Higgs Physics
and the Future

Nadetralness 2014

Weizrann Inst. Nevember by, 2014

X s"” P TCREA@IFAE/Barcelona

— \

( christophe.grojean@cern.ch )

P. Cdmara/C. Grojean



.& the futurel

Take all what T'll say with a grain of salt

(remember that a few years ago, I was interested in higgsless models...)

Even great minds can advocate the wrong directions
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We should perhaps finish with an apology and a caution. We apologize to ex-
perimentalists for having no idea what is the mass of the Higgs boson, unlike the
case with charm [3,4] and for not being sure of its couplings to other particles, except
that they are probably all very small. For these reasons we do not want to encourage

big experimental searches for the Higgs boson, but we do feel that people performing

experiments vulnerable to the Higgs boson should know how it may turn up.
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We all have a PhD
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We all have a PhD

For the first time in the history of physics,
we have a *consistent™ description of the fundamental constituents of matter and their
interactions and this description can be extrapolated to very high energy (up Meianck?)
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We all have a Post higgs Depression

For the first time in the history of physics,
we have a *consistent™ description of the fundamental constituents of matter and their
interactions and this description can be extrapolated to very high energy (up Mpianck?)

My key message MLM@Aspen'14

® 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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We all have a Post higgs Depression

For the first time in the history of physics,
we have a *consistent™ description of the fundamental constituents of matter and their
interactions and this description can be extrapolated to very high energy (up Mpianck?)

My key message MLM@Aspen'14

® 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

—— Where and how does the SM break down?
Which machine(s) will reveal this breakdown?
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HEP with a Higgs boson
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HEP with a Higgs boson

’ IF oLl don ‘f have the ball y Youl cannotl sScore )

Now with the Higgs boson in their hands,
particle physicists can... play as well as Germans against Brazilians
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HEP with a Higgs boson

’ IF oLl don ‘f have the ball y Youl cannotl sScore )

Now with the Higgs boson in their hands,
particle physicists can... play as well as Germans against Brazilians

B

—— Higgs as a tool ~ —

—~ Higgs as a target ~ ————

- observe it in as many channels as * a portal o New Physics

possible to measure its properties . in initial states: rare decays (BsM
- check of the coupling structure of Higgs decays)

the SM and its deformations eqg., h—ur,h— J/U+y
* interpret deviations of Higgs * in final states as an object that
couplings as a sign of NP can be reconstructed and tagged

(BSM Higgs productions)
e.g.,t = h+c, H— hh

Profound change in paradigm:
missing SM particle = tool o explore SM and venture into physics landscape beyond
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What is the Higgs the name of?

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

ot m® Goldstone of SU(2).xSU(2R/SURRy  D.X =gV,
............................................... 0
v h h _ h
LEWSB p— ZTI (DMZTDHZ) (1—|—2av I bv2> — )\szwR (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

C/}/-/‘Sz‘op/ﬁe Grod'ean %99 P/@/\s/c\s 62/70/ F wWlre 5 ( ehovol y Nov. 14 2014


http://link.aps.org/abstract/PRL/V30/P1268
http://link.aps.org/abstract/PRL/V30/P1268
http://arXiv.org/abs/1002.1011
http://arXiv.org/abs/1002.1011

What is the Higgs the name of?

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

’“’ ™ Goldstone of SU(2).xSU(2R/SURRy  D.X =gV,
............................................... 0
v h h _ h
LEWSB p— ZTI (DMZTDHZ) (1—|—2av I bv2> — )\szwR (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)

O S Higgs couplings
B . are proportional |
5 : o the masses of the particles :
é .........................................
98]
= My 2 _ GVVh _ My
| Y ) A2, = v
1 2345 10 20 100 200 O v v v 20 . v?

