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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)
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furthermore many of the
background events furiously look
like signal events
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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 (108 copies of)
John Ellis’ office
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Now what?

“ T he exper/‘menf wohéea/ better Zhan o \,,”“\ U i
exp ecled and Zhe dnd/ yS 1S wUncovered a »./ A
very difficult to £ind signal” b . &

the words of a string theorist | g
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Now what?

’ 777@ eXpe/‘/‘MenZ‘ wohéea/ AeZ(Z‘e/‘ f/?dh ‘\,,,‘\ >~
expected and Che anal VSIS wuncovered a 5
very difficult o £ind 5/:9/7&/ ) N t‘)‘/‘ | i
the words of a string theorist

Why did it work better than expected?

Tevatron Run II Preliminary, <L>=591b" . .
—-— T O Hard work from experimentalists

E | | |
& /LEP EXCl“S"’n %ﬁgf&gﬁ:}l O Luck with a positive fluctuation
£ 10 — © Hard work from the theorists too
E ,ﬁ:ﬁﬁ:ﬁﬁ:ﬁﬁ:ﬁﬁ:ﬁﬁﬁﬁ:;j&ﬁgbé&édﬁﬁﬁ:;ﬁﬁﬁ:ﬁﬁﬁ:ﬁﬁ:jﬁﬁﬁﬁ:ﬁﬁ:ﬁfj:ﬁ,,jﬁﬁ:ﬁﬁﬁ;:ffﬁf:f;:f:ff:
B oo S rrrrr +20Expected —————— A I o .
o | — higher precision in theory
& calculation makes it easier to find
0 the Higgs than initially thought
1|
/N AL . il . K-factor # 1.25
B """"—"Tf"atm“‘Exc'“flﬁ"f'"""";”i'"‘”"'”‘”""i‘""”"”‘”"”‘i”;”””'”]‘uly'19”2q10 """" ] NN
100 110 120 130 140150 16017018 0070 ) ~ K-factor %2

H(GeV/ ) R. Harlander, talk @ LHCP’13
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SM Higgs computations: State of the art

e.g. LHCHXSWG YR1 & YR2 & YRS

g 7 7 W/Z g t
-- H —— H -- H
s & s ..
% N2LO+N2LL QCD NLO QCD
i NOEW e S NO W e ;
Cnduiie  Higmpe

N3LO QCD  NLO QCD Ve=7Tev ]
(mi===) w/ finite m:, Mn "=

(3 scale pbl)

NLO results in N\Cm

~TOMORROW~

A © | POWHEG, aMc@NLO |

%3 s /l/?< (O%( s /l/?o

\90’\ Q/OQ %00 Q,QQ %00 Q,Q'd‘ 5 3’7 700 200 300 400 500 M ['Gle'\%)oo
oqF timeline + N°LO PDF sets :
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The ggH Frontiers -

\ Inclusive XS
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Z}:' 2 2 ~: EHarlandeP, Igilgore 02 Anastasiof,i/[elnikov 02 Is DN Goverion
<! N2LO+N2LL QCD
O I 2 Oé5 2-|
=1 NLOEW : NLO- o 2doop
'eeccmmssssssssssennnns ’ g 9000,
4 PR . g§ Ho_. 9 --
% :' inclusive Higgs pr : - g ;
Qo : g g
CO! :N3LO QCD NLO QCD : %oughezal etal’l3 ’
= E (mi=c0)  w/ finite m¢,mn ! . ~TODAY~
: ' 1+ first corrections in 1/mt: Harlanderetal’09 of -
S (3 scale pbl) | e X TOMORROW

T T e Tl ST = == 1=t & N3LO.. o)  3-loop

2->2@2-loop £ i
similar to ttbar @ N°LO
recently achieved by Czakon/Mitov §
2=>1@ 3-loop { gs gs
| . first steps: Baikov, Chetyrkin 06 Ball et al ’13
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Signal/Background Interference

Naively small since the width is small (ri=4mev, ro/mu =3x10°) for a light Higgs
but  S: gg>h>7yvy = 2-loop versus B: gg>7yvy = 1-loop

g - gl Dicus, Willenbrock '88
‘b _ Wt Ab.c,...
’ b7 C, T D].XOI]., Slu ,05
g gl

could have expected x10% corrections in the rate

but malicious/accidental cancelation » 2-3% effect
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Signal/Background Interference

Naively small since the width is small (ri=4mev, ro/mu =3x10°) for a light Higgs
but  S: gg>h>7yvy = 2-loop versus B: gg>7yvy = 1-loop

g - gl Dicus, Willenbrock '88
‘b _ Wt Ab.c,...
’ b7 C, T D].XOI]., Slu ,05
g gl

could have expected x10% corrections in the rate

but malicious/accidental cancelation » 2-3% effect

Residual effect: downward shift of M,, mass peak

AN\W =-120 MeV @ LO s.Martin’12 AM,, has a ,;;?,ff/:::i:‘:f;:::“” ”””””””””””
strong dependence /4
AM,,=-70 MeV @ NLO /

/ MeV

AMy,

DiXOn, Li’l3 on nggs pT 805/”:'//"::" B H+g/@0@(as2 2)/O(aas)
(large K-factor of signal) YyVY B e e |
can be measured in yy channel alone!l =5 ‘Dl‘X‘O‘n‘ L 15‘0
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Signal/Background Interference

Naively small since the width is small (ri=4mev, ro/mu =3x10°) for a light Higgs
but  S: gg>h>7yvy = 2-loop versus B: gg>7yvy = 1-loop

g - gl Dicus, Willenbrock '88
‘b _ Wt Ab.c,...
’ b7 C, T D].XOI]., Slu ,05
g gl

could have expected x10% corrections in the rate

but malicious/accidental cancelation » 2-3% effect

Residual effect: downward shift of M,, mass peak

AM,,=-120 MeV @ LO 8. Martin’12 AM,, has a _ZZ o
AM... ==70 MeV @ NLO strong dependence /4 5
YT

/ MeV

My

Dixon, Li’13 on Higgs pT 3 _méé;,:-

(large K-factor of signal) YvyV Braeoemts |
: z DlXOIl L1 15
can be measured in yy channel alone! -»i—————=—5—>25—= o

1 GeV

Access to the Higgs width @ LHC?

often said, it is impossible to 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

Zero Width Approx. Narrow Width Approx.
ratios of k only K2R Kok K2
2.2 . . _ 9 I g'vy'"VvH
= %957 no direct access to the width itself different width dependence = K4, i K%
K7 (upper bound if xy< 1 is assumed) 4 can be fitted w/o0 assumption I 6%
e.g. Dobrescu, Lykken 12 i _ ' R
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Now what?

