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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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(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
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vacuum = a space entirely devoid of matter
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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

B

vacuum = a spac

—

Oxford English

vacuum = a space filled with Higgs substance
Physics English

Re ¢

Im ¢

T EEEEERERRETTTT T —

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

(courtesy of J. LykkensZOM)

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 M. Mangano @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 M. Mangano @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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The open questions about the Higgs

B Is it the SM Higgs?

B Is it an elementary/composite particle?

® Is it unique/solitary?

B Is it eternal/temporary?

8 Isit natural?

B Is it the first supersymmetric particle ever observed?

B Is it really "responsible” for the masses of all the elementary particles?
® Is it mainly produced by top quarks or by new heavy vector-like quarks?
B Isitaportal to a hidden world?

B Is it at the origin of the matter-antimatter asymmetry?

® Has it driven the inflationary expansion of the Universe?
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The open questions about the Higgs

B Is it the SM Higgs?

B Is it an elementary/composite particle?

® Is it unique/solitary?

B Is it eternal/temporary?

8 Isit natural?

B Is it the first supersymmetric particle ever observed?

B Is it really "responsible” for the masses of all the elementary particles?
® Is it mainly produced by top quarks or by new heavy vector-like quarks?
B Isitaportal to a hidden world?

B Is it at the origin of the matter-antimatter asymmetry?

® Has it driven the inflationary expansion of the Universe?

® .. Will it help to discover BSM before the construction of the Hamburg Opera
house is over?
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Is the Higgs solitary?
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The measurements of the 125GeV Higgs couplings already constrain the existence of a second Higgs

ATLAS-CONF-2014-010

tan B

Is there a second Higgs doublet?
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x, ~ sin(-a)

k', ~ cos(B-a)

Different scaling

for up and down fermions

Different scaling
for leptons and quarks

Different scaling
for up and down quarks,

leptons flipped

How to search for a second Higgs?
Reuse the SM searches in the high mass region?
What about new prod./decay modes? New ideas needed!
Yiqqs Physics — Theory
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Is the Higgs temporary?
aka the fate of the EW vacuum
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Can we live without new physics?

Buttazzo et al ’13
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RGE scale y in GeV

Forgetting the hierarchy problem for a moment, it seems
possible to extend the validity of the SM up to Mp and
that it remains weakly coupled?
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Is the Higgs temporary?

If A becomes negative, the EW vacuum is meta/unstable

(courtesy of JR Espinosa)

0.5t

V(h)

h/A;

and the Higgs and our EW vacuum are only temporary!
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Are we living at a edge of the phase diagram?
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Higgs pole mass M, in GeV Higgs coupling A(Mp,)

The (near) criticality of our vacuum calls for a precise measurement
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Is the Higgs a portal to a hidden/dark world?
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Is the Higgs a portal to a hidden/dark world?

O the WIMP hypothesis: hierarchy pb = NP with weak quantum numbers = DM

O the DM portal models are examples of DM neutral under the SM interactions

DM-por’ral prime ex.: L = )\SQ‘HP (note: fully renormalizable)

Christophe Grojean >/// qgs Physics - 77zeory 13 ambeirg, August 25, 2014



Is the Higgs a portal to a hidden/dark world?

O the WIMP hypothesis: hierarchy pb = NP with weak quantum numbers = DM

O the DM portal models are examples of DM neutral under the SM interactions

DM-por’ral prime ex.. L = )\SZ‘HP (note: fully renormalizable)

DM direct search LHC direct search LHC indir‘ectsearch

X X © MET + mono v/ jet BRinv
from Higgs coupling fits

g
' q DM wr
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/\ q DM CMS ATLAS

N PAS HIG-13-005 CONF-2014-009

© VBF & ZH searches
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q . q q X
CMS ATLAS
PAS HIG-13-030 CONF-2013-011
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Is the Higgs a portal to a hidden/dark world?

O the WIMP hypothesis: hierarchy pb = NP with weak quantum numbers = DM

O the DM portal models are examples of DM neutral under the SM interactions

Chris Z‘op/]e Grod'ean

DM-portal prime ex.: L = \S?|H|?

DM coupling to Higgs, Apm

[a—
=
(\S)

Scalar DM coupled to the Higgs

AT TTT
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Vs =8TeV

Vs =14 TeV

Ldt =300 fb!

