-
ffj%r T4
‘H fl'I"7 l _IL'YLJ_‘IL"
gt LT
A AR -
il NE 8 L ¥
- y "t‘_
o

ccccccccc

L

Tevatron
C Ow O
L [ e | ] [ oo
L * Loc. Y Best
4 . & Sta

PR
27 | //""
4 - By // .

2013

TN T B Ll T I
04 06 08 1 12 14 1.6 1.8

Ky

M: 2 =
| W& & WTheory uncertainty ¥
A -
g %% —0.027500.00033
] L% - 0.02749+0.00010
4- % 4 e incl. low O data
3_
2_
1-
{LEP ¥ LHC
excluded " excluded

Events /

S/(S+B) Weighted

100

1992 1999

(2]

o

o
3

||||||||||||||||||||

110 120 130 140 150
m,, (GeV)

o

200

Blois, May 1523, 2014

XXV T Rencontres de Blols
Partdicl/e Physics and COSMO/Oﬁy

Cé’%?ﬂé ng
TICREA@IFAE/Barcelona

( christophe.grojean@cern.ch )

HEP-Theory
today & tomorrow

' L' OC —-.—-L-«Tl#— [ E
AlES 3

TUDIS AVANC(

JATS



L GLIF ‘\F\\S b fl";'ml L A \&“

We are living a pr'lwleged momenT
in the history of HEP

awhon
lealing
ol Over .

‘-”I.l"u[ -

Mna7eta

Bhe New York Bimes 1752 THE BRTIMES 3 v [he Japan | —
o _h_" \“u‘o- f‘:u:“ ”" 'é Sranffurter Allgemeine = >
- _-;"’ %indde Bl > “
|h Ty vwl Vaenban - - <

-~ -
St e —
R OF TR Y5

i
i
WP AP A Another W

e e . . -‘.Hr r of paun for Blue
YT e =5 1aCroix |58

- e -4.\|75.\1..1. s 1 . .

: 9, i g 3

‘
Kll-hm
mobhn

E | juez lll\put‘l aRatoy
=32 conse, jL ros dc lmnkm

refuses to
!1Lr blame
. Tor rate ﬁ\

International Hrmlb ("nhum

Nt e v =

- DIEGWELT
Ld «particule

(lv Dieu» existe

LEST
PUBLICAN =S50 W

— O S

Lndon will Uberschine
i Sowkalasscn horsen

THEM&@HINDU i‘ Le secret du
Big Bang percé ?

1 s b @B o, The Tdetraph 08%es — - ' - ——
Add i 1 o N | (picture: courtesy of A. Hoecker]
-, " ’ - &nuﬁrdnw-wa\'ﬁv -
3 The Gazette

® LEJERUSALEM POST 2

== e COVERAGE

-t

after July 4% seminars at CERN

CERN black board, Jul 2012

C/]/‘/SZ‘O//]& Grodean %{P —-7’)730/}/ 2 Blois ) May 19, 2014


mailto:christophe.grojean?subject=Higgs%20press%20coverage
mailto:christophe.grojean?subject=Higgs%20press%20coverage

The mass conundrum
i SM=triumph of Quantum Mechanics + Special Relativity é

particles = representations of Poincaré group
these representations are labelled by

(5p|n mass)
quantized ==-/ L..‘ continuous
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particles = representations of Poincaré group
these representations are labelled by

(5p|n mass)
quantized ==-/ L..‘ continuous
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The mass conundrum
s SM=triumph of Quantum Mechanics + Special Relativity é

particles = representations of Poincaré group
these representations are labelled by

(5pm mass)
quantized ,,,,/ K—» continuous
=4 g
100 GeV
A priori in agreement with data
10 GeV 1
o b
oyt @ ° T
[00MeY T
10 MV 1
g
iMeV 7T ‘f o

(pictures: courtesy of A. Weiler)
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The mass conundrum
s SM=triumph of Quantum Mechanics + Special Relativity é

particles = representations of Poincaré group
these representations are labelled by

(5pm mass)
quantized ,,,,/ K—» continuous
SR
100 GeV ¢
A priori in agreement with data
10 GeV 1
o b
but A "
. . . . [00MeY T
incompatible with gauge symmetries
chiral fermion => m=0 only ome 1 * } <
gauge boson => m=0 only wi ool .

