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Plan

W
hat do w

e know
 from

 experim
ent?

How
 to interpret that theoretically?

State of art
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 The fact has been so firm
ly established 

that no one cares about the significance 
anym

ore ;-)   

A Higgs particle has been discovered...
Significance in CM

S,  from
 C.M

ariotti’s talk April 15 



- M
ost transparent inform

ation about Higgs properties from
 

m
easuring overall event rate in different decay channels... 

- Presented as rate (μ or μ-hat) norm
alized to standard 

m
odel prediction
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- Different Higgs production processes can be, to som
e 

extent,  separated by experim
ental cuts

- Inclusive rates dom
inated by gluon fusion

- But one can choose cuts that greatly enhance VBF or W
/Z

+h contribution w
hile keeping the signal at observable level

- Also, first reconnaissance attacks on tth   
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Currently, 2 m
ost sensitive Higgs channels 

are h →
 γγ and h →

 ZZ* →
4l 

M
ost favorable from

 the point of view
 of S/B 

(5σ discovery in h →
 γγ alone in ATLAS and  

h →
 ZZ* →

4l alone in CM
S)

In both channels, kinem
atics can be fully 

reconstructed, and m
ass can be m

easured 
w
ith ∼1 GeV precision
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- Sm
all deficit of inclusive rate:

μ = 0.78 ± 0.28 
- Interesting excess in 7 TeV data in 
not borne out in 8 TeV 
- M

ass m
easured at:

         m
h = 125.0 ± 0.7 GeV  

- ∼2σ excess of inclusive rate:
μ = 1.65 ± 0.32 

- Excess quite stable from
 7 to 8 TeV

- M
ass m

easured at:
         m

h =126.8 ± 0.2 ± 0.7 GeV  

γγ

Larger rate and slightly 
sm

aller m
ass for cut based 
analysis
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- Rate in good agreem
ent w

ith SM
:

μ = 0.92 ± 0.28  
- M

ass m
easured at:

         m
h = 125.8 ± 0.6 GeV  

- Rate in decent agreem
ent w

ith SM
 

μ = 1.7 ± 0.4 
(for m

h=124.3 GeV, and 1.5 for m
h = 

125.5 GeV
)

- M
ass m

easured at:
         m

h = 124.3±0.7 GeV  

ZZ
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M
ass com

bination:
         m

h = 125.7 ± 0.4 GeV  
M

ass com
bination:

         m
h = 125.5 ± 0.6 GeV  

m
h

In spite of som
e jitters in ATLAS, experim

ents agree 
that m

h is likely betw
een 125 and 126 GeV

In this talk m
h = 126 GeV

Systematic error? Fluctuation? Anyway, less worrying than last year...
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Evidence for Higgs in W
W

*→
2l2ν channel 

from
 both experim

ents, w
ith rate in good 

agreem
ent w

ith SM
 

Alm
ost evidence in h→

ττ channel from
 CM

S

bb+W
/Z channel not conclusive yet

First lim
its on Zγ rate, at the level of 15xSM

  
for 125 GeV Higgs

Besides,
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Besides, experim
ents start probing 

differential distributions of Higgs production 
direction and Higgs decay products

Results presented in the context of “spin and 
parity m

easurem
ents”, but often relevant in 

a w
ider context 



How
 to interpret that 
theoretically



 Some different approaches 

  Interpret the Higgs data  in the context of an 
effective theory: system

atic expansion of 
interactions of a Higgs-like scalar w

ith the SM
 

m
atter in pow

ers of h/v and D^2/New
 physics 

scale^2 

Interpret the Higgs data in the context of  
concrete m

odel beyond the SM
 (M

CHM
5, 

M
CHM

14, LstH, M
SSM

, CM
SSM

,..., NM
SSM

,...)

Note than every particular BSM m
odel is alm

ost certainly wrong ;-) 

Default approach in this talk



Effective Higgs Lagrangian 
[see also Contino et al., note for LHC HXSW

G] 

There is no new
 particles 

w
ith m

≲m
h and significant 

coupling to the Higgs

A
s
s
u

m
p
tio

n
s

Crucial assum
ption for effective 

theory to be valid

Double expansion:

Derivative expansion

h/v expansion

Since currently (and for looong tim
e)  no experim

ental 
access to term

s with 2 and m
ore Higgs fields, only 

lowest non-trivial order (1) in h/v expansion  
considered here 

Higgs is a scalar particle (spin-0, positive parity) 

Higgs has no flavor-violating coupling (w
ithin generations of up quarks, dow

n 
quarks, and leptons, couplings ratio scale w

ith m
ass)

Custodial sym
m
etry (couplings to W

W
, ZZ, Zγ and γγ not independent)

