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Beyond-SM physics at the LHC
(as of May 2017)
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While waiting for
“well motivated BSM physics”

Effective Field Theory
for the particles
that we do see

ArXiv:1610.07922 contains an apercu
(CERN Yellow Report #4 of the Higgs Cross Section Working Group)



Energy desert or Gap in the spectrum?

New physics? 600 GeV

H (125.9 GeV, PDG 2013)

W (80.4 GeV), Z (91.2 GeV)

/ Nothing?

Enjoy the
campus...

Small cross section
Keep turning stones

New physics at higher E

\ Goldstone bosons?



Gap — Strongly Interacting EWSBS

Longitudinal gauge boson scattering is the key

Physical spectrum well below new physics:
3WBGB ®?® ~ W;® + one light scalar h

M, 2~M, ?~M_?~M2~(100 GeV)? << (500-700 GeV)?



But among the 39 papers of CMS to Moriond 2017

https://cms.cern/news/cms-new-results-Moriond-2017
You cannot find “longitudinal” nor “Wy”

This is the background image of the current CMS webpage




LO amplitudes: EWSBS ww, hh

T(w'w’ — hh) = =5 (a® — b)da

.L| F=

T(hh — hh) =10

Generalize Weinberg low-energy theorems for pion scattering

Contino, Grojean, Moretti, Piccinini, Ratazzi



Automation of HEFT computations in perturbation theory

Lagrangian — FeynRules (vertices)
— FeynArts (diagrams)
— FormCalc (NLO scattering amplitudes)

All programmed by
our recent grad student Rafael Delgado

Fortran: Numerically Evaluate the amplitudes and unitarize



One-loop Feynman diagrams for




One-loop

Feynman diagrams




One-loop Feynman diagrams for



Resulting one-loop amplitudes

hh — hh
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Resulting one-loop amplitudes
Ww — 0w (elastic scattering)

Tavea = A(s,t,u)0ap00q + B(s,t,u)0q00pa + C(s.t.1)d0q0pe
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Resulting one-loop amphtudes AEN——
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BSM Amplitudes in EFT grow with energy and
eventually violate unitarity bound
at some new physics scale:

Problem of
perturbation theory
Blaming it
to the Lagrangian
is wrong logic




Unitarity is simplest for partial waves

D —— W ImF(s) = F(s)F'(s)

ImAr; = |A7s]° —

(0

_l_ __1|1jr|. .l_l_ “1.1;{%]—11

Arj(s) = 4';}'

—1;5{ :I — s° (B“_}}—I—Dl{ﬁ——l—ElnT—,L)
= K-,

(Perturbation theory satisfies it to one order less than calculated)



Unitarity
is a consequence of
probabilities adding to one

Slight violations... long term you lose




LO partial waves

Phys.Rev. D91 (2015) 075017




EFT parameters evtly. Resonances at
measured here @LHC mudyher E




EFT parameters evtly. Resonances at
measured here @LHC much higher E

Can discuss resonances
without new parameters



Left cut: use the EFT Right cut: use exact elast}c unitarity
for the inverse amplitude

DISPERSION
RELATION
for complex s

Subtractions at low s where the
EFT can be used



We have published three major unitarization methods

Generally:
Resonating amplitudes (s-channel) —» quantitative agreement

Potential-dominated amplitudes (left cut) — qualitative



Poles in the s-complex plane are now possible

ImA:
1t and 2™

Riemann
sheets




A coupled channel resonance (I=]=0)

“Pinball
resonance”




Predictive power of EFT+dispersion Relation?
Can it predict new physics coupled to EWSBS? NO

What it can do:

*) If the LHC precision program measures
EFT couplings # SM - can evtly. predict resonances
(no new parameters)

*) Resonance @ LHC - describe line shape
and constrain M,I',LECs.
*) It can then predict the line shape of production
amplitudes in weakly coupled channels (Watson's
f.s.t.) from the same underlying complex plane pole.