(pictures: courtesy of A. Weiler)
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Solution: spontaneous symmetry breaking

The masses are emergent due to a non-trivial structure of the vacuum

| V(@)

Im ¢

Chris fophe Gr?/'ean

vacuum = a space entirely devoid of matter

Oxford English
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vacuum = a space filled with Higgs substance
Physics English
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Solution: spontaneous symmetry breaking

The masses are emergent due to a non-trivial structure of the vacuum

ety devaid of matter
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vacuum = a spac
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Oxford English

vacuum = a space filled with Higgs substance
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" The Brout-Englert-Higgs mechanism is not a trivial thing

(courtesy of J. Lykke“n'@Aspen2014)

ground state of QM double well potential
iS a superposition of two states localized on one minimum,
and this superposition preserves the Z, symmetry of the potential
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Solution: spontaneous symmetry breaking

The masses are emergent due to a non-trivial structure of the vacuum

Re ¢
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ety devaid of matter
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vacuum = a spac

—

Oxford English

vacuum = a space filled with Higgs substance
Physics English

~ The Brout-Englert-Higgs mechanism is not a trivial thing

(courtesy of J. Lykke“n'@Aspen2014)

ground state of QM double well potential

iS a superposition of two states localized on one minimum,
and this superposition preserves the Z, symmetry of the potential

the vacuum of the SM breaks SU(2)xU(1) to U(1)em
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The HEP landscape after LHCgreyv

Nicely summarized by MLM@ Aspen'14:

My key message
® The days of “guaranteed” discoveries or of no-lose theorems in

particle physics are over, at least for the time being ....

® .. but the big questions of our field remain wild open (hierarchy
problem, flavour, neutrinos, DM, BAU, ....)

® This simply implies that, more than for the past 30 years, future
HEP’s progress is to be driven by experimental exploration,
possibly renouncing/reviewing deeply rooted theoretical bias
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The HEP landscape after LHCgreyv

Nicely summarized by MLM@ Aspen'14:

My key message

® The days of “guaranteed” discoveries or of no-lose theorems in
particle physics are over, at least for the time being ....

® .. but the big questions of our field remain wild open (hierarchy
problem, flavour, neutrinos, DM, BAU, ....)

® This simply implies that, more than for the past 30 years, future
HEP’s progress is to be driven by experimental exploration,
possibly renouncing/reviewing deeply rooted theoretical bias

The Higgs discovery sets a large part of the agenda for
the theoretical and experimental HEP programs
over the next couple of decades.
Unless a new major discovery soon (supersymmetry, DM...)!
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We had a dream...
Theorists had a clear agenda for physics beyond the Standard Model

Higgs
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We had a dream...
Theorists had a clear agenda for physics beyond the Standard Model

TeV scale
squarks & gluinos

extra Higgses

heutralino
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Higgs made this grand picture plausible
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We had a dream...
Theorists had a clear agenda for physics beyond the Standard Model

. There were many evidences that
Higgs made this grand picture plausible

) It could have been truel
> TeVscale °

—

~ It can still be true

squarks &~ ~—
q SJ/@/ Q (modulo little tunings)
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solution /
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to hierarchy pb

4

e ,
(9-2)u 7 string
nice signatures in theory
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We had a dream...
Theorists had a clear agenda for physics beyond the Standard Model

‘ There were many evidences that
Higgs made this grand picture plausible

§) TeV scale It could have been true!

Squar'ks & gluinos It can still be true

(modulo little tunings)
\ extra Higgses Now it is time

neutralino to confront to the
, §) experimental data
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We had a dream...
Theorists had a clear agenda for physics beyond the Standard Model
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We had a dream...
Theorists had a clear agenda for physics beyond the Standard Model

yesterday
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We had a dream...
Theorists had a clear agenda for physics beyond the Standard Model

today dreaming about tomorrow
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The HEP frontiers

EXP Frontiers TH Frontiers

8 BSM
model building
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The HEP frontiers

EXP Frontiers

TH Frontiers
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no BSM major discovery @ LHC

without a thorough understanding of SM
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The SM precision frontier(s)

(picture courtesy of

D. de Florian@DIS2014)
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The SM precision frontier(s)
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The SM precision frontier(s)

(picture courtesy of

D. de Florian@DIS2014)
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The SM precision frontier: PDF

Parton Distributions and LHC phenomenology

NNLO gg—H at the LHC (\'s = 8 TeV) for M|_| 126 GeV
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PDF (and input parameters) are essential to do (SM/BSM) phenomenology @ LHC
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The SM precision frontier: PDF

(courtesy of J. Rojo@LaThuile2014)

LHC data are included
in global PDF fits

LHC data already included in PDF fits:

& Inclusive W,Z production
& W production with charm quarks

Theory developments

i QED corrections

o Isolated photon production ® fixed-flavor vs variable-flavor-number
© Inclusive jet and dijet production h k h
& Low and high-mass off-shell Drell-Yan €avy quark scnemes

& Top quark pair cross-sections
& Ratios of cross-sections between different Ecp,

LHC data with potential PDF constraints
™ Z+jets, high-pT Z production

& Photon+jet production

®& Photon+charm, Z+charm

& Single top production

& Top quark pair differential distributions

™ Ratios between 13 and 8 TeV
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The SM precision frontier: PDF

(courtesy of J. Rojo@LaThuile2014)

LHC data are included Theory developments
in global PDF fits

LHC data already included in PDF fits:

& Inclusive W,Z production .

