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SM Higgs @ LHC

The production of a Higgs is wiped out by QCD background

only 1 out of 100 billions events

Chris fop/ﬁe Grod'ean
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SM Higgs @ LHC

The production of a Higgs is wiped out by QCD background

only 1 out of 100 billions events
are "interesting”

(for comparison, Shakespeare's 43 works
contain only 884,429 words in total)

furthermore many of the
background events furiously look
like signal events

... like finding the paper you

are looking for in 108John Ellis’
offices
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Where are we?

we are living a privileged moment in the history of HEP

"We have found a new particle”

7
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Where are we? What's next?

we are living a privileged moment in the history of HEP

"We have found a new particle”

CcMS fs=7TeV,L=5.110 \S=8 16V, L=b310 "
s 6T T 1
€N [ Hoyy+H—-2ZZ % Combined i
\D L 4 H— yy (untagged){
o 5 + H-—yy (VBFtag)
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my [GeV] m, (GGV)

TR —— RN —
“this discovery came at half the LHC design energy, much more severe pileup, and one-
third of the integrated luminosity that was originally judged necessary”

— Higgs is the most exotic particle of the SM

— s discovery has profotnd implcatons

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 Triumph of QM+SR that predict (anti)particles of spin0,1/2,1,(3/2?), 2
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Now what?

" The experiment coorked betler Zhan
eXpeCZ‘ea/ and the anal yS 1S wUnCovered a
very difficult o £ind 5{9/7@/ "

the words of a string theorist

but the experimentalists haven't found what the theorists told
them they will find in addition to the Higgs boson:
no susy, nho BH, no extra dimensions, nothing ...

Have the theorists been lying for so many years?

Have the exp's been too naive to believe the th's?

Why should you listen to the rest of this talk?
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What does come with the Higgs?

We know that the Higgs is not the end of the story

O dark matter
O matter antimatter asymmetry

O hierarchy/naturalness problem
O..

All these point towards an extended EW/Higgs sector

but so far this extension has been very elusive
O Direct searches @ LHC: Mnew >~ O(500 GeV) unless reduced couplings to fermions
O EW precision data: Mpew >~ O(TeV) unless some selection rules (eg R-parity)

O Flavor data: Mnew >~ O(1000 TeV) unless some protection (eg MVF...)
O .

HEP future:
exploration/discovery era or consolidation/measurement era?

let's use what we have at our disposal (the Higgs) to explore BSM sector
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Now what? What's next?

" With 3redZ‘ power Comes 9/‘@@2‘ respons /A///iy )

Voltaire & Spider-Man
which, in particle physics, really means

“ WIith 3reaz‘ diScoveries cone 3reaz‘ reascrenents

/ 2 S
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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The 2 questions about the Nature of the Higgs

7 Is the Higgs part of an SU(2) doublet?
- Does New Phy5|cs flow towards the SM in the IR?

production and decay rates in agreement with SM is a good hint
but can never exclude a malicious conspiracy
and the SU(2)xU(1) quantum # of the Higgs cannot be measured in single higgs processes

Higgs doublet?

no‘r an easy question at the LHC since we need multi-Higgs co‘uplmgs
g vooox.. t . h W » h W » h
// 4 4
A X g" --. h
g TOo0 "~ h W- o W S
T —

bv-1 = 2(cv?-1)+O(cv?-1)? 3bsv = 4 cy(bv-cv?)+O(cv?-1)2

S M SM SM
01itev ~ 201b 014ty = 0.51b O1iTev < lab

( single Higgs production by gluon fusion: oty ~ 50 pb )
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The 2 questions about the Nature of the Higgs
2 Is the Higgs elementary or composite?

single Higgs production

deviations in Higgs couplings can be due either to
1. weakly coupled light states — ~
2. strongly coupled heavy states

observing deviations of order 6, and no new states up fo M =
would be an indication of Higgs compositeness

WW scattering

. W an excess 6nn @ energy E
.. A ~ 5hi2 — gz(E) also gives a lower bound on g*
v
W " W g«(E) > \/0nn E/v

would be a direct evidence of Higgs compositeness
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Chiral Lagrangian for a light Higgs-like scalar

SM \\
a=b=c=d3=ds=1

C2w:CWW:CZZ:CZWZCWWZ---:O/

2 1 2 h h2

o mWWMWM+§mZZuZM 1‘|‘20V5+bvv—2—|—... . o

' hoo R | A few (reasonable)
v assumptions:

& spin-0 & CP-even

NN

Y g g0

. ) W OWW&ZZ
L Ol 0@ a Ly ; :
g Cog GG .| © custodial symmetry
z i N
+Ccw (WV_DMW+ Y 4 WjDMW_ ’uy) % + cz Z,/(()MZ“V E EWPD
cw | & no Higgs FCNC
: (generalization of Glashow-Weinberg th.)
rﬁA
\ Flavor
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Chiral Lagrangian for a light Higgs-like scalar

W OWW&ZZ
@ custodial symmetry

N\ Ewp

@ no Higgs FCNC

(generalization of Glashow-Weinberg th.)