Production at the LHC and e” et colliders

Tree-level p-like resonance

From transverse boson with
IAM Form factor

(Watson's final state theorem)

Commun.Theor.Phys. 64
(2015) 701-709



do(ud — wtz)

T = ' o Fy(s) |? sin®6 .
d€dcm 6472s \ 4 8) | ! (9) | S111

Typical TeV-scale
Cross sections
are smaller

— E,,-8 TeV than current data allows
— CMS bound

1.0 1.5 2.0

Vs [TeV]

do/ds [pb/TeV?]




Quantum numbers other than J=I=1; need to emit >1 boson

EM field near fast charge ~ transverse wave

Weizsacker-Williams or “equivalent boson approx.” for collinear W
emission (Very crude: would have worked better at the SSC)



Here, I=2 (can yield signals in all of WW, ZZ and WZ)

do ‘1 1 o 5 o o
- = / dz / dr_6(5)0(s —wpx_E2) [Fi(z1)Fa(z_) + Fa(x_)Fy(z.)]
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yv — Z,Z ,W.W,, hhat one-loop

L—L"~’

*) resonances can appear in clean yy final state

*) EM production not negligible,
charged-particle colliders are photon colliders




Electromagnetic production of EWSBS

pp (or ee) — vy +pp (or ee) —» ww +pp (or ee)




Electromagnetic production of EWSBS
pp (or ee) = yy +pp (or ee) - ww +pp (or ee)

do 1 ds f(z1) / ( Sy ) ATy (Syys 0)
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Electromagnetic production of EWSBS
pp (or ee) = yy +pp (or ee) » ww +pp (or ee)

S Here in pp » yy— oo
Elastic contribution
(protons scatter intact)
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LO + NLO top-antitop production 1607.01158

0w = OO 0w - tt



Conclusions:

EWgap: scattering of “Low-Energy” particles W, Z, h described by

non-linear HEFT at 1-loop + dispersion relations, Equivalence Theorem
Generically strongly interacting —» resonances
Coupling to vy, tt available
More work needed for realistic predictions; but with cross sections at hand
it appears that the LHC could not yet have found
strong resonances of the EWSBS above 1 TeV.
Theory reach: up to 4nv~3 TeV or, if new physics with “low-E” scale f, 4nf

We can in principle provide differential cross sections
to swipe EFT parameter space with resonance-search data
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Spare Slides



LHC window to EWSBS:
W, W, scattering at high energy

Equivalence Theorem: use Goldstone instead of gauge bosons

My
NE

T(ww’ = ww®) =T(WEWE - WEWE) + O(

)




LO Effective Lagrangian

Therefore, HEFT for the EWSBS at low-energy may be taken as a

9

) v o . N . .
Lo=—F(h)(D,U Y DrU + 5 Ouhd*h =V (h) F(h) =1+ mﬁ oy (f_*’) ¥ ..

1“

(Gauged) NLSM U = WBGB Fields (GB or pions)

“Small” effects at the 500 GeV scale:

DU = 0,U+W,U—-UY,MSU(2)r x U(1)y Gt R (SR

Uf

{h}—zlnhi _In—I——Uhff + d3 'h —I—HI4\H 3 Potential

n=I>)



Interesting particular cases:

*Minimal Standard Model:

*No-Higgs Model (ruled oum
New scale

*Minimal Dilaton Model
(also disfavored by run I)

SO(5)/SO(4)

Kaplan, Georgi
Agashe, Contino, Pomarol, Da Rold



NLO-Lagrangian
(extended Apelquist-Longhitano to include the h)

rx

¥
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23
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Alonso, Gavela, Merlo, Rigolin and Yepes



Restricting anomalous couplings
Primary bosonic

Fyywo

Wwi)

Primary fermionic Secondary bosonic

< (Kb Kt Ky, KW, 7701 )

Combination of ATLAS and CMS results. Average neglects correlations.

