PHYSICS AT TEV COLLIDERS
LES HOUCHES 2013

HIGGS WORKING GROUP

Conveners:
Roberto Contino (theory)
Filip Moortgat (experiment)



- A short intro

What data say on the new boson



“It has to do with the EWSB”

Already first data gave evidence of:
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“It has to do with the EWSB”

Already first data gave evidence of:
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True in the SM:
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Scaling follows naturally if

the new boson is part of the sector that
breaks the EW symmetry

It does not necessarily imply that the new
boson is part of an SU(2). doublet

For a non-doublet A — M
one naively expects: \SM

= 0(1)
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“It looks like a doublet”
-

New data show an agreement with ATLAS Preliminary me= 1255 Gov

the SM prediction within ~20%-30%: W,ZH = bb

\s=7TeV: [Ldt=4.7 fb" °
\s=8TeV: fLdt= 131"
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\s=7TeV: [Ldt=4.61" —
\E:STeV:detF;SfW .

o H— WW ' — v :
The new boson does not look an impostor e Tov: Lt - a5 &

\s = 8 TeV: [Ldt = 20.7 fo'

at all, it closely resembles the SM Higgs H— vy
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“It looks like a doublet”
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“It looks like a doublet”
-

The focus now is on a region of the CMS Prelimnary Vs =7TeV,L<5.1f7 Vs =8TeV, L < 19.6fo
parameter space around the SM point ¢ SMHiggs @ Fermiophobic m Bkg. only
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The focus now is on a region of the CMS Prelimnary Vs =7TeV,L<5.1f7 Vs =8TeV, L < 19.6fo
parameter space around the SM point ¢ SMHiggs @ Fermiophobic m Bkg. only

This is a natural region to live if:
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2. There is a gap between the NP scale and my
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“It looks like a doublet”
-

The focus now is on a region of the CMS Preliminary ls=7TeV,L<51fb" \s=8TeV,L=<19.6 "

parameter space around the SM point ¢ SMHiggs @ Fermiophobic m Bkg. only

This is a natural region to live if:
1. The new boson is part of an SU(2). doublet

2. There is a gap between the NP scale and my
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CsM M strength
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Notice: the SM point is the only one in
which the low-energy theory is
renormalizable and weakly
coupled up to high energies



“It looks like a doublet”

The focus now is on a region of the
parameter space around the SM point

This is a natural region to live if:

1. The new boson is part of an SU(2). doublet

2. There is a gap between the NP scale and my

2 .2
0 ~ gH/‘; JH = Higgs coupling
CsM M strength
oc

Notice:

<02 )

M > gg x 550 GeV

the SM point is the only one in
which the low-energy theory is
renormalizable and weakly
coupled up to high energies
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living in any other point requires
either light NP or strong dynamics



“It looks like a doublet”
-

The focus now is on a region of the CMS Prelimnary Vs =7TeV,L<5.1f7 Vs =8TeV, L < 19.6fo
parameter space around the SM point ¢ SMHiggs @ Fermiophobic m Bkg. only

This is a natural region to live if:
1. The new boson is part of an SU(2). doublet

2. There is a gap between the NP scale and my

Conclusion:

Theories w/o a Higgs boson or with
strong dynamics at low scale are now
excluded

Ex: TC and CH with M = 4mv

living in any other point requires
either light NP or strong dynamics



“Didn’t we know already from LEP ¢”

Not quite so: 1. evidence was indirect (through loops)

2. only hVV coupling and my constrained



==  “Didn’t we know already from LEP 2”

Not quite so: 1. evidence was indirect (through loops) ;7D

2. only hVV coupling and my constrained ANAANNNNNNN

courtesy of S. Mishima

In fact: |
Mw
Most recent EW fits much more : a
. I'z
stringent than before due to:
— mH now precisely known Pol
— new mw from Tevatron — ~
A
. e 0,b | |
Precision on cv at the level of ~5% | Arg | ! o i
! | | !
0.8 0.9 1.1 1.2

[ Assuming no extra contribution to
EWPQO from new particles ]

M. Ciuchini, E. Franco, L. Silvestrini, S. Mishima, to appear



If one assumes that

then it must follow:

h hasspin0 v

h is (mostly) CP=+ v

There exists a correlation among
processes with 0,1,2 Higgs bosons

Ex: custodial symmetry

mw

mz cos Ow

There are no new light states to
which the Higgs boson can decay

Ex: Invisible width=0
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Ex. there’s no reason why a J°=0" boson
should have SM coupling strength

There are no new light states to

which the Higgs boson can decay
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Ex: Invisible width=0 v
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MORAL:

Era of Higgs precision physics is about to start.