& W production with charm quarks n QED corrections .

o Isolated photon production ® fixed-flavor vs variable-flavor-number
™ Inclusive jet and dijet production h k h

& Low and high-mass off-shell Drell-Yan eavy quark schemes

& Top quark pair cross-sections
& Ratios of cross-sections between different Ecp,

o (8 TeV) uncertainty
LHC data with potential PDF constraints riNNLL%JQEC\i\? gg—H [19.5p0| 14.7% | I
o Ptons " VBF [156p0| 2.9% | IR
c Singe top producton. No%r | WH  [070p0| 39% | HEl W Forves
R oo T and 3TV ZH  |039p0| 51% | NI
NLO QCD ttH 0.13pb | 14.4% | NG
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The SM precision frontier: NKLO

Rough idea of complexity of process ~ #Loops + #Legs (+ #Scales)

- loop integrals are
ultraviolet/infrared divergent

- complicated by extra
A t mass/energy scales

- loop integrals often unknown
v completely solved at NLO

Loops

- - real (tree) contributions are
infrared divergent

- isolating divergences complicated
> v completely solved at NLO

Legs :
- currently far from automation

== Loontiers: v/ mostly solved at NLO

B 2>N@ 1-loop (NLO) Current standard: NLO
B2>2 @ 2-loop (N°LO)
B2>-1@ 3-loop (NLO)

(courtesy of N. Glover@SM@LHC2014)
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The SM precision frontier: N*LO, ex. gg>~H
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The SM precision frontier: N*LO, ex. gg>H

gg>H timeline
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The SM precision frontier: NKLO, ex. W+5]
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BlackHat collaboration '13

BlackHat

» Dramatic reduction in
scale dependence (~20%)

» Up to 50% correction
(non-trivial in shape)

(courtesy of
D. de Florian@DIS2014)
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The SM precision frontier: NKLO, ex. W+5]
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the xs for Z+5; is
~ 4 orders of magnitude smaller
than the inclusive Z xs

the theoretical computations
now allows us to explore the
tiniest corners of the phase space
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The SM precision frontier: NWLO

~= frontiers:
B2>N @ 1-loop (NLO): ex. pp>H+3 jets @ NLO
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Cullenetal’l3
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B2->~2 @ 2-loop (N°LO): ex. pp>H+1 jet @ N°LO 1, oncma op o115

ex. pp—’TTbGI" @ NZLO Czakon, Mitov et al’13

B2>1@ 3-|OOP (N3LO) ex. PP"HH @ N°LO e Florian, Mazzitelli ’13

ex. pp>~Zy @ N°LO

Grazzini et al '13
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The SM precision frontier: NWLO

=== frontiers:
B2>~N @ 1-loop (NLO): ex. pp>H+3 jets @ NLO
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B2->~2 @ 2-loop (N°LO): ex. pp>H+1 jet @ N°LO 1, oncma op o115

ex. PP*TTbG" @ NZLO Czakon, Mitov et al ’13

B2>1@ 3-|OOP (N3LO) ex. pp*HH @ N°LO e Florian, Mazzitelli ’13

/ - =
/ i
O(g2)
N
N -

ex. pp>=Ly @ N°LO Grazzini et al ’13
| But there are still some LO computations to do for some particular kinematics |
ex. recently gg>Z*Z* relevant to bound the Higgs width @ LHC

Campbell et al ’13
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A Higgs: Now what? What's next?

" T he experiment coorked betler Zhan .\J’»\ -~
eXpeCiZ‘ea/ and Zhe arna/ V& 1S wUncovered « »./ 3 RRT
very difficult 2o find signal” b . Y e

the words of a string theorist, Aspen ‘13 J
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A Higgs: Now what? What's next?

’ 777@ eXpe/‘/‘MenZ‘ wohéea/ AeZ(Z‘e/‘ Z‘/?dh ‘\,,,:\ >~
eXpecz‘ea/ and the anal vS 1S UnCovered q 5

very difficul/t 2o #ind signal ) N ”'; | U

the words of a string theorist, Aspen ‘13 J

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

" T he experiment coorked betler Zhan o ‘\,’"\ *
expected and Che anal V& 1S wUncovered a e WAL
very difficult 2o find signa/” b . b

the words of a string theorist, Aspen '13 | T

but the experimentalists haven't found what the theorists told them
they will find in addition to the Higgs boson:
no susy, no 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?

What should we still expect to see beyond the Standard Model?
What should be our guiding principle(s)?

