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e At low energies, £ < m, , NP effects are

well approximated by local operators
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Operators “generated” at the new physics
scale m, with coefficients

Assumptions:

1. There is a gap between the NP scale m, and my,

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

__ im/v 0
H=e <v+h)
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® Operators can be classified according to their dimension
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Leading effects from dim-6 operators

59 independent operators for T SM family

Buchmuller and Wyler NPB 268 (1986) 621
Grzadkowski et al. JHEP 1010 (2010) 085

For a review see:
RC, Ghezzi, Grojean, Muhlleitner, Spira JHEP 1307 (2013) 035
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Estimating the coefficients at m, : the SILH power counting

Giudice et al. JHEP 0706 (2007) 045

Assumption: the UV physics is broadly characterized by 1 scale (1m,, )
and 1 coupling strength ( G )

For a strongly-interacting
light Higgs (SILH):

- each extra (covariant) derivative costs a factor

T«
- each extra power of H(x) costs a factor Ir _ l 1 1
My f g:>1 my ?>>m—
*
Example:  Ow = % (H'o?DIH) (D'W,,,)" hN
xample: W= 5 (H'o ) ( ) R
w AN



Estimating the coefficients at m, : the SILH power counting

Giudice et al. JHEP 0706 (2007) 045

Assumption: the UV physics is broadly characterized by 1 scale (1m,, )
and 1 coupling strength ( G )

. (V) S M
Expansion parameters: —, 1
My f 47

/ N

expansion in powers

derivative expansion of the SM couplings

'

expansion in powers

of the Higgs field H/ f
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1. The UV physics is minimally coupled

True for some of the popular models (e.g. weakly-coupled SUSY,
holographic Higgs), but not necessarily so in more general contexts

see for example: Jenkins, Manohar, Trott JHEP 1309 (2013) 063

I  operators generated at loop level suppressed by (g2 /167%)

ex: dipole operators

2. (light) SM fermions are weakly coupled to the UV dynamics

Equivalent to assuming “universality” of NP effects, easier to comply with LEP

I3~ current-current operators subdominant
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Probing the strength of the EWSB dynamics

Although full reconstruction of their spectrum and couplings requires open producing the new
states, EFT can give information on whether the UV dynamics is strongly or weakly coupled

e At LHC Runl Higgs searches have focussed on single-Higgs
on-shell production and decay

— gives information on on-shell couplings Sc m? g2 m2 2
at a fixed scale () = my, —NO( ) or O( = ><1

e Next frontier for Run2: probe directly the strength of SSB dynamics

at energies I/ > my, through 2—5 2 scattering processes
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Validity of the EFT description  inspired by,

R. Rattazzi, talk at “BSM physics
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In general: dim-8 operators

further suppressed by

A= ggy % (1+0(02)> +0(93E2> +...‘/ E*  9(E)

2 2
m gx

*




Validity of the EFT description

In general:
02 2 72
A= géu X (1 +O(F>> +0(g;12 ) +
~——— ~—_
= Asm =g(E)’
Interesting gsy < g(E) < g, 5 A

coupling range:

Inspired by:
R. Rattazzi, talk at “BSM physics
opportunities at 100TeV”, Cern 2014

dim-8 operators
further suppressed by

“‘/ E* g(E)?

5 ™ 2
m* g*

Interestin
energy window:



Validity of the EFT description  inspired by,

In general:

A= ggp % (1+O(v2)> +0(93€2> +...‘/ E*  9(E)

R. Rattazzi, talk at “BSM physics
opportunities at 100TeV”, Cern 2014

dim-8 operators
further suppressed by

1 m; m2 g2
N—— ~~— —
= Asm = g(E)?