In absence of new particles use an
to make predictions and parametrize new effects

The explicit form of the Lagrangian depends on the
assumptions one makes

Reasonable assumptions:
1) SU(2).xU(1)y is linearly realized at high energies

2) his a scalar (mostly CP even) part of an SU(2). doublet H

3) The EWSB dynamics has an (approximate) custodial symmetry
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Effective Lagrangian for a Higgs doublet

see recent review: RC, Ghezzi, Grojean, Muehlleitner, Spira arXiv:1303.3876

L=Lsy+ Y 0 =Lsy +ALsia + ALy, + AL,

The list of dim=6 operators of the effective
Lagrangian has been known in the literature
since long time

Minimal and complete list first appeared in:

Most useful parametrization from:

Buchmuller and Wyler
NPB 268 (1986) 621

Grzadkowski et al.

JHEP 1010 (2010) 085

Giudice, Grojean, Pomarol, Rattazzi
JHEP 0706 (2007) 045


http://arXiv.org/abs/arXiv:1303.3876
http://arXiv.org/abs/arXiv:1303.3876

12

ALsiim = 2% o"(HH) 0, (H H) + ﬁ (HTD“H> (H'D ) - U—QA (1t i)’

Cy
(S g HYH G H up + 55 yo HYH G Hdp + 5y HUH Ly Hlp + hoc.)

ow 9 (H1o'DEH) (D W,,)" s g (H1DRH) (0B
+ 2mW ( MI/) + 2mW (8 /“”/)

iICHW g i . By t (v
+ (D"H)'o"(DYH)W,, + —5-= (D"H)Y(D"H)B,,

My My
v q'” c

+ 99" g, B 1 95 giges, g
myy miy,

Basis introduced by Giudice et al. (SILH basis)

Absence of FCNC from tree-level exchange of the Higgs requires flavor alignment

12 operators in ALsrr + 5 made only of gauge fields (not shown)



only this operator
formally breaks
custodial symmetry

ALsipy = 2% o"(HVH) 0, (H H) + W (HTD“H) (B ) - U—QA (1 i)’
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miy miy

Basis introduced by Giudice et al. (SILH basis)

Absence of FCNC from tree-level exchange of the Higgs requires flavor alignment

12 operators in ALsrr + 5 made only of gauge fields (not shown)
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POWER COUNTING: [ Giudice et al. JHEP 0706 (2007) 045 ]

each extra derivative costs a factor 1/M

each extra power of H(x) costs a factor g./M =1/f

1 1

For a strongly-interacting light Higgs (SILH): ? > Vi

Naive estimate at the scale M:

2 2

2
L v L m _ _ o m
CH, CT, C6, Cyp NO<F), Cw,CB NO(%) »  CHW,CHB,Cy,Cqg NO<167T?}2>

A2 o2 Auda v2 7
_ —/ '¢ (% _ wu”’\d v . . _ mW
CHv s CHyp NO(QEP) ) CHUdNO( gz P) » CYW, CyB; CyG N0(167T2f2>
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Specific symmetry protections might be at work in the UV theory

Ex: in the MSSM (s ~ ¢

2 2
_ m )
R-parit Cw,Cp ~ — X
party WoEB ™ 2 " 16
Ex: if the Higgs is a pNGB
_ my 9

Goldstone symmetry
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Current bounds on Wilson coefficients

—1.5x107°% < ép(mz) <22 x 1077

~1.4x107° < ey (mz) +cg(myz) < 1.9 x 1077

—0.03 < Eprq1 < 0.02
—0.005 < Epq2 < 0.003
~0.002 < oy < 0.003

—0.008 < ¢q,, < 0.02
—0.03 < cgq < 0.02

—0.03 < é75 < 0.02 ,
—0.003 < &, < 0.005

~0.02 < Cprgy + g, < 0.005
—0.004 < ¢y, + ¢y < 0.002

—0.003 < ér, — &y < 0.0002
—0.0007 < ¢z < 0.003

—0.003 < ¢cHgs — E}qu < 0.009

—0.02 < ¢y < 0.03
—0.07 < cgp < —0.005

—0.4 x 1073 < égp(mw) < 1.3 x 1073

—0.057 < Re(EtW + étB) — 2.65 Im(étW + EtB) < 0.20
—1.39 x 107 < Im(é,) < 1.21 x 1074