" T he experiment coorked betler 2han .\JA 2=
eXpecz‘ea/ and the anal vS 1S UnCovered q .

very difficul/t 2o #ind 5/‘3/74/ ) N "; | e

the words of a string theorist |

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

“ T he exper/‘menf wohéea/ better Zhan o \,,”“\ U i
expectled and Che analysis wuncovered a T AT
very difficult o Find signal” b . S s

the words of a string theorist | g

Great success...
..but the experimentalists haven't found what the BSM 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?

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

Christophe Grojean The scalar sector of the SM and éeyona/ 9 EPS-HEP, 2277 July 2013



Now what? What's next?
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Now what? What's next?

" With 3/‘8@2‘ poroer Comes 3/‘842‘ respons Y/ /Z‘y "

Voltaire & Spider-Man
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Now what? What's next?

" With 3reaz‘ power Comes 3reaz‘ FesS poné/é///z‘y "

i i : . Voltaire & Spider-M
which, in particle physics, really means alre ce oplder-ilan

“ WItHh 3/~eaz‘ diScCoveries core 3/‘3@% measurerents

BSMers desperately looking for anomalies
(true credit: F. Maltoni)

The Higgs has access to EW coupled New Physics
which is less constrained by direct searches than strongly coupled NP

Christophe Grojean The scalar sector of 2he SM and ée_yona/ 10 EPS-HEP, 2277 July 2013



Now what? What's next?

" With 3reaz‘ power Comes 3reaz‘ reéponsfé///z‘y )

' i - : Voltaire & Spider-Man
which, in particle physics, really means ' Pl

“ WItHh 3/~eaz‘ diScCoveries core 3reaZ‘ measurerents

BSMers desperately looking for anomalies
(true credit: F. Maltoni)

The Higgs has access to EW coupled New Physics
which is less constrained by direct searches than strongly coupled NP

/
Higgs properties

J'PC

Important & nice to see progresses but

=
BSM implications

“this question carries a similar potential
for surprise as a football game between
Brazil and Tonga" Resonaances

Christophe Grojean The scalar sector of ¢he SM and éeyona/ 10 EPS-HEP, 2277 July 2013
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The relevant (and difficult) CP question about the Higgs
A O Higgs can have CP violating couplings

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

» edm's
) irrelevant operators (dim-6) only ~ » Higgs signal strengths
/ » Higgs kinematical distribution

Christophe Grojean The scalar sector of the SM and beyond I EPS-HEP, 227 July 2013



The relevant (and difficult) CP question about the Higgs
A O Higgs can have CP violating couplings

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

» edm's
) irrelevant operators (dim-6) only ~ » Higgs signal strengths
/ » Higgs kinematical distribution

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

~ . ~ . ,U, —‘- v =~
H'HB,, B" (D"H)'o"(D"H)W,, (D*H)'(D"H)B,,
v operator: Z operator(s): Higgs rates?
already severely constrained studied in the kinematical distributions | poor cons’rr'ain’rs.
by e and q EDMs for h = ZZ = 4 since no interference with SM
McKeen, Pospelov, Ritz '12 effects ¥ dim-8 CP-even operators

see the fqa3 CMS study YyV

need to look for CP-odd observables
that are linear in the Qfs Wilson coeffs.

Christophe Grojean The scalar sector of the SM and beyond I EPS-HEP, 227 July 2013
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CP-odd observables

= The Qﬁ operators with W and Z are best studied in the VH channels .

where the Higgs can be boosted (the derivatives in the operators don't hurt)
Godbole et al ’13

the asymmetry in the variable
[ (h % 7)

is linear in QP coefficient

Delaunay et al ‘in progress

» should allow one to constraint the third CP direction

R e

—~ Another CP-odd observable can be constructed in h-yvy channel

S

challenging
(need to reconstruct the

the 915 operator impacts the correlation
separation angles between the e)

but interesting

between the photon polarizations that
can be tracked back to the correlation
between the converted e

e.g. talk by J. Zupan at KITP 13

Christophe Grojean The scalar sector of the SM and beyond 12 EPS-HEP, 227 July 2013
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TMWJ BSV Precision }{Uzﬁif %o&f
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Chiral Lagrangian for a light Higgs-like scalar

SM

g=b=c=ds=ds=1

1 h h? \ v =cww =czz=czy=Ccyy=...=0/
— (m%v W, WH + §m2z ZMZM) (1—|—26V5 -|—bvv—2 —I—) . S
o R | A few (reasonable)
L — Z CONCRUIRRTAR (1—|—c¢——|—b¢—2+... § : .
g v ; assumptions:
"'ﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁIﬁIﬁﬁﬁﬁiﬁﬁﬁﬁﬁﬁﬁﬁIIIIIIZIIIZIIIZIIIﬁIﬁIﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁIIIZIIIZIIIZIIIZIIIZ ............ ) @ spin-0 & CP-even

O;%e: (2 W WJVW_W_"CZZ ZuvZM + 2¢2y Zyn " + Cyy 7uu7w> % r‘\ r\i
. h : W O WW&ZZ
+8—; Cog Gl G* — | © custodial symmetry

N\ Ewep

@ no Higgs FCNC

(generalization of Glashow-Weinberg th.)