Technicalities, that can be 
easily relaxed



Effective Higgs Lagrangian  

Custodial
Flavor

Custodial

parityparity

(ferm
ions)

Infinite num
ber of param

eters 
but for a given process at a 
given precision level only finite 
num

ber of param
eters enter

Given Q
CD/PDF uncertainties, 

unlikely w
e’ll ever need to go 

beyond 2-derivatives 

Unitary gauge (but trivial to 
integrate the Goldstone bosons 
back)

SM
 lim

it: 
-all 0-derivative couplings 
equal 1, 
-all 2-derivative couplings 
equal 0  



Add parity-violating 
interactions

 Add invisible particle  
coupled to Higgs, so as to 
allow

 for invisible Higgs 
w
idth  

Drop custodial sym
m
etry 

assum
ptions 

If they discover a new
 

particle at the LHC, I’ll 
be delighted to add it to 
the effective 
lagrangian ;-)  

E
x
te

n
s
io

n
s Effective Higgs Lagrangian 
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Q
uadratic divergences to T/U param

eters - use w
ith caution! 

e.g.e.g.



Not anything goes
Higgs contributes to 2-point functions of 
electrow

eak gauge bosons, w
hose physical 

com
binations (sum

m
arized into oblique param

eters 
S,T,....) are w

ell m
easured at LEP 

In the SM
, Higgs+SM

 loop contributions to oblique 
param

eters are finite 

But w
hen Higgs has non-standard couplings (or 

coupling values) corrections to oblique param
eters 

becom
e divergent

If no custodial sym
m
etry, quadratic or even  

quartic (w
hen κ-couplings present) divergent 

corrections to T param
eter  

But even w
ith custodial sym

m
etry quadratic 

divergences m
ay arise if κV≠0

Hence κV m
ust be tiny and irrelevant for

Higgs phenom
enology unless w

e allow
 

fine-tuning
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In the following we set κV=0



Simpler effective theory keeping the leading order parameters 
relevant for experimentally probed Higgs processes 

Sim
pler effective theory w

ith 7 free param
eters 

Standard M
odel lim

it: c
V=c

f=1, c
gg=cγγ=c

Zγ=0
 



Effective theory and EW
PT

Even w
ith these restrictions divergent (but only log) 

corrections from
 Higgs to oblique param

eters 

W
hen coupling to m

ass deviates from
 SM

W
hen 2-derivative couplings are present

Using STUVW
XYZ param

etrization of Barbieri et al from
 hep-ph/0405040:   

STW
Y are singled out because they correspond to dim

ension-6 BSM
 operators:



Effective theory and EW
PT
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cV<1 is like heavier Higgs
cV>1 is like lighter Higgs
Stringent lim

its on cV from
 EW

PT alone:

Barbieri,Bellazzini,Rychkov,Varagnolo,
0706.0432
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Unless tuned against other significant contributions to S and T



Effective theory and EW
PT
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2-derivative couplings also constrained by EW
PT,  though less strongly



Effective theory: decay 

gg
Naive one-loop results

∼



Gluon fusion (ggF), gg→
h+jets

V
ector boson fusion (V

B
F),  qq→

hqq+jets

V
ector boson associated production (V

H
), 

qq̄→
hV+jets

Top quark associated production (tth), 
gg→

tth+jets

Effective theory: production

Production rates:

Significant effect of 2-derivative couplings on VH production m
odes:



Effective theory: rates
O
bservables are rates in various Higgs channels, w

hich are convolution of production, 
partial  decay and total decay w

idth
e.g.

Furtherm
ore, rates m

easured by experim
ent typically depend on different production 

m
odes (som

etim
es event different decay channels)

e.g. 

24%
 

76%
0.1%

0.1%

Thus, effectively, each observable depends on all param
eters of effective theory



State of Art

Disclaimer:  similar or exactly the same fits done  independently by numerous theorist groups; 
too many to cite them all, so in this talk no references at all, so as not to miss someone ;-)  



W
e fit couplings of the effective theory to available ATLAS, CM

S, 
and Tevatron data and EW

 precision tests from
 LEP, SLC, Tevatron

Starting w
ith unconstrained 7 param

eter, than m
oving to 

constrained 2 param
eter fits m

otivated by new
 physics m

odels

Assum
ing errors in different channels are Gaussian and 

uncorrelated (except in EW
 precision tests) 

But taking into account the efficiencies of various subchannels to 
different Higgs production processes, w

henever available

Global fits



Global fits



Effective Theory Parameter Fits 

Because it’s fun

Because it m
ay gives hints w

hat kind of new
 physics could be 

realized in nature and prom
pt new

 theoretical directions 

For exam
ple: fits to early Higgs data w

ere suggesting cV > 1, and 
prom

pted studies of Higgs sectors w
ith triplets w

here it’s possible 

For exam
ple: fits to early Higgs data suggesting large new

 
contributions to cγγ  prom

pted m
ore in-depth studies (collider 

pheno, stability, etc.) of theories w
ith light charged particles 

strongly coupled to the Higgs   

Ultim
ately, to prove it’s just the SM

 in a m
odel independent and 

prejudice free fashion :-((( 
 

W
hy fit?