. LHC experiments . EW-fit + LHC experiments

68% and 95% CL fit contours 68% and 95% CL fit contours
[A =3 TeV]

Standard Model prediction Fit minimum

] fitter|<i:



LO ECLh (2 derivatives)

1
WY ) — e w B

Im

ho R 1
+— |1+ :-u—+b_] T(D*UTD,U) + 50"hd,h +.

U v

NLO ECLh (4 derivatives)

Apelquist-Longhitano

(L1 Ir { U B v {*T '[‘[f i ,:I + ia 0 Ty { . U _-B‘-# 5 {TJF [If e 1 174 :..r] } —ia ; Ty L IITH 3} [Ir m : V I_.r] ,:|

taa [Te(V, V)] [Te(VFV?)] + a5 [Te(V, V)] [Te(V,V?)] + ...

Additional terms including h and its derivatives (4 operators more)

One loop LO and NLO are the same order

It is not consistent to use the NLO ECLh
without LO one-loop corrections!



NLO Effective Lagrangian

for W W, Z Z and hh one-loop scattering
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LAORSIOINE Unitarity is simplest for partial waves:

Ap(s,t,u) = 3A(s,t,u) + A(t, s, u) + A(u,t, s)

*"4-1 {5 1 t u :I — :1 H’, S, u J — :1 { U, f S :I
31.] {5 t u :I :1 H’, S, u J + :1 { u, f S :I .

Argl(s) = 6l / d(cos ) Py(cos#) Ap(s.t,u)
DA T 1

A‘Irjr.‘.'\ = I\. s+ 5 (

T)(s) = K"s+ s (B"’ (1) + D" log ;1
=

1 oo(s) Mp(s)
My(s) To(s)

(07,9

Im Af) = |AJ)? + M';"|

Im M }l )
Im T'_;l ) —

I=0 TJ = ImFHT' _ FltnFun

Fri(s) = Ar(s)

mAlY) = a2 140




Constants to reconstruct partial waves with I=]=0

= S1goaar101(1 - a®)? + 68(a® — b)% + 768(7as(p) + 11as(p))7’] Walp —> Weldg
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02167204
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——— t =
160+/3mv? 3072004/ 373204
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7680+/3m3v?

0. JHEP 1402 (2014) 121



The Inverse Amplitude Method

Dobado. Herrero, Truong, Pelaez...

A(s) = ANEO(5) + O(s%)

ANLO(5) = A0 (s5) + AW)(s)
AO () = Ks ImAM = (A©))2

AW (s) = (Buu + Dlog — + Elog— )
2 2

o L
B(p) = B(uo) + (D + E) log L—
0

2
5

f(s)=

2 pAY o1 ANLO( ot

NLO, «  g- . 8 ds' Tm ANO (g
)= Ks+— — —
mJo gel8 — 85— 1)

ANEO (s) = Ks gn’,:_B{_,L::._} + Dl{::_g?

e

—I—E'ln




Inverse Amplitude

ul’k‘.l""flh—

The IAM method produces:

Unitary amplitudes equal to NLO EFT at low energy; the proper analytical
structure which can have poles in the second Riemann sheet reproducing
new resonances. Extension to coupled channels for massless particles:

= FOFQ _ pA))—1 pO R PN = B (FLM)f

I.J I.J .



Dependence on the unitarization method

[A©)(s))?
A(O)(s) — A(l)(s)
AO(s) + Au(s)

2
Ar(s Al (s
1 (5)((5)) <(é)((s))> g(S)AL(S)

AO(s) + Au(s)
1— 28 + 38(s)AL(~s)
AO(s) + Au(s)
1-— //?(g)((ss)) + g(S)AL( )

The formulae differ only if A, (left cut contribution) is large



Position of pinball resonance in complex plane

‘U‘IIJS_D _= J-;.Ihf _— .ir'llll,l'ﬂ
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«
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First bound on this EFT
parameter known to us




Wrapping up V,V, scattering:

ARl —> Weak, elastic (SM)

Our result

ATLAS




Counting for EWSBS + vy or tt

e EWSBS alone
EWSBS—+~v~

e KEWSBS alone

e EWSBS+tt




Minimum truth in it: global SU(2) X SU(2) - SU(2)
SMEFT (linear representation)

®? and h form a left SU(2) doublet

Always the combination (h + v)

Higher symmetry

Typical situation when h is a fundamental field

EFT based in counting dimensions: O(d)/A**
(d=4,6,8...)