LUX 2013

thermal
abundance

10 10°

DM mass in GeV
the LHC direct searches are not competitive

Yiqqs Physics — Theory

(note: fully renormalizable)

De Simone, Giudice, Strumia 14
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Dynamics of the EW phase transition:
is the Higgs at the origin of the matter-antimatter asymmetry?
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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 to in colliders (LHC%Big 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
Christophe Grojean %qqé p/?}/\S/‘C\S - 77730/‘}/ 15 Y/améarg , /44(34(5( 25, 2014



nggs couplmgs for 1st order EW phase Trcmsmon

New thSICS @ tree-level :- Grojean, Servant, Wells *04

Noble, Perelstein 07
mixing with other scalars modify the tree-level Higgs potential

L2 S T 2\2 1 21 3
o ol vwea(ee ) g (eeg)
< oo o 1st order phase transition
el - comes with 80-200% deviations in Higgs self-interaction
R e — { ¥
9 == e | visible @ HL-LHC/ILC/TLEP

m, (GeV)
first order phase transition
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Higgs couplings for 1st order EW phase transition

. 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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comes with 80-200% deviations in Higgs self-interaction
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first order phase transition

.............................. - Ka,pel“gtejn‘ \ ” ,

new particles, e.g. scalars, coupled to the Higgs without affecting its tree-level potential

V x /f\CI)P\HP
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Higgs couplings for 1st order EW phase transition
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new particles, e.g. scalars, coupled to the Higgs without affecting its tree-level potential

V o k|OF|H|?

Voo~

colored scalars electrically charged scalars SM neutral scalars
Y Y Y
O(20%) deviation in h—gg O(5%) deviation in h—yry O(1%) deviation in a(ee—Zh)
(8%LHC14, 5%HL-LHC 1%ILC <1%TLEP) (5%LHC14, 2%HL-LHC,2%ILC1%TLEP)  (10%LHC14, 2%HL-LHC,0.25%ILC,0.05%TLEP)
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Is it the SM Higgs?
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What is the Higgs the name of?

The SM nggs co f)lmgs are fixed to restore unitarity with mass

elo " Goldstone of SU(2).xSU(R/SURY  D.% =gV,

--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
* 3

h _
Lowss = ZTI (DMZTDMZ) (1 + 2a— + b ) — AN 2YR (1 + C;)

' l '

,'b" and 'c' are arbitrary free couplings

For a=1: perturbative unitarity in elastic channels WW — WW

For b = a®: perturbative unitarity in inelastic channels WW — hh

For ac=1: perturbative unitarity in inelastic WW — 3

. *
--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Cornwall, Levin, Tiktopoulos 73 Contino, Grojean, Moretti, Piccinini, Rattazzi 10
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What is the Higgs the name of?

The SM nggs co f)lmgs are fixed to restore unitarity with mass

it Goldstone of SU(2)xSURR/SUR) DX =gV,
............................................... o
v h h _ h
Luwss = ZTI (DMZTDMZ) (1 + 2&@ | bv2> — AN 2YR (1 + C;)

' l '

,'b" and 'c' are arbitrary free couplings

For a=1: perturbative unitarity in elastic channels WW — WW

For b = a®: perturbative unitarity in inelastic channels WW — hh

For ac=1: perturbative unitarity in inelastic WW — 3

. *
--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Cornwall, Levin, Tiktopoulos 73 Contino, Grojean, Moretti, Piccinini, Rattazzi 10

19.7f0' (8 TeV) + 5.116' (7 TeV)
'__ } CMS : oooooooooooooooooooooooooooooooooooooooo
| [ ]

; Higgs couplings
are proportional :
:to the masses of the particles :

A or (g/2v)'“

3
101: R 1\"; gqgs

CMS PAS-HIG-14-009

104} . (M, €) fit
' £ 68% CL 2
— 95% CL A Ty )\2 _ 9gvvVvh my,
f \ = : p X ) VvV — X 2
1 2 345 10 20 100 200 (V) 2V (V)

mass (GeV) ‘ ‘
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Higgs and Flavor

In SM, the Yukawa interactions are the only source of the fermion masses

. y ) — y . _
y’ijqu;Hij — \Z;i qu;ij T \/Z%hfLiij
A N
mass / \ higgs-fermion interactions

both matrices are simultaneously diagonalizable

no tree-level Flavor Changing Current induced by the Higgs
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Higgs and Flavor

In SM, the Yukawa interactions are the only source of the fermion masses

. y ) — y . _
y’ijqu;Hij — \Z;i qu;ij T \/Z%hqu;ij
A N
mass / \ higgs-fermion interactions

both matrices are simultaneously diagonalizable

no tree-level Flavor Changing Current induced by the Higgs

Not true anymore if the SM fermions mix with vector-like par"rners(*zar' for non-SM Yukawa

H[*\ 2 YigV v? \ 7 v? \ Yij , 7
Yij (1+Cij? JL, HRr, = NG 1‘|‘Cij2—fQ Jo, /R, + 1+3Cz’jﬁ ﬁhfLiij

(*) e.g. Buras, Grojean, Pokorski, Ziegler '11
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Higgs and Flavor

In SM, the Yukawa interactions are the only source of the fermion masses

3 YijU # Yij ; 7
y’ijqu;Hij — \;i fLiij + \/%hqu;ij

2 .
mass - ~ higgs-fermion interactions

both matrices are simultaneously diagonalizable

N4 7 7

no tree-level Flavor Changing Current induced by the Higgs

Not true anymore if the SM fermions mix with vector-like par"rners(*zar' for non-SM Yukawa