R
\ Flavor

ooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooo

Contino, Grojean, Moretti, Piccinini, Rattazzi 10 + many others refs.
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Chiral Lagrangian for a light Higgs-like scalar

!_1 2_1 22_d3 3m%
£ =3 (0uh)° = Smih? — < ( !
2 1 ,
B (mW WMW + §mZ ZMZ“> (
P Z mtb()@;(i)w() (1—|—C¢—
Y=u,d,l v .
.':::::f::f::f:::::f:::::::f:fl‘g:::::::::::::\Zé:f:f:f:::::\'\Q@f) @ spin-0 & CP-even
_|_a8€7:7’ (2 Cww W:VW_ HY +czz Z,MVZ“V + 2CZ7 Z,UJ/Y'“V + Cypry ,y/“/,y,ul/) % R R

W OWW&ZZ
@ custodial symmetry

N\ Ewp

@ no Higgs FCNC

(generalization of Glashow-Weinberg th.)

. 4
(p™) R

Flavor

Contino, Grojean, Moretti, Piccinini, Rattazzi 10 + many others refs.
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Higgs coupling fits: test of unitarity

| - 7&8 T eV LHC & Tevatron data

‘.' I Espmosa GPOJean Muhlleltner Trott 12

Christophe Gf?/'edh The scalar seclor of the SM and éeyona/ 15 EPS—HEP, 22 Jetly 2013
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Higgs coupling fits: test of unitarity

cp=Cr=cg=9/2c, gttt ————— T -
a7 | ) ;|
F | | ggF I ’ .
N ey hgegw/;lVBF f 7&8 TeV LHC & Tevatron data
_>77 I \ [ \ ‘ 1
1 Espinosa, Grojean| Muhlleitner, Trot
> i)

CMS [Vy =7 TeV: =48 17']

)

my, = 125 GeV

|
o

|
.
r—r—r———r—r—————— v

-

00 05 1.0 1.5

Cy

-
I VS S — A

0.5 1.0 1.5 20

. i

P B ] S-M & Montull, Riva ’12

o
o

Carni, Falkowski, Ku

Volansky ’12
= —
l g i Global combination
g or
- | £ |
14 f
12 68.95%
10 b
8 — 0.0 15
6 .8 Higgs coupling to vectors a
4
2 |=— Giardino, Kannike, Raic
20 L Strumia ’12
Plehn, Rauch ’12 Ellis, You 12
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Higgs coupling fits: test of unitarity

don't leave it in the hands of theorists!

C/‘}r/léfopﬁe él‘o‘/‘edn

CMS
The scalar Sector of the SM and éeyona/

Is

CMS Preliminary \s=7TeV,L<5.1fo" ys=8TeV,L<19.6 fb"
g_ [~ = k P w 4ﬁ o I R ELI B BB AL ELE R R B Y Tl YT YT
. O SMHiggs @ Fermiophobic [ Bkg. only 2 _ ATLAS Preliminary #tH - bb H g
o Eeas el et . CiIH- Il £EH - viv
af 's=7 TeV, |Ldt = 4.6-4.8 b #%H — vy Ecombined ]
E - \s=8TeV,|Ldt=13-20.7 b + SM % Best Fit
e
0=z g
-1 06 07 08 09 1 1.1
T —
-20 ATLAS
b
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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?

—~ 10g T - -
< o ATLAS Preliminary Do riks) “ 5[ ATLAS Preliminary + SM E
< F1s=7TeV,|Ldt=4648f" —Qpserved 1s=7TeV,/Ldt=46-48fb" * Bestfit
i 8L \s=8TeV, [Ldt=1320.7f6" -- SM expected 2F \s=8TeV. [Ldt = 13-20.7 fo! — 68% CL
. £ , 18 - 95% CL
6! 1.6
51 14
4| 1.2F\
3| 1
2| 0.8
1| 0.6
%.4 14 16 09 1 11 12 13 14 15 16 1.7 18
}‘WZ E ™ h
ATLAS-CONF-2013-034
Some tensions |
Ibut no statistically significant deviations from the SM structure
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Beyond current channels

the LHC measurements are plagued with several degeneracies

O the bearable lightness of ‘rhe nggs mch specTroscopy w/ mul’rnple decays channels
© the unbearable lightness: loops saturate and don't reveal the physics @ energy physics

mp(GeV) | JZEoime s | Zxiomiy
125 1.061 0.933
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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Beyond current channels

the LHC measurements are plagued with several degeneracies

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

e ’ O unless it doesn't decouple
mpy(GeV) U;L]\é L((;rfﬁlo) ;]]VVLLS((?%?;)) e.8. Grazzini, Sargsyan '13 (e.g. 4th generation)
125 1061 0.988 - the inclusive rate
150 1.093 1.028 e .
500 BEE 134 doesn't "see” the finite mass of the top
: ......... et ; long d | sTance phys|cs (modn‘ |ed .1'.0 p couplmg) ........ :
—> :cannot disentangle . - - L <=
—77 O short distance physics (new particles running in the loop) -
C ~
L= 1275|H\2G + —'YIHV o+ yicrqr Htp|H|?
— h I'(h —
O'(ggM ) _ (1 4+ (Cg L ct)v2)2 ( SMV’V) _ (1 4+ (CW L 4Ct/9),02)2

9
fermionic top-partners in composite Higgs models exactly lead to Ac: = Acg = S Acy .
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Beyond current channels

the LHC measurements are plagued with several degener'acies

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

£ ’ O unless it doesn't decouple
mpy(GeV) U;L]\é L((;rfﬁlo) ;]]VVLLS((?Z&?;)) e.8. Grazzini, Sargsyan '13 (e.g. 4th generation)
12 1061 Dsicis ~ the inclusive rate
150 1.093 1.028 o -
500 BEE 134 doesn't "see” the finite mass of the top
: ......... St ; long d | sTance phys|cs (modn‘ |ed .'r.o p couplmg) ........ :
#> :cannot dnsen’rangle o sh : : : L . <‘r
, ort distance physics (new particles running in the loop) -
C ~
L= 12;|H\2G + —’Y|H\2 u‘|‘ytctgLHtR’H‘2
— h I'(h —
O'(gg ) _ (1 4+ (Cg . ct)v2)2 ( 77) _ (1 4+ (CW L 4Ct/9),02)2

SM SM
9
fermionic top-partners in composite Higgs models exactly lead to Ac: = Acg = S Acy .