Christophe Gr?/'ean %é_p——ﬂeory 12 Blols, May 19, 2014


http://indico.cern.ch/getFile.py/access?contribId=58&sessionId=3&resId=0&materialId=slides&confId=202554
http://indico.cern.ch/getFile.py/access?contribId=58&sessionId=3&resId=0&materialId=slides&confId=202554

The fate of the EW vacuum:
a question of precision
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Can we live without new physics?

Buttazzo et al’1l3

SM couplings

L | A

l | A i A I8 | | A

10¢ 10* 10° 10° 10 102

1016 1018 1020

1014
RGE scale u in GeV

Can the SM (without new physics)
be valid up to Mpj and remain weakly coupled?

Christophe Grojean %5?—77730)‘5/ IS Blols, May 19, 2014


http://arXiv.org/abs/1002.1011
http://arXiv.org/abs/1002.1011
http://arxiv.org/abs/arXiv:1307.3536
http://arxiv.org/abs/arXiv:1307.3536

178

176

174

1 I | I I I | 1

172

Top pole mass M, in GeV

170

Top pole mass M, in GeV

Higgs pole mass M, in GeV

Buttazzo et al ’'13

see also:
Bezrukov et al’12

Degrassiet al’12
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Higgs coupling A(Mp))
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Are we living at a edge of the phase diagram?
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The (near) criticality of our vacuum calls for a precise measurement
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Higgs and New Physics
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With a new SM particle,
a hew handle to look for indirect BSM effects

So far, no sigh of BSM in the h properties...
Where else should we look for?

s pp—/hW?

* pp— hh double-Higgs production?

* h—Vif E,p distributions? CP-violation?
s h—»2Zy?

An thorough model-independent analysis is needed

(courtesy of A. Pomarol@Moriond2014)
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https://indico.in2p3.fr/getFile.py/access?contribId=216&sessionId=8&resId=0&materialId=slides&confId=9116
https://indico.in2p3.fr/getFile.py/access?contribId=216&sessionId=8&resId=0&materialId=slides&confId=9116

SM Scalar is the excitation around the EVVSB vacuum:

¢ =v+h

\>vacuum

Potentially new BSM-effects in h physics
could have been already tested in the vacuum

n ® ® &
e.g. 7 . — o < 7 .
HYD, H fr" f Assuming that the Higgs boson

is part of a doublet
Modifications in h— Zff related to Z—ff

(courtesy of A. Pomarol@Moriond2014)
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Higgs and New Physics

Assuming that New Physics is heavier than the EW scale:
parametrization in ferms of Effective Theories,
i.e. higher dimensional operators

For one family of leptons, 59 deformations away from the SM @ leading order
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Higgs and New Physics

Assuming that New Physics is heavier than the EW scale:
parametrization in ferms of Effective Theories,
i.e. higher dimensional operators

For one family of leptons, 59 deformations away from the SM @ leading order

assuming CP symmetry, 19 deformations are affecting Higgs physics
but
8 are constrained by EW precision measurements O(17%o)
3 are constrained by Anomalous Gauge Coupling bounds O(1%)
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Higgs and New Physics

Assuming that New Physics is heavier than the EW scale:
parametrization in ferms of Effective Theories,
i.e. higher dimensional operators

For one family of leptons, 59 deformations away from the SM @ leading order

assuming CP symmetry, 19 deformations are affecting Higgs physics
but
8 are constrained by EW precision measurements O(17%o)
3 are constrained by Anomalous Gauge Coupling bounds O(1%)

BSM-effects can hide in

* h—YYy, GG—h, h—=ff, h=VV* (but already tested)
e GG—htt, h—ZY (to be tested at the LHC next run)

- . 8 New Physics directions
" explored in Higgs physics
No new BSM-effects expected in

o h— Zff, WHf (small custodial breaking effect

& small deviations in momentum distributions)

If discovered here,
we could have been missing light new-physics! or the Higgs is not an EW doublet!

Christophe Gr?/'ean %{P "7’}180/}/ 23 Blois, May 19, 2014



CP violation in Higgs physics?
Is CP a good symmetry of Nature? 2 CP-violating couplings in the SM:
Vckm (large, O(1), but screened by small quark masses) and ©qcp (small, O(10°19)
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CP violation in Higgs physics?
Is CP a good symmetry of Nature? 2 CP-violating couplings in the SM:
Vckm (large, O(1), but screened by small quark masses) and ©qcp (small, O(10°19)

Can the 0* SM Higgs boson have CP violating couplings?
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CP violation in Higgs physics?
Is CP a good symmetry of Nature? 2 CP-violating couplings in the SM:
Vckm (large, O(1), but screened by small quark masses) and ©qcp (small, O(10°19)

Can the 0* SM Higgs boson have CP violating couplings?