1 | |2 _yijv '02 yzg =
Yij | 1+ cij— [E fr.Hfr, = ¥ 1—|_Cz]2f2 fr.fr, + 1+30z]2f2 5 hiL, IR,

Look for SM forbidden Flavor Violating decays h = pt and h — e

(look also at t—he ATLAS '14) Blankenburg, Ellis, Isidori ’12
© weak indirect constrained by flavor data, eg (L= €7y): BR<10% Celis, Cirigliano, Passemar '13

© ATLAS and CMS have the sensitivity to set bounds O(1%) Harnik et al 12

Davidson, Verdier 12
o ILC/CLIC/FCC-ee can certainly do much better CMS-PAS-HIG-2014-005

(*) e.g. Buras, Grojean, Pokorski, Ziegler '11
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New Physics in Rare Higgs Decays?

Rare 7 — VP decays, where P 1is a single
hadron state (pseudo-scalar or vector-meson)
are a very interesting probe of the vacuum-

structure of the theory

-’g? ASM o /p ratio of the two order parameters
S s controlling the SU(2), breaking
=
&
2 VP mode B V P* mode B>
5 W-rt  06x107° | W-pT  08x107°
3 W-Kt  04x107° 7% 2.2 X 107"
g 72°2°  03x107° 70, 1.2 x 10~
W-D7 2.1 x107° W™Dt 3.5 x107°
WDt  07x107° | W™D**  12x107°
7%, 1.4 x 1077 Z°J 1.7 x 107¢
h -»yJhy  25x106  h —ZY 1.6 x 10-5

Chris fophe Gr?/'ean

Yiqqs Physics — Theory

=

A 7
) {
. 4
“

AN

Isidori, Monohar, Trott ’13

Sizable modifications

possible in various
BSM frameworks

Isidori, Monohar, Trott ’13

Bodwin, Petriello, Stoynev, Velasco '13

Isidori, Gonzalez-Alonso ’'14
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Is the Higgs produced by top quarks?

© the bearable lightness of the Higgs: rich spectroscopy w/ multiple decays channels
© the unbearable lightness: loops saturate and don't reveal the physics @ energy physics

IR ———— ¢.g. Grazzini, Sargsyan ’13 Dunless it doesn't decouple
mp(GeV) | = L&(t_’;lo) - LLS((m:;OZ)) & | ’ &8y (e.g. 4th generation)
125 1061 0.9 _ the inclusive rate
150 1.093 1.028 doesr't "sea” the fini .
500 BEE IRV oesn't "see” the finite mass of the top
Z © long distance physics (modified top coupling) .
—> :cannot disentangle . . . S L <=
—77 O short distance physics (new particles running in the loop) -
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Is the Higgs produced by top quarks?

© the bearable lightness of the Higgs: rich spectroscopy w/ multiple decays channels
© the unbearable lightness: loops saturate and don't reveal the physics @ energy physics

IR ———— ¢.g. Grazzini, Sargsyan ’13 Dunless it doesn't decouple
mp(GeV) | = L(%(t_’;lo) - LLS((m:;oZ)) & _ ’ &8y (e.g. 4th generation)
125 1.061 988 > the inclusive rate
150 1.093 1.028 doesr't "sea” the fini .
500 BEE IRV oesn't "see” the finite mass of the top
: © long distance physics (modified top coupling) .
—> :cannot disentangle . - . S L <=
—77 O short distance physics (new particles running in the loop) -

~ current single Higgs processes are insensitive to top partners ~
N two competing effects that cancel:
N mj___...-r-*‘"“"" ****** ? & T's run in the loops
RSN @ T's modify top Yukawa coupling
_i# . .
0_?%6\/ ~ 50 pb l JP——— LET Falkowski 'O7

Azatov, Galloway 11
Delaunay, Grojean, Perez, '13
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Is the Higgs produced by top quarks?

© the bearable lightness of the Higgs: rich spectroscopy w/ multiple decays channels
© the unbearable lightness: loops saturate and don't reveal the physics @ energy physics

IR ———— ¢.g. Grazzini, Sargsyan ’13 Dunless it doesn't decouple
mp(GeV) | = L&(t_’;lo) - LLS((m:;OZ)) & | ’ &8y (e.g. 4th generation)
125 1061 0.9 _ the inclusive rate
150 1.093 1.028 doesr't "sea” the fini .
500 BEE IRV oesn't "see” the finite mass of the top
Z © long distance physics (modified top coupling) .
—> :cannot disentangle . . . S L <=
—77 O short distance physics (new particles running in the loop) -

QgC a ac _ =
[ — 12; |H\2Guf + 2—7:|H\2FW + yecrqr Ht | H|?
o — h I'h —
(ggM ) _ (1 4+ (Cg L Ct)UQ)Z ( SMVV) _ (1 4+ (C7 o 4Ct/9),02)2

: : 9
fermionic top-partners in composite Higgs models exactly lead to Ac; = Ac, = ZA&Y .
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Is the Higgs produced by top quarks?