—7.01 x 107% < Im(Eyp + Guw) < 7.86 x 107°
—9.42 x 107" < Im(G4p — Cqw) < 8.40 x 10~7
—1.62 x 107% < Im(é,q) < 2.01 x 1076
—7.71 x 1077 < Im(Eg¢q) < 5.70 x 1077

—6.12 x 107° < Re(cig) < 1.94 x 1077
—1.2 < Re(ébw) < 1.1
—0.01 < Re(éw) < 0.02

—1.64 x 1072 < Re(Ce — Cow) < 3.37 x 1073
1.88 x 107* < Re(¢,p — €,w) < 6.43 x 107*
—2.97 x 1077 < Im(Gep — Cew) < 4.51 x 1077

—0.26 < Im(c,p — cuw) < 0.29
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Current bounds on Wilson coefficients

LEP+Tevatron —1.5x107°% < ép(mz) <22 x 1077

(EW fit from GFitter) —1.4 %1073 < & (mz) + es(mz) < 1.9 x 1072

+ —0.008 < ¢x, < 0.02 B _ .
: . —0.005 < g0 < 0.003 0004 < e+ ey, < 0.002 —0.003 < Exgy — Cry,. < 0.009
—0.03 < g < 0.02 y —0.003 < Ex1, — &y < 0.0002 o
| —0.002 < €pqy < 0.003 —0.02 < g, < 0.03
. —0.03 < e, < 0.02 —0.0007 < ég; < 0.003
—0.003 < ¢pyp < 0.005 —0.07 < ¢gp < —0.005

E —0.03 < équ < 0.02 —0.02 < EHQQ + 5}{% < 0.005 i

rate b—sy
+ —0.057 < Re(¢iw + ¢:p) — 2.65Im(cw + ¢ip) < 0.20 ~—6.12 x 1073 < Re(¢ia) < 1.94 x 1073
—1.39 x 107 < Im(é,) < 1.21 x 1074 —1.2 < Re(Gyw) < 1.1
—0.01 < Re(éw) < 0.02
—~7.01 x 107°% < Im(éyp + Cuw) < 7.86 x 107° —1.64 x 107? < Re(Ce — Cew) < 3.37 x 1077
—9.42 x 1077 < Im(Gqp — Caw) < 8.40 x 1077 1.88 x 10~* < Re(€,5 — €uw) < 6.43 x 10~*
—~1.62 x 107% < Im(&,) < 2.01 x 1076 —2.97 x 1077 < Im(Gep — Cew) < 4.51 x 1077
—7.71 x 1077 < Im(égq) < 5.70 x 1077 —0.26 < Im(¢,p — Cuw) < 0.29



Current bounds on Wilson coefficients

: LEP+Tevatron ~1.5x 1073 < ép(mz) < 2.2 x 1072
:  (EW fit from GFitter) 1.4 % 1073 < @ (myz) + és(myg) < 1.9 x 103 :
E 008 - - 009 —0.03 < epq1 < 0.02 —0.02 < rgy + gy < 0.005
» —U.008 < €y < U _ —0.004 < ¢y, + Ty, < 0.002 :
003 < e <009 —0.005 < Egq2 < 0.003 CHL C/HL —0.003 < Eprgy — gy < 0.009 :
L —0.03<¢ . —0.003 < xp, — €y, < 0.0002 :
; Hd ~0.002 < &y, < 0.003 CHL T 0,02 < &, < 0.03 .
. —0.03 < égs < 0.02 y —0.0007 < &gy < 0.003 ‘ :
| —0.003 < &, < 0.005 —0.07 < &gy < —0.005 |

 —0.057 < Re(eiw + &) — 2.65 Im(cyw + &) < 0.20 —6.12 x 1072 < Re(Gg) < 1.94 x 1073