= = _

marginal operators (dim-4) > phase of Vckm matrix

) irrelevant operators (dim-6) only

Christophe Grojean g £P—-777eory 24 Blois, May 19, 2014



CP violation in Higgs physics?
Is CP a good symmetry of Nature? 2 CP-violating couplings in the SM:
Vckm (large, O(1), but screened by small quark masses) and ©qcp (small, O(10°19)

Can the 0* SM Higgs boson have CP violating couplings?

= — _

marginal operators (dim-4) > phase of Vckm matrix

) irrelevant operators (dim-6) only

Among the 59 irrelevant directions, 3 of them induce gﬁ Higgs couplings in the EW bosonic sector

ot HB  B™ (D“H)Tai(D”H)WZ"W (D“H)T(DVH)BW
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CP violation in Higgs physics?
Is CP a good symmetry of Nature? 2 CP-violating couplings in the SM:
Vckm (large, O(1), but screened by small quark masses) and ©qcp (small, O(10°19)

Can ’rhe 0* SM Higgs boson have CP violating couplings?

marginal operators (dim-4) > phase of Vckm matrix

) irrelevant operators (dim-6) only

Among the 59 irrelevant directions, 3 of them induce gﬁ Higgs couplings in the EW bosonic sector

ot HB  B™ (D*H)'e' (D" H)W? (D*H)'(D"H)B,,

operators with vy:
already severely constrained
by e and q EDMs
McKeen, Pospelov, Ritz 12

/\/@6 >2H TeV
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Higgs and Naturalness:
a question of precision
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Higgs couplings = test of Naturalness?

2 A ’ 93 2
~ (125 GeV) (600 GeV) 62
9 p:O p:O p:O p:o N 9
5mH — r==e=e=y OV Jremmmes —|— ............. mH
charged neufrr'al
particles particles
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Higgs couplings = test of Naturalness?

2 A ’ 93 2
—(125 GeV) (600 GeV) 5 A
2 p:O p:O p:O p:O 9
5mH — e RS IAY G R —|— ............. ~ mH
neutral
charged

articles

’ gener call y\p

particles =~

2 2 2
gsg* 2 € 9 2 g, 1 2 2
H (? H 0, |H
1672 mz‘ | 1672 mQ‘ F 1672 m?2 ( ul ] )
SM mi

2.2
g,v
I'=1(1-— I
( 16772m§) oM
hice to be able to measure I

Generically, natural scenarios come with deviations of the Higgs coupling
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Which Higgs precision to test Naturalness?

9gsm m3
to which level of precision do we need to measure the Higgs couplings
to probe the naturalness of the theory?
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Which Higgs precision to test Naturalness?

2,..,2
Ag g,
gsm mi

to which level of precision do we need to measure the Higgs couplings
to probe the naturalness of the theory?

m
1 2 >
67 ISM ~ 1% for weakly coupled models
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Which Higgs precision to test Naturalness?

2,..,2
Ag g,
gsm mi

to which level of precision do we need to measure the Higgs couplings
to probe the naturalness of the theory?

e.g. high scale susy breaking

A N..qx?
Lt m?log(A/m, 29 2eI* oe(A . ~
5y log(A/m.) oy~ 1672 og(A/m,) 1
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Which Higgs precision to test Naturalness?

Ag gt
gsm m3
to which level of precision do we need to measure the Higgs couplings

to probe the naturalness of the theory?

e.g. high scale susy breaking

2
Lim2 log(A /m.) 89, Neg?
gsm 1672

log(A/m.) ~ 1

O(1%) precision Higgs physics could be as important as direct searches for new physics
to probe the naturalness of EWSB
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Higgs couplings measurement projections

Table 1-20. Expected precisions on the Higgs couplings and total width from a constrained 7-parameter fit assuming no non-SM
production or decay modes. The fit assumes generation universality (ky = Kt = ke, Kd = Kb = Ks, and k¢ = kr = K, ). The ranges
shown for LHC and HL-LHC represent the conservative and optimistic scenarios for systematic and theory uncertainties. ILC numbers
assume (e, e") polarizations of (—0.8,0.3) at 250 and 500 GeV and (—0.8,0.2) at 1000 GeV, plus a 0.5% theory uncertainty. CLIC numbers

assume polarizations of (—0.8,0) for energies above 1 TeV. TLEP numbers assume unpolarized beams.