, having access to htt final state will resolve this degeneracy

but notoriously difficult channel

14%-4% @ LHCaay-LHC3000 vs 10%-4% @ ILCoao-ILCioo
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cut open the top

e — e 2

Chris fop/ﬁe Grod'ean

Beyond current channels

high pt # Higgs off-shell

we "see” the details of the particles

running inside the loops
Baur, Glover 90

Langenegger, Spira, Starodumov, Trueb 06

loops

1.2 T T T T
- pp~H+X

0'7_I 1 1 1

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)

777@ scalar Seclor of the SM and Aeyona/ IS

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

Langenegger, Spira, Starodumov, Trueb 06

Beyond current channels

cut open the top

Baur, Glover 90

loops

1.2 T T T T | T T T T | T T T T

L pp~H+X  Vs=8 TeV

- NLO
11—

Mp=pp=my=125 GeV -

MSTW2008 NLO

Gra,zzlini, Sla,rgsyla,n ’1?|>

0'7_I 1 1 1 |

top partners contributions

0 50 100 o 1(52}0ev) 200 250I
~= Composite Higgs Model

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

Salvioni, Schlaffer, Weiler
‘in progress
MCHM 5,¢ = 0.1

1-4f 0.74f ] 1.4>
- 30472— %\
o 12 2 RNt | S 12%
2 | £ 070 | I s o e
= i z | ; = !
0 e 1 inclusive rate: O(%) A 105
b(/) 500 1000 1500 2000 2500 3000 | E °
Miighest [GeV] X i
308 7 §08 ¢ ".‘f & N4 § o8 Cose o, o o:. A
D S SRS SRS S . . 10 [ g D 2 .: ke ‘<',v ¢ 0 ‘
ol with high-pr cut: O(x10'%) = B e X e
500 1000 1500 2000 2500 3000 M 500 1000 1500 2000 2500 3000
‘ Miightest [GEV]

Miightest [G€V]
high pr tail "sees” the top partners that are missed by the inclusive rate

EPS-HEP, 2277 July 2013
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e e ey A —daE —~ - e [P e e

cut o p ent h e to p I 00 pS Groj ean, Salvioni, Schlaffer, Weiler

‘in progress

e e i

high pt tail discriminates short and long distance physics contribution to gg = h

pp—=h-1m

pp—=>h- pp = h- 1 .
. - . T e 1ATAY - _ I 4@ 276
Vs = 14TeV, [£ dt=3000fb~", 68.27% CL Vs = 14TeV, [£ dt =3000 b, 68.27% CL Vs = ialey, J £ du=3000 7", 68.27% CL
0.3 .~ =08 yy=05 0.3 . 0 1,=1.0 yy=0.5 ® =1 .: pp=10.5
W, 0.8 i 1.0 = HI:]‘(] }-".:]_() .‘l.'—'l.:‘ }l,,:l,(l
o u=08 up=1.5 ) . ‘\‘ ® ;=10 =135 02 ® =12 pp=1.5

ce+ pr > 400 GeV "‘- N sovee pr o> 400 (:,L-\i
=== p; > 650 GeV === np > 650 GeV
— pr > 800 GeV — pr > 800 GeV
=10 = 20% ;1]:],1 + 20%

“evopro> 400 GeV
mees Or> 650 GeV
w— oy > 800 GeV

=08 = 20%

Competitive/complementary to htt channel o measure the top-Higgs coupling

“'AAr'e the NLOn QCD corrections (hot known) going to destroy all the sensi’rivi‘ry?:'
Frontier priority: N3LO. for inclusive xs or NLOmt for pT spectrum? |
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Staying differential

Isidori, Manohar, Trott '13
Isidori, Trott ’13

Another benefit of the lightness of the Higgs:
h=>VV* = h—=>Vff, the offshellness of the fermion pair gives access to additional dynamics

possible modifications of the shape

N§ N4 leading to the same rate
L - A B
h N S dIVdg?

O the decays h=VV*—>Vff probe the low g2 dependence of the form factors
O the associate production ff=>Vh probe the high g2 dependence of the form factors

0 0.02 0.04 0.06 0.08

O particularly relevant if 3 light degrees of freedom/pole that can mediate the decay V*—>ff
O for a Higgs doublet with decoupling new physics, the distribution gives access to derivate ops

(D*H)o' (DY H)W?, (D*H)Y(D"H)B,,
which are, however, are already constrained by EW data and Higgs rates (in particular h=Zy)

O the effects can be larger if SU(2)xU(1) is non-linearly realized (not so likely given the current Higgs data)
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Beyond linear couplings

Is the Higgs part of an SU(2) doublet?
Does New Physucs 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

not an easy question at the LHC since we need multi-Higgs couplings
g 0o00N t - h wr B h WA B h
A g d - h
g TOOO "~ h W- . W- S
T —— T —— O —

Grober, Muhlleitner ’10
Contino et al’12
07 et al’ld

Contino, Grojean, Contino, Grojean, Pappadopoulo,
Moretti, Piccinini, Rattazzi 10 Rattazzi, Thamm ‘to appear