—1.39 x 107 < Im(é,) < 1.21 x 1074 —1.2 < Re(Gyw) < 1.1
—0.01 < Re(éw) < 0.02

Neutron EDM

—7.01 x 107°% < Im(Eyp + Cuw) < 7.86 x 107° —1.64 x 107? < Re(Ce — Cew) < 3.37 x 1077

—9.42 x 1077 < Im(Gqp — Caw) < 8.40 x 1077 1.88 x 10~* < Re(€,5 — €uw) < 6.43 x 10~*
—1.62 x 107% < Im(&,¢) < 2.01 x 1076 —2.97 x 1077 < Im(Gep — Cew) < 4.51 x 1077

—7.71 x 1077 < Im(é4q) < 5.70 x 1077

—0.26 < Im(c,p — cuw) < 0.29



Current bounds on Wilson coefficients

: LEP+Tevatron ~1.5x 1073 < ép(mz) < 2.2 x 1072
:  (EW fit from GFitter) 1.4 % 1073 < @ (myz) + és(myg) < 1.9 x 103 :
i 0008 < 5 = 0.09 —0.03 < g1 < 0.02 —0.02 < rgy + gy < 0.005
. —0. Cru < 0. i —0.004 < xp, + &y, < 0.002 :
: ) —0.005 < prgz < 0.003 CHE TR ~0.003 < Grrgy — g, < 0.009 :
. —0.03 < ¢pq < 0.02 , —0.003 < éxr, — Cpyyp < 0.0002 :
: —0.002 < Crq1 < 0.003 —0.02 < ég. < 0.03 .
. —0.03 < ¢xs < 0.02 § —0.0007 < &z < 0.003 :
| —0.003 < &, < 0.005 _0.07 < égp < —0.005 |

rate b—sy ttbar, top decays

0057 < Releay +6p) ~ 269 Im(eay +60) <0201 | 612x 100 <Re(tig) <194x10° |
L C139x 107t <Im(Ge) < 121 x 1074 ¢ —1.2 < Re(Gw) < 1.1
—0.01 < Re(éy) < 0.02

Neutron EDM

—7.01 x 107°% < Im(Eyp + Cuw) < 7.86 x 107° —1.64 x 107? < Re(Ce — Cew) < 3.37 x 1077

—9.42 x 1077 < Im(Gqp — Caw) < 8.40 x 1077 1.88 x 10~* < Re(¢,5 — €uw) < 6.43 x 104
—1.62 x 107 < Im(&,¢) < 2.01 x 10~° —2.97 x 1077 < Im(Gep — Cew) < 4.51 x 1077

—7.71 x 1077 < Im(é4q) < 5.70 x 1077

—0.26 < Im(c,p — cuw) < 0.29



Current bounds on Wilson coefficients

5 LEP+Tevatron ~1.5 x 1073 < &p(myz) < 2.2 x 1073 5
(EW fit from GFitter) 1.4 x 1073 < & (mz) + ég(mz) < 1.9 x 1073
5 —0.03 <epq <0.02 —0.02 < Cprgy + g, < 0.005
+—0.008 < ¢y, < 0.02 —0.004 < & & < 0.002 = 1 :
; i —0.005 < €2 < 0.003 A 3 g < B —0.003 < Epg, — Cryq, < 0.009
. —0.03 < cgq < 0.02 , —0.003 < éxr, — Cpyyp < 0.0002 ’ :
: —0.002 < Crq1 < 0.003 —0.02 < ég. < 0.03 :
| —0.03 < ¢y < 0.02 . —0.0007 < g7 < 0.003 :
: —0.003 < Cprgo < 0.005 —0.07 < égp < —0.005 :

rate b—sy ttbar, top decays

0057 < Releow ) 265 Imiay +6) <0011 61201077 <Releig) <194x107
 C139x 10 <Im(ag) <121 x107¢ ~1.2 < Re(Gw) < 1.1
~0.01 < Re(ew) < 0.02

Neutron EDM -

—7.01 x 107°% < Im(Eyp + Cuw) < 7.86 x 107° —1.64 x 107? < Re(Cep — Cew) < 3.37 x 1077

—9.42 x 1077 < Im(Ggp — Eqw) < 840 x 1077 1.88 x 10™* < Re(¢,5 — €uw) < 6.43 x 104
—1.62 x 107 < Im(&,¢) < 2.01 x 10~° : —2.97 x 1077 < Im(Cep — Cew) < 4.51 x 1077

—7.71 x 1077 < Im(é4q) < 5.70 x 1077 —0.26 < Im(¢,p — Cuw) < 0.29

Muon and electron (g-2), EDM
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A short list of possible topics for Les Houches
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Higgs Effective Lagrangian (HEL)

Full implementation of HEL in MC generators

Production -gg—~h (POWHEG ?)