Philosophy: the SM is basically true, extend it



Minimum truth in it: global SU(2) X SU(2) - SU(2)

HEFT (nonlinear representation)

h is a custodial SU(2) singlet; (think of 7t and n
®° parametrize coset wrt isospin in hadron physics)

Less symmetry; more independent higher dim. eff. operators
Derivative expansion — strongly interacting

Appropriate for composite models of the SBS (h as a GB)

Philosophy: agnostic respect to SM



Differences in counting

SMEFT:
count
canonical
dimensions
indep. Of
how many
loops to
yield operator

Buchalla,

Cata... e.g.
1512.07140v1

HEFT: count loops (chiral dimension)
indep. of number of bosons


https://arxiv.org/abs/1512.07140v1

High-mass particles contribution to LECs

Typically a = (number) x C*/M?* ~T"/ M?

(see tables in A.Pich et al. 1609.06659 )

An interesting exercise (1509.01585)

Resonance - Integrate out - LEC - IAM - Predict resonance

(mass, J,P ok; I somewhat overestimated)



WW Scattering @ LHC

—

N . A R TP g
First evidence of (3.6 o) o

W=W=* scattering

ATLAS, amiv:1405.6241

ATLAS SM olie=0,95 + 0,06 [fh] CMS |preliminany) 19.4 10" {8 Tav| CMS [pralimingry) 19410 |8 Tov]
203 1671 5=8 TV WL, FIRHES 20X, CTID '
gt
0.4 10440 [f]

& Dala Mor-prampl - + [ata Hon-mompt
1 Ll Wrang ake W Wrong sign
‘Il WE W vy | R4 | R

10 ¢ wwDrs B W DPS

Ewanis / hin

et
34 0.6 20,28 i

pEpe

1.7+ 08+ 015 I

Combination
1.3+ 0.4+ 0.2 1]

25
o 35 ik 400 1500 2000
m, (GaV) m (G

ATLAS _ w;ll;llﬁ.iprqllndﬂp‘ﬂ 194 ' (5 Taw)
- !

20307 vs=8TeW -
o — W l — = Epacied 3% L

n F-imatix unilarization o [ \ —— Dl B6% C1

\

P

CMS-PAS-SMP-13-015

canfidence inbenvals

W EEs CL

95 Gl

— dpsiitlid 95% CL

= Standand Model - 1 |

04 03 02 01 0 01 02 0.3 04 oot T T
Fo/At (TeV ™)

A. Pich, ICHEP2014




EM production of EWSBS at the LHC

Photon flows




Yyy— Z.Z ,W W, ,hh at one-loop

L—L"’

Interesting fornew physics: no Higgs contribution at tree level;
In particular the neutral channel vanishes in the MSM  JHEP 1407 (2014) 149.

e (el esT D) B(s, t, u)

ps
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. 4

W )Lo = — + u




Finite one-loop result ! No renormalization needed
Now unitarized too: Eur.Phys.]. C77 (2017) 205




Top-
antitop

u+jets, 0 ttag, 1 b tag e+jets; 0 ttag, 1 b tag

¢ Data
i
I Others
Z' 2.0 TeV, 1% width

¢ Data
i
I Others
Z' 2.0 TeV, 1% width
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Top-antitop production

* Because the top has the largest fermion mass,
its coupling to the EWSBS is largest among fermions

1 ] ]_2 12 _ 2 10 - 1+ _ ) _
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v v v v
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LO + NLO top-antitop production 1607.01158
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