» bv-1 = 2(cv?-1)+O(cv?-1)? 3bsy = 4 cv(by-cv?)+O(cv?-1)?
ey

: SM SM
g 014TeV ~ 20fb 0'14Tev ~ O 5fb 0'14Tev < 1ab

( single Higgs production by gluon fusion: o7ty ~ 50 pb )
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Higgs rare decays

Mode LHC  ILC(250)  ILC500  ILC(1000)
WW 41%  19% 0.24 % 0.17 % .
77 45%  044%  030% 027 % h — pp (together with h = =x):
bb 13.6 % 2.7 % 0.94 % 0.69 % . o . .
99 89%  40% 2.0 % 1.4 % provides an insight into lepton mass generation
vy 78%  49% 43 % 3.3 %
¢ S 11.4 % 3.3 % 1.9 % 1.4 %
( c — 4.7 % 2.5 % 21% ) h — cc:
C t 156 % 14.2 % 9.3 % 3.7% 3
Ty — — — 16 %
[Ty . . . .
self = = 104% 26 % provides an insight into 2" gen. mass generation
BR(invis.) <9% <044% <030% <0.26%
T (h) 203% 4.8 % 1.6 % 1.2 %
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Higgs rare decays

\ Mode LHC  ILC(250)  ILC500  ILC(1000)

WW 41 % 1.9 % 0.24 % 0.17 % :
77 4.5 % 0.44 % 0.30 % 0.27 % = LWL (T09€Th€r' with h = TT):
bb 13.6 % 2.7 % 0.94 % 0.69 %
99 89%  40% 2.0 % 1.4 % provides an insight into lepton mass generation
Ny 7.8 % 4.9 % 4.3 % 3.3 %
¢ S 11.4 % 3.3 % 1.9 % 1.4 %
( c = 4.7 % 2.5 % 21% ) h — cc:
C t 156 % 142 % 9.3 % 3.7 % 3
o - — — 16 %
TR . . e . .
ol - - 104% 26 % provides an insight into 2" gen. mass generation
BR(invis.) <9% <044% <030% <0.26%
T'r(h) 20.3% 4.8 % 1.6 % 1.2 %

Look for SM forbidden LF violating decays h = pt and h — e<

. Blankenburg. Ellis. Isidori '12
o not currently strongly constrained: BR<10% anxenburg, s, Is1dorl

o ATLAS and CMS have in principle the sensitivity to set bounds O(1%)
o but ILC/CLIC can certainly do much better

Harnik et al 12
Davidson, Verdier 12
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Higgs rare decays

\ Mode LHC  ILC(250)  ILC500  ILC(1000)

WW 41 % 1.9 % 0.24 % 0.17 % :
77 4.5 % 0.44 % 0.30 % 0.27 % = LWL (T09€Th€r' with h = TT):
bb 13.6 % 2.7 % 0.94 % 0.69 %
99 89%  40% 2.0 % 1.4 % provides an insight into lepton mass generation
Ny 7.8 % 4.9 % 4.3 % 3.3 %
¢ S 11.4 % 3.3 % 1.9 % 1.4 %
( c = 4.7 % 2.5 % 21% ) h — cc:
C t 156 % 142 % 9.3 % 3.7 % 3
o - — — 16 %
TR . . e . .
ol - - 104% 26 % provides an insight into 2" gen. mass generation
BR(invis.) <9% <044% <030% <0.26%
T'r(h) 20.3% 4.8 % 1.6 % 1.2 %

Look for SM forbidden LF violating decays h = pt and h — e<

. Blankenburg. Ellis. Isidori '12
o not currently strongly constrained: BR<10% anxenburg, s, Is1dorl

o ATLAS and CMS have in principle the sensitivity to set bounds O(1%)
o but ILC/CLIC can certainly do much better

Harnik et al 12
Davidson, Verdier 12

Isidoriet al ’13

V P mode B>M V P* mode BM
Wt 0.6 x 1077 W pt 0.8 x 1077
W-K*  04x1076 7% 0.4 x 107° rare semi-hadronic decays of the type
7070 0.3 x 107° AT 0.4 x 107° h — W/Z+P
W=D+  21x107° | W D  35x10°° can be a good probe of NP
W-D* 0.7 x 107 W-D*t 1.2 x 1075
77, 1.4%x107° 700 /4 1.4 %x107°
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Back to loop computations

There is a tremendous effort in computing radiative corrections in SM Higgs physics
it is now time to bring BSM Higgs computations to higher accuracy
at least to test/measure possible deviations
A lot has been done with the MSSM and contributed to explore the parameter space

Need to think in a model-independent way

L=Lsu+ 13 208D 4
IR ——— ~e————
L — Lam but g X BR,C% o X BR,q,,

c; — 0

available to LO available to N..NLO
only

New frontier in Higgs precision physics:
me—es===="computing radiative corrections in the effective Lagrangian

) ) Contino, Ghezzi, Grojean, Muhlleitner, Spira ’13
For a discussion, see e.g.

