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WHY MH=126 GEV ?

Answer #1: because Higgs mass “is
maliciously designed to prolong the
agony of Beyond Standard Model
theorists” (NAH)

Answer #2a: Because it’s the most
dangerous place for Higgs mass to be

o (Buttazzo et al)
mﬁ/ Answer #2D:
“Multiple point criticality principle”

(Frogatt,Nielsen)

Answer #3: Because the Higgs
doublet mass parameter in the
Lagrangian is mH"RQ = -mZ"2
(my fortune teller)




WHY MH=126 GEV ?
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What have
the Higgs hunters

brought us




WHAT HAVE THE EXPERIMENTALISTS EVER DONE FOR US ?

T— T
ATLAS Preliminary

@ Higgs production rates, split info
separate production and decay
channels

@ Some information about tensor
structure of the Higgs couplings

@ Constraints on precision observables
where Higgs enters indirectly

W 68%, 95%, 99% CL fit contours, U=0
(SM_ s M,=126 GeV, m =173 GeV)
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WHAT HAVE THE EXPERIMENTALISTS EVER DONE FOR US ?

CMS Preliminary {s=7TeV,L<51 ' s=8TeV, L< 196"

+ How
+ Howw

@ 2D likelihood contours for ggH ’ +iom
and VBF/VH cross sections in the
leading decay channels provided ' N

by experiment!

@ Recently, 2D likelihood in the
numerical form in the vy, ZZ

\s=7TeV [Ldt=464810"
1s=8TeV [Ldt=20710"

and WW channels from ATLAS! amse

Going beyond Gaussian
approximations now possible!!!

W xBBg,

ggF st




WHAT HAVE THE EXPERIMENTALISTS EVER DONE FOR US ?

'We Want More!

@ [6D likelihoods]: For each decay, provide
likelihoods separated info all 5 production
modes (ggF, VBF, WH, ZH, ttH).

Boudjema et al.

@ [Tensor structure]: For decay channels EALIE
sensitive to tensor structure for Higgs
couplings provide likelihood separated into
each allowed form factor (expanded in
momentum).

@ [Fiducial cross sections]: Asymptotically,
publish a set of cross sections and
acceptances.




What to do with it




Now we need a framework o interpret all his in Zhe
Ccontext of /9/7y5/'c5 Aeyono/ Zhe Standard Mode!

@ Interpret the Higgs data in the context of an
effective theory: systematic expansion of all
possible interactions between Higgs and other
SM fields Defdult approach

in this talk

@ Interpret the Higgs data in the context of
concrete model beyond the SM (MCHMS5,
MCHMI14, LstH, MSSM, CMSSM, NMSSM,
NSA, ..)

Also a valid approach, but mind
that any particular BSM model is
almost cu&ai.ml.j wrohg ;=)




Effective Lagrangian

for Higgs interactions




Effective Higgs Lagrangian

CRITICAL ASSUMPTION (underlying effective theory approach)
There is no new particles with msmh and significant coupling to the
Higgs
TECHNICAL ASSUMPTION NP ongainize o pagion
- g : et of eff. theory interactions)
Higgs is scalar particle embedded in field H that transforms b otve ot

a0 derivative expansion
212 representation under SU(2)w x U(1)y. as in ChPT for QCD

Expansion in operator dimension
TYPICALLY, FURTHER

“BACKDOOR” ASSUMPTIONS (to reduce # of parameters,

may and should be relaxed
No flavor-violating Higgs couplings when more data available)

No CP violating Higgs couplings
Custodial symmetry
No large cancellations in electroweak precision observables

etfc




Effective Higgs Lagrangian

% 3 5 3 d>6 dimensional operators;
Expansion in operator dimensions not important for Higgs studies,

iven current precision
Lot = Lovibilis TCiortat AR P
Just neutrino masses, sar AR

