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Spin of the 125-126 GeV resonance?

m Bosonic resonance of my = 125 - 126 GeV
observed by ATLAS? and CMS?

m The determination of spin and parity (J<7)
is an important priority

m Landau-Yang Theorem® — A vector
(4 = 1) particle cannot decay into vy

Enigmas
de la materia y del Universo

[E. Di Marco, ICHEP 2014]

3G. Aad et al. (ATLAS Collaboration), Phys. Lett. B 716, 1-29 (2012)
bs_ Chatrchyan et al. (CMS Collaboration), Phys. Lett. B 716, 30-61 (2012)
€L.D. Landau, Dokl. Akad. Nauk., USSR 60, 207 (1948); C.N. Yang, Phys. Rev. 77, 242 (1950)
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Spin of the 125-126 GeV resonance?

m Exclusion limits' on J = 2% (minimal graviton-like coupling):

» ATLAS — 99.9% CL from WW,ZZ and ~vy decay
(ind. of gg or gg contr.)

» CMS — 99.9% CL from WW, ZZ

19.7 1o (8 TeV) + 5.1 fb! (7 TeV)

120 CMS (preliminary)
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Mimicking Higgs
m Difficult to construct a self-consistent theory for massive spin-2

m Use an effective theory with non-universal couplings:

Losm=—Sh"Ti,

m Choose x; to mimic the SM Higgs decay rates

— 30e 3 My mv Fr(my/my)
kY = TA\MV/H)

NH— wW*")=r(h— VW") =— ,
( ) ( ) mh mW Fn(mv/mp)

where Fp 1(€) can be found in the references®?

Ky ~ 3.61 x 107°GeV 2 and? k% ~ 4.42 x 107° GeV 2

2GE =1.17 x 1075 Gev 2

m Energy scale at which perturbative unitarity hZ — hZ is broken indicates
new physics

2. Ellis, V. Sanz and T. Tou, arXiv:hep-ph/1211.3068 (2012)
3W.-Y. Keung and W. J. Marcino, Phys.Rev. D 30, 248 (1984)


http://arxiv.org/abs/1211.3068
http://link.aps.org/doi/10.1103/PhysRevD.30.248
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Unitarity

m Jacob-Wick expansion® for Lorentz invariant amplitude M:

M(s,Q) =167 Y (2) + 1)a;(s)Pj(cos )

J

Unitarity bound

1
Im aj] > |aj]° =° |Re g < 2

2W. Marciano, G. Valencia and S. Willenbrock Phys. Rev. D 40 1725-1729 (1989)

#M. Jacob and G.C. Wick, Ann. Phys. 7, 404-428 (1950)
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hZ — hZ

’
S
ki, €a P2, €po

pL, € ka,€5

Longitudinal Polarisations

J=1: €(p)~O(p)
J=2:  qu(p)~O(p)
hZZ vertex

kl, €a ﬁ P2, efm'
p1, € K ko,€s
J =1 propagator

q> —my

_lg ((m2 o kl . k2)C;,LV,o¢B aF Duu,aﬁ(kl, kZ)) a4 O(p2)

Expect scaling ~ O(p'°)



hZ — hZ

S/ s/
ki, €a P2, €0 ki, €a B P2, €50

P1 € k€5 Pi. € ka,€s

m In the high energy amplitude ~ O(p?):

2.3 2
KZS my
o — 1-472(1 — coso
M 24m ( . (1 —cos ))
2 4 2
RzS 20 . mz 4
~ —sin” 0 +8—=(1 0
M 512m}m%(1 — cos6) (csc p SN U8 (14 cos0) )

Unitarity Violation
New physics need to enter before A < 600 GeV



K-Matrix

m Scattering amplitude evaluated to all orders of perturbation theory should
lie on the Argand circle

m Restores unitarity by projecting each partial wave onto the
Argand-circle®®7:

A

5. Alboteanu, W. Kilian and J. Reuter, JHEP 0811 010 (2008)
6V. Barger, K. Cheung and T. Han, Phys. Rev. D 42 3052 (1990)
7M. S. Chanowitz, arXiv:hep-ph/9612240 (1996)


http://iopscience.iop.org/1126-6708/2008/11/010
http://prd.aps.org/abstract/PRD/v42/i9/p3052_1
http://arxiv.org/abs/hep-ph/9612240

Additional resonance needed!
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m New resonance(s) J = 1,2, 3 required to rescue the theory from unitary
violation!

m Difficult to write a gauge invariant, interacting theory for J > 2

m Scattering amplitude for J > 2 will be of even higher energy dependence



Adding a Z’

m Consider the simplest J = 1 case by introducing a new U’(1) gauge field,
Z' via a kinetic mixing term:

o —Si;XZWZ'W,

m The corresponding energy momentum tensor term is given by:

77" 7z’ oL
T;“/ — < 77;“/»6 + 25@‘“” o

Feynman rule

hZZ' vertex: *% [(kl 0 k2) C,uu,pcr ar D,ulhpf"(klv k2):| ~ O(p2)



K)

Unitarity (x/
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)

= IR

Unitarity — some tuning (x/

D 009 =2w
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STU parameters

Definitions

aS = 4sp ch
w w m%
o = I'IWQ(O)_I'IZ(20)
My il
2 p—
a(S+U) = 4ngﬂW(mW)2 Mw(0)
myy

M. E. Peskin and T. Takeuchi, Phys. Rev. D 46 381 (1992)

2 Nz(m%) —Nz(0)


http://prd.aps.org/abstract/PRD/v46/i1/p381_1

W and Z boson self energy

P p+k p

m Similar calculations for Kaluza-Klein (KK) gravitons have been already
performed?®

m So we simply remove summation over the KK tower:

2
n 2 _ K2 miy / dik? / d. £(KE. m? 2
V(mV) 1927T2mh £ z[k + mh 1 - z) + m2 2]2 1( EyMp, Z, mV)
KJ mV 2 kE > 5
n = — vV dk? K
V(O) 19271.2m: /O‘ (ké T V)(kl%: +m h) ( E,mmmv)

where fi > are defined in the references®

8T Han, D. Marfatia and R. -J. Zhang, Phys. Rev. D 62, 125018 (2000)


http://prd.aps.org/abstract/PRD/v62/i12/e125018

Compatibility with STU parameters

m Even if we have heavier Higgs

1000
to solve the unitarity problem
s
T ss ~ Lu(h)
U 6 mj,
~ 0.0245
10 3 /\
AT — >—In (—f)
8mc; mp°
! ~  —0.0717
AU =~ 0
200 300 400 500 600 700
A [GeV]
Parameter/Energy cutoff (A) Exp*°. 200 GeV 400 GeV 600 GeV
S 0.03 £0.01 -3.12 -58.0 -427.0
T 0.05 +0.12 -0.70 -9.75 -64.6
U 0.03 £0.10 -0.17 -3.42 -26.80

“mief =173 Gev, mfef = 126 Gev