mass (GeV) ‘ ‘
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What is the Higgs the name of?
The SM Higgs couEIEngs are fixed to restore unitarity with mass

o _ |1|9|.|7|f|b'1 (8 TeV) + 5.1 fl?l (7 TPTV)“ Higgs group @ Snowmass ’13 |
= [CMs ] Facility LHC  HL-LHC
AL | Preliminary t /5 (GeV) 14,000 14,000
! RS 1 = 7 ’1 ] [ Ldt (fb~!) 300/expt 3000/expt
5 L | === 58% CL V\;","’ | Ky 5—7% 2 — 5%
2 i . ] Kq 6—8%  3-5%
95% CL Ky 4-6%  2-5%
10" E E Kz 4-6%  2-4%
- . Ko 6-8%  2—5%
I 5 i Kd = Kb 10-13%  4—71% |
- R T Fu = iy 14—15% 7—10% |
-2 T
10 z_ ' ‘ E
d\ - | | L 1 1 11 | ] I | | _
1 2 345 10 20 100 200
mass (GeV) |
~ Is this fit theoretically consistent? ~ |
H can you generate a 500% deviations |
)l in the bottom coupling without generating other coupling
structures not taken into account in the fit?

1 __ - —— - — - - - - - — — = —
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What is the Higgs the name of?
The SM Higgs couEIEngs are fixed to restore unitarity with mass

o - |1|9|.|7|f|b'1 (8TeV) + 5.1 Tl?l (7 TPTV)“ Higgs group @ Snowmass '13 |
= [CMS ] Facility LHC  HL-LHC
o _P reliminary t V5 (GeV) 14,000 14,000
| 2 1 - 3 [ Ldt (fb~!) 300/expt 3000/expt
— C W Z ,/1 N
e  |===68% CL r’/ ] Ky 5—17% 2 —5%
< | aro . ] g 6—8%  3-5%
- [T 99% CL K 1-6%  2—5%
10" E E Kz 4-6%  2-4%
- - e 6—8%  2-5%
I b i Kd = Kb 10-13%  4—71% |
- el . Fu = ki 14— 15%  7-10% |
) T
107 F ' E
- 1 || missing information to complete the picturej |
m i | | L 1111 | | L 1111 | | | “
1 2 345 10 20 100 200 ° width measurement?
mass (GeV)
. : : o i i icles?
~ Is this fit theoretically consistent? ~ couplings to light particles: |
| inclusive (e.g. c-tagging) or exclusive (h = J/¥+y) § |
H can you generate a 500% deviations |
)l in the bottom coupling without generating other coupling | i ° coupling to top?
structures not taken into account in the fit? § known indirectly (gg—h) or via difficult tth channel

1 __ . —— - — - - - - - — — = —
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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

2)f f +(1+3--”2)th f
L;JR; Cij f2) /2 LiJ R

H|?\ - ViV v
Yij (1+Cij? fLinRj:ﬂ 1“|‘Cz'j2—fQ

(*) 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

5 &
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+30ijﬁ ﬁhfLiij

Look for SM forbidden Flavor Violating decays h — pt and t—he

. . Blank Ellis, Isidori ’1
© weak indirect constrained by flavor data (e.g. L= €7y): BR<10% ~ " enburg, Ellis, Isidori "1
Harnik et al ’12

© ATLAS and CMS have the sensitivity to set bounds O(1%) 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

C/}/-/‘Sz‘op/ﬁe Grod'ean %99 P/@/\s/c\s and F wlure b Kehovot y Nov. It 2014


http://arXiv.org/abs/1105.3725
http://arXiv.org/abs/1105.3725
http://cds.cern.ch/record/1740976/files/HIG-14-005-pas.pdf
http://cds.cern.ch/record/1740976/files/HIG-14-005-pas.pdf
http://arXiv.org/abs/1211.1248
http://arXiv.org/abs/1211.1248
http://arXiv.org/abs/1209.1397
http://arXiv.org/abs/1209.1397
http://arXiv.org/abs/1202.5704
http://arXiv.org/abs/1202.5704

1
|

( |

Higgs and Flavor

CMS-PAS-HIG-2014-005

by the wa
2 éo’ exces?lsl

Off-diagonal Higgs couplings can reveal the origin of flavor
The interesting models of flavor (Yij&/(mim;/v?)) start being probed by the experimental data
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In SM, the Yukawa interactions are The only source of the fermlon masses
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Precision program in single Higgs processes

(assuming a mass gap between weak scale and new physics scale)

Christophe Gr?/'ean )%99 P/@/\s/c\s and Futtitre 7 Kehovol, Nov. I 2014



Higgs/BSM Primaries

Several deformations away from the SM are harmless in the vacuum
and need a Higgs field to be probed

% 1 H |2 , 1 2 , operator
5 .8 g_QGW/ | A2 G;w — gg | A2 G;W IS not visible in
3 s 5 % the vacuum
% o L (redefinition of input parameter)
:?i G G G . +adl K
g arO/ Z
¢ But can affect h physics: 4. P
s5ec

h  ®

@ affects GG —h!

