢ v gty
mz,
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Corrections to h—lWIWY 27 rates:

Corrections to h—lWIW 77 differential
distributions and h—yZ rate:

3.4

ST

Corrections to h—~ rate:
(PGB scenario)
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RG-improved Higgs physics

the previous estimates were based on the values of the Wilson coefficients @ NP scale
RG effects can change the picture

) = (8 +) e tog47) ) e

anomalous dimensions

dominant effects: loops of Goldstone bosons (couplings g-)

X
oty w x ANV W x_ AN W
— — L X —
""'.., -‘..- i "H-H | "\.H
X ¥ hanan w * hanvny w
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RG-improved Higgs physics

the previous estimates were based on the values of the Wilson coefficients @ NP scale
RG effects can change the picture

) = (8 +) e tog47) ) e

anomalous dimensions

dominant effects: loops of Goldstone bosons (couplings g-)
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RG-improved Higgs physics

the previous estimates were based on the values of the Wilson coefficients @ NP scale
RG effects can change the picture

2

) = (8 +9) o-tog( 273 ) ) ()

anomalous dimensions

dominant effects: loops of Goldstone bosons (couplings g-)

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

167 M2
— ! S
2 5 i 5 o

My s e TW x Log
: M2 16w2 f2 1672 M2
R s ; AITTEIE - AICELEERTEES
+ Cywynslp) =Crwiap(M)+ #lﬁwg log (E) Cp M)
. i S g
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Christar fe Gropean Ot Vo= %qq@ , 15 Kavdi TPML, 234 Jan. 2o0is



RG-improved Higgs physics

the previous estimates were based on the values of the Wilson coefficients @ NP scale
RG effects can change the picture

) = (8 +) e tog(47) ) o)

the case of 4y
(no loop of Goldstone, need loops of weakly coupled fields)

% : U at
' ",
Sl e

ol - 5
i 7
1)

lgl
hls - A -
GRS . 2 b2 - H'"--. o
,i Eq frs %j L A ;%;m
Jel = |=l [l
. . . x, H i
H“-\. 4 H“'-\._‘ % 5 ! IMH,, 4
- R . s
[ Ml [1 14
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RG-improved Higgs physics

the previous estimates were based on the values of the Wilson coefficients @ NP scale
RG effects can change the picture

) = (8 +) e tog(47) ) o)

the case of 4y
(no loop of Goldstone, need loops of weakly coupled fields)

for weak models (g=~g)
dominant contribution forgotten up to now

v
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RG-improved Higgs physics

the previous estimates were based on the values of the Wilson coefficients @ NP scale
RG effects can change the picture

) = (8 +) e tog(47) ) o)

the case of 4y
(no loop of Goldstone, need loops of weakly coupled fields)

M, 3 M,
C'T“T{th == [1 = # ]_!jg Th:| C,T,T{jﬁi) — #;? ng ThCW-I—E{A)
2 2 2 s 2 7
g v g g my g vg
: 1672 f2 g2 1672 M2 1672 f2 g2

for strong PGB models

important contribution forgotten up to now

u
but screened by cn and ¢t contributions (unless large Log)
QE ?_.1'2
chand ¢t 1o 72
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RG-Higgs physics: Don't forget LEP!

C C
H o H

d
The parameter 'a’ controls the size of the one-loop *“a. ( b ) = 52" ( ew +cs )

CHW +CHEB CHW +CHE

IR contribution to the LEP precision observables i i g
e = | -l/6 0 0
(?? 0 n]
e1,3 = c1,3log(my/p’) — e1,3a” log(mi /u”) — e1a (1 — a”) lag(mi/,ug) + finite terms
3 1 ﬂ.E,l
1 = + ﬂ{mz) r"irn o
1672 cos? By W3 s \ B 12 1 2

VAVAVAY: | AVAVAVAY --*-m-r—--
£y — - ﬂ{mz) xh*ﬁ'z‘f

127 4dsin? O

b
AN g VL g e
- — = - —

As per 6. Passarino's request’ - >0 2
Roseta's iPad rair Log. d.wt. t.:uncel only for a=1 (SM) |
a=Cv=Kv a?l log. sensitivity on the scale of new physics
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RG-Higgs physics: Don't forget LEP!

EW data prefer value of ‘a’ close to 1
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The fate of the EW vacuum

Many of my theory colleagues also started wild speculations/extrapolations
Zhe SM vaceiirr 13 Stable/ metastable
and ZAe ch/fd’;z‘y of The SM can be exlended tp o Zhe Planck scalel

180 & =

(1]

(1]

lestisbual ity
1

.\.\\.'II"H"

s 150 S

]
s A

st fagy Moeta—stabiliny

Y TELLCTTNTE BT
Pole top mass M, in GeV

Higes mass My in Ge's Higes mass M, i Gev

; , _ 3
It is almost certain (>407) that mu> Mmestability and totally certain that mu < Mifnday
(even though this certainty might by questioned by threshold effects at the Planck scale )

Not totally clear yet if my is above Mstability, but rather important question since
@ if my> Mstabiity, the Higgs could serve as an inflaton