© the bearable lightness of the Higgs: rich spectroscopy w/ multiple decays channels
© the unbearable lightness: loops saturate and don't reveal the physics @ energy physics

oNLO (M oG (Mo e.g. Grazzini, Sargsvan '13 ® unless it doesn't decouple
mpy(GeV) | = L(%(t _>3>O) o LLOO((mt; Ol;)) & | ’ &8y (e.g. 4th generation)
125 1.061 0.988

the inclusive rate

538 1?2? 1?;?1 doesn't "see” the finite mass of the top
T D Iong ORI physucs (modlf o p coupl mg) ........ :
7> ZCGHHOT disentangle short distance physics (new particles running in the loop) - <:

QsCyg

127
o(gg —h) 212 I'(h —=y) _ 212
021 (14 (g = e = (L (e — e fO)?

fermionic top-partners in composite Higgs models exactly lead to Ac; = Ac, = ZA&Y .

[ —

OéC _
HPGL + 5 HH Py + yecqr Hig | HI?

o~ to break the degener'acy ~

having access to htt final state will resolve this degeneracy
but notoriously difficult channel
500 .., 1000

14%-4% @ LHC31040-LHC310400 vs 10%-4% @ ILCs00-ILC1000
ATLAS CONF-2014-11 p<4.1 CMS PAS HIG-14-010 u <3.3
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Future Higgs measurements:
Multi Higgs, boosted and of f-shell Higgs channels
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Beyond single Higgs processes
Producing one Higgs is good. Producing H+X is better

@ 14 TeV Higgs multiplicty

>

Single h Double h Triple H

>
o
= h  ~50pbes hh ~ 34 fbes hhh -~ 44 apee
=
= h+j ~2p0 707 hh+]
S . .
§ h+JJ~4.2prBF hh+JJ ~ 2 flyVBF
\ 4

- also roughly indicates possible initial states/related kinematics
- Jet multiplicity might be replaced with V=W,Z, top, etc...

(adapted from M. Son@Planck2014)
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Beyond single Higgs processes
Producing one Higgs is good. Producing H+X is better

@ 14 TeV Higgs multiplicty
>
Single h Double h Triple H
P ,_ ¥£—AH‘\C2012
A ~s50pb22 ) hh ~ 34 fbee hhh -~ 44 abes
*§ h+j ~ 2 pb PT()>100 hh+j
4;53 h+jj~ 200" hh+jj ~2m""
™ v

- also roughly indicates possible initial states/related kinematics
- Jet multiplicity might be replaced with V=W,Z, top, etc...

(adapted from M. Son@Planck2014)
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Beyond single Higgs processes
Producing one Higgs is good. Producing H+X is better

@ 14 TeV Higgs multiplicty
>
Single h Double h Triple H
P ,_ LHFZOQ
é ~ 50 pb®5 h h ~ 34 fb58 h h h ~ 44 3bH88
*§ h+j ~ 2 pb Px()>100 hh+j
S . .
Y h+JJ ~ 4.2 pb 'BF hh+” ~ 2 fpVBF
™ v

LHC>2015

- also roughly indicates possible initial states/related kinematics
- Jet multiplicity might be replaced with V=W,Z, top, etc...

(adapted from M. Son@Planck2014)
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Beyond single Higgs processes
Producing one Higgs is good. Producing H+X is better

@ 14 TeV Higgs multiplicty

>

Single h Double h Triple H

hhh ~ 24 abes

h+JJ ~ 4.2 pb VBE ni
LHC>2015

- also roughly indicates possible initial states/related kinematics
- Jet multiplicity might be replaced with V=W,Z, top, etc...

Jet multiplicty

<€

(adapted from M. Son@Planck2014)
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Beyond single Higgs processes
Producing one Higgs is good. Producing H+X is better

@ 14 TeV Higgs multiplicty

>

Single h Double h Triple H

h+JJ ~ 4.2 pb VBE
LHC>2015

- also roughly indicates possible initial states/related kinematics
- Jet multiplicity might be replaced with V=W,Z, top, etc...

Jet multiplicty

<€

(adapted from M. Son@Planck2014)
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Beyond single Higgs processes

Producing one Higgs is good. Producing H+X is better

A long term plan?
Higgs-diboson associated production

107
L HVV producticn at pp colliders at NLO in QCD

10°
=
:
10' %
=
I:Il: | | 1 1
14 25 a3 S s 100
v 5[ TaV] I OOO fb
100 fb
LE
.'ll
10 §
(Plots from P. Torrielli and MLM, CERN’14) E
o B b b £a 33 S0 75 (H)

W[ Tal]
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Why going beyond single Higgs processes?