: Fate
irrelevant for Higgs story o covplings

@ Dimension-6 operators enumerated long ago by Buchmuller and Wyler
('86). Minimal complete set of operators written down in
Grzadkowski,Iskrzynski,Misiak,Rosiek, 1008.4884

After removing redundant operators one ends up with 59 dimension-6
operators (for 1 generation), including 28 operators that involve the
Higgs field

One convenient basis fo write down these operators is the so-called
SILH basis, Giudice,Grojean,Pomarol,Rattazzi, hep-ph/0703164; see
Contino et al. 1303.3876 for a recent reappraisal




Effective Higgs Lagrangian

Leg =Lsmt Lg—s+Li—g+ ...

Lsv =D HID,H + m%H'H — \(H'H)? — (%Hq/}“/;j o h.c.) S
Couplings to Self-
EW gauge Couplings
bosons

Couplings to
fermions

h A,
Lriges = | 2mly WIW,, +m 2,2, =y msff | + O
f

In the SM Lagrangian, Higgs couples to mass of EW bosons and fermions




Effective Higgs Lagrangian
Leg=Lsm+ Lg—s+Lg—6H...

Li—e¢ = Lsiuu + Lorv + Lorp + Lar + Lgauge + LcopPB
CP Violating
interactions

2-fermion 4-fermion

Higgs interactions with ~ vertex B opcrators
: e P G
itself, SM gauge bosons corrections fermion auge

and Yukawa interactions diptie Poson S?IF-
: ] operators interactions
with fermions

(D*H)lo (D" H)V (D*H) (D"H)B,,

After including dimension-6 operators:
- Higgs couplings to matter no longer fixed by mass
- New ftensors structures appear in vertices




SH g Effective Higgs Lagrangian

S gt o, () + 2 (H B H’(B H £ - 11 parameters of SILH
s ) L) 55 ) %NN Lagrangian translates to
modifications of 5 SM 0-
derivative Higgs boson
i v iy lCBy v
(HT ﬁH) DWo)' + (H%BZH) (0" Bu) couplings and 8 new 2-
N ic:;u//g (DM H)l (D H)W, + zc;gly’ (DAH) (D" H)B,, derivate couplings

+ ((% yu H'H quHup + —Z ya H'H g Hdp + —; wH'H ELHZR) + h.c.)

iCw g

+Zm

= 2 & 02
+29 guB, B + 2% gigs,co
iy My

U Y

Dictionary
0-derivative couplings, present in SM

sw=sin(Ow)

7 ‘ : cw=cos(Bw)
—}( 2(‘Vmva/V W +CVszZ,u M j i

Z Mqqq — Cd Z meqq —Ci Z myll

ative, not present in SM +— cggGa‘ Ga = 467—7")’;“/7;;

1 . Caw —CHB +Cw —Cg)

il o, 1
*ECW’W W + W Y CZZZ,LLVZ;LV s ECZq'YuVZ;w

(C‘Hu' +cCuB

kww = — 2 (Caw + Cw)



SILH Lagrangian EFF@CfIVe H|ggs Lagranglan

- 11 parameters of SILH

oo (i H) ou(H'H) + o (0 D) (11D ) i P
27 _( Yau(Er'H) 2 2( %NN Lagrangian translate to
+ (G t'H @t ur+ —2y4 H'H g Hdp + S wH'HLLHIR) + h.c.) modifications of 5 SM 0-

derivative Higgs boson

icw g v iy lCBy v
*oms, (#oDhi) Wy + (H%ELH) (0" Bu) couplings and 8 new 2-
derivate couplings
- one relation among cVV and
- _
+ 2 HHB, B + Z—fgmHG;VGW, one amogu BNy