@ if mu= Mstasiliry The SM is asymptotically safe, ie consistent up to arbitrary high energy

meme. nNeed precise Higgs&top mass/couplings (and as) measurements (ILC, gt €Oll.)

| and better understanding of pole vs MS top mass
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From the EW scale to Mpi... and return

Many of my theory colleagues started wild speculations/extrapolations

oIop

iy

Higgs quan ¥ counlg gl

oozl
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ooaf
oozl

[ b VL R (R e
0 oo - —

Hy = 150
o bande 11
Hea T3] £0 T CeWF
oo (M1 01184 £ 00007

M
A Mp)) = —0.0144 + 0.0028 ( GE“L = 125) + 00047 gy, £ 0.0018,, £ C.0028y,

Tt e R e W, b T Y i
1 i ."{ ol AN L e LA -

Y1

15 The %ﬁﬂé’ ‘Pﬂ‘c’_‘eﬂfaﬁf Fﬂfwaﬁ/iffiﬁ /ﬁﬂfEﬂZ_‘;ﬂf ! Mp;?

3 |, o ey | i I T A
] 1 e O . | :.-__l\.:,'- 1 | 0= PSR T
e g gl - k L L
Ar

My = 17530V

[0 | S 1 o (L | L | EC TR (1 Ll | L | L

el

FCE mak pmiC ey

EW SB determined by Planck physics? Mp calculable from weak scale non-gravitational quantities?
absence of new energy scale between the Fermi and the Planck scale?
Anthropic vs. natural EW SB...

O e St as fe 5}*.@;&&.&:
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From the EW scale to Mpi... and return

O e St as fe 5}*.@;&&.&:

SM/DM Couplings

{
Bl
£ = Lsy + Lom + €OsmOpum

— I

? ?
Most exotic Exotic

Nightmare Scenario

Expected
Canonical VWIMP

£ =~ small-ish

SM @ My

Geeo Vadis ¥ligqs? 2]

“Hidden Sectors”™
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Higgs & SUSY/MSSM
no new super-particles -» decoupling limit?

high Higgs mass 3 ) P 3
implies mh — MZ COS5 2)8 _I_ 5t

susy is badly broken \[

(125 GeV)?

MSESM Higgs Mass

‘}{r — er'l'l an

100 Suspect
FeynHiggs |
200 300 500 700 1000 15002000 3000

m; [GeV]

O At an fa 5}*-?&&#: et L’/ﬂ:ﬂé >"7’f'r_]r_}5 -

\
(2 87GeV)?

substantial loop contribution
from stops

large mixing
heavy stops

VIQ My 2, 100 GeV
L I

W

irreducible
fine-tuning ~ O(1%)
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MSSM fine-tuning

nggs Mas.s VE. Fme Tunmg

SO00F e - .
u JI 1-1
: ,1' % |
_ , ‘
2500}
with larger TH . ! SUSPl?Cl \
uncertainties the I / FeynHiggs %
’ 2000}

lower bound can go

; }" - LK .
down: ! : \
da i K S TR
2 1500 P |
[~ I
—_ 0
LY
| Fr 15 B
N ¥ x 2 b |
) - . 1|-|,
P hs [}
.
Ly
50 A \
- ™ 1Y
co e L% .'.‘ “
b
- E * 4,

B g, e
"1 ; . e o o “““'I- = 7
: . [ | =2 0 2 F] o Ma55£
2 X;;"Tﬂf : réa/ ‘:]12‘%3
-4 3 -2 -1 0 1 e 3 &
X, (TeV) I C’,ﬂ/ : : = ’

maximal mixing 2 (Mz) "*—‘50M2(MG!)-|-06TT1 (Mg)
requires tricky A, (MZ) —2.3M3(Mg) + 0. QAt( )

engineering

- generically Ae/mg; <1
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Natural SUSY

SUSY fine-tuning troubles originate from

2
Mz

5 u]® + my,

AN

. . light stops (1-loop)
light higgsinos light gluinos (2-loops)

F T (BT, ML < een e, | T mnETm ]
l{% 200 %TL‘IS F‘re-llrlnmarg,r = '-’:::::';: .ri.ﬂ.,. E-l-j: r.- s I
e po alw = it
g = 160 s
o o
I 140 B 3
300 L j 120
100

80 . .

e,
. .
1
.
-. 1
T 1 |
1 |
o '; |
.
H
T & £ 3 I

LA ' | i
300 350 400 450 500 550
m; [GeV] |

O e St as fe 5}*.@;&&.&:

! A
- - LL 0150 200 250
5 T
Unm.el«LlL ""’“US (ﬂ—?ﬁ-) ; (T?“

5

I hew Soldwin's law: every HEP review talk has to show a slide by Nima
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Higgs Couplings in Natural SUSY

the light stops affect the radiative processes

o(gg —+h) _ T(h— gg)
o5M(gg — h)  ISM(h — gg)