Decay - h—4f (tools exist ?)
- eHDECAY for BRs and partial widths
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Implementing the Effective Lagrangian: eHDECAY

[ from: RC, Ghezzi, Grojean, Muehlleitner, Spira arXiv:1303.3876 ]

eHDECAY fully implements the SILH and non-linear Lagrangians (plus two
benchmark CH models) for the calculation of Higgs decay rates and BRs

Software based on HDECAY v5.10; Freely available at the web page:
http: / /www-itp.particle.uni-karlsruhe.de /~maggie /eHDECAY

Perturbative expansion in the parameters agy/4m, (E/M)?, (v/f)?
performed consistently

Ex: 1-loop EW corrections included only for the SILH Lagrangian

Numerical approximate formulas for the decay rates are given in the paper


http://www-itp.particle.uni-karlsruhe.de/~maggie/eHDECAY/
http://www-itp.particle.uni-karlsruhe.de/~maggie/eHDECAY/
http://arXiv.org/abs/arXiv:1303.3876
http://arXiv.org/abs/arXiv:1303.3876
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D)

T (1)) s

D'(h — WHEW*)

F(h — W(*)W*)SM

L'(h — Z™)Z*)

['(h — Z7)

I'(h = Z7)sm

L'(h — vy)

L(h = vy)sm

I'(h — gg)

I'(h — g9)sm

~1—cyg—12¢y,

+ 3.0 (EHW + tan29W EHB) — 0.26 Cy

+4.26w +0.19 (égw — eup + 8¢, sin’by)

+5.04cy —0.54¢,

_ \/§Gpm‘2/v

a2

s

4

aem

Qem = Qem(q

~1—cyg+22cw +3.7cgw,

~1—cyg+20 (EW + tan29W EB)

Y

~1—¢cy+0.12¢ —5-107%¢. —0.003¢, —9-10"° ¢,

4
V 20lem 7

~]1 —cyg +0.54¢; — 0.003 ¢, — 0.007 ¢ — 0.007 ¢

47

~1—cy—212¢;+0.024¢c. +0.1¢, +22.2¢, — .

Qo
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Higgs Effective Lagrangian (HEL)

Full implementation of HEL in MC generators

Production: -gg—h (POWHEG ?)

Decay: - h—4f (tools exist ?)
- eHDECAY for BRs and partial widths

EW corrections for Higgs precision physics:

— full RG evolution of Wilson coefficients (partial calculations exist)

— finite terms (long distance contributions)

Make wishlist of NLO EW calculations within the HEL approach
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Higgs Effective Lagrangian (HEL)

Full implementation of HEL in MC generators

Production: -gg—h (POWHEG ?)

Decay: - h—4f (tools exist ?)
- eHDECAY for BRs and partial widths

EW corrections for Higgs precision physics:

— full RG evolution of Wilson coefficients (partial calculations exist)

— finite terms (long distance contributions)

Make wishlist of NLO EW calculations within the HEL approach

Updated and complete analysis of constraints from Higgs, flavor and
precision data on the coefficients of HEL
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Example: put limits on hVV derivative couplings

. s . icgd <
AL =2W9 (HTUZD“H> (D" W) + =27 (H 'DFH ) (0" Byw)
2myy, 2

. C !
1 ’&CHI;Vg (DMH>T0_1(DVH)WZV 4+ ICHB g (DMH)T(DVH)BMV
miy Mw

- | - . itgpd
+ I (DrH) o (DY HYW, + 0 (DY H)N (DY H) By,
myy My
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Example: put limits on hVV derivative couplings

- | . icupg
X ZCHI;Vg (D,UJH)TO_’L(DVH)WZJ/_'_ Hfg (D:U“H)T(DVH>BMV

myyy myy
1C . - ic / -
+ W (prHY G (D HYW, + BT (DrE) (D H) B,
My My

e

LEP bounds

(EW -+ EB) 5 a few x 1073
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Example: put limits on hVV derivative couplings