w W

2

iCyw g ; . iC y’
+ oy (DAH) 6 (DY H)W,, + =13 (DVH)'(D*H) B,
w w

D) 2
U U, CWW =CyCZZ + 284CiwCzZy + 53Cyy

2
Kww =Cykzz + CwSwkzy
0-derivative couplings, present in SM

h
—}( 2CVmWVV W, +cVszZﬂ 7

Z Mqqq — Cd Z meqq —Ci Z myll
7 s,

T cggGa G = ZCW'VAW'YM

1
uv Z
K ZOIIZ[U/Z/L s (K/W"VV(?UI’V+

1
¥, s 1, Vars.
—5eww Wi W

1
CZZZ,LLVZ;LV e ECZ’)’-YHVZMV
2-derivative, not present in SM




Simplified Effective Higgs Lagrangian

@ Including the full set of dimension-6 operators is the
only correct approach in the long run, but not practical
at this point of history

In the following, simplified effective Higgs Lagrangian,
after imposing some reasonable and motived assumptions:
- Ignoring 2-fermion vertex and dipole operators (most

of them strongly constrained by precision measurements)
- Ignoring CP-violating operators (no interference in
observables so effects expected smaller)

- Require no power divergent 1-loop corrections to
oblique parameters ST W Y (custodial symmetry + 1 more
condition)




Simplified Effective Higgs Lagrangian
Some parameters of SILH Lagrangian are strongly

constrained by electroweak precision tests. In particular,
tree level contributions to S and T

AT = o e = er <1073

167
gT(EB+EW) cB +cw 5 1073
L

At 1 loop, power divergent contributi

oT Y otz [h i (e iizz,),)} +

- 2
aU &

W 2 4 A s 5
~ e [Ghrw — ez + b))~ cusulezzea + emen) ~ 55y + )
To avoid it, impose custodial symmetry relations

Cviz'— G

: it . Lo e
Kww = Kzz Kww = CpuKzz + CuwSwkzy

C
CWw = Cyy + —

w e, 5 2
L0277 O + 28uCuwCzy t S5 Cry
2w




Simplified Effective Higgs Lagrangian

Some parameters of SILH Lagrangian are strongly
constrained by electroweak precision tests. In particular,
tree level contributions to S and T

AT = o e = er <1073

1
i g (@B +ew) tg+ew $107°
L

At 1 loop, power divergent contributions to oblique parameters

s2 kww (6cy + 9eww + 1Tkww) A2
487292

To avoid it, impose custodial symmetry + 1 more relation

oA

Cv,z = Cy

Cw 2 2
CWW = Cyy + S—czﬁ, CWW = CpCz7 + 28wCuwCZ~ + S5y Cyy

2l

kww =0 kzz =0 £Kzy=0




Simplified Effective Higgs Lagrangian

h o
[fh,sim = 5 ( 2CVm%Vw:WN 5 cvm2ZZuZu

—Cy Z Meqqg — C4 Z meqq — ¢ Z myll

q=u,c,t g=d,s,b l=eiiF

1 1
+ZCQQGZVGZI/ g ZC’Y’Y'Y/LV’YMV
il
4

Ll 1
——CWWW:,,WW ~~CyzZuwly = ECZW'YWZW>

2

2 2
— 8%

Cw 5
CWW = Cyy + —Czy €zZ = Cyy+ ———Czy
Sw CwSw
Simpler effective theory with 7 free parameters
<ALL> these parameters are meaningfully constrained by current Higgs data

Limit of SM+SILH with constraints ¢r =& =0 caw +C¢up =0 ¢g+cup =0

Standard Model limit: cv=cs=1, Cgg=Cyy=Czy=0




Global Fit




Global fits

I fit couplings of the effective theory to
available ATLAS, CMS, and Tevatron data and
EW precision tests from LEP, SLC, Tevatron

Some related work

For EW precision observables, I assume
vanishing contributions to EW observables
from higher dimensional operators at
threshold A=3TeV (only running effect from
threshold to EW scale included)