Effective Theory Parameter Fits 

Asym
ptotically, no...

Theorists cannot properly take into account all system
atics and 

correlations 

O
K as long as the errors are dom

inated by statistics, but w
e’re 

close to the point w
here they are not  

 

Should theorists fit?



Comparison of naive and professional fits 

0.0
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1.0
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2.0
-2 -1 0 1 2

C
V

C f

O
ur fits som

ew
hat underestim

ate errors 
But crudely they select the sam

e regions of the param
eter space

For the m
om

ent, naive fits have advantage of com
bining ATLAS+CM

S+Tevatron, w
hich 

probably sm
oothes out the edges... 

Fit to vector and ferm
ion couplings, CM

S data only



7 parameter fit
Best fit and 1σ range for param

eters: 
It couples to W

 and Z m
ass!!!

Too early to say w
hether 

it couples to top due to w
eak

lim
its on tth production

 It couples to ferm
ions!

W
eak lim

it on coupling to Zγ
due to w

eak experim
ental lim

its
(c.f w

ith effective cZγ=0.014 in SM
)

Not displayed other islands with 
negative cV, cb, cτ

W
eak lim

it on coupling
to gluons due to degeneracy

w
ith ct (c.f. effective 
cgg=0.012 in SM

)
Q
uite strong lim

it 
on coupling to photons

c.f effective cγγ=0.0076 in SM
) 

 "#
2=#

2SM
  -  #

2m
in  =5.1, w

ith  7 d.o.f.
the SM

 hypothesis is a perfect fit :-((( 



A Higgs is a scalar particle 
that takes part in 
electrow

eak breaking, that 
is to say, it couples to W

 
and Z m

ass so as to 
unitarize their scattering 
am

plitudes

For a unique Higgs w
ith 

c
V=1 it gets prom

oted to 
the SM

 Higgs  

O
verw

helm
ing evidence it is 

a Higgs boson
Statem

ent independent of 
possible higher order 
couplings to W

 and Z 

Sm
ells like the Higgs boson 

7 param
eter fit

Higgs at Last !!!!!

Still som
e chance it’s not 

the SM Higgs boson... 
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⇤
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-W
e also consider 2D planes in the param

eter 
space of our sim

pler effective theory
- Fit 2 param

eters, w
hile fixing (not m

arginalizing 
over) the rem

aining ones
- The choice of free and fixed param

eters 
m
otivated by popular m

odels of new
 physics 

- Show
ing 1 sigm

a bands for the com
bined results 

in the m
ost im

portant Higgs decay channels
- Com

bined 68%
/95%

 CL regions corresponding to 
Δχ^2 ≲ 2.3/6.0, respectively 

2 param
eter fits



New
 physics in loops



2-param
eter fits: loop inspired

- O
nly 2-derivative Higgs couplings to gluons 

and photons vary; other couplings kept at SM
 

values 

- O
n this plane, no significant variation of χ2 

in Vh→
bb and h→

ττ channel, only h→
γγ and 

h→
VV* channels relevant

- Good fit w
hen cgg and cγγ very sm

all, or 
w
hen significant but fine-tuned against SM

 
contributions 

- 2 islands have exactly the sam
e χ2. The 

low
er corresponds to cgg contributing  to 

gg→
h am

plitude approxim
ately tw

ice as m
uch 

as SM
 top loop  but  w

ith opposite sign

- There are also 2 other m
irror islands at 

cγγ≈-0.016 

Loop-induced new physics
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2-param
eter fits: loop inspired
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Assum
e Higgs couples to new

 scalars or ferm
ions

Heavy scalar or ferm
ion in color representation r

 and charge Q
 contributes to eff. Lagrangian as

For fundam
ental color representation (quark) 

C
2=1/2 and d=3 



2-param
eter fits: loop inspired
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- For colorless new

 physics, param
etrization 

in the cγγ-cZγ plane relevant

- Currently, constraints on cZγ from
 Higgs 

and EW
PT com

petitive

- Zγ rate can be enhance by factor of ∼5 
w
ithout conflict w

ith EW
PT

- Large cZγ m
eans large cW

W
 and cZZ ⇒

 

enhancem
ent of VH production by 50%

 
possible  



Com
posite Higgs

Slides in this subsection stolen from Francesco Riva



M
inimal Composite Higgs M

odel

Global sym
m
etry 

G
=

S
O

(5)