So far the LHC has mostly produced Higgses on-shell
in processes with a characteristic scale g ® my
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Why going beyond single Higgs processes?

So far the LHC has mostly produced Higgses on-shell
in processes with a characteristic scale p # my

access to Higgs couplings @ my

CMS Preliminary 19.7 b (8 TeV) + 5.1 fb™ (7 TeV)

¥L|_ :||||||||||||||||||||||||| ||||||||||||||||||||| - :
4 ATLAS Preliminary “ [ &+ Observed ¢ SM Higgs
E Vs=7TeV/Ldt=464810" y
3 Vs-8Tev[Ldt-20310"
- |-
2
1=
O
1
_2:—
:IIII|||||||||||'||.|.|I||||I||||I||||I|||I|||||I||||:
06 0.7 08 0.9 1 11 1.2 13 14 15 1.6

Christophe Grojean Y// q9s Phyé/dé - 777@ory 24 Y/czméarj , 44(34(5? 25, 2014



Why going beyond single Higgs processes?

So far the LHC has mostly produced Higgses on-shell
in processes with a characteristic scale p # my

access to Higgs couplings @ mu

Producing a Higgs with boosted additional particle(s)
probe the Higgs couplings @ large energy

- (important to check that the Higgs boson ensures perturbative unitarity) -
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Why going beyond single Higgs processes?

So far the LHC has mostly produced Higgses on-shell
in processes with a characteristic scale p # my

access to Higgs couplings @ mu

Producing a Higgs with boosted additional particle(s)
probe the Higgs couplings @ large energy

- (important to check that the Higgs boson ensures perturbative unitarity) -

on-shell Z@ LEP1  : : of f-shell Z @ LEP2

constraints on

; constraintson 1 W and Y oblique corrections :
. Sand T oblique corrections : - (same order as S and T but cannot be probed @ LEP1) -
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Why going beyond single Higgs processes?

So far the LHC has mostly produced Higgses on-shell
in processes with a characteristic scale p # my

access to Higgs couplings @ mu

Producing a Higgs with boosted additional particle(s)
probe the Higgs couplings @ large energy

- (important to check that the Higgs boson ensures perturbative unitarity) -

on-shell Z@ LEP1  : : of f-shell Z @ LEP2

constraints on

; constraintson 1 W and Y oblique corrections :
. Sand T oblique corrections : - (same order as S and T but cannot be probed @ LEP1) -

of f-shell Higgs data does not probe new corrections
that are not already constrained by on-shell data
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Boosted Higgs in HV production

W, Z
Associate production ff=Vh probe Ji: | ﬁ\ﬁ
the high g° dependence of the form factors R )
Isidori, Trott ’13 q2 Nl
—»
Alloul, Fuks, Sanz’13
2000+ 021~
1800 0.183—
1600 0.6
o 14001 0.14f-
§1200— § 0.122—
5 1000/ s 0
2 800;_ g 0.083—
600;_ 0.063—
400;_ 0.043—
200" BSN\ mw
L b b b b b TEE el -
77200 300 400 500 600 700 800 900 %200 400 600800 {000 1200 1400 1600
m,,, (GeV) Higgs p_ (GeV)

The large effects at high pt or myn have been used to probe higher dimensional derivative operators

Ellis, Sanz, You '13 Beneke, Boito, Wang ’13

but the validity of the EFT approach is endangered
Biekoetter et al ’14
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Multiple Higgs interactions in WW—HH

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 2 1 2
V(h) = =mih* +d3— <3mh> hs 4+ dy— <3mh> ht +

2 6 v 24

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

A ~ (52— @2) o A ~ cst. + Sadg

mhh ~ 4mh U

asymptotic behavior threshold effect

sensitive to strong interaction C
anomalous coupling
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Multiple Higgs interactions in WW—HH

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

4b final state \
v ¢ h L e e S B e M e k' PREL’MIN ’ h
P _ LHC 14 TeV 300 fb-! Rt
. BT P
Py " e H O N N
¢ : h .\
r -1
. 5L % LH(’:,lfl  TeV g,_asb\ - ‘. h
S i ! s .
. 4 \
A 3 i . \ \
v . h _ 3 \FCC100 TeV||
‘ ' L A"
L ‘.' v 3 ab1 \\ “. . SM
oL 0oCs N, \\.‘ \ “ ) - C *
W\ . & ghhh=C3*Qhhh
- SM I \\ \\ "‘. .
gVVhh=C2v*gVVhh | A Yo
: “‘. \\ \\
sl \ ‘. i
\\ /J
L \ ’.-'
\ -
N ’,’
ol -
| 0Covy
04 “oz 00 o0z T oa