X

Flavor

Contino, Grojean, Moretti, Piccinini, Rattazzi 10
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Higgs coupling fits: test of unitarity

| - 7&8 TeV LHC & Teve;tron data
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Higgs coupling fits: test of unitarity

cp=Cr=cg=9/2c,

. E 5 ///,, I _
) hooze Moy VBE 7&8 TeV LHC & Tevatron data
/ h—>y’y’ ‘ ‘ 7 | |
1 -

CMS [V =7 TeV: <481

)

my, = 125 GeV

00 05 1.0 1.5

Higgs coupling to fermions ¢

68.95%

1.5

Higgs coupling to vectors a
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Higas coupling fits: test of unitarity

don't leave it in the hands of theorists!

CMS Preliminary \s=7TeV,L<51fb" {s=8TeV,Ls 1221’

- SM Higgs @ Fermiophobic ¢ Bkg. only. e
D ATLAS Preliminary + SM

“_‘ 3 x Best fit

I s = 7TeV, [Ldt = 4.8 fb" —-2In A(x xp) <23

I \s =8TeV, [Ldt=5.8-59f" - 2 INA(K Ke) <6.0

H————— T | | | @ 2 T emmmmmmee
- So
] /ll S —
N !
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K¢ (scaling of fermion couplings)

o
ll‘ll
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Ky (scaling of vector boson couplings)
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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: BRin? C4=C,=0?

_I | T T T | T T T |I<% T T T I I I | I I I | I U U U U U T

crrrr1rreryprerprrrp T e T T T T T T T T T 24— i —

g ATLAS Preliminary E - ATLAS Preliminary + SM
- (s=7TeV, [Ldt=4.8 b —2InAly,) 2.2 x Best fit =
E sogr V. fLa 5859 b E of Vs =T7TeV, [Ldt=4.8 fb — 2InAfk Kxg) <23 7
sb T E " (s=8TeV, fLat=58591" - "2 INA(K Ky <6.07
N E 18__ ______ -]
5 = > - PO RN -
é g+) 1.6: . ]
4 : — |14F -
3 = 1.2F 3
2 = 1F =
s 0.8F =
N \ L = 0.6 —

2.

—l-ll I|III I|III|III|III|II II|III|II
06 08 1 12 14 16 18 2 22 24

Cw/Cz 1+C,

Some fensions
but no statistically significant deviations from the SM structure
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Higgs power counting

® extra Higgs leg: H/ f ® extra derivative: 0/m,

" Genuine strong operators (sensitive to the scale )
CH (au 2)2 T (R 2 Cylf | 1712 L C6A | 16
s (MHP) | 5 (D)’ SHPRH e i

* * *
3
""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""

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

1C ZCB
v (e ZD“H) (D*W,,)’ —— (HTD“H) (0B )
Qmp Zm%
...................... A g 2
’LCHW 95 B! 9,
L (D“H) o' (D"H)W}, — =L _(D*H)"(D"H)B,
me 1672, mz lom ‘
....................... ..sw,......mlnlmalcouphngh_)fYZ ).,..Ioopsuppr.essedstr‘on'g dynamlcs
............. : .‘..."2“.““.2“.,‘ ::‘,...........:..‘.................:... .,.
Cyi g : C g
1 90 9 g, g Col 90 Wi L H HGe GW
m2i16migs; im?2 167T g
..... O SO Goldstone sym. - /O ...................... ,0 ................................................

