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outline despite whaf youve

S NO

* Naturalness ... BLHSS

* “EFT naturalness”:
a complete parameterization of all higher dimensional
effective operators (@ any dim.!) that can potentially
“soften” the A? behavior of ém,?
=> look for naturalness conditions in the heavy underlying theory

«  Constraints, signals of EFT naturalness & concluding remarks
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Naturalness t

The “master equation”:

A2 A? m;
T (2427 — 6 (223 + 2% + 27)] ~ 8.2 = — (v~ 246GeV)

2o
dmy, (SM) = 6.2 @ i »

driving force behind search for NP
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Naturalness L

h_o___§ - __ h
The “master equation”:
dmy, (SM) = T (2427 — 6 (223 + 2% + 27)] ~ 8.2 62 0 Ti= (v =~ 246GeV)

driving force behind search for NP

The hierarchy/naturalness problem:

m?(physical mass) =m?(tree) + dm’(SM ) ~126 GeV

my(tree) ~ my, ~ 126 GeV.

dm32 (SM) > m3 (tree) when A > 500 GeV
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Sm2 (SM) = 2427 — 6 (203, + 2% + 23)]

New Physics

N

All NP particle masses are heavier than A

NP particle masses are lighter than A U ) ]
U A = the scale of the effective action
SM is not a complete description of the heavy physics
below A; there being other particles yet to be discovered <I I;

with masses below A

use EFT techniques
— The parameters of the theory are such that there are
cancellations between the SM and NP contributions
to dm,, (symmetries/accidental) ...

e.g., SUSY, little Higgs/composite models ...
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Underlying setup: 9
E )
! L
L) -
“mﬁg@é‘% new heavy physics

_______________ M ~ O(10 TeV)

Below M:

- I
{n) ~ln)
SM + Z M (n—4) Z}(f L)E
5 i

'
(SM fields and symmetries ...)
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Underlying setup:

f)

E |
:\ :
) - ) -
TO" new neav SICS
v phy
_______________ M ~ O(10 TeV)

EFT naturalness:
conditions among
f; for theory to be
natural at A<M

A = the scale of the effective action (Wilsonian-like)

Below M:

00
I
{n) ~ln)
SM + Z !wlin—ri] fo C)f-
n=>5 i

(SM fields and‘(symmetries )
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EFT Naturalness:

Ask: what are the “EFT naturalness” conditions?

=> the conditions for the physics above A that can soften
naturalness in the Higgs sector

The EFT-naturalness conditions are most likely due to a
higher symmetry of the underlying physics ...
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The “roadmap” to EFT naturalness:

a taste of the problem ...

5111% — 5:11%(8]’&4) : (51??%(61‘1\)

\2 / A2 \ A2

53 (SM) = — [24x7 — 6(2x3, + x% + x3)] ~ 8.2 Sm3 (eff) = —-

167 | 677>
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The “roadmap” to EFT naturalness:

A2

Sm2(SM) = —— [24x2 — 6(2:3, + x% + x2
' 167~
‘&nz‘ A2
h = L2
m?  16z°m?

A theory, F€M for
which A,~1 is natural

while one with

A,~10(100) suffers
from fine-tuning of
1096(19%0)

H;I — (twmh(SM

)| ~

.2\

a taste of the problem ...
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The EFT 1-loopv contribution to the Higgs mass:

Integrating out the heavy fields (M);
generates an infinite series of vertices suppressed by inverse powers of A (< M)

light

hea
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The EFT contribution to the Higgs mass:

Integrating out the heavy fields (M);

generates an infinite series of vertices suppressed by inverse powers of A (< M)

light

- . _h . h — E
omsi (eff): M-----¢  e--- =
hea h s
5 (off) = — 2 pter) | (n) ()
ATk e = — : X
" 1672 Zﬁ M4 Z-’( i
n= I

EFT naturalness: what eff. interactions can tame the little hierarchy problem?

2 ram . -9 -
dmz (SM) + dm? (eff) < m?2 when A = my,
h h i~ h
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2
To Calculate dmj (eff) = _ A pem
1672

We need the set of operators which give
the leading contribution to
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EFT:

b
1 ()
Lot = Lsm + Z Y= E fj”JOI-”)
n=3>5

Its a mess In general — underlying physics not known,
oo many operators ...

needs some guiding principles !

set the “rules of the game” ...
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EFT framework:

Assume: physics at E < M is described by

- 1 A e
Lo :)'(:SM—’_Z M(n—dt)zfi( )OE :

v “light fields” [@ E < M] = SM fields

v Gauge-symmetry [@ E £ M] = SM: SU(3)xSU(2)xU(1)
(useful for classifying the higher dim operators)

v Underlying NP (¢ya,) is weakly coupled, renormalizable, obeys

gauge-invariance & preserves symmetries of the known dynamics (SM)
(useful for classifying the higher dim operators)
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EFT framework:

Assume: physics at E < M is described by

Lo = Lsn + ), o> 1O

v “light fields” [@ E < M] = SM fields

v Gauge-symmetry [@ E £ M] = SM: SU(3)xSU(2)xU(1)
(useful for classifying the higher dim operators)

v Underlying NP (¢ya,) is weakly coupled, renormalizable, obeys
gauge-invariance & preserves symmetries of the known dynamics (SM)
(useful for classifying the higher dim operators)

Many operators can be constructed under these conditions, O(50)
BUT: only very few can balance the SM’s 1-loop quadratic terms !
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EFT corrections to Higgs mass Z

-

. J. 1 . + . J_ KN I i 3
O — |c>\ OFo)?, 0@k = 5 (01110) D (6 719) . O+ = 1(01710) D* (&1 710)

gt =io' Do+ Hee., jF=io'DFe, IV = id' I Do 4+ Hee. |

. 1 . . g~ (9K 1 .
OPEHS) — 2,0k 0P — ik O = S Dy

Oyt =160 i )™y

17 Shaouly Bar-Shalom Higgs Physics



EFT corrections to Higgs mass Z

Okt s 1 91, 4 .
O(zk+4j |U\ D;Mg Ogﬁzaﬂ) . {O"'ILJ}D £)|_I(_)} : O(za+4) 4((_“_10)172;.{@?1@)

From heavy scalar exchanges: singlets or triplets

g =id"D'o+Hee, gt =id'DFo, JF =id 7 TDrG 4+ Hee. |

O(Qh+6} 2} Ok Oézaurﬁ} :ELDF{'}” ot (2k+6) _ j Dk T

From heavy vector exchanges: singlets or triplets

(4 Ji Y ¢ /1/ ¢
{2 II! _|_ ,_]:) 2 2 k 1 :.. Heaﬂ.. boson
Oy — = |9| e (2 D) v o e
¢ (b) N

From heavy fermion exchanges: singlets, doublets or triplets
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EFT corrections to Higgs mass

C)gk+”:3|¢)\gﬂg‘\¢)|2, OSM"U = {c)'TIUJD (6T 10) , OgH—” {c)'ch)}D (o1 r70)

C)i?k.—{-&]) _ %jpmk‘ju ‘ C)i(‘;Qk—I—G) _ E'LLDR.}'LL ‘ (;)[QR—O—GJ J Dg,l‘ J,u

=id'DFo+He | j*=idDre, TV = ;i(;}'i'-r‘TD“Q} +He.,

O2k+4) _ — (6124 (i P)2F L o)

W —ap
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EFT corrections to Higgs mass

. 1 : ! 1, s
(/)é?k—l-il) _ §|c)‘2[]k‘c)|2 , O;g?;z#-il) _ §(C‘)|TIC))D2k(C)ITIO) ,

(2k+4)
Oy

]. S -~ . ~d
= 1(@'?1@)17%(@'71@)

/4 j* =ip' DG +He. , = iqSTD”Qi' . JY = io'r!DFo + He. |

O(Qk—l—G):lj”ijy, Og2k+6):}£Dk3u O2k+6) _
v 2 ? a1 ?

6

J DR

2L+4 2k—-1 J
OG0 ¢ (i by e

om (eff) = —

e = (A/M) (A /M) = (-1
leff) _ Z ;]/Jrl Zj(zk—f—-l) Z /;;Jrg Zj(Zk—f—S} Z

k=0 E=0 ' k=1
O=S5 x, xand X =v, v. V
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EFT naturalness upshot:

(A/M)% (2k44) o~ (A/DM)PFH2 (2k )E(A/M )2 (2k44)
‘ el = Z k+1 ZT ' k42 ZT " Z A+1 ZT ~

k=0 k=1

] w

h =
m  16z°m?

3

Provides the necessary conditions in the underlying theory
(i.e., in terms of the coefficients of the higher dim. operators)
for the theory to be natural (or to have a certain degree of fine-tuning)

F¢ 8.2

AAh:f(Ah’fi’M) - AnaluraI:f(l' 1:i’I\/I)
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Less ignorance

More insight regarding the heavy new physics for naturalness

explicitly calculating the higher-dim coefficients ...
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Less ignorance:
examples of interactions of the new heavy particles that can address naturalness

heavy scalars @ = singlets & triplets: ALy = ugp cf)T(I)qﬁ
heavy vectors X = singlets & triplets: ALy = gxX,.j%
heavy fermions ¥ = singlets, doublets & triplets: ALy = -;yg;_.fv,-;,-uifﬂligf)
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Less ignorance:
examples of interactions of the new heavy particles that can address naturalness

heavy scalars @ = singlets & triplets: ALy = upd' do

heavy vectors X = singlets & triplets: ALy = gXX”jX

heavy fermions W = singlets, doublets & triplets: ALy = yq,_w&lliqb

Integrate out heavy fields (®,X,¥) &
allowing for the more general case of different scales 175 ¢ x > A

24



Matching the effective theory @ A

1
2 a2\ F - a2\ R fy”“)(w o My, M) = Slalyy o (Mz)
( VL ) I (9x, Mx, M) = IXgXQ( Ve ) . o
X

NN

(2k+4) - (i\/i”)z (2k16) = (- U” {2k+-1)
I N Z k9 Z X Z ,1, 11 Z fo=
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Matching the effective theory @ A

1 M?

2, arank ok S g My M) = CTelye ol (oo

Ch) (Mg, M) = |22 | (ZM Y 2 (—M? . 27T My
f5i) (uq ] s ) U:I:' ﬂ,_[(% fX (gx._:\f_x._:\f) = I_x‘g_x‘ f'llrg(

\ N

00 2k oo 2k o0
(eff) _ (A/M) (2k+a) o (A/M) (2k+6) (=1)*(A/M)?F (2k-+4)
F _Z 1 ZLI’ Z Jo+ 9 Zf Z ,1‘+1 Zf
P

k=0 - k=1 W,

Y . i'\ . (effj Heavy boson
omy (eff) = — 1672F P
/

ol @ ol 6 (b) g

\ 4 7 ¥

i) |u@|2 A2 A2 A2
FEDA) =) E: (M? wa\yxp o [1-A Nz +ZIX\JX\ 1-4 M2
B

‘I”t,-_)

Alr)=In(l+2) /. = 1> A(x) =0 FEf) > |




EFT naturalness conditions — a simple example:

omi = 5mi(SM) + dmj (eff)

A2
1672

ren) = S (3 ) ZI‘I""‘“'{ (3 )] 3t 1= (57|

Assume that the heavy masses are clustered around a value M:

d-m%(eif) = — Fef)

1"'12
c — I A ] T 1
E_ Z\“M
5 e Mz@ :—lejj|“ljl—w‘ + ZIX‘UX‘

111

expected values: .5~ O(1 - 10)

€.9., uy~ 3M, and/or a triplet heavy vector-like (colored) quark with 'y, ~ 1
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EFT naturalness conditions — a simple example:

.EE
Fe0(8) = (6= )A(37) +

Sms = Sm3(SM) + Sm (eff)

om3 (eff) = — Fe)

find the values of (&,7n) for which EFT corrections to m,, can “soften” naturalness in
the Higgs sector at a certain A for some value of M of the NP threshold ...
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EFT naturalness conditions — a simple example:

. ﬂz
FEH(A) = (£-n)A (ME) +7n

Sms = Sm3(SM) + Sm (eff)

o (eff)

d-:rn% (eff) = —-

find the values of (&,7n) for which EFT corrections to m,, can “soften” naturalness in
the Higgs sector at a certain A for some value of M of the NP threshold ...

................................................... 15
A= A =10
.ﬁh .
_____________________________________ 10}
L i =
I 25<M/A<3
5k . SRR 5L
15 <M/A<2
1 <M/A <15
UA 5I ll3 ?:' é 9 10 11 12 1I3 Iin‘.‘ 1i5 IJI:I 5I 10
5 g

Regions in the E&-n plane which corresponds to A, =1 (natural) and
A,=10 (10% fine-tuning) for an EFT-naturalness scale 3 <A <10 TeV & A<M <3A
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EFT naturalness conditions — a simple example:

Example: extensions of the SM with a typical mass scale of
M~7TeVandwith£~9& n~5
will yield an effective action which is natural upto A ~ 5 TeV
(an order of magnitude improvement over the pure SM ...)

Regions in the E&-n plane which corresponds to A, =1 (natural) and
A,=10 (10% fine-tuning) for an EFT-naturalness scale 3 <A <10 TeV & A<M < 3A
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Constraints from current data

EFT naturalness operators can cause 2 types of effects:

A shift to the p-parameter f\

M(scalar triplet,vectors) > ~ 10 TeV

A shift of the Higgs couplings
to SM fermions & gauge-bosons)

no useful limit ...
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Expected signals of EFT-Naturalness

Modified vertices involving Higgs, gauge-bosons and fermions from
the EFT-naturalness higher-dim operators

Operator h ht hWw h*W? h*W? h*W? hZZ h*Z? h*Z? h*z? hyry h?y?
O.[qzk t4) v v

O v v v v v v

Ok v Y v v v v v v v v

@E.u +6 v N4 v v

O v v v v

Ot v v v v v v v v

Ot v v

Tail of new physics responsible for EFT-naturalness can be searched for
In multi-boson associated production of the form:
yy/VV - n-h+m -V+X (h,m=0,1,2, ...)

e.g., pp >Wh+X, Zh+X
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Summary

2 "'e

- There is a UV completion to the SM which is o) )
natural up to some scale A!

* What do we know about the underlying NP?
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Summary
- There is a UV completion to the SM which is o) P

natural up to some scale A!

« What do we know about the underlying NP?
« Our EFT-naturalness analysis:

* provides insight about this theory:
relations among parameters of the UV theory (for naturalness)

« signals expected in multi-boson scattering processes, €.9., pp »>Wh+X, Zh+X
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Summary
- There is a UV completion to the SM which is o) P

natural up to some scale A!

« What do we know about the underlying NP?
« Our EFT-naturalness analysis:

* provides insight about this theory:
relations among parameters of the UV theory (for naturalness)

- signals expected in multi-boson scattering processes, €.9., pp »>Wh+X, Zh+X

* Naturalness in the UV is not that complicated:

eed new singlet(s) or triplet(s) bosons or else singlet, doublet or triplet fermion(s
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Loop calculations

fermions loop
vectors loop

scalars loop
S A
O.= Lychy =L 1M a ) R \’h"<7’\
brr N K .
Qp=-LIM (K %)+ o N T =y RGE RON ”{ix{«)gﬂﬁg‘»&[*f%ﬁz
2 = - - b 2 @ )
(9\/: %S‘rﬂéy: 21[)(2)( Ek X-fj(l:llux; ULQ"” 3 (31% +1AL7£ /QlAﬁ~f24} ¥ ) s
e e — — —— 410 )2 AU e g s Ty ks
T —.ﬁ;) P:P(k) Qéﬁ H @fl(gi/) +L) 2 Ll - D\S@—T\%“{Y[R ,P/ :}~ \;TS"' (F)
v e BRCYs ,
o, (LIQN o, QL) =Gap) L ”—-f'l’;)\ “&“‘)” eEp . ,
Woes ] Ak - ol () 4 Ak S Sa\ E\A 3 | = ~ (l)q%l
ﬁ SN iy = o2\ (P Ty 1M e ) e
6 " A & 0y M7 ORM p>
¢ TR T o b = ]
~ n~J ’ 'R (.L‘Lﬁwm
(o) = Lxat. 0 :%// _= it Z t |
e TS kA

s4(07)- 12627 (v, et 0

ez bor 1)
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Signals of potential heavy natural NP

Doy
» deviations in Higgs pair production V\
N\ = e
* VV — hh (s-channel exchange of heavy bosons) e -
vV S

¥ U 4
* qg,ee — hh (t-channel exchange of heavy fermions) \L/

6 ) g

* Higgs+jet/lepton production via off-shell heavy fermion “decay”

P h\'j (\|j = quark or Iepton) eeeeeeeee /Y
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