G G
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HIQQS/BSM Pr'imdr'ies Pomarol, Riva 13

How many of these effects can we have?!  missiroetal 13

Gupta, Pomarol, Riva ’14

As many as parameters in the SM:8 (.. tamiy

(assuming CP-conservation)

- HI'GG"  ———> GGh coupling

;% g |HI’B,,B" =———3 hyy coupling

g — e

© / a va .

g g ‘HPW;U/WM — hZY Coupllng

g IMw HIF|D,HI ——3  hvv* (custodial invariant)
mp H|® —> h3 coupling

me |H*fLHfr +h.c. ——> htt, hbb, hzz
(f=t,b,7)

Christophe Grojean %/{99 P/?}/\S/c\f and Fulitre 9 Kehovat, Nov. It 2014
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HIQQS/BSM Pr'imﬂr'ies Pomarol, Riva ’13

How many of these effects can we have?!  missiroetal 13

Gupta, Pomarol, Riva ’14

As many as parameters in the SM:8 (.. tamiy

(assuming CP-conservation)

- HI'G,G"  ———3> GGh coupling
% g H|"B,, B" —> hyy coupling yet to be measured
§ Ht S at the LHC
KB / “' 211/ a va - ,
§ g ft ‘H‘ WMVWM
;% Mw HIF|D,HI ——3  hvv* (custodial invariant)
mp, - |H] ——> h° coupling |-

me |H*fLHfr +h.c. ——> htt, hbb, hzz

(f=t,b,7) the 6 others have been measured (~15%) up to a flat direction

between between the top/gluon/photon couplings
Christophe Grojean % qq P/@/\S/‘c\f and Fulitre 9 Kehovat, Nov. It 2014
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Higgs/BSM Primaries

How many of these effects can we have?!  missiroetal 13

Pomarol, Riva 13

Gupta, Pomarol, Riva ’14

.~ Almost a 1-t0-1 correspondence
with the 8 «'s in the Higgs fit

Coupling 300 fb~! 3000 fb~!
Theory unc.: Theory unc.:

\ All Half None | All Half None
Kz 81% 79% 79% | 44% |4.0% 3.8%

Kw 90% 87% 8.6% | 51% |45% 4.2%

K; 22% 21% 20% | 11% |[(8.5% 7.6%

Kb 23% 22% 22% | 12% |[11% 10%

Kr 14% 14% 13% || 9.7% |9.0% 8.8%

%‘ Ky 21% 21% 21% || 7.5% |72% 7.1%
Kg 14% 12% 11% || 9.1% |65% 5.3%

Ky 93% 9.0% 89% ||49% |43% 4.1%

1 KZy 24% 24% 24% | 14% |14% 14%

Christophe Grojean

L S — e —

Atlas projection

1) width approximation built-in

2) kw/Kz is not a primary
(constrained by Ap and TGC)

With some important differences:

3) Kq, Ky, Kz, do not separate UV and IR
contributions

8 for one family
(assuming CP-conservation)

GGh coupling

yet to be measured
at the LHC

ii' .
7R |
If
/
H
[y

h3 coupling |
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Don't forget LEP!

The parameter 'a’ controls the size of the one-loop LS PR, H?
2
IR contribution to the LEP precision observables / 2

€1,3 = C1,3 log(mz/p?) — €1,3 a’log(my, /u?) —

3 a(myg) 1 a(mg)
1672 cos? Oy > 127 4sin? Oy w3 s

61:—|—

A€; 3 =—c13 (1 — a2) 10g(m/20/m%)

Barbieri, Bellazzini, Rychkov, Varagnolo '07 m

Log. div. cancel only for a=1 (SM)
azl log. sensitivity on the scale of new physics
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Don't forget LEP!