"""""" (PGB Higgs)
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Higgs power counting: SUSY vs Composite

f2 M2 167-‘-2 f2
weakly coupled NP : strongly coupled NP
. 9*~95Mi€f~M E E 9*>>95Mief<<M
- MSSM in the decoupling limit : . composite Higgs models
° | ° : U2
ons~0(73)
\Y
CW.B ~ O (g2 U2>
’ 93 f?
v 2 2
caw,up ~ O <1§7r2 ;2)
\Y

My heavy CP* Higgs mj stop mass
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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

_ (0) & T _
CZ(ILL) ~ 5@' + f%ﬁj 8_7'(' 10g W Cj(M)

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

_ (0) & T _
CZ(ILL) ~ d@j + f%ﬁj 8_7'(' 10g W Cj(M)

anomalous dimensions

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

1672 M?2

S~—— S~—
m%v 5> 92 /02 _ 93 mIQ/V XLO
e 1672 2 1672 M2 g
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RG-Higgs physics: Don't forget LEP!

7&8 TeV LHC data & Teyguas" 7 7&8 TeV LHC data & Tevatron + EWPD
< @00 150 T

1.0

0.5

~0.5

~1.0

N ]

EW data prefer value of 'a’ close to 1
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EW% Cluiverse /Wm
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The fate of the EW vacuum

Many of my theory colleagues also started wild speculations/extrapolations
Che SM vaceernr 1s stad/ e/ et astable

and ¢A e \/a//a//Z‘y of the SM can be extended wup to the P/ anck scale!

T 180 @ % 4 ; '
200) l .10 1)
. Instabality 2 ‘
! . Instability Meta—=stability
- 5 —
2 15 A
ok o z £ 175F
= \\g\"\ =I ::
::- T'; I. l ’_‘ o
.. s -
2 100 Stabiliry £ a2
2 T =
~ B g 170
=5 ] o 10!
U 165~ :
L S0 100 150 00 115 120 12 130 135

Higes mass M, in GeV Higes mass M, in GeV

It is almost certain (>40) that mu> Mmestability and totally certain that my < M Prda
(even though this certainty might by questioned by threshold effects at the Planck scale )

Not totally clear yet if my is above Mstavility, but rather important question since
& if mH> Mstavility, The Higgs could serve as an inflaton

M if my= Mstability tThe SM is asymptotically safe, ie consistent up to arbitrary high energy

- Need precise Higgs&top mass/couplings (and as) measurements (ILC, u coll. ) —
and better understanding of pole vs MS top mass
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From the EW scale to Mp.... and return

Many of my theory colleagues started wild speculations/extrapolations

010y 77T T T T T

008 [ M;, = 125 GeV
r 30 bands in
M, =173.1 £0.7 GeV

L A\ \
L W\
0.06 a,(My) = 0.1184 + 0.0007

upling A(u)

M
A(Mp) = —0.0144 + 0.0028 ( c ’i/ - 125) + 0.0047;, + 0.00184, & 0.00284,

004 e

002

ND Y ]
: NN T~ M, =1710GeV
0.00 —=

Higgs quartic co

15 Che %\9\95 potent ral varn's /7//73 pofenf/d/ al Mp?

~002}

~0.04} ]
102 10* 10° 10% 10' 10'* 10" 10' 10" 10%

RGE scale p in GeV

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

But these implications are based on the assumptions
(1) that the 126 GeV particle observed is *exactly* the SM Higgs
(2) that the Dark Matter sector is decoupled from the weak sector
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From the EW scale to Mp.... and return

SM/DM Couplings

!
H

L = Lsv + Lom + €Osm Obpu

— I

) )

Epected exotic

" Canonical WIMP

Exotic

=

=N >

} “Hidden Sectors”

11 Nightmare Scenario

E\

v
O&(Q‘ ‘
. .
eE~0 | ~ small-ish
—— I _J N - y,
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125 GeV Higgs = Exotic BSM?

I want to argue that the value of the Higgs mass
together with the absence of any additional new physics so far
restrict any BSM model to exotic corners of its parameter space

- -

SM (valid up to Mp)

Composite Higgs I

50

disclaimer
the notion of “"exotic” has to be understood on a statistical basis, ie it depends on our culture (=what we are used to)
and there will always be someone to claim that his/her model is the most natural one
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Higgs & SUSY/MSSM

no hew super-particles -+ decoupling limit?

high Higgs mass 2 2 2 2
mplies m;, = M cos” 23 + o,
susy is badly broken
Y Y \Z &
(125 GeV)? (2 87GeV)?
substantial loop contribution
MSSM Higgs Mass from stops
140 S | .
| e large mixing
= = heavy stops
O T
s VQs My 2 700 GeV
100 Suspect - ~\IL @
FeynHiggs . .
00 300 500 700 1000 15002000 3000 irreducible
m;; [GeV] fine-tuning ~ O(1%)