Bondu, Contino, Massironi, Rojo ‘to appear
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What do we learn from gg—HH?
in principle gg—HH gives access to many hew couplings, including non-linear couplings

P —— = =

] 00000000

{00000000) R o R4
Cot .’ ’ o
¢ 4 V4
V4 4
A ¢ S
\ N
\ \ <
. C.» C d,
qm/ . 99", g T3
\ [N ‘s

In practice, if the Higgs is part of an EW doublet,
these new couplings are related to single-Higgs couplings

Cot = 3(Ct — 1) ng — CQ

In reality single-Higgs processes is unable to differentiate ¢+ from ¢4
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What do we learn from gg—HH?

in principle gg—HH gives access to many hew couplings, including non-linear couplings

300 b=t Preliminary

S .I'I
0 i,

\

1100TRV

Azatov, Contino, DelRe, Meridiani, Micheli, Panico ‘to appear
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Resolving top loop: Boosted Higgs

cut open the top

e — e 2

high pt # Higgs off-shell
we "see” the details of the particles
running inside the loops

Baur, Glover 90

Langenegger, Spira, Starodumov, Trueb 06

Chris Z‘op/ﬁe Grod'ean

loops

0'7_I 1 1 1

1.2 T T T T

- pp~H+X

Vs=8 TeV

- NLO MSTW2008 NLO
1.1

Grazzlini, Slargsyla,n ’1’3|>

Mp=pp=my=125 GeV -

1
50 100 150 200 250
Pr (GeV)

>///j 995 P/7y5/c15 - 777€Ofy 2¥

Note: LO only
NLOmnt is hot known
1/my corrections known O(os?)
few % up to pt~150 GeV

Harlanderetal ’12

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

amberg, August 25, 2014
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Resolving top loop: Boosted Higgs

cut open

e e T e

the to

I

oops

1.2

pp~H+X  Vs=8 TeV Mp=pp=my=125 GeV

NLO MSTW2008 NLO

Vs [TeV] | pp* [GeV] | ot [b] | 6 | € | g9, 9 [%]
100 | € 2200 §0.016 | 0.023 67,31

150 | == 830 | 0.069 | 0.13 66,32

$ 200 |/ 350 | 020 031 65, 34
QO ,.\\0(\ 250 f 160 | 0.39| 0.56 63,36
+ 8§J 300 | 75| 0.61| 0.89 61,38
) 350 § 38| 0.86| 1.3 58,41
400 20| 11| 18 56,43

14 450 \ 1| 14| 23 54,45
50\, 63| 17| 29 52,47

550 4 37| 20| 36 50,49

600 @) 23| 4.4 48,51

650 14| 26| 52 46,53

700 087 | 30| 6.2 45,54

750 056 | 33| 7.2 43,56

800 037 37| 84 42,57

Don't think it is easy to produce a Higgs with high pr

Grazzini, Sargsyan '13

50 100 150 200 250
Pr (GeV)

Chris fophe Gr?/'ean

>///j 995 P/?}/S/‘C’/\S - 777€Ofy %

300

Note: LO only
NLOm+ is not known
1/m; corrections known O(as?)
few % up to pt~150 GeV

Harlanderetal ’12

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

Yamberg, August 25, 2014
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Resolving top loop: Boosted Higgs

Note: LO only
LR T T T T T NLOmfisno’rknown
CUT Open The TOP IOOPS - PPoHYX Vs=8 TeV Hr=pr=my=125 GeV 1 1/m+ corrections known O(as*)
e N D — A— B - NLO MSTW2008 NLO

11~ — few % up to pt~150 GeV
: - ] Harlander et al ’12

high pt Higgs off-shell
we "see” the details of the particles :
running inside the loops osf

1.0

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

Baur, Glover '90 i
Langenegger, Spira, Starodumov, Trueb '06 0.8

0'7_I 1 1 1

0 50I 100 150 200 I250I - I3\00
pr (GeV)
see also Ba,nﬁ Martm Sanz 15 Composrre nggs MOdel GPOJean Sa1v1on1 Schlaffer Weller ‘15
see also Azatov, Paul 13 top partners contributions
S _MCHM5.6=0.1 MCHM 5,£ = 0.1
1'4} 074} | | | | ] 7
I 2 072f 1] §
~ 2] o
QZ) 12/ 20,70W | O
.cé E0.68— | ' @
ElO— . inclusive rate: O(%) A
: s | g
% 08 e o E : " ® (4 eoe0 & o ° o |
e e . . . 10 E ) ‘;,'.‘»,.,‘-"v(',
06 | with high-pt cut: O(x10'%) = | B e X e
500 1000 1500 2000 2500 3000 M 500 1000 1500 2000 2500 3000
Miightest [GEV] ‘