Interesting
coupling range:

Interesting
energy window:

0A

Asm

Thus:

_9(EB)?

gsm < 9(B) < g« S 4m

Y

gsm f < E < my !

can be > 1 if NP dynamics is strongly coupled ( g+ > gsns)
9sm



Validity of the EFT description  inspired by,

R. Rattazzi, talk at “BSM physics
opportunities at 100TeV”, Cern 2014

In general: dim-8 operators
further suppressed by

A= g5 X (1+O(vz>> +O(‘qz€2> L X B gy

f2 T m—i 93
N—" \_/
= Asm = g(E)?
Interesting gsm < g(E) < g 5 A

coupling range:

Interesting

<E<m » F
energy window: gsm - 7;1*

E Parameter space
I::> min = 7 < gy < Am under scrutiny within

f — best sensitivity on f
D the validity of EFT

For:
FE = largest energy probed
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Example #1:

Ca2v

Double Higgs production via VBF (V,V, — hh)
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Double Higgs production via VBF (V,V, — hh)

A= A@ 1+ 0(52,53)) — c%/%éz + ...
~ v

= Asm

O(v*/f?)

CH
CV:].—?
coy = 1 — 2¢cgy

3_ _
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Example #1: Double Higgs production via VBF (V;V;, — hh)

/I ,/,’ / EH
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Example #1: Double Higgs production via VBF (V;V;, — hh)

/’ ,’,’ // - CH

- , v=lm

“2v ___@03 coy = 1 — 2¢cgy
\\\ \\ CV \ 3_ )
B cy . \ cg=1-— §CH + Cé
— 2
/ from heavy b =1-— CQV/CV

A=c 1+ 0(527 53)) e resonances .
03 =1—c3/cy
~
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Example #1: Double Higgs production via VBF (V;V;, — hh)

P / _
/’/ /’, ,/ cy =1— 67]{
\ Cov ———@03 cov = 1 — 26y
\\\ \\ CV \ 3_ )
' cv -, N c3=1-— §CH + Cg
E? E?
o % 2)
_ 2
/ from heavy b =1-— CQV/CV
A = cj 14+ O(09,0 .
( 2 3)) resonances 53 =1 cs/cy
~_
_ 2/ 2 E?
— Agpy O(v*/f*) :g<E)2NF
If best sensitivity (02 )4, comes from E
! VN = =g L <4
events with invariant mass m(hh)~ E: (02)min " Imin < Gx S 4T



Example #1: Double Higgs production via VBF (V;V;, — hh)

pp colliders pp — hhj5 — 4b 37 4b final state y
10, N
; | 14TeV 300fb"! 'PQ/”*/
(53)min (52)min E 9min e //\{4
e —— £y
14TeV, L=300fb~" | 8-9 035 15TeV 3.6 A 14TeV 3ab?
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| \oo100Tev || N\
100 TeV, L =3ab™* 4—6 004 35TeV 28 f ooy e
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Example #1: Double Higgs production via VBF (V;V;, — hh)

pp colliders pp — hhjj — 4bjj

(53)7nin (52)7nin Z? 9min

14TeV, L =300fb"" 8—9 0.35 1.5TeV 3.6

14TeV, L=3ab* 5—8 0.2 1.5TeV 2.7

100 TeV, L =3ab™* 4—6 0.04 35TeV 2.8

work in progress with J. Rojo

CLIC ete” — hhvo — 4bvi

‘ (03)min ~ (02)min E Grmin

3TeV, L=1ab™' ‘ 0.3 0.05 18TeV 1.6

RC, Grojean, Pappadopulo, Rattazzi, Thamm JHEP 1402 (2014) 006

4b final state
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Example #1:

pp colliders pp — hhjj — 4bjj
14TeV, L=300fb~' | 8—9 0.35 1.5TeV 3.6
14TeV, L=3ab* 5—8 0.2 1.5TeV 2.7
100 TeV, L =3ab™* 4—6 0.04 3.5TeV 2.8

work in progress with J. Rojo

CLIC ete” — hhvo — 4bvi

‘ (53)min (52)min E 9min

3&V,L=1%”W 0.3 0.05 18TeV 1.6

RC, Grojean, Pappadopulo, Rattazzi, Thamm JHEP 1402 (2014) 006

EFT better justified at high-precision
machines (such as e"e colliders)

1 0 T

Double Higgs production via VBF (V,V, — hh)