The parameter 'a’ controls the size of the one-loop = i’HP’DuH‘z
. . . . 2
IR contribution to the LEP precision observables ! 2
— — =1 -
a = KRy + 2f2
< o[ EBEW+Higgs
..................................... [ EwW
: _ 2 2/ 2y- - §ll Higgs
A€z = —c1,3 (1 —a%) 10g(mp/mh)5 1.2 p
Barbieri, Bellazzini, Rychkov, Varagnolo 07 1 B ," ,"
EW fit: 081
0.98 < a” < 1.12 :
Ciuchini et al ’13 0.6 B
see also Grojean et al ’13 o |
0.8 0.9 1 1.1 1.2
The LEP indirect constraints on the other Ky
BSM primaries are not competitive '
R —
Elias-Miro et al ’13 L Ciuchiniet al’13

T ——
C/?)‘/Sfop/me ér?/'ean )%qq P/7y5/c5 ana/ FZ{Z‘ Ure 10 ( e/70\/oz‘, Nov. 16 2014


http://arxiv.org/abs/arXiv:0706.0432
http://arxiv.org/abs/arXiv:0706.0432
http://arxiv.org/abs/arXiv:1312.2928
http://arxiv.org/abs/arXiv:1312.2928
http://arxiv.org/abs/1306.4655
http://arxiv.org/abs/1306.4655
http://arxiv.org/abs/1306.4644
http://arxiv.org/abs/1306.4644
http://arxiv.org/abs/1306.4644
http://arxiv.org/abs/1306.4644

LEP+LHC: an RG story

Anomalous hVV couplings (az1) is associated to the dimension-6 operator (9,|H|?)
it RG-mixes with other operators contributing to EW oblique parameters

X
_Z. W X /«(\/\/\/\/\/ w X w
s/ ~ 7 | 7
h / N h A h e b
/ ~ IX N
\\ // W \\ I \\
X ~ | W X N W

ZCVVg( Tz ) v 7 ZCBQ( T M ) v
H'¢o'D'YH ) (D"W,, H'D'YH | (0" B,
! (DW) + 52 (@ Bu)

EHWY (pu et (DY EYW, + 1EY (DY (DY H) B,

m%/V mW
d CH CHy 0 0 O
> (0) _
Ho Cw + CB = I cw + CB with 7, —1/6 0 0
H CHW + CHB cgw + Cun 0 0 0
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RG-bounds on EW/Higgs data

Elias-Miro, Grojean, Gupta, Marzocca ’13
obs __ mnobs obs obs
O;ew = O;juv + A0, RG (Oj|EW7 A)

, . ‘Oa%z’v z|EW‘ <€ "
absence of fine-tuning:

b eXp obs exp
|AO'§)|RSG z|EW| <€ < Ojpw <& (€57, A)

Particularly relevant to bound the operators "poorly constrained” at tree-level
through their mixing with operators "strongly constrained” at tree-level

hw 2 S s, T
= /
tree-level constraints O(20%) O(1%so)
0(5%) O(1%s) one-loop constraints
o ” (A~3TeV)

Christophe Grojean %qg P/?}/\S/CS and Fulitre 12 Kehovat, Nov. It 2014
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RG-bounds on EW/Higgs data

-

Elias-Miro, Grojean, Gupta, Marzocca ’14

Cky |

The blue ellipses represent the 68% (solid), 95% (dashed) and 99% (dotted) CL bounds on S and T.
The straight lines represent the RG-induced contribution to the oblique parameters
from the weakly constrained observable couplings, divided in Higgs couplings (a) and TGC couplings (b).
The length of the lines corresponds to their present 95% CL direct bounds.
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EW/Higgs data: the TLEP improvement
LEP: 10 Z's » TLEP: 104 Z's

TLEP (physics case) '13

uantit Physics Present Measured Statistical Systematic .
) ' ' precision from uncertainty uzcertainty Ratio TLEP/LEP
my (keV) Input 91187500 2100 | Z Line shape scan 5 (6) < 100 20
I'z (keV) Ap (not Aapag) 2495200 + 2300 Z Line shape scan 8 (10) < 100 20
Ry s, O, 20.767 & 0.025 7Z Peak 0.00010 (12) < 0.001 25
N, PMNS Unitarity, ... 2.984 4+ 0.008 7 Peak 0.00008 (10) < 0.004
N, ...and sterile v’s 2.92 £0.05 7, 161 GeV 0.0010 (12) < 0.001
Ry, &1 0.21629 + 0.00066 7 Peak 0.000003 (4) | < 0.000060 10
Arr Ap, €3, Ahaq 0.1514 4 0.0022 Z peak, polarized | 0.000015 (18) | < 0.000015 100
mw (MeV) Ap , €3, €2, Adpaq 80385 £ 15 WW threshold scan 0.3 (0.4) < 0.5 3
Miop (MeV) Input 173200 + 900 tt threshold scan 10 (12) <10 100