Passarino’12

Christophe Grojean The scalar sector of the SM and beyond 23 EPS-HEP, 227 July 2013


http://arXiv.org/abs/1202.3697
http://arXiv.org/abs/1202.3697
http://arxiv.org/abs/arXiv:1303.3876
http://arxiv.org/abs/arXiv:1303.3876
http://arxiv.org/abs/arXiv:1209.5538
http://arxiv.org/abs/arXiv:1209.5538

RG-improved Higgs physics

Grojean, Jenkins, Manohar, Trott ’13

Elias-Miro, Espinosa, Masso, Pomarol ’13

Integrating-out heavy degrees of freedom gives Wilson coefficients @ NP scale

Higgs physics is done around the weak scale
RG effects can give important effects

Ci(p) = (% +%( ) 8—10g(;;2>> ¢;(M)

anomalous dimensions

operator
that induces (0,|H|*)?

universal shift
. N SR w N AN W N w
of couplings e \Dﬁ\:j - -
w

|
—Q ) — X —«’ h
\\ // \\\ | \\\
T X Sdhoawvwnw w XN w
Ho Cw + CB = cw +CB %(J> —-1/6 0 0
cgw + CHB CHW + CHB 0 0 0
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RG-improved Higgs physics

Grojean, Jenkins, Manohar, Trott ’13

Elias-Miro, Espinosa, Masso, Pomarol ’13

Integrating-out heavy degrees of freedom gives Wilson coefficients @ NP scale

Chris Z‘op/ﬁe Grod'ean

Higgs physics is done around the weak scale
RG effects can give important effects

_ (0) & T _

anomalous dimensions

167 M?2
~—— ~——
Y X
e 1672 f2 1672 M?2 g
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RG-Higgs physics: Don't forget LEP!

Espinosa, Grojean, Muhlleitner, Trott 12

7&8 TeV LHC data & Tevatron | ";f,w 7&8 TeV LHC data & Tevatron + EWPD

1.0

~10

15
0.95 1.00 1.05 1.10

EW data prefer value of 'a’ close to 1

by running, a shift of the coupling induced oblique corrections

that are already highly constrained by LEP data

Eboliet al ’12
for other more complete studies along this line, see Falkowski, Riva, Urbano '13
Elias-Miro, Espinosa, Masso, Pomarol ¢ to appear
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125 GeV Higgs = Exotic BSM?

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

- -

|
i
] (metastability,
SM (valid up to Mr) I

multiverse...)

Composite Higgs I

50

disclaimer Pomarol ICHEP’12

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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Cmﬁ:m.' E@mfz/w SW
The LHC leaves us with the deepest mathematical pb:

Dissertori, ECFA '13

x -0 = 7
7 \ !

number of already number of general state of (our)
performed BSM significant/ mind (?)
searches interesting/exciting

deviations from
SM predictions

Understanding the scalar sector of the SM
will help us grasping what lays beyond the SM

Christophe Grojean The scalar sector of the SM and beyond EPS-HEP, 227 July 2013


http://arXiv.org/abs/1002.1011
http://arXiv.org/abs/1002.1011
https://ilcagenda.linearcollider.org/getFile.py/access?contribId=18&sessionId=30&resId=0&materialId=slides&confId=5840
https://ilcagenda.linearcollider.org/getFile.py/access?contribId=18&sessionId=30&resId=0&materialId=slides&confId=5840

i Liyzs %j wid Naturalress

Christophe Grojean The scalar sector of the SM and beyond 2% EPS-HEP, 227 July 2013



Higgs couplings = test of Naturalness?

2 2
—(125GeV)2< A ) I A2

600 GeV

e?g2 1 g: 1

9297 1 2 2 2 2 0 2)
1677277”&‘ G 16772m2‘ [ Fw 167727”2(“’ )
ABR(h — vy, 27,99)  g:v° BR(h — ii) = BRsy
SM m2
92,02 r
r=(1--2%
( 16772m§) oM

hice to be able to measure I

Generically, natural scenarios come with deviations of the Higgs coupling
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Higgs couplings = test of Naturalness?

simple toy model: a single spin-3 top partner
deviation in the couplings < amount of fine-tuning A=3mu2/my?

Farina, Perelstein, Rey-Le Noisier, '13

AN 30 Spin—1/2 Partner, Fine Tuning Spin—1/2 Partner, Fine Tuning
usN “““ sof T v 1 6 o177 1 |25] -
14f25 14:—
12; \\ 12; ]
% i %“ , ,
O 0] O i0r- :
NS < ]
S 3 |
S 5 D 5l /@
Q o
= | ~_ = :
6; 6; i
47\ I )‘$ ““““““““““ 10\(} 4:|7\50\l \\\\\\\\\\\ 5\ T B R R \;
A ~ 3 ___—T7 075 08 085 090 095 100 1.00 1.02 1.04 1.06 1.08 1.10
R = g9(hgg) _ _9(h)
& g(hgg)lsm Y g(hyy)lsm
allowed by LHC/Tevatron allowed by LHC/Tevatron
at 68%CL at 95%CL

A cutoff scale of log. divergences to the Higgs mass

Higgs scale models (A ~10'°GeV) come with a generic fine-tuning O(1/30)
increasing the couplings measurement to 1% precision will raise the fine-tuning to O(1/400)
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Higgs couplings = test of Naturalness?

MSSM: more complicated situation: 2 (spin-0) stops w/ mixing

~ . t ~ ° t
SM SM
2 2 4
1 m m;y 1 ., om
Fy=—- 5 5~ — — sin“(20;) —5—
3 | m2 m2 4 ms m=
t1 to t1 to
Small mixing: F(gg — h) enhanced Large mixing: F(gg — h) suppressed
I'(h = vy) suppressed ['(h — vv) enhanced
CMS Preliminary {s=7TeV,L<5.1fb" ys=8TeV,L=<19.6fb"
m 2.07\ T T T T T 1T ‘ T T T T l T T T T T T 1T ‘ T T T T T 1T \7
J FTT T ] * L Ky Kg Q=-1/3 ]
5ol ATLAS Preliminary + SM A 1-8; . B
- \s-7TeV,|Ldt=4.6-4.810" x Bestfit E 1.6/ .
P1: mg = 100CeV, m;, = 300GeV, §;, = 0 2E |s=8TeV, JLdt = 13-20.7 ' —68%CL . i ]
1.8 ---- 95% CL — 1.4 -
P2: myz = 200 GeV, mg, = 500 GeV, 0, =0 = 7 C ]
161 E 12 T e, , ]
14;7 _; 10; ____________ ///’_"\\\\\’\\ é
P3: m; =400GeV, m; =1 — 1'2:_.‘ —; - \ + . \ ,:
: P = eV, mz, = 1000 GeV, 0; = 7 /4 - . 0.8 N P \ - ]
10— 1 SRRRLTIS ) kS 4
P4: m; = 500GeV, mz, = 1500GeV, 0; = m/4 - . o6 e \ \\\__f_i/ : _
0.8 — C e e - 1
. - = A .
Contino, Genova ’'13 0.6¢ : 04F *
il B poa o vy b byl s |
0. 1.8 0.2 Q=213
KY 0. 0.5 1.0 1.5 2.0
Ky

no direct measure of fine-tuning but Higgs couplings can teach us about stops
which are the key players in naturalness
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Weakly WM
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Higgs & SUSY/MSSM

no hew super-particles -+ decoupling limit?