———
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MSSM fine-tuning

nggs Mass VS. Fme Tunmg

1
! Suspect \

with larger TH \
/ Feynnggs \

uncertainties, the
lower bound can go
down:

maximal mixing m2(Mz) ~ 5.0M5(M¢) + 0.6m2(Mg)

requires tricky A, (MZ) ~ —2.3Ms(Mc) + 0. 2At(Mg)
engineering

++ generically [A¢/m;| <1
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Saving SUSY

SUSY is Natural SUSY solves the big hierarchy
but not plain vanilla (or not even that)
but not the little hierarchy

.M Predicted range for the Higgs mass
6l
tangs 50 Split SUSY
tand
tang 2
) tar

B pMSSM

8 NMSSM

B Hide SUSY
® reduce production (eg. split families)
m reduce MET (e.g.*R—pa/ri‘ry, compressed

spectrum) .
is the SM minimal?

why susy should be minimal?

ficat | | SpliT SUSY:
unification etc...™ Z >y susy scalars @ mausy, susy fermions @ mz

. . mhigh scale SUSY:
string etc... 7./7 susy scalars & susy fermions @ msusy
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Non Standard SUSY=Higgsinoless MSSM

The Higgs could actually be the first supersymmetric particle discovered!

— | © no second higgs doublet so no p-problem
| U O lepton # = R-symmetry
D @ BzL, no proton decay
gz @ Lz1, LLE and QLD are not allowed in superpot.
H= L, @ Lz0, neutrino masses are protected and
v%; naturally of the order of the gravitino mass
o | © up quark masses generated by susy breaking
— 5
X =0°F JL 4[/’
X:  spurion superfield to give mass fo up quarks the model is not UV complete as is
adjoint chiral superfields to marry to so nice features of MSSM like unification have to be readdressed

D,
gauginos and generate Dirac masses
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Light composite Higgs from “light" resonances

contribution from
/ the strong sector

The interactions h - ‘ —-h =0 it's a Goldstone
between the strong

sector and the SM SM fields
generate a potential il o

for the Higgs ] . D e b . "

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

2 , L
m; ~ fermionic resonances below ~ 1 TeV

| vector resonances ~ few TeV (EW precision constraints)
‘I

mp 160 GeV f
mo < 700 GeV ( ) ( )
3 m%m% [ - (125 Gev) my 500 GeV
|

2 fé‘/H

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

true spectrum in explicit realizations

o1 —————

myk [TeV]

5] 21/6

c3
SOOrR' L 4 12/3

i 2 B S S TN TN SN SN SN S S S T S S S S S S T T ]

| P | e ol

115 125 135 145 155

100 120 140 160 180 200 220 240
my(GeV)

165 175 185
[GeV]

MHiggs

for similar results, see also

&

Nice AdS/CFT i .

. 1
Dim|Oy| = 5 + My + 5\

My =1/2 < dim|Oyg] = 3/2 <> light free field decoupled from CFT
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Rich phenomenology of the top partners

W—I—
B £Z+/e¢s is not a background [except for charge mis-ID and fake e’] S w 7
B the resonant (¢4/) invariant mass can be reconstructed s /s )
: : Ts, t
" discovery potential (LHC141ev) - b
—_
Ms5,3=500 GeV (0xBR%100/fb) — 56 pb
Ms/3=1 TeV (oxBR~2/fb) — 15 fb'! oIN g
heS ong 5 1 .
a nd 5 " rode/ /‘nc/e/?ena/enz‘>
éo | M
D ToalX < Ts3/B
: .
\ - Wi/ Wi
R pp— Tsysfsys'x \\\ Tjs/ B
. . . . . I" t
600 800 1000 1200 1400 1600 1800 2000 g 7

My [GeV]

S/./?ﬁ/ e pf‘ OO/é( CZI‘O/’? (rode/ c/epenc/ehi‘>
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Top partners & Higgs physics

— _~ current single higgs processes are insensitive to top partners ~
:{"a//g
P S Q ’ two competing effects that cancel:
e e l .
S @ T's run in the loops
p — . g pp—h, £=025 exchaded @ 7 Teh

B\ - @ T's modify top Yukawa coupling

SM ~ ;':““ LET
01itey ~ 00 pb

 1GeV)