Table 9. Selected set of precision measurements at TLEP. The statistical errors have been determined with (i) a one-year scan of the Z resonance
with 50% data at the peak, leading to 7 x 1011 Z visible decays, with resonant depolarization of single bunches for energy calibration at O(20min)
intervals; (i) one year at the Z peak with 40% longitudinally-polarized beams and a luminosity reduced to 20% of the nominal luminosity; (iii) a
one-year scan of the WW threshold (around 161 GeV), with resonant depolarization of single bunches for energy calibration at O(20min) intervals;
and (iv) a five-years scan of the tt threshold (around 346 GeV). The statistical errors expected with two detectors instead of four are indicated
between brackets. The systematic uncertainties indicated below are only a “first look” estimate and will be revisited in the course of the design study.

1 order of magnitude in TGC
1-2 orders of magnitude in Higgs couplings

Chris fophe Gr?/'ean

%qg P/@/S/CS and Futtitre

can probe tuning/correlations
between various contributions

14 (8/70\/0{, Nov. I¢ 2014
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EW/Higgs data: the TLEP improvement

LEP: 10% Z's »» TLEP: 1012 Z's
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O(20-30) improvement in EW oblique parameters measurement

1 order of magnitude in TGC

1-2 orders of magnitude in Higgs couplings

>
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can probe tuning/correlations
between various contributions
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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 eQCD (small, O(10719))

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

Among the 59 irrelevant directions, 6% Higgs/BSM primaries

ALpsm = 0gnss hfLfr + h.c. (f=b, 7, t)

Cho- :
—|—/<JGG5G/WG/W (Flw = €uupaFP7)

h -
> _ LY MV Y
Thyy N L
_|_,’% @F’Y ,LWFZ
vZ Y Uy
I ———————————

Christophe Grojean %/{99 P/?}/\S/CS and Federe 15 Kehovat, Nov. It 2014



CP violation in Higgs physics?

Among the 59 irrelevant directions, 6 Qﬁ Higgs/BSM primaries

ALpsm = 0gngg hfrfr + h.c. (b, 7, 1)

. h ~ -
+/€GG5G“VGW/ (Flv = €uupeF77)

h ~
= U pypv oy
iy » F FW

h ~
o Yy pv 2
+’€VZ,UF F/w

operators with 7y: Ky ~ Kyz < 1074

already severely constrained
by e and q EDMs

McKeen, Pospelov, Ritz '12 e h .. /\% > 2bH TeV
: operators with top: i -
already severely constrained 5ghtt § 0.01
by e and g EDMs '
Brod, Haisch, Zupan '13 it 7 7,2 A}ﬁ > 25 TeV
s

Caveats: h couplings to light particles can be significantly reduced
Christophe Grojean %/{99 P/?}/\S/c\f and Fulitre 16 Kehovat, Nov. It 2014
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Higgs Priorities

‘ )| Better measurerrents of %//’\935 /Ol‘/‘/)’ld/‘/‘eé
~  —1ininclusive measurements
— in differential distributions

“, 60//73 Aeyona/ Zhe K ‘6 7 A)/’]az‘ £for?

— to compete with other (EW, TGC...) measurements?

—1 to check the correlations imposed by SM structure?

e.g. doublet nature of the Higgs,
accidental custodial symmetry @ dim-6 level
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Higgs Priorities

‘ )| Better measurerrents of %//’\935 /Ol‘/‘/)’ld/‘/‘eé
~  —1ininclusive measurements
— in differential distributions

“, 60//73 Aeyona/ Zhe K ‘6 7 A)/’]az‘ £for?

— to compete with other (EW, TGC...) measurements?