Hierarchy M
PLH

=
S

O
(4)

f=TeV
G

/H
dynam

ically generated

com
posite         Goldstone bosons = Higgs doublet

Pseudo

tL
,R

W
±
Z

Like Q
CD: (techni)quarks, strong dynam

ics, global sym
m
etry

106

Kaplan,Georgi,Dim
opoulos,Dugan,Galison ’84; Agashe,Contino,DaRold,Pom

arol ’05 -’07

4

New
 “quarks”

Com
posite states 

(incl. scalars)4 naturally light



NGBHiggs couplings to SM
 fields

Higgs = Goldstone Boson of  SO
(5)/SO

(4)
described by angular variable
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Com
posite Higgs and EW

PT
Integrating out com

posite resonances produces a shift of S

Also, a shift of S and T due to cV<1 
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W

f>1.3 TeV (less than 5%
 corrections to Higgs rates)

But there can be other corrections 
to S and T, e.g. from

 heavy 
ferm

ions...
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2HDM

Slides in this subsection stolen from Francesco Riva



Two Higgs Doublets M
odels

m
odified Higgs couplings
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Two Higgs Doublets M
odels
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2 param
eter fits: invisible w

idth allow
ed

Excluded by m
onojet 

searches 
in CM

S and ATLAS
Djouadi et al. 1205.3169 

- If all couplings at SM
 value, invisible branching fraction larger than 18%

 
disfavored at 95%

 CL
- Allow

ing invisible w
idth and sim

ultaneously new
 contributions to Higgs 

couplings to gluons gives m
ore w

iggle room
 

- For the sake of the fit, “invisible branching fraction” could be “branching 
fraction into anything that LHC is currently insensitive to”, for exam

ple h->4j 
- But for truly invisible w

idth,  m
onojet searches and ATLAS LEP-like search 

place non-trivial bounds on this param
eter space! 

Higgs-portal inspired new physics
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To Take Aw
ay

Higgs!!! 

Effective Theory!!! 

M
easuring inclusive and exclusive Higgs rates in m

any channels 
allow

ed us to constrain som
e leading order coefficients of the 

effective theory operators

Thanks to EW
 precision observables subleading operators also 

constrained 

Aw
fully good agreem

ent w
ith the SM

 so far

Robust constraints on som
e Higgs couplings, especially the couplings 

to the W
 and Z bosons 

M
ore updates com

ing (h→
bb, tth, exotic channels) but the basic 

picture unlikely to change during before 2015 

Looking at differential distributions of Higgs decay products one 
can probe 2-derivative operators  in the effective theory



Backup

If there’s tim
e, but there never is



Higgs rates are degenerate 
betw

een p^2 and p^4 coefficients. 
For exam

ple, increased H→
ZZ rate 

can be obtained  by increasing cV 
or cZZ or κZ   

But differential distributions of 
Higgs decay products in ZZ, W

W
 

and Zγ channels w
ill be  different 

G
o

in
g

 F
u

r
th

e
r

Effective Higgs Lagrangian 



Higher order operators in h→
ZZ→

4l
In progress with A.Azatov,C.Grojean,E. Kuflik, T.Volansky;  see also Chen et al 1211.1959

General am
plitude:

Cao et al. 1001.3396

SM
:

Effective BSM
 

operators:

Contribution to 
form

 factors:

CM
S analysis 

discrim
inates 

betw
een: 

“scalar”
“pseudoscalar” O

ne m
ight also 

include effective Zγ 
operators but here  
assum

ing they’ll be 
constrained by Zγ 
rate anytim

e soon

Not considered in 
any analysis so far



Low
est order 0-derivative operator leads to 

larger coupling of Higgs to longitudinal 
polarizations 

 Higher order 2-derivative operators lead to 
larger coupling of Higgs to transverse 
polarizations

 By looking at the angular distributions of the 
leptons from

 Z decay one can m
easure the 

relative fraction of transverse and longitudinal 
polarizations in Z decay, and thus constrain 
higher-dim

ensional operators 

Higher order operators in h→
ZZ→

4l
Total w

idth in this channel:

A better approach to constraining the 2-derivative couplings:

But, weak dependence on higher dim
 operators, and degeneracy with cg...



Higher order operators in h→
ZZ→

4l

θ1,2  - polar angle betw
een other Z direction and l- in the rest fram

e of Z
m

*  - invariant m
ass of off-shell Z

other angles φ
, φ

*, θ* irrelevant 

Differential 
distributions (in 
approxim

ation of 
one on-shell  Z):

Com
plicated 

functions of m
*
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