~ sensitivity in double Higgs production ~

g OO0 ' h OO0 ‘h {,‘ = ().25, sin b; > 0.5 excluded & 7 TeV
AN ’ m; +° 3.8 * testod @ 8 TeV
, ’ e allowed
TILI'A —}_ sl . Ty . 16 pure Higgs nonlincantics I
[ \ \ .
..... | m N\ e m \
g VOO0 : \ TOOO T : M

o~

h h 34 e

j 3 10 ;

OO0 +—<€—----- h 0000 iy TR h 5 74 ' .

m; » B

m;y A m; m; m; 3:0fcerereres QLS N ovidonce, SO0 o1 raraasacS B

s i 2.8

o000 V—>—L - ---- h BoooVYm; N h |
i 26/ ________LETL 8
SM _ 500 1000 1500 2000

Miightest I GeV l
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Top partners & Higgs physics

" direct measurement of top-higgs coupling

htt is important but challenging channel

may be easier channel to look at

look at final states:

B3b+1fwd jet+ I+ p’. 4b+1fwd jet+I=+p’.

Aw — A, |
@mu=125GeV Aw — Ay ~ 13

|Aw + A|?

= e o =

a(pp — tjh) [fb] | o(pp — tjhb) [fb]
CF=1 CF=—1 CF=1 CF=—1

8 TeV 17.3 252.7 12.14 181.4
14 TeV | 80.6 1042 59.6 828.5
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Top partners & Higgs physics

direct measurement of top-higgs coupling
single-top in association with Higgs
B.{ p as s s s 3 |.5F L
1.0 * 1.0 *
0.5 : 0.5 :
=~ 0.0 & 0.0
~0.5 | 0.5} P = -
e ey
-1.0 s | - 1.0} g |
cud < LHC 8TeV 25/fb . < LHC 14TeV 50/fb
06 08 10 12 14 06 08 1.0 12 14
¢ Cr
GSh and 95 CLl exclusion regfon VS current %//395 cOap//ng £t

R R R ——————————————————————————————————————— R ——————————————————
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Conclusions: Higgs = Person of year?
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What do you think?

Should The Higgs Boson be TIME's Person of the
Yoar 20127

Definitely No Way

Take a moment to thank this little particle for all the
work it does, because without it, you'd be just
inchoate energy without so much as a bit of mass.
What's more, the same would be true for the entire
universe. It was in the 1960s that Scottish physicist
Peter Higgs first posited the existence of a particle
that causes energy to make the jump to matter. But it
was not until last summer that a team of researchers
at Europe’s Large Hadron Collider — 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
Higgs — as particles do — immediately decayed to
more-fundamental particles, but the scientists

" surely be happy to collect any honors or

s in its stead.

is: Step inside the Large Hadron Collider.
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Mos: Read
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Name ¢ Definitely ~ No Way »
Kim Jong Un 4,295,657 126581
Jon Stewart 924,111 58,864
Undocumented Immigrants 667,023 74312
Aung San Suu Kyi and Thein Sein 563922 53,253
Gabby Douglas 533,606 74583
Stephen Colbert 526544 66301
Chris Christie 521277 87,263
Hillary Clinton 506,973 84,007
Al Weiwel 480,14 72506
Mohamed Morsi 427,656 1,024.857
Roger Goodell 397,852 53,874
Sheldon Adelson 488,787 151562
Malala Yousafzai 247545 46,568
EL James 272248 99,274
Bashar Assad 264,088 156,161
The Mars Rover 95,701 58,080
Psy 95,600 94,624
Barack Obama

RREITEETE S RET el S -
The Higgs Boson Particl
I;ES\ Riot 7
Bill Clinton
Sandra Fluke : 70,27
Michael Phelps 2 39, 7,
Mitt Romney 204034 116,700
Joe Biden 2761 O 96,187
John Roberts 24,240 74,646
Mo Farah 20577 75,041
Benjamin Netanyahu 20 450 125499
Marissa Mayer 19,636 83571
Michael Bloomberg 19509 93,629
Paul Ryan 16,662 103,846
Jay-Z 11558 105,935
Tim Cook 12,406 95,050
Mario Draghi 12303 804305
Xi Jinping 10,092 77 441
Bo Xilai 8015 93314
Karl Rove 5346 103,841
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What's more, the same would be true for the entire
universe. It was in the 1960s that Scottish physicist
Peter Higgs first posited the existence of a particle
that causes energy to make the jump to matter. But it
was not until last summer that a team of researchers
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en vente dans toutes les bonnes
librairies... et au CERN.
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