—1 to check the correlations imposed by SM structure?

e.g. doublet nature of the Higgs,
accidental custodial symmetry @ dim-6 level

§~ fully establishing the SM will require checking correlations among different vertices ~ §

2-Higgs vertices

| 1-Higgs vertices
(with and beyond the k s)

Higgs Regge's plot is a prime example test of the Ginzburg-Landau's model
Need to look at the correlations with TGC test of PGB nature of the Higgs

O-Higgs vertices
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Higgs Priorities

‘ )| Better measurerrents of %//’\935 /Ol‘/‘/)’ld/‘/‘eé
~  —1ininclusive measurements
— in differential distributions

“, 60//73 Aeyona/ Zhe K ‘6 7 A)/’]az‘ £for?

— to compete with other (EW, TGC...) measurements?

—1 to check the correlations imposed by SM structure?

e.g. doublet nature of the Higgs,
accidental custodial symmetry @ dim-6 level

§~ fully establishing the SM will require checking correlations among different vertices ~ §

1-Higgs vertices 2-Higgs vertices

’ (with and beyond the k s)

Higgs Regge's plot is a prime example test of the Ginzburg-Landau's model
Need to look at the correlations with TGC test of PGB nature of the Higgs

O-Higgs vertices

Questions not fully addressed yet:
what is the precision that you need in Higgs physics?
will the LHC reach this required sensitivity?
Christophe Grejean “iqq Physics and Fulure 17 Kehovat, Nov. I6 2014



Example of Correlation 1-H & 2-H vertices

Contino, Grojean, Pappadopoulo, Rattazzi, Thamm ’13

A (WEWI? — WfWﬁ) = A(s, t, U)5ab5Cd + A(t, s, u)5a05bd + A(u,t, s)5ad5bc A = (1 — a2) %
(V)
A(Z292) — hh) = (WFW — hh) = (b— a?) v%

if the Higgs is part of a doublet and custodial symmetry is at work

------------------------------------------------------------------------------
*

. .
------------------------------------------------------------------------------

. . . CH 2
a single operator of dimension-6 controls these 2 processes: 272 (5’“ \H\Q)

Ab=1-b

Aa? =1 —a?

Ab = 2Ad? (14 O(Ad?))

a dimension-8 operator controls the deviations to this universal relation

cy v 3¢ iy vt
Ch 2 2 2 +(T_I)F
/
Op = 5 HI70u|H|[70" | H]
2f v? 3\ vt
b:1—2cH—+<3c§{— 2H>F

if the Higgs is a Goldstone
then non-linear symmetry relates operators of different dimensions
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Example of Correlation 1-H & 2-H vertices

Contino, Grojean, Pappadopoulo, Rattazzi, Thamm ’13

Ab size of dim-8
corrections

Scenario 1: 10% deviations are observed

Ko
N’

2 : :
Aa®~Ab ~ 10% Test dim-8 o

Exp. precision ~ 1% operators

the corrections to the universal relation
between 'a’ and 'b’ are O(1%)

1. PNGB (and specific coset) proved

Aa?

2. SILH proved, PNGB disproved can distinguish a PNGB from
a hon PNGB resonance
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Example of Correlation 1-H & 2-H vertices

Contino, Grojean, Pappadopoulo, Rattazzi, Thamm ’13

) . . Ab size of o!im-8

Scenario 1: 10% deviations are observed v
: g,,.,,..

Aa”~Ab ~ 10% Test dim-8 Py

A\
NI

Exp. precision ~ 1% operators

the corrections to the universal relation g
between 'a’ and 'b’ are O(1%) Aa’

1. PNGB (and specific coset) proved

2. SILH proved, PNGB disproved can distinguish a PNGB from
a hon PNGB resonance

® 6 ¢ ¢ 6 ¢ o o ¢ o o o o o o o °o °o °o °o °o °o °o ° °o °o °o °o °o °o °o °o °o °o °o °o °o °o °o °o °o °o °o °o °o °o °o oo o o
Ab size of dim-8

. Scenario 2: 1% deviations are observed °
. eocffo"'x g
. Aa® ~Ab ~ 1% y SO ‘
« Exp. precision ~ 1% + :
. the corrections to the universal relation are ,+. .
° beyond any future sensitivity Aa T
o 1. SILH proved °
. 2. SILH (i.e. Higgs doublet) disproved can distinguish a doublet from o
o a non-doublet resonance N
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Boosted and of f-shell Higgs channels
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Why going beyond inclusive 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 inclusive 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