+ WS (pu gyt (DY YW

.~ / '
n ZCHWg (D’UH>T z(DyH)Wz + ZCHZ;Q (D/LH)T(DVH>BMV

LEP bounds

(EW —+ EB) 5 a few x 1073

G

<«—— CP odd
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Example: put limits on hVV derivative couplings

e . itpg [t |
AL~ VI (i zDuH> (D" W) + 5 238 (HYDEH ) (0" B,) | «—  LEP bounds

- 2myy ,
oo e e ' (cw + ¢p) < a few x 103
+ IV (Dot (D H)W, + 22 (D4 ) (D" H) By
W W
+ ZCZng (D"H)io* (DY H)W?, + Zcifg (DMH)'(DYH)B,, | <«— CP odd
W W :
o(dI’/d€Q) <0 m%/ y 1672 Take advantage of different angular
(dl/dQ)spr ™ M? g2 distributions of final fermions
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Example: put limits on hVV derivative couplings

PR ) /
A£ o iCcw g (HTUzﬁH) (DI/WMV)'L' i /I/ZCBg (HTZWH) (aVB'uy)

- 2mi, miy
n chgvg (D“H)T(Ti(DVH)WZV n ’&CH;BQ (D“H)T(DVH>BMV
miy My
i . SN Y ' 5
+ XS (Drm) et (DY HYW, + <25 (D*H)T (DY H) By,
miy My

Ah — Z7) = v_lelfeg (alm% Nuv + a2 9,9y + a3 E,uupOQi)qg)

2
m
a] = —g + (EW + EHW) + (EB + EHB) tan28W

— —Q(EW + Cp tanQQW)

as = 2 (EHW +CHB tan29W)

as = 2 (5HW + cynB tan20W)

2A InL

10

CMS Preliminary (s=7TeV,L=5.1f6"{s=8TeV,L=19.6 fb'

B — CMS Data :
L ----Expected | i i ol |

R L £ L

0 0.2 0.4 0.6 0.8 1

1:a3
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Higgs Effective Lagrangian (HEL)

Full implementation of HEL in MC generators

Production: -gg—h (POWHEG ?)

Decay: - h—4f (tools exist ?)
- eHDECAY for BRs and partial widths

EW corrections for Higgs precision physics:

— full RG evolution of Wilson coefficients (partial calculations exist)

— finite terms (long distance contributions)

Make wishlist of NLO EW calculations within the HEL approach

Updated and complete analysis of constraints from Higgs, flavor and
precision data on the coefficients of HEL

Estimate of future sensitivity of the LHC on the coefficients of HEL
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Q:

“ Given the current constraints and limits, what are the observables
which are most promising to discover NP ¢ ”
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Q:

“ Given the current constraints and limits, what are the observables
which are most promising to discover NP ¢ ”

From the point of view of — fit of Wilson coefficients to get actual bounds

the Effective Lagrangian — see allowed parameter space and find ways

to further constrain it at the LHC
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Q: ““ Given the current constraints and limits, what are the observables
. which are most promising to discover NP ¢ ”

From the point of view of — fit of Wilson coefficients to get actual bounds

the Effective Lagrangian — see allowed parameter space and find ways

to further constrain it at the LHC

From the point of view of models

— natural SUSY

— Composite Higgs
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Q:

“ Given the current constraints and limits, what are the observables
which are most promising to discover NP ¢ ”

From the point of view of — fit of Wilson coefficients to get actual bounds

the Effective Lagrangian — see allowed parameter space and find ways

to further constrain it at the LHC

From the point of view of models

Q:

— natural SUSY

— Composite Higgs

“ How do searches at 14 TeV compare to those at 8 TeV ¢ ”

— new strategies (e.g. boosted techniques)

— new channels can become accessible
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Study of model-specific processes

Ex: for composite Higgs

— top partners decaying to Higgs
(g*—)Tt—tth, Bb—bbh, ...

— spin1/spin0 resonances decaying to Higgs

p—Zh,Wh ...

— double Higgs production

VW—-hh, gg-hh

Ex: for DM models

— Higgs portal models, Higgs—invisible, Higgs + invisible associated production



- EXTRA SLIDES



Fit in the plane (kv,krf) by ATLAS and CMS
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