Starting with unconstrained 7 parameter,
below I give central value and 68%CL
range. Then I'm moving to constrained 2 &S
. Y [6] D. Carmi, A. Falkowski, E. Kuflik and T. Volansky, “Interpreting LHC Higgs Resulis from
parameter fits motivated by new physics Natunal New Physies Perspctive. JHEP 1207 (3012) 136 [aXin-1202 3114 [hopp]

[7] A. Azatov, R. Contino and J. Galloway, “Model-Independent Bounds on a Light Higgs,
JHEP 1204 (2012) 127 [arXiv:1202.3415 [hep-ph]
models 01 (012 127 | bl
| 51 1.8 Epinen. €. Gren, .Ml M. T, “Figerrintig i
at the LHC,” JHEP 1205 (2012) 097 [arXiv:1202.3697 [hep-ph]]
(9] M. Klute, R. Lafaye, T. Plehn, M. Rauch and D. Zerwas, uring Higgs Couplings
from LHC Data,” Phys. Rev. Letd. 109 (2012) 101801 [arXiy 2699 [bep-ph]]

Ignoring systematic and theory errors.
Assuming errors in different channels are
Gaussian and uncorrelated (except for in
EW precision tests)

But tfaking into account 2D likelihoods in the
GGF-VBF plane, whenever available




Does it make any sense?

Naive theorist level combinations ignore important issues about systematics and
correlations

However, comparing directly with analogous fits performed by experiments so

far one always finds a decent agreement (errors slightly underestimated, but
the favored region of parameter space always similar)

Czy = Cyy = Cgg =0




7 Parameter Fit




7 parameter fit

_ 1.0410.03 Fit as of 23/09/2013

—0.04 (Chanks to Hermes Belusca)

c (1383

cqg = 1.0270:12

== 0,98+0'21 Best fit and 68% CL range for

g ¢ 71 parameters (warning, some

= (_0026’ 0026) errors very non-Gaussian)

Islands of good it with

e _+_0 4 00 1 8 negative cu, cd, cl ignored here
= 0.0001Z5 9021

- 0006333

AXZZXZSM = sz,'” = 7, Wlth 7 d.oif.
the SM hypothesis is a perfect fit :-(((




7 parameter fit

= 1 04+0'03 —————> It couples fo W and Z mass!!!

—0.04 using only Higgs data: Cy = 097t8%(6)

6 (—13, 13) -, Too early to say whether
it couples to top due to weak

Y 02+0.12 limits on tth production
% —0: 17 It couples to fermions!
02— (actually constraints on cd indirectly

- 0.98+0_21 via constraints on total width )

Weak limit on coupling
G (_0026, 0026) i i to gluons due to degeneracy

with cu (c.f. effective

0.0018 3 e s
= 0'0001+0,0021 A el strong limit R 012 M)

on coupling fo photons

= 0.0064—8'8%5 (c.f effective c=0.0076 in SM)

Weak limit on coupling to Zy
due to weak experimental limits
(c.f with effective czy=0.014 in SM)




7 parameter fit
Higgs data alone:

230972013

ey =00810 12 nr5<c < 191

EW data alone:

oy, = 11087007 igEe oy <121

Higgs+EW data:

cy = 1041003 098 <oy <109

@ Overwhelming evidence it is
a Higgs boson

@ Statement independent of
possible higher order
couplings to W and Z

@ Smells like the Higgs boson

@95% CL

@95% CL

@95% CL




7 parameter fit

230972013

@ A Higgs is a scalar particle
that takes part in
electroweak breaking, that
is to say, it couples to W
and Z mass so as fo
unitarize their scattering
amplitudes

@ Overwhelming evidence if is
a Higgs boson @ For a unique Higgs with
cv=l it gets promoted to
@ Statement independent of the SM Higgs
POSS'?le hlgher order One can still hope it’s not
couplings to W and Z the SM Higgs boson..

but no experimental hints
@ Smells like the Higgs boson in that direction




7 parameter fit

- 1 04‘*‘883 ___————> It couples to W and Z mass!!