Kf

i Ecombi” ' - [ EW+Higgs
I Yy 4

Ciuchiniet al ’13 Ciuchini et al’13
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Why going beyond inclusive 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) -

But... of f-shell Higgs data do not probe new corrections
that cannot be constrained by on-shell data
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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

“iqq Physics and Fulure 22 Kehovat, Nov. It 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

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) -

QsCy
127

ocC -
L= H|*GS + 2—7:\H|2FW + yecqr Htr| H|?

o(gg — h) 2)2 I'(h — )
SM SM

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

= (14 (¢g — cr)v = (1+ (¢y — 4 /9)v?)?
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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) UNLO(%(,HLO) UNLS(%t;;)) & &8y (e.g. 4th generation)
125 1061 0.988 the inclusive rate
150 1.093 1.028 doesr't "sea” the fini '
500 [ 1S5 [ 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) -

<C ac ~
L= 9H2G —Y|\H|’F,, 7 Htp|H|?
127?‘ | 27‘(“ “Fl +yctqr Hip|H|
o — h I'(h —
(99 ) = (1+ (e, —e)v?)? ( 77) = (1+ (c, — e, /9)0?)?

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 '
500 .., 1000

14%-4% @ LHC3130-LHC31300 vs 10%-4% @ ILCs00-ILC1000
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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)

Yiqq Physics and Fetdetre 23

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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Resolving top loop: Boosted Higgs

1.2 [ T T T T | T T T T | T T T T T | T T T T | T T T T ]
CUT Open 1- e Top OOPS - pp~H+X  Vs=8 TeV Mp=pp=my=125 GeV:
‘ e ———— - NLO MSTW2008 NLO
Don't think it is easy to produce a Higgs with high pr
Vs [TeV] | pp™ [GeV] | ol [fb] | 6 ¢ |99, q9 [%]
100 2200 0.016 | 0.023 67,31 ~
150 | *=4 830 | 0.069 | 0.13 66, 32
0() 200 350 | 0.20 | 0.31 65,34 —
o . . .
N Q8 B0 1601 0391 0561 63,36 Grazzini, Sargsyan ’'13
+ 8>(J 300 75 0'61 0‘89 617 38 1 1 1 1 | 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 |
50 100 150 200 250
' 350] 38| 0.86| 1.3 58,41 o (GoV)
400 20| 11| 18 56,43
14 450 11 14| 23 54,45
500 |\, 63| 17| 29 52,47
550 } 371 20| 36 50,49
600 | € 22) 23| 44 48,51
650 14| 26| 52 46,53
700 0.87| 30| 62 45,54
750 056 | 33| 7.2 43,56
800 037 | 37| 84 42,57
Grojean, Salvioni, Schlaffer, Weiler ‘lSh
Christophe Grojean “iqq Physics and Fulure 23

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
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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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Grojean, Salvioni, Schlaffer, Weiler ‘13

Boosted Higgs

high pr tail discriminates short and long distance physics contribution to gg = h
Vs =14 TeV,/th — 3ab™~ !, pr > 650 GeV
(partonic analysis in the boosted "ditau-jets" channel)

see Schlaffer et al ’14 for a more complete analysis including WW channel
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I - IU'}O)UUHt = 1.0 | - /1%“()“ = 1.0 [ _/'llo)()usl = 1.0

0'2j — Mpoost — 12 0'277 - Mboost — 12 02? _M&ooost - 12

i 10500 =0.8 + 20%! i Lo =1.0 + 20%/ i Wina=1.2 + 20%

0.1 ’ 0.1 | 0.1 *
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0.6 0.8 1.0 1.2 1.4 0.6 0.8 1.0 1.2 1.4 : : : : :
) ) | Kt

10-207% precision on
competitive/complementary to htt channel to measure the top-Higgs coupling

‘»Are the NLOn QCD corrections (nhot known) going to destroy all the sensi’rivi’ry?ﬁ'
Frontier priority: N>LO.. for inclusive xs or NLOmt for pT spectrum?
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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!
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g
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g
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SM: cancelation forced by unitarity 10
BSM: deviations of Higgs couplings at large s will be amplified 1l
=TL_ 1 11
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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