Facility LHC HL-LHC  ILC500 ILC500-up ILC1000 ILC1000-up CLIC TLEP (4 IPs)
V5 (GeV) 14,000 14,000  250/500  250/500  250/500/1000  250/500/1000  350/1400/3000 240/350

[ Ldt (fb=1)  300/expt 3000/expt 2504500 115041600 250+500+1000 1150+1600+2500 500+1500+2000  10,00042600
iy 5—7%  2-5% 8.3% 4.4% 3.8% 2.3% —/5.5/<5.5% 1.45%

Ky 6-8%  3—5% 2.0% 1.1% 1.1% 0.67% 3.6/0.79/0.56% 0.79%
K 41-6%  2-5% 0.39% 0.21% 0.21% 0.2% 1.5/0.15/0.11% 0.10%

Kz 4-6%  2—4% 0.49% 0.24% 0.50% 0.3% 0.49/0.33/0.24% 0.05%

Ko 6-8%  2-5% 1.9% 0.98% 1.3% 0.72% 3.5/1.4/<1.3% 0.51%

Kq = Ko 10-13% 4-17% 0.93% 0.60% 0.51% 0.4% 1.7/0.32/0.19% 0.39%

Ko = K 14—15% 7—10% 2.5% 1.3% 1.3% 0.9% 3.1/1.0/0.7% 0.69%

NV NV

Higgs WG@ Snowmass 13

Rich experimental program of (sub)percent precision

Chris fop/ﬁe Grod'ean
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EW phase transition:
a question of precision
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Dynamics of EW phase transition and Cosmology

The asymmetry between matter-antimatter can be created dynamically
it requires an out-of-equilibrium phase in the cosmological history of the Universe

An appealing idea is EW baryogenesis associated to a first order EW phase transition
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Dynamics of EW phase transition and Cosmology

The asymmetry between matter-antimatter can be created dynamically
it requires an out-of-equilibrium phase in the cosmological history of the Universe

An appealing idea is EW baryogenesis associated to a first order EW phase transition

the dynamics of the phase transition is determined by Higgs effective potential at finite T
which we have no direct access at in colliders (LHCzBig Bang machinel!)
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Dynamics of EW phase transition and Cosmology

The asymmetry between matter-antimatter can be created dynamically
it requires an out-of-equilibrium phase in the cosmological history of the Universe

An appealing idea is EW baryogenesis associated to a first order EW phase transition

the dynamics of the phase transition is determined by Higgs effective potential at finite T
which we have no direct access at in colliders (LHCzBig Bang machinel!)

finite T
Higgs potential

Higgs couplings
at T=0

SM: first order phase transition iff mH < 47 GeV
BSM: first order phase transition needs some sizeable deviations in Higgs couplings
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nggs couplmgs for 1st order EW phase TPGHSITIOH

New thSICS @ tree-level :- Grojean, Servant, Wells *04
oooooooooooooooooooooooooooo NOb]_e, Perelsteln ,O,?
mixing with other scalars modify the tree-level Higgs potential
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first order phase transition
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Higgs couplings for 1st order EW phase transition

. New thSiCS @ tree-level :- Grojean, Servant, Wells 04
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new particles, e.g. scalars, coupled to the Higgs without affecting its tree-level potential

V x /f\CI)P\H\Q
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new particles, e.g. scalars, coupled to the Higgs without affecting its tree-level potential
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colored scalars
)
O(20%) deviation in h—gg

(87%LHC14, 57%HL-LHC 1%ILC <17%TLEP)
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Multi Higgs, boosted and of f-shell Higgs processes

Christophe Gr?/'ean %é_ P2 —-7’)730/}/ 32 Blois, May 19, 2014



Multi Higgs processes

Producing one Higgs is good. Producing more Higgses is better

The two difficult processes @ LHC (+th and hh) are the real winners of the energy boost
(these 2 processes have to do with the top Yukawa coupling
one of the most promising probe of new physics)

Chris Z‘op/ﬁe Grod'ean

YEP -77130/}/

33

o(14 TeV) R(33) R(40) R(60) R(80) R(100)
ggH 50.4 pb 3.5 4.6 7.8 11.2 14.7
VBF 4.40 pb 3.8 5.2 9.3 13.6 18.6
WH 1.63 pb 2.9 3.6 5.7 7.7 9.7
ZH 0.90 pb 3.3 4.2 6.8 9.6 12.5
ttH 7.3 11 24 41 61
HH 6.1 8.8 18 29 < 42| |

Blois, May 19, 2014



WW—HH: probing Higgs strong interactions

in the SM, the Higgs is essential to prevent strong interactions in EWSB sector

(e.g. WW scattering)
h h2) SM: a=b=d3=d4=1

U2
Lows = — Tr (D,X'D,Y) (1 + 20— +b—

1 1 /3m? 1 /3m?
V(h) = §m%h2—|—d36< ?h> h3+d4ﬂ< mh) ht +

N B I I I = = N = = = = = W
a m Em E E E NN NN N EEmm P

A ~ (52— CLQ) o A ~ cst. + Sadg

mhh ~ 4mh U

asymptotic behavior threshold effect

sensitive to strong interaction C
anomalous coupling
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WW—HH: probing Higgs strong interactions

in the SM, the Higgs is essential to prevent strong interactions in EWSB sector
(e.g. WW scattering)