g iﬁ';ﬁ;“‘““ mi — M % cos” 23 + 53
susy is badly broken \Z &
(125 GeV)? (2 87GeV)?
substantial loop contribution
from stops
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Higgs & SUSY/MSSM

no hew super-particles -+ decoupling limit?

high Higgs mass 2 2 2 2
mples m;, = M7 cos® 206 + 0,
is badly brok
susy is badly broken \Z \4
(125 GeV)? (> 87GeV)?
substantial loop contribution
MSSM Higgs Mass from stops
140 S | .
| large mixing

heavy stops

VQs My 2 700 GeV

Suspect - JL @
: FeynHiggs |
00 - | | | L ] . .
200 300 500 700 1000 15002000 3000 irreducible

m7; [GeV] Hall, Pinner, Ruderman 11 fine-TUHiHQ ~ O(lo/°)

e + TNANY similar analyses
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Cornering SUSY parameter space

MSUGRA/CMSSM: tanf = 30, Ao= -2my, u>0

( in the context of a concrete model, here MSUGRA/cMSSM )

;‘ [T T T I I“ T T T | T I = l‘,‘ |7 ',_l T \I I ‘l T T T I .I .I T T :
& 900 = / \ R _ \ ATLAS = Preliminary_¢
£ - k - JL dt£20.3 16" ys=8 TeV | 7
800 |— . B L
- O-lepton combined ]
200 - —— Observed fimit (+165") .7
E o won Expected Iimitl(i1oexp) E
600 — |:|Sta‘uLSFr’f |
500 H CAPR \ ] ‘ o
- Ko S L A o O S B B §
: H - 7?‘” ﬂ\w;;,;_‘— i DT N S I ]
u L il
400 4 v ' =
\_ ‘ R Lok Svorh T =
300 1 1 A;I I- I o1 1 “ 1 1 ‘ I 1 1 I\Y 1 I‘ 1 1 1 ‘I I ‘l 1 1 1l I I‘ 1 i 1 ]
1000 2000 3000 4000 5000 6000
m, [GeV]
T — T —

¢ recently also targeting more compressed
spectra and higher jet multiplicities

here: example of scenario compatible with a low-mass Higgs as recently discovered

¢ these searches typically target large Merand large

difference m(SUSY) - m(LSP)

see
Dissertori @ ECFA ’'13

¢ eg. for m(squark) = m(gluino), exclude below ~1800 GeV

¢ the very inclusive searches keep sensitivity even for m(LSP)

up to several hundreds of GeV (at some stage trigger-

constrained)

;‘280 ST = o ,: 2 LIS N I L N L L L L B
3 = ATLAS Preliminay : e 1 Z = 0 GeV Observed limit (+1cp-c
=~2600 o y | I m(%) = 0 GeV Expected limit (+15,,))
é o400 [ bt =203, 1s=8 Telg 395 GeV Observed limit
- E 0-lepton combined i 395 GeV Expected limit 3
@ 2200 ! 695 GeV Observed limit -
é‘ 695 GeV Expected limit .

7fb") m(¥;) = 0 GeV Observed ]

- n
il S
: S
, 1S)
'Illl[llll

IIIIIIIIIIII-»"

~ MR gluino mass [GeV]

( in the context of a simplified MSSM scenario i B

These bounds are not "robust” and don't exclude weak scale SUSY
but call for non-minimal models

Chrrst ophe 6/‘0(_/8&/7
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|

Saving SUSY

SUSY is Natural ™\ ' suUSY solves the big hierarchy
but not plain vanilla \ (or not even that)
| but not the little hierarchy
heavy stops, ‘\ T
.M large stop mixing, \ wf— i)
extended Higgs sector \ " :3355? —
| B pMSSM |
[ BNMSSM | i
. \
® Hide SUSY . Mahbubani et al |
® reduce production (eg. split families) ‘1
u reduce MET (e.g. R-parify, compressed
spectrum) Csakietal "
~ unification efc... g Split SUSY: Giudice, Strumia '11
B ~—__ 5]  susy scalars @ msysy, susy fermions @ mz
Should be yu high scale SUSY:
pr'ior'i'l‘y #1 s‘rring' cte. susy scalars & susy fermions @ msusy
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Jf/%% nodels
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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 e

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
Pomarol, Riva ’12 Marzocca, Serone, Shu ’12
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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 e

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

Pomarol, Riva ’12 Marzocca, Serone, Shu ’12
160 GeV
mg 700 GeV () /
20072 125 GeV my 500 GeV
9 3 Ty TTLQ o 7 ) _ /N
my ~ 2 f2 | fermionic resonances below ~ 1 TeV
G/H ' vector resonances ~ few TeV (EW precision constraints)

|

~ for a natural (<20% fine-tuning) set-up ~

Christophe Grojean The scalar sector of the SM and beyond 37 EPS-HEP, 227 July 2013


http://arXiv.org/abs/1205.6434
http://arXiv.org/abs/1205.6434
http://arXiv.org/abs/1205.0770
http://arXiv.org/abs/1205.0770