Miightest [GeV]
high-p~ tail "sees” the top partners that are missed by the inclusive rate
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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
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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

sRecen’r analysis of 99—>H*—>ZZ—>4I§ ATLAS. CONT-BO1A.OA2

(about 15% of the Higgs events are far off-shell with m4>300GeV)

d(ng—.‘oH—:oZ.Z NP F(HILL)
- 88sHs 2 2 )2 2 T2
(m%,, —m#;)? + mi T3

J
dm e
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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

CMS PAS HIG-14-002

sRecen’r analysis of 99—>H*—>ZZ—>4|§ ATLAS.CONF-2014.042

(about 15% of the Higgs events are far off-shell with m4r|>3OOGeV)

d(ng—.‘oI—I—:oZZ X Qoo CHZZ F(mZZ )
T ABEE 02 342 \2 12 T2
(m7, —mgp)= + miyl

2
dm >

Glover, van der Bij '89 10°

4-lepton production, CMS cuts, Vs=8 TeV

Z 4 107!
g I‘H{‘ ’ VWY gg » h - 4leptons
[ P
t
z TOOBOOO z
g

107"
&'
g
S 10
g
5 L 8 § 10"
M—F.—I—OO ~ lo 2 2 M++OO ~ —1lo 2 N
Higgs g m% box g m% o -
SM: cancelation forced by unitarity 10
BSM: deviations of Higgs couplings at large s will be amplified 1l | | |
=TL_ 1 11 ] ] [T |
10 100 200 500 1000 2000
my[GeV]
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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} I

(about 15% of the Higgs events are far off-shell with m4>300GeV)

d0ye sH 577 ~ oot F(mzz)
X 8ooHSHZZ
BEGE. (m2.,, —m3;)? +m# I3,

2
dm >

Access to the Higgs width @ LHC?

offen said, it is impossible fo measure the Higgs width at the LHC. Not quu’re true.
it can be done either via of f-shell measurements or via the mass shift in gg—+h—yy

Narrow Width Approx.: on-shell off-shell

ratios of x only

different width dependence off—peak

2 2 . . .
on-peal _ 8ggH8Hzz no direct access to the width itself g —sH7Z & gggng‘[y,

g —+H 77 Ty (upper' bound if y< 1 is assumed 4 can be fitted w/o0 assumption
e.g. Dobrescu, Lykken ’12

o

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

(about 15% of the Higgs events are far off-shell with m4>300GeV)

d0ye sH 577 ~ oot F(mzz)
X QoeHSHZZ
SBENOTE (2, — m# )2 + mE T,

Access to the Higgs width @ LHC?

offen said, it is impossible fo measure the Higgs width at the LHC. Not quu’re true.
it can be done either via of f-shell measurements or via the mass shift in gg—>h—yy

J
dm >

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? BRin <857%: Caola, Melnikoy 13
Not competitive with global fits on BRin! BRiny < 20% Campbell et al 13

Model independent analysis might not be robust because of unitarity issues

(gi(mn) might be quite different than gi(ma)) 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

sRecen‘r analys is of 99_)H*_>ZZ—>4|§ CMS PAS HIG-14-002

! ATLAS-CONF-2014-042

Access to top Yukawa coupling?

strong departure of the Higgs low energy theorem in the far off-shell region

can distinguish c; from ¢,

D00000000 Z

g

Q0000000 Z
§

M;;JFOO ~ log?

2
my

Cacciapaglia et al. ’14 Azatov, Grojean, Paul, Salvioni '14
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Chris fophe Gr?/'ean

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

iRecen’r analysis of 99—>H*—>ZZ—>4|§

Access to top Yukawa coupling?

——— bins < 600 GeV

074 1 128
1.25
Ct

Yiqqs Physics — Theory

linear w/all bins

CMS PAS HIG-14-002
ATLAS-CONF-2014-042

provides an al’rerna’rlve to ttH o measure ’rhe top Yukawa coupling

Azatov, Grojean, Paul, Salvioni '14
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Conclysions

Chtiges = Vo — p2HVH + X\ (HTH)" + (yij00i0r; H + h.c.)
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Conclysions

Liiges = Vo — W HTH + A (HTH)Z + (yijrivriH + h.c.)

/

VAC L LU energy

cOSMo/ogz‘ca/ constant

VO ~ (2 X 10_3 GV)4 < MéL
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Conclysions

Liiges = Vo — W HTH + A (HTH)Q + (yijrivriH + h.c.)

/

VAC L LU energy

cOémo/ogz‘ca/ constant

VO ~ (2 X 10_3 GV)4 < MéL \i

h/‘erarc/?y proé/ e
myg =~ 100 GeV < Mpl
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Conclysions

Liiges = Vo — W HTH + A (HTH)Q + (yijrivriH + h.c.)