Contino, Grojean, Moretti, Piccinii, Rattazzi’10
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iVHE-LHC can probe the high invariant-mass distribution with high s‘ra’ris’ricss
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gg—HH: seeing the top partners
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~~ current single higgs processes are insensitive to top partners ~
4

o, Q two competing effects that cancel:
. T & & T's run in the loops
(3 s - y—+h £=02% chaded @ 7 . .
RSN 5 @ T's modify top Yukawa coupling
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Azatov, Galloway 11
Delaunay, Grojean, Perez, '13

~ sensitivity in double Higgs production ~

Gillioz, Grober, Grojean,
Muhlleitner, Salvioni’12
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Boosted Higgs

O the bearable lightness of The nggs r'lch spec’rr'oscopy w/ mul‘rlple decays channels
© the unbearable lightness: loops saturate and don't reveal the physics @ energy physics

mp(GeV) | 2zolmd T oniolmm)
125 1.061 0.988
150 1.093 1.028
200 1.185 1.134

Chris Z‘op/]e Grod'ean

e.g. Grazzini, Sargsyan ’'13 ® unless it doesn't decouple
’ (e.g. 4th generation)

the inclusive rate
doesn't "see” the finite mass of the top
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Boosted Higgs

O the bearable lightness of The nggs r'lch spec’rr'oscopy w/ mul’rlple decays channels
© the unbearable lightness: loops saturate and don't reveal the physics @ energy physics

—————————— ¢ g. Grazzini, Sargsyan ’13 “unless it doesn't decouple
mH(GeV) oNLo((;%(t—>3>o) UNL(?((,M;;)) & | &8y (e.g. 4th generation)
125 1061 Liicis the inclusive rate
150 1.093 1.028 doesr't "sea” the fini '
500 [ 1% 134 oesn't "see” the finite mass of the top
] O long distance physics (modified top coupling) ny
—> :cannot disentangle . . . S L <=
—77 O short distance physics (new particles running in the loop) -
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9
fermionic top-partners in composite Higgs models exactly lead to Ac: = Acy = ZAcy .
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Boosted Higgs

O the bearable lightness of The nggs r'lch spec’rr'oscopy w/ mul’rlple decays channels
© the unbearable lightness: loops saturate and don't reveal the physics @ energy physics
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SM SM
9
fermionic top-partners in composite Higgs models exactly lead to Ac: = Acy = ZAcy .

. having access to htt final state will resolve this degeneracy
but notoriously difficult channel '
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14%-4% @ LHC3130-LHC31300 vs 10%-4% @ ILCs00-ILC1000

Christophe Grojean %é_p—-ﬂeory 37 Blois, May 19, 2014


http://arXiv.org/abs/1002.1011
http://arXiv.org/abs/1002.1011
http://arXiv.org/abs/1306.4581
http://arXiv.org/abs/1306.4581

Beyond inclusive channels: Boosted Higgs

Note: LO only
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high pT ~ Higgs of f-shell Harlander et al ’12
we "see” the details of the particles

running inside the loops

Baur, Glover '90
Langenegger, Spira, Starodumov, Trueb 06

the high pr tail
is tens' % sensitive
to the mass of top

Grazzlini, Slargsyla,n ’1’3|>
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Beyond inclusive channels: Boosted Higgs

cu’r open ’rhe Top loops

high pt Higgs off-shell
we "see” the details of the particles

running inside the loops
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ee also Ba,nﬁ Martm Sanz 15 ”
see also Azatov, Paul '13 top partners contributions
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inclusive rate: O(%)

12 T T T T | T T T T | T T T T T T T T | T T T T | T T T T
L pp~H+X  Vs=8 TeV Mp=pp=my=125 GeV

- NLO MSTW2008 NLO -
11— —

1.0

0.9

0'7 i 1 1 1 1 1 1 1 1 1 1
0 50 100 150 200 250 300

pr (GeV)

Note: LO only
NLOm+ is not known

1/m+ corrections known O(os*)
few % up to pt~150 GeV

Harlanderetal ’12

the high pr tail
is tens' % sensitive
to the mass of top

Gréjean Salv1om Schlaffer Weller ‘18
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O'/O'SM (pT > 650 GeV)

with high-pt cut: O(x10'%)
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high-p~ tail "sees” the top partners that are missed by the inclusive rate
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Boosted Higgs

Grojean, Salvioni, Schlaffer, Weiler ‘13

Vs [TeV] | pp™ [GeV] | o [fb] | 0 ¢ | 99,9 [%]
q g g g 100 2200 | 0.016 | 0.023 67,31
) 150 830 | 0.069 | 0.13 66, 32