2
~ |1+ 7]
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Higgs Couplings in Natural SUSY

the light stops affect the radiative processes

['(h — vv)

e |1 4 ir":r|.-

PSM (b — v +)
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- CQ{HS}%(mt_wmt_zrﬁf}
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1 2 2 1 ) 5 4
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Stop mass constraints from Higgs global fit

BR(Bs—Xsy) prefers degenerate stops 2 kills the low stop mass region
then Higgs data put a lower bound of the stop mass

prospects prospects

iz P = GACHER /2  uiEl, oEgECHER 2
lower bound from —r—r————r—r— —r— — - p—p—
=, L ﬂ J

Higgs searches s .:
(current data) f Gf — el
150 s k- 4 |
= - Higgs Data & - ]

0 - Br(B - X,y) =
g__ 100 - ‘
S A 3
oty :
e ‘ ﬂ_m 4

direct searches - R .
200 300 400 500
m;l [GeV]
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Light composite Higgs from "light" resonances

contribution from
/ the strong sector

The interactions h . - =0 it's a Goldstone
between the strong
sector and the SM &M fialds
generate a potential e o

@ h o+ on ®

Impossible to compute the details of the potential from first principles

but using general properties on the asymptotic behavior of correlators
(saturation of Weinberg sum rules with the first few lightest resonances)

it is possible to estimate the Higgs mass

for the Higgs

s 160 GeV f
< 700 G v( )
3 mimd RS “' \125 Gev ( M ) (500 GeV
2 e — e e PPt 1] el
My ~= 72 fg fermionic resonances below ~ 1 TeV
G/H

vector resonances ~ few TeV (EW precision constraints)

~ for a natural (<20% fine-tuning) set-up ~
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Light composite Higgs from "light" resonances

true spectrum in explicit realizations

e I— NS R S
| '5“-“.-mﬁ.hh... :[
! TR L
20 (e tas _y T f-.S"O & 00|
n ot > (T,B) 13 g =3
E;i g ° 235 —> (TﬁfﬁvTifﬂ) aty H‘::;.f"ﬁnﬁf ﬁ ISUO‘F 2 .l= -
3 o 3 mm-ﬂs“‘"!'
of W, ey 3
i . =‘.;&--'1': s
;i 500 ye® 1 Bl 8
05k — g P .. . i I S S T S o
POUE  BReT B, PR | TRPD 100 120 140 160 180 200 220 240
15 125 135 145 155 165 175 185 m(GeV)
H
Miggs (GeV] for similar results, see also

&

= Nlice AdS/CFT interpretation _ o
Dim|Oyg] = g + My + %|

Mg =1/2 & dim[Og| = 3/2 & light free field decoupled from CFT
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Rich phenomenology of the top partners

--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- [
I. 4

Search in same-sign di-lepton events

B <7+ or's is not a background [except for charge mis-ID and fake e°]
8 the resonant (Z4/) invariant mass can be reconstructed

discovery potential (LHCi47ev)
Ms/2=500 GeV (sxBR#100/fb) — 56 pb™

Ms/3=1 TeV (oxBRx2/fb) — 15 b
/ ( ) }1 b5 O ﬁg,:::.-tl’?ﬂ
...... .&{,’U‘ S B s e
gWgﬂf 1E#? (orodal indepandarnt)
}m]ﬂ{w
4 Ts3/B
g v
fome ¢ Wi Wi
-_"‘f_l-h _,."'i - T-IE."3.'IIB
‘
b b s
g . 7

My, , [Gev]

5.:/5*.«':-3 /Pmdﬂﬂz_‘;ﬂh (arodal’ dapandar)
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Top partners & Higgs physics

e
R T T O o

~ current single higgs processes are insensitive to top partners ~

i
: :'-’ i ¥ g N
p i ) two competing effects that cancel:
-__'_-.- - s h ! E
, _{mﬁl__,_.r- @ T's run in the loops
B\ - @ T's modify top Yukawa coupling
oyatey 72 50 pb | i
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Top partners & Higgs physics
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e

~ current single higgs processes are insensitive to top partners ~

two competing effects that cancel:

@ T's run in the loops
& T's modify top Yukawa coupling

~ small sensitivity in double Higgs production ~
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Top partners & Higgs physics

@my=125GeV

direct measurement of top-higgs coupling

htt is important but challenging channel

may be easier channel to look at

Aw — Ap

AW—FArEN

o(pp — tjh) [fb] | o(pp — tjhb [fb]

C}T=1 Cp=-—1 C}r—l CF—-—]_
8 leV 17.3 252.7 12.14 181.4
14 TeV | B0.6 1042 09.6 828.5
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look at final states:

Bb+ 1fwd jet+1*+p". 4b+ Ifwd jet+15+ 57
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Top partners & Higgs physics

direct measurement of top-higgs coupling

single-top in association with Higgs
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Conclusions: Higgs = Person of year?

TIME f ¥ 2t 3 App
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Conclusions: Higgs = Person of year?

Vignaring  Widas LIFE

Rolf Heuer, Joseph Incandela and Fabiola Gianotti
— at last sealed the deal and in so doing finally fully
confirmed Einstein's general theory of relativity. The = -~
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