/

VAC L LU energy

cOémo/ogz‘ca/ constant

VO ~ (2 X 10_3 GV)4 < MéL \i

hierarc Ay probles
my ~ 100 GeV < Mp \
Zriviality/ stability
of EL) vac wen

Christophe Gr?/'ean %qqs P/7y5/c15 - 77zeory 30

ambeirg, August 25, 2014



Conclysions

Liiges = Vo — W HTH + A (HTH)Q + (yijrivriH + h.c.)

/

VacC el ed 77 energy

cOémo/ogz‘ca/ constant

VO ~ (2 X 10_3 GV)4 < MéL \i

h/‘erarc/?y proé/ e
mpyg ~ 100 GeV < Mp; N
Zrivial. /Z‘}/ / S Z‘QA/‘/ /fy

o ELX vac e o
7MaSS and PUXI7G

Aierarc Ay
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Conclysions

Liiges = Vo — W HTH + A (HTH)Q + (yijrivriH + h.c.)

/

VAC L LU energy

cOémo/ogz‘ca/ constant

VO ~ (2 X 10_3 GV)4 < MéL \i

hierarc Ay probles
my ~ 100 GeV < Mp \
Zriviality/ stability
of EL) vac wen

»mass and M/X/ng

h/‘eﬁdl‘c/?y ~

£lavour & CP:
no FONC, small CP
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Conclysions

Liiges = Vo — W HTH + A (HTH)Z + (yijrivriH + h.c.)

/

VAC L LU energy

cOSMo/ogz‘ca/ constant

VO ~ (2 X 10_3 GV)4 < MéL

\i
h/‘erarc/?y proé/ e
\\/ mpyg ~ 100 GeV < Mp; N
) Zrivial. /Z‘}/ / S Z‘QA/‘/ /Z(y f
String? of” EL) vac e v o
»MasSs and P2 X1/g
Hierarchy ~
SUSY?
TeV New Physics? Flavour & CP:

well described no FCNC, small CP
experimentally by CKM

&t ¢
(up to a few exceptions: Are, AAcp...)

Christophe Grojean >/// qgs Physics - 77730ry 30 ambeirg, August 25, 2014



Conclysions

Lhiggs = Vo — P HYH + A (HTH)Q + (yijrivriH + h.c.)

/

VAC L LU energy

cosSro/ ogfdd/ constant

VO ~ (2 X 10_3 GV)4 <K MéL \i

hierarchy probles
my ~ 100 GeV < Mp \
Zriviality/ stability
of EL vac e
»GSS and ”""X"’?ﬁ
All these problems because the Higgs Aierarc Ay ~

boson would be the first elementary
particle whose interactions are not

endowed with a gauge structure
T ——

£lavour & CP:
no FONC, small CP

Christophe Grojean >/// q9s P/7y5/c5 - 77yeory 30 %améarg, 44(54(5{ 25, 2014



Conclysions

Lhiggs = Vo — P HYH + A (HTH)Q + (yijrivriH + h.c.)

/

VacC el ed 77 ene/‘gy

cosSro/ 03/ca/ constant

VO ~ (2 X 10_3 GV)4 <K MéL \i

h/‘erarchy proé/ er?
mp ~ 100 GeV < Mp, N
Zrivial IZ(y/ stabi/ /Z(y
of fﬂj VAC L LU
»asSsS and M/‘X/‘hg
All these problems because the Higgs hierarc iy Y]

boson would be the first elementary
particle whose interactions are not

endowed with a gauge structure
T ——

Higgs = Elementary or Composite?

£lavour & CP:
no FONC, small CP
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Conclysions

" there IS e\/eryéoa/y.7 WAhat 15 Che Scale of neww p/'IyS jos?”
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Conclysions

Where 1S e\/eryéoa/y.7 What 1s 2he scale of neco P /7}/ < s?"

/4

Proton decay: >10%° GeV

Flavor violations: >108 GeV
CP violation (EDMs): 10* GeV
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Conclysions

" here /s e\/eryéoa/y.7 WAhat 15 Che Scale of neww p/'IyS jos?”

Proton decay: >10%° GeV

Flavor violations: >108 GeV
CP violation (EDMs): 10* GeV

New physics should be around the TeV scale
to stabilize the Higgs potential (aka hierarchy problem).
That makes the Higgs a very special character
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Conclysions

" here /s e\/eryéoa/y.7 WAhat 15 Che Scale of neww p/'IyS jos?”

Proton decay: >10%° GeV

Flavor violations: >108 GeV
CP violation (EDMs): 10* GeV

New physics should be around the TeV scale
to stabilize the Higgs potential (aka hierarchy problem).
That makes the Higgs a very special character

Precision Higgs physics is on the HEP agenda for the next 2-3 decades
- for a deep understanding of the SM
- for an accurate comparison with experiments
- for an access to BSM
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At the end, it is Germany who wins
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Several nice models (TC, CMSSM..) waded away quickly
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Several nice models (TC, CMSSM..) waded away quickly
At the end, it is SM who wins
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