A h g )
200 350 | 0.20| 0.31 65, 34
. 250 160 | 0.39 | 0.56 63, 36

Up%”“(’{’t) /ﬁ:g) 2 2
Sy = (K¢ + Kg)” + 0 Ky kg + €K, 300 75| 061| 089 61,38
Oﬁin 350 38| 0.86| 1.3 58,41
400 20| 11| 1.8 56, 43
Iar'ge pT, small rates 14 450 11| 14| 23 54 45
need to focus on dominant decay modes 500 @) L7 29 52,47
550 | 7\ 3.7 20| 36 50, 49
A Q 600 | { 22| 23| 44 48,51
h — bb, WW, 7 o
+ @(\\ 650 14| 26| 5.2 46, 53
O
. o L S 700 0.87 | 30| 62 45, 54
non-isolated "ditau-jets é‘\&\ o0l \ o6 | 33| 7o 13,56
(separation between the 2 tau's: AR ~ 2my,/pr 0.5 ) 800| =037 37| 84 42. 57
500 970 ) 1.8 3.1 72,28
100 '

2000 1.0 14| 78 56, 43

€0t = BR(h — 77) ( Z BR(77 — 1) ei> ~ 2 x 1072
L="TyTe, T¢Th, ThTh

VHE-LHC is the machine
to decipher the gg—h process
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Off-shell Higgs

Off-shell Higgs effects:
naively small since the width is small (re=4mev, ri/my =3x10°) for a 125 GeV Higgs
but enhancement due to the particular couplings of H to VL

Recent analysis of gg—H—ZZ—4l
(about 15% of the Higgs events are far off-shell m4>3006GeV)

d(ng—.‘oH—:oZ.Z

F(mzz)

X ‘;""H QHZZ
2 S Hpe
dmz.,

YEP -77130/}/

2 _ 22 2 12
(Mm%, —miy)* + mpl
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Kauer, Passarino 12
Caola, Melnikov ’13
Campbell et al’13

Englert, Spannowski ’14
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Off-shell Higgs

Off-shell Higgs effects:
naively small since the width is small (re=4mev, ri/my =3x10°) for a 125 GeV Higgs
but enhancement due to the particular couplings of H to VL

Recent analysis of gg—H—ZZ—4l
(about 15% of the Higgs events are far off-shell m4>3006GeV)

d(ng—:oH—:oZZ x ¢ ¢ F(’”ZZ)
2 ~ dggHSHZZ 212 1 2 T2
dmsz,, (m7, —mgp)= + miyl

Access to the Higgs width @ LHC?

often said, it is impossible fo measure the Higgs width at the LHC. Not quu’re true.
it can be done either via the measure the mass shift or via the rate

Narrow Width Approx.: on-shell off-shell

ratios of x only

different width dependence off—peak

2 2 . . .
on-peak| _ 8zeti€izz no direct access to the width itself g —sH 77 & gggng‘[y/

Tgg—+H>7Z T upper bound if kv« 1 is assumed H can be fitted w/o assumption
( e.g. Dobrescu, Lykken '12

o

Kauer, Passarino ’12
Caola, Melnikov ’13
Campbell et al’13

Englert, Spannowski’14
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Off-shell Higgs

Off-shell Higgs effects:
naively small since the width is small (re=4mev, ri/my =3x10°) for a 125 GeV Higgs
but enhancement due to the particular couplings of H to VL

Recent analysis of gg—H—ZZ—4l
(about 15% of the Higgs events are far off-shell m4>3006GeV)
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Access to the Higgs width @ LHC?

often said, it is impossible fo measure the Higgs width at the LHC. Not quu’re true.
it can be done either via the measure the mass shift or via the rate

Narrow Width Approx.: on-shell off-shell

ratios of x only

different width dependence off—peak

2 2 . . .
on-peak| _ 8zeti€izz no direct access to the width itself g —sH 77 & gggng“g/

Tgg—+H>7Z T upper bound if kv« 1 is assumed H can be fitted w/o assumption
( e.g. Dobrescu, Lykken '12

o o

Kauer, Passarino ’12
What do we learn? Caola, Melnikov ’13

Not competitive with global fits on BRin Campbell et al 13

Model independent analysis might not be robust because of unitarity issues

Englert, Spannowski’14
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Conclysions

© HEP program should aim at providing answers to fundamental questions like
O stability of the EW vacuum
© naturalness of EW symmetry breaking
O matter-antimatter asymmetry
© dynamics behind EW symmetry breaking (weak vs strong forces)
O is the Higgs boson responsible for the masses of all elementary particles?
O flavor structure via the access to rare processes (not covered in this talk)
O nature of dark matter (not covered in this talk)

O exotic new physics (hot covered in this talk)
Oooo

Our understanding of the SM has reached an
unprecedented level of sophistication/precision
that paves the way to a discovery of New Physics

We have a rich EXP program to achieve that

Christophe Grojean g £P—-777eory 4l Blois, May 19, 2014