4b final state
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Example #2: Higgs associated production ( ¢qg — Vih )

19
Ouvr —
W Qm%V

(' aiﬁH) (D" W,

g >
Op = 525 (H'DH) 0" By,
2myy,

7: /
Onp = —4— (D"H)'(D"H)B,,
myy

Ony = 5 (") (H'D 1)
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Example #2: Higgs associated production ( ¢qg — Vih )

h
E? E?
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~~ %% %% L

— Agy | | | |
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Example #2: Higgs associated production ( ¢qg — Vih )

for EFT to be valid

;
Ow = 2

= = (H'0'DIH ) (D*W,,)'
myy

g’ e

Op = 5o (H'D'H) 0" B,,
My
7: /

Onp = —4— (D"H)'(D"H)B,,
myy

Ony = 5 (") (H'D 1)

E? E2
A=g*+0 (92—2 Cz—HB,(W—B)) + O (9 —5—
~~ % %%
— ASM | I |
E2
2 - 2
_O<gwﬁ> -o(»
T
must have
Riva et al.
arXiv:1406.7320 0A/Asy <1
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Example #2: Higgs associated production ( ¢qg — Vih )

~~ %%
= Asym : |
E2
m*
must have
Riva et al.
arXiv:1406.7320 0A/Asy <1

for EFT to be valid

Ow = 2292 (HTUZD“H) (D"W )"
My

g’ e

Op = 525 (H'DH) 0" By,
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Example #2: Higgs associated production ( ¢qg — Vih )

2 ) B 5 E?
A=g"+0 (g 9 5z—HB,(W—B)> + O (g —5 Eﬂw)
~~ %% w
= Agm | | | |
E*? E?
_O<92 2> :O<>\2 2)
ms m?
f !
h
Riva et al. 5An/]jt CIVi | 5A/ASM > 1
arXiv:1406.7320 SM £\ > q
for EFT to be valid
Ow = 5 (H'o'DEH) (D" W)
g’ Opp,( Ow — O
Oy — zg2 (HUWH) 9" B,, . B, (Ow B)
2myy, constrained by TGC

Z’ /
Onp = —5— (D*H)!(D"H)B,,
myy

Ony = 5 (") (H'D 1)



12

Example #2: Higgs associated production ( ¢qg — Vih )

~~ %%
= Agm : |
E2
m*
must have
Riva et al.
arXiv:1406.7320 0A/Asy <1
for EFT to be valid
Ow = 5.7 (H'o'DEH) (D" W)

g’ {—»

Op = 50 (H'D"H) 0" B,,
myy
Z’ /

Onp = —5— (D*H)!(D"H)B,,
myy

Ony = 5 (") (H1'D 1)

0A/Asn > 1
if A> ¢

Ong, (Ow — Op)
constrained by TGC

constrained by Z-pole data at LEP1
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Events

Example #2: Higgs associated production ( ¢qg — Vih )

Experimental searches not yet ATLAS-CONF-2013-079
™ to SM Hi . | CMS PAS-HIG-13-012
SEASIIVE 1O 1ggs sigha DO, PRL 109 (2012) 121802

EFT not valid when setting limits

on ¢yB,(Cw — CR)

70

Riva et al. arXiv:1406.7320

LHCS8 ATLAS VH

60"

40

30-

50 100 150 200 256
pr(V) [GeV]

from: Ellis et al. arXiv:1404.3667
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Example #2: Higgs associated production ( ¢qg — Vih )

Experimental searches not yet ATLAS-CONF-2013-079
™ to SM Hi . | CMS PAS-HIG-13-012
SEASIIVE 1O 1ggs sigha DO, PRL 109 (2012) 121802

EFT not valid when setting limits

on ¢yB,(Cw — CR)

70,

Riva et al. arXiv:1406.7320

sensitivity comes from last bin
where EFT breaks down
LHCS8 ATLAS VH /

40

30-

0 50 100 150 200 250

pr(V) [GeV]

from: Ellis et al. arXiv:1404.3667



Example #2: Higgs associated production ( ¢qg — Vih )