- (_ 1 3 1 3)\_, Too early to say whether

it couples to top due fo weak

= 1 02-|-O 12 limits on tth production

It couples to fermions!
02— (actually constraints on cd indirectly

e 0 98+0 21 via constraints on total width )

; Weak limit on coupling
(S (_0026 0026)\> to gluons due to degeneracy
with cu (c.f. effective

0.00 T
= 0001+O 0021 ot Shteng it o7 sog0- 012 Sl

on coupling fo photons

— 1) 006+0 015 (c.f effective cy=0.0076 in SM)

Weak limit on coupling to Zy
due to weak experimental limits
(c.f with effective czy=0.014 in SM)




7 parameter fit

Couplings to gluons and top probed mostly by gluon

fusion Higgs production mode

OgsP |89/
Uggy |€gg,5Mm|?

8gg N Cgg +0.0128 ¢,

|égg.5M] = 0.012

For most Higgs observables, degeneracy between cgg and cu
Only broken by the tth production mode

Otth
SM el
tth

Current limits on tth production still weak

own Br(h — bb) R Otth +1.34
, L —26+54 —F =0.74

oM Br(h — bb)sm ) oSM —1.30

ATLAS tth  cMs combined

HIG-13-019-pas




7 parameter fit

Couplings to gluons and top probed mostly by gluon

fusion Higgs production mode

OgsP |89/
Uggy |€gg,5Mm|?

8gg N Cgg +0.0128 ¢,

|égg.5M] = 0.012

For most Higgs observables, degeneracy between cgg and cu

In the future, broken also by Higgs production at high pT Azatoy, Paul, 1309.5273

a(pr)-Blpr)y(pr) S =14 TeV 3000 b, h—ZZ
T T .




7 parameter fit

- 1 04+8 82 ___————> It couples to W and Z mass!!

( 1 3 ‘1‘_39'—\, Too early o say whether

it couples to top due to weak

i 1 02-|-O 12 limits on tth production

It couples to fermions!
L e (actually, stronget constraints on cd

e 0 98+8 gi indirectly via constraints on total width )

Weak limit on coupling
G (_0026, 0026)\> to gluons due to degeneracy
with cu (c.f. effective

0.00 K
— 0001+O 0021 Quits Shreng it o7 sog0- 012 )

on coupling fo photons

—0: 006+0 015 (c.f effective cn=0.0076 in SM)

Weak limit on coupling to Zy
due to weak experimental limits
(c.f with effective czy=0.014 in SM)




7 parameter fit

- 1 04‘*‘883 ___————> It couples to W and Z mass!!

& (_13, 13) T ————— | Too early to say whether

it couples to top due to weak
Y 02+0.12 limits on tth production
% —0: 17 It couples to fermions!
02— (actually constraints on cd indirectly

e 0 98+0 21 via constraints on total width )

Weak limit on coupling
< (_0026 0026)\’ to gluons due to degeneracy
_+_0 00 with cu (c.f. effective
i O 0001 200021 Quite Stesng it €gg=0.012 in SM)
on coupling fo photons
= 00064—88%2\ (c.f. effective cy=0.0076 in SM)

Weak limit on coupling fo Zy
due to weak experimental limits
(c.f with effective czy=0.014 in SM)




2 Parameter Fits




2-parameter fits

New-Physics-in-Loops-inspired

cv=cy=1, c,=0

0| i :
~0.0010.000 0.001 0.002 0.003 0.004 0.

Cyy

Excluded by monojet
searches
in CMS and ATLAS
Djouadi et al.
1205.3169

Excluded by ATLAS
and CMS
ZH—invisible search

Composite-Higgs-inspired

Cgg=Cyy=Czy=0




Conclusions

@ Combination of Higgs and electroweak
data puts strong constraint on
dimension-6 operators containing Higgs

@ Constraints on 7 leading parameters
governing Higgs interactions with matter
at the level between 10% and 100%

@ No slightest hint of new physics yet