C/zr/SZop/ﬁe Gr?/'ean %99 P/7>/5/c5 62/70/ F wWlre 25 ( ehovol y Nov. 14 2014


http://cds.cern.ch/record/1740973/files/ATLAS-COM-CONF-2014-052.pdf
http://cds.cern.ch/record/1740973/files/ATLAS-COM-CONF-2014-052.pdf
http://arxiv.org/abs/1405.3455
http://arxiv.org/abs/1405.3455
http://arxiv.org/abs/1406.1757
http://arxiv.org/abs/1406.1757
http://arxiv.org/abs/1406.6338
http://arxiv.org/abs/1406.6338

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

%qg P/?}/\S/CS and Futtitre

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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Multi-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
§ h ~ 50 pb#8 hh ~ 34 fbes hhh -~ 44 abss
% h+j ~2pb?" 7 hh+j
§ | h+jj ~42pb ™" hh+jj ~2mb"™"

- 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
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Multi Higgs processes

Producing one Higgs is good. Producing more Higgses is better

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 3.3 4.2 6.8 9.6
ttH 7.3 11 24 41
HH 6.1 8.8 18 29

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)
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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 —— = =
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. gg -, g 3
[N <
> .

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

Example of connection between 1-Higgs and 2-Higgs vertices
Important to measure independently these vertices
and check the relations imposed by structure/symmetries/dynamics of the theory
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What do we learn from gg—HH?

300 b=t Preliminary
1 SM
5|
C3
Or Azatov, Contino, Panico, Son ‘to appear
5|
' see also Goertz, Papaefstathiou, Yang, Zurita '14
—10 - ! 1 L 1 1 ! 1 L 1 L 1 1 L L L 1 L L 1 L 1 L 1
-1.0 -0.5 0.0 0.5 1.0
Cot L
I —
| Remarks:

* unique access to c3 but sensitivity is limited (within the validity of EFT?). *
» statistically limited, with more luminosity “1{
} = access to distribution

=> discriminating power c3 vS. C2t VS Cq
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What do we learn from gg—HH?

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

after marginalizing over c3, HH channel provides additional infos on single Higgs couplings

LHC +/s=14TeV 1=300fb""! LHC Vs=14TeV L=3ab™"
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Azatov, Contino, Panico, Son ‘to appear

HH channel is useful o break the degeneracy
between 2 minima in the fit of single Higgs processes
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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 scaﬂ'er-ing) Contino, Grojean, Moretti, Piccini, Rattazzi’10

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) = im%hz—l—dgg( ?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— @2) o A ~ cst. + Sadg

mhh ~ 4mh U

asymptotic behavior threshold effect
sensitive to strong interaction

anomalous coupling’
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Multiple Higgs interactions in WW—HH
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Multiple Higgs interactions in WW—HH
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Bondu, Contino, Massironi, Rojo ‘to appear
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Conclusions: Higgs & New Physics

Precision /indirect searches (high lumi.) vs. direct searches (high energy)

Contino, Grojeam, Pappadopulo, Rattazzi, Thamm ’13

NP SM

typical mass scale EW scale v=246GeVv
M=g-t 9.9, Y1

9 /9
T .I . |. I |-1 I T -1 . . . 59 v2

O Direct searches for resonances: m, =~ g.f

WZ resonance

Which one is doing best?
vector-like quark _ it depends on value of g»

Mass (TeV)
LHC direct search
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Conclusions: Higgs & New Physics

Precision /indirect searches (high lumi.) vs. direct searches (high energy)

Contino, Grojeam, Pappadopulo, Rattazzi, Thamm ’13

Rattazzi, BSM@100TeV, CERN '14
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Conclusions: Higgs & New Physics

Precision /indirect searches (high lumi.) vs. direct searches (high energy)

Contino, Grojeam, Pappadopulo, Rattazzi, Thamm ’13

> nice complementarity
between direct searches
and precision Higgs physics

Rattazzi, BSM@100TeV, CERN '14
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Torre, Thamm, Wulzer ’14

a deviation in Higgs couplings also teaches us on the maximum mass scale to search for!
e.g. 10% deviation => my< 10TeV i.e. resonance within the reach of FCC-hh

Christophe Grojean %qg Physfcs and Fulitre 33 Kehovat, Nov. It 2014
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