Light composite Higgs from “light" resonances

true spectrum in explicit realizations

Contino, Da Rold, Pomarol 06 De Curtis, Redi, Tesi’1l1l
56 L - 1 ] S ——
Le a B " g " [
| i T -
L ~ O
20(( | *c s T fSo( %Agg
F\ | A A8 — (T,B) 5) gﬁ‘ o ;
= ¢ 0/ 2,0 — (T T ) ug ¢ s o L
é 1‘5 - e 5/3, 2/3 ae o (o] " o
- o s <
e | sy i 3
10 . :j‘:é__“%:i#‘ Z = 246
= A 500 p#%° Ly | * L
05F F o> | [ (SRS T L L ) Mt R er O [t a Mo | I ST LY LAt e o P Lo
Cay il L LA DA Pl T 100 120 140 160 180 200 220 240
115 125 135 145 155 165 175 185 (GeV)
mgy(Gc
. [GeV _
Miggs [GeV] for similar results, see also
Matsedonskyi, Panico, Wulzer 12 & Marzocca, Serone, Shu’12
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Light composite Higgs from “light" resonances

true spectrum in explicit realizations

Contino, Da Rold, Pomarol 06 De Curtis, Redi, Tesi’1l1l
25 " g.v g 2500 1 vy
S o a® " o
» ' ) ‘ ‘. .mh = h h- a
N4 ® s 2 2000

1 “
s a2 — (T, B) 0(5) s

- ok . > I
g L sf B (T5/3,T2/3) Ja© ° o 200
£ - o :
¢ | g <
“ i * Looo R
10 . 38° b gl » = 26
! » : A. __‘ _-—: :_ . ! ‘
[ __fif:-‘-"‘ﬁg"q 500!."' 3 ¢ 1]2/3
05 et Ty e e ey o s easyeiie sot o g e Dt b B e R o S g ry e e e g S oy
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mg(Gc
. G . .
Miggs [GeV] for similar results, see also
Matsedonskyi, Panico, Wulzer 12 & Marzocca, Serone, Shu’12

— Nice AdS/CFT interpretation -
Dim[Oy] = g + [ My + %\

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

. Search in same-sign di-lepton events [Contino, Servant 08]
[Mrazek, Wulzer '09]
[Dissertori et al ’10] W
B £Z+/e¢s is not a background [except for charge mis-ID and fake e’] N w 7
B the resonant (¢4/) invariant mass can be reconstructed s /s J
. . ,-“ T5/ t _
discovery potential (LHC147ev) | $ : b
—_
Ms5,3=500 GeV (0xBR%100/fb) — 56 pb
Ms,3=1 TeV (oxBR=2/fb) — 15 fb! - ¢
p al‘/‘ pl‘ OO/ Y24 CZ(/‘O/’) (mode/ /nde/?ena/enf>
g 15,3/ B
J T's/3/B
q q
G e - WL/ Wy
T pp_'TS/S-_FS/s)Z\\\\\\ \\I\: /\' ] L/ o/ B
600 800 1 OOOMTSLZI(:)GOGV; 400 1600 1800 2000 g 7
[ContinO, Servant ’08] Sl./?ﬁ/ e P/‘ OO/LZCZ/‘O/? (rode/ c/epenc/ehi‘>
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Rich phenomenology of the top partners

-----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
o

. Search in same-sign di-lepton events  [Contino, Servans ‘o8] oy v
[ Mrazek, Wulzer ’09]
: [Dissertori et al ’10] W
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 J
. . ,-“‘ T5/ t _
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I
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Top partners

Obllque pamme’rer‘s

S % 103

tree-level contribution

2 2

& EWPT

Grojean, Matsedonskyi, Panico ’13

Zb b,
o006
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] 0002 |
¢ 0.000 |
~0.002
~0.004 |
T o000 001 002 003
62,
tree-level contribution
5gbL ?JLJ;2 228 1O4f< >2€
gpM  m G
fermion loop
2 2
2= () -2

my,
AS =~ e T
Higgs loop
2 2 12 2
o _ g my ~ ) -3 /\__?)g my ~ ) -3
AS_lg%zglog(m%)_lA 1073¢ AT = 647T2§log(m%)_ 3.8-1073¢
fermion loop
2 2
Qdiv  _ 9 1 5.2 my ANNc2N_—2
AS erm_87r2(1 20)§log<mz> AT_167T2yt ~2-107°¢

£<0.1 = we might have to wait LHC-HL to
see any new physics in Higgs data

BSM Higgs precision era
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Light quark compositeness pheno

Redi, Sanz, de Vries, Weiler ’13

Partial Comp. / 4plet / Exclusion Limits
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3 jet searches
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Composite Partners

4 jet searches
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Cornering Higgs compositeness
Contino, Grojea,n,rPappadopoulo, Rattazzi, Thamm ‘to appear

T TTTTTTTTTTTHiggslessTimit
Strong WW 3 1 5
scafftering ¥ 7 |

Higgs couplings

weak scale
strong scale | §

CLIC Double Higgs

~ Resonance |02
_searches V
NB: 0.0l E
the lower the scale of
strong interaction, the
more difficult to see

resonances L : : | ‘ ‘ | ‘ ‘ ‘ ‘
(broader resonances & weaker 0 2 4 6 8 10

couplings to light SM quarks) .
my,in TeV
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Cornering Higgs compositeness

Contino, Grojean, Pappadopoulo, Rattazzi, Thamm ‘to appear

£=(v/f) A
LHC L =300fb~! 0.5 (double Higgs [1,2]) 4.5 TeV

0.1 (single Higgs [3,4]) 10 TeV
ILC 500GeV L =1ab ! 5x 1072 (single Higgs [5]) 45 TeV
CLIC 3TeV L =1ab™! 5x 1072 (double Higgs [6]) 15-20 TeV

2 x 1073 (single + double Higgs [5]) 70 TeV
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