Experimental searches not yet

sensitive to SM Higgs signal

EFT not valid when setting limits

on ¢yB,(Cw — CR)

LHCS8 ATLAS VH

ATLAS-CONF-2013-079
CMS PAS-HIG-13-012
DO, PRL 109 (2012) 121802

Riva et al. arXiv:1406.7320

sensitivity comes from last bin
where EFT breaks down

70,
60
50
40 ¢, =0.1

30-

Events

100
pr(V) [GeV]

150

20 . P S

CHB

13 from: Ellis et al. arXiv:1404.3667

Compare with LEP2 (TGCs):

v strongest bounds
v EFT valid

solid=95%

----------

0.10/

0.05/

0.00

_0.05:

~0.10-*

~0.15

2004 —002 000 002 004 006
(EW — 53)/2

from: Riva et al. arXiv:1406.7320
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Example #3: Double Higgs production via GF ( gg — hh)

8
-
<%
»
3>

)
Y

work in progress with A. Azatov, G. Panico, M. Son
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Example #3: Double Higgs production v

work in progress with A. Azatov, G. Panico, M. Son

<
A

Qg
A(gg — hh) ~ (E) X [yf (1 @) +95(E) + g3
from modified /

tree-level couplings

ia GF (gg — hh)
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Example #3: Double Higgs production via GF ( gg — hh)

work in progress with A. Azatov, G. Panico, M. Son
t A t —-=<7 %—B/
h \\ \\
g ---h 9 ~h 9 ~h
8%
A(gg%hh)w(lf . g2 +]

from modified
tree-level coupllngs

<

Y

from dim-6 operator: O, = g; H'H GG
My

47 E?  N°E-?

Y
as v2 m?2

gg(E) ~ Cg —

suppressed by weak spurion )\ for a pNGB Higgs
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Example #3: Double Higgs production via GF ( gg — hh)

work in progress with A. Azatov, G. Panico, M. Son

A(gg%hh)w(js ]

from modified
tree-level coupllngs

2
from dim-6 operator: O, = m%v qua pv
2 2 172
Qo V2 m2

suppressed by weak spurion )\ for a pNGB Higgs

from dim-8 operators:

2
Oypo = 2~ (D, H' DPH)G?, G+
w
92
Ogp2 = 5= [ D,H' DP H
My
~4D"H'D"H |Gy, Goo
ir  E*  g2E?
2 — *
FE)~c ~
93(E) 9D0,2 ay v2m2, m4
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Example #3: Double Higgs production via GF ( gg — hh)

work in progress with A. Azatov, G. Panico, M. Son

A E? A\ E2 Ar B4 g2E4
2 _ 2 _ 2
E)~c ~ E)~c,p ~

96( ) g o V2 mz 98( ) 9002 % v2m2W m;l
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Example #3: Double Higgs production via GF ( gg — hh)

work in progress with A. Azatov, G. Panico, M. Son

47 E*  N°E? 47 E* g’E*
2 _ 2 ~ C ~ X
96 (E) ~ ¢4 ay 02 ~ m2 93 (E) ~ €gpo2 0 vzm%‘/ mi
EFT valid for << m : gs(F) < X < g. gs(F) < g«
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2 ~ ~J 2 E ~ C g *
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Example #3: Double Higgs production via GF ( gg — hh)

work in progress with A. Azatov, G. Panico, M. Son

47 E*  N°E? 47 E* g’E*
2 ~ ~J 2 E ~ C g *
96 (E) ~ & gy v? m? 95 (E) ~ Eypo2 az vimy,  omy
EFT valid for << m : gs(F) < X < g. gs(F) < g«
dim-8 operators are more important than
dim-6 ones for m*()\/g*) < E <m,
)\2
Condition for neglecting dim-8 operators: g6(F) < —
g«
Let 0 be the precision obtained on Cq(4m/cra)
using events with invariant mass m(hh) ~ E
)\2
E » A > gmin g— > Gmin
*

U



Example #3: Double Higgs production via GF (gg — hh )

work in progress with A. Azatov, G. Panico, M. Son

aQl>

gmin 47

* Let 0 be the precision obtained on ¢, (47 /as3)

using events with invariant mass up to F

)\2
B » A > Gmin 7 > Jmin

(V)



Example #3: Double Higgs production via GF (gg — hh )

work in progress with A. Azatov, G. Panico, M. Son

EFT not valid in
the gray region

gmin 47

* Let 0 be the precision obtained on ¢, (47 /as3)

using events with invariant mass up to F

)\2
B » A > Gmin 7 > Jmin

(V)
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Example #3: Double Higgs production via GF (gg — hh )

work in progress with A. Azatov, G. Panico, M. Son

EFT not valid in
the gray region

Ql>

g min

* Let 0 be the precision obtained on ¢, (47 /as3)

using events with invariant mass up to F

E

=)

dim-8 operators not

/ negligible in the light
blue region

4n

)\ > 9min

— > 9min
G«
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Example #3: Double Higgs production via GF (gg — hh )

work in progress with A. Azatov, G. Panico, M. Son

EFT not valid in
the gray region

Ql>

g min

Notice:

Fully composite tr ( A=1v;) and partially composite
tr and tL (A= /g.y; ) can be probed only if gmin <y:

(requires sensitivity to the SM cross section)

~
~
~
~
~
~
S~
=~
=~
~-—_

4n

dim-8 operators not
negligible in the light
blue region

)\ > 9min

— > 9min
G«
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Example #3: Double Higgs production via GF (gg — hh )

work in progress with A. Azatov, G. Panico, M. Son

EFT not valid in
the gray region

dim-8 operators not

. e negligible in the light
‘/'\* / blue region

Q|>

gmin 47

Results for channel pp — hh — bbyy

Notice:

Fully composite tr ( A=1v;) and partially composite 14 TeV, 300 fb~* 14TeV, 3ab~" 100 TeV, 3ab™"

tr and tL (A= /g.y; ) can be probed only if gmin <y: §~0.15 6~0.1 6 ~0.05
(requires sensitivity to the SM cross section) E=~10Tev E=~10Tev E=~10Tev
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Conclusions

Higgs Effective Lagrangian is the tool for future precision physics

Power counting needed to estimate coefficients and extract information on the
underlying UV dynamics. SILH power counting useful to test weak vs strong

EWSB dynamics

Next frontier for LHC Run2: 2—2 scattering processes to probe strength of
EWSB dynamics at £ >my,

Assessing the validity of EFT requires power counting.

Dim-8 operators can be relevant if dim-6 ones are suppressed
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Example #4: Telling the top loop from a point

On-shell single-Higgs cannot distinguish
the top loop from a point-like interaction: h

~~

mp < th

4
A(gg — h) = Asp <1 — Cy + 12 (—W) Eg) +

Q2
- S~ Ou:y—gHTHCjLHCuR
v
O(’U2/f2) O (AQ m%) O g%« HTHGG Ga/“/
2 n2 = =0 y
yi m3 7= e ;



Example #4: Telling the top loop from a point

On-shell single-Higgs cannot distinguish

the top loop from a point-like interaction: h s h
mp, << 2my
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An extra hard jet can probe the top loop Banfi et al. arXiv:1 308.477 1 | |
and break the degeneracy: Azatov, Paul arXiv:1309.5273 from Grojean et al. arXiv:1312.3317
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Example #4: Telling the top loop from a point

For the effective theory 19 47
to be valid one needs: s

0%

An extra hard jet can probe the top loop
and break the degeneracy:
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Example #4: Telling the top loop from a point

For the effective theory
to be valid one needs:

For a cut ppr>650 GeV
(as done in arXiv:1312.3317)

An extra hard jet can probe the top loop

and break the degeneracy:
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p% AQ E2

Banfi et al. arXiv:1308.4771
Azatov, Paul arXiv:1309.5273
Grojean et al. arXiv:1312.3317
Schlaffer et al. arXiv:1405.4295
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