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Precision measurement at the LHC

A general 2 — 2 scattering at low energy:

n E2
A(66 — 66) ~ gy <1+gg* +)

v Mz
where n < 2, for weakly coupled theory g, ~ gsum:
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o
for the expansion to make sense.

But the present several searches (VH, VV) at the LHC
sensitive to O(1) effects



Precision measurement at the LHC
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One can thinking of the LHC open a new door to strong
coupling!



Power counting of h

Natural units:
h=c=1

Let's restore % in our action for the path-integration:

oiS/h — i [ d*xL/h
For the non-canonically normalized fields:
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SILH scenario

SILH can be thinking of as a set of power-counting rules
associated with following considerations:

» Two sectors: the elementary sector (including SM gauge
bosons and fermions), the composite (strong) sector
(including the Higgs).

» Higgs are further assumed as pseudo-Goldstone bosons for
naturalness consideration.

» The physics of the new sector is broadly characterized by one
scale m, and one coupling g.

» The elementary fields are assumed linearly coupled to the
strong sector according to the hypothesis of partial
compositeness.



Partial Compositeness

The mixing Lagrangian in the UV:
Lmix = 6AA;LJM + €¢w Ow + h.c.,

leading to the effective Lagrangian below the scale m,:
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Partial Compositeness

» To go to canonically normalized fields: Au = g*A“,zﬁ =g

v

The gauge coupling: g = gyea
> ¢ measures the degree of the compositeness of the SM fields.

» ¢ ~ 1 means fully composite, which can be achieved for the
right-handed top quark, if 3/2 < dimO,, < 5/2.

Partial Compositeness

The composite fields can be continuously deformed to the
elementary fields.



SILH operators

56:,7]7-52 C,'O

Ow =1 (HT aD“H) D¥W;,

S
w
|

i Y v
=i (H “H)a B

D
Onw = i(D*H)Ta?(D"H)W,
Ong = :'(D“H)T(D”H)BM

O}’w = |H‘2wLHwR

Oz = _%(8/18#”)2
Oaw = —1(D, W3, )?
Os6 = —1(D,GL,)?

1 b
Osw = 31 €abe W:UWup we ek
O36 = 3 fasc G " Go,G“ "

OF g = (iH'D, H)(wL RY*YLR)
0P = (iH'0* DyH) (10" )

Ogg = |H?B,. B™
Occ = |H)? GA G

Oay = Yyubypy"y

|

Table 1. Dimension-6 operators used in our analysis.



SILH operators

» For purely bosonic operators, only Oy, Og, O>y can be
generated at tree level by exchange massive vectors in
minimally coupled theory (Holographic composite Higgs
model and little Higgs model).

> Oge, Oppg subject to the same selection rule for the Higgs
potential, will have extra suppression y2/g2.

> In the general case GS/ILH, the minimal coupling condition is
relaxed.



SILH operators
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Strong multi-polar interactions

An object can have large multi-pole and small monopole:

g=1, |d| ~50R



Strong multi-polar interactions

» Two couplings involved: gauge coupling (monopole) g and
the strong coupling gi controlling the multipole interactions
of the resonances.

» The small parameter € = g/g. is technically natural, since
e = 0 is a stable point by deformed symmetry (not enhanced).

Abelian case
. . .
my Fuw Ou &
Eeff — TL 727 oy T 9
g* m* m* m*

The effective Lagrangian can be deformed by including small
charges:
0u® — (0p + ieqoAL)P,



Strong multi-polar interactions
The situation can be generalized to non-Abelian cases by requiring:

» There are Ny composite U(1)V4 gauge bosons.

» The U(1)M2 photons transform in the adjoint under the global
symmetry G of the strong sector.

Inonu-Wigner (IW) contraction
Small charges are included by deforming the symmetry:

[g]global Dol [U(]-)NA]local — [g]local-

leading to the following effective Lagrangian:
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Strong multi-pole and Partial Compositeness

Can we obtain Strong multi-pole interactions from Partial
Compositeness?

ALmix = GFFMVOMV )

L—>L<$ Dy €rFu Wz).
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We can define a effective coupling:

E
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However,

Unitarity of CFT require dim O* > 2, the mixing is irrelevant
except O is a free field.



Remedios

If only the gauge bosons are involved in the strong dynamics, the
following operators are enhanced:

GW,C36 ~ &, CQw,B, ¢ ~ 1.
The phenomenological consequences:
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Remedios

Note that,

2 . .
> As long as g*% > g, dimension-8 operators are needed for
consistent analysis of WW scattering.

» The anomalous TGC:
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» The high precision of LEP makes coi 2 more relevant.



Remedios

The modification of the gauge propagator can be traded as the
W,Y parameters:

2 2
my My
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m* m*

W,Y <1073 = m, > 3TeV

Ay <1072 = m, 215,/ 5 Tev
41

W.,Y = owps

Compared with:



Remedios + MCHM

It is more motivated to include the Higgs as Pseudo-Goldstone
bosons of the strong sector:

G = [SO(5) x SU(2) x U(1)x]giobar * [U(1)*]iocar

An extra global §le(2) is needed to make the Higgs mass stable.

The effective Lagrangian
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Remedios + MCHM

» In the limit g = g’ = 0, the extra §[J(2) forbids the operators
involving both gauge fields and the Higgs bosons Ow pw

» B, is a singlet of the global symmetry
» SO(4) symmetry further kills Og g

One extra operator
On ~ g2

Dimension-8 operators enhanced by g2

sOnww = DyH'D,H W2HW*P | §Oppg = D,H'D,H B B"



Remedios + 1SO(4)

If we give up UV completion within QFT, the non-compact group
can be considered:

G = [ISO(#)]giobar ¥ [U(1) iocar
The Higgs are living in the flat coset ISO(4)/SO(4):
H—-H+c¢c, H—RH
which kills Oy.

(3,1) is an irreducible representation of SO(4)

Onw ~ g2



Remedios + 1SO(4)

The phenomenology:
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where our convention

h
0Lpzy = 5gh27;Z;WAlW



G breaking effects

The source of breaking:

2
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with the following identification:
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The normalization of the couplings:
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G breaking effects
The first class: HTO*H/m?
» No field strength [JH|?/m?: by field redefinition,

6 ~ Ap, Cagp ~ Vi

m2

Cyw ~ yw)\h = 5gh¢¢ ~ 7’27
m*
> One field strength:
2
~ m
B ~ g/ , Cw~ 8 = 0S5 ~ V2V
m*
» Two field strengths:
) e212
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G breaking effects

The second class: SM operators + derivatives

m2
CH~Ay = O8nw ~ —b
m

*

The third class: Loops of SM fields (Al. = 2)

2\ 2 ~ .\ 2 m2

cT ~ (g—) xg? = 6T~ (g—) X tan? Oy —&
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Remedios Scenario

In summary:
Model Oov | Osv | Ouw | Owg | Ov | Ow | Oy | Oy,
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Partially Composite Fermions

Assuming the family symmetry, the best way to look at the
fermion compositeness is ¥ — Y):

E2

The bound from LHC Runl (arXiv:1201.6510):
my 2 (g*e,[zp/47r) x 60 TeV

It seems difficult to have fully composite fermions:

€p ~ 1



Partially Composite Fermions + Higgs compositeness

If Higgs is also composite, processes like:
Pp — Vi Vr/Vih

are also relevant to probe the scenario.

But, the operators

v LD HV (D et BV _ rt_aly H\(/T ani
O r = (H'DyH) (L rY*YLR), O = (iH'o?DyH)(pro®v"41)
are constrained by LEP-1 Z-pole physics:

my 2 (g«€y/4m) x 40 TeV



Fermions as composite Pseudo-Goldstini

Can we have soft-IR fermions?

A first attempt:

Y=Y +E
The operators starting from dimension-10, the amplitude growing
as:
6A x s°

disfavored by basic principles (unitarity and analyticity).

A non-linearly realized SUSY can do the job!

5 = €+ 55 (7€ — E'4)



Fermions as composite Pseudo-Goldstini
The operators starting from dimension-8
| - < <~ i ; _ > PR
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We can identify:
F~ mf/g*

Generations to N > 1 is also possible.



Fermions as composite Pseudo-Goldstini
The phenomenological consequences:

E4
OAWY = Yy) ~ g2,
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The dimension-8 dominates over dimension-6 whenever

E 2 \/g/g«m.

More importantly, they give sizable contribution to neutral
diboson pair production !



Conclusion

> |t is still possible to make the SM degrees of freedom
emerging from a strong dynamics above the TeV scale.

» We have constructed the effective Lagrangians for the
transverse gauge bosons involving in the strong dynamics
through multi-pole interactions.

» We also combined the scenario (Remedios) with the composite
Higgs models, motivated by naturalness consideration.

» The Fermions can also get involved as pseudo-Goldstini.

» Our scenario motivated several precision measurements
(VH,VV) at the LHC, where dimension-8 operators dominates
over dimension-6.



Dimension-8 operators

(Xur)*

SUQ)L:  §Oaw = W, W2 WE, WPe?
80,7 = W2, WP Wo, Wb

U(l)y . 3043 = BHVBHUBprpO

SUR) x ULy : 8Os = Wi, WHB,, B
80,5 = Wi, W?"*B,, B

/ a buv a bpo
8O = W, W2 W5, WP

r_ a bvp a bop
8Ol = W2, WP Wi, W

0,5 = B.,B"" B,y B™"

BOQWB = WSUBHV W;o'Bpo-
8Oz = W2, B"P W3, BT .

/f\_/.v
2WB



Dimension-8 operators

sOtww = THW; W7° 8Ot = T" B,,B)f
sOrwe =T W7 Bf

pp v
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where TH = 29)(y* D" + ~*D* )1y and
.- < <
Tan — ﬁqp(fyuDV + 'y”D”)an for SU(2)L doublets

In models where the Higgs is composite,

§O0(pyn = (D H' D,y H)*  Opy = (D HTD*H)?

Dl/)2(XW)2 Strongly interacting fermions and vectors generate



Dimension-8 operators

D?H?(X,.)?

On the other hand,

sOnww = DyH'D,H W2HW#P | §Oppg = D,H'D,H BY B

8O?—IWW = DMHTUaDVH prHWCI/peabc

§Onws = D,H'0?D,H W2+ B""

If the fermions are pseudo-Goldstini,

§O0ry = T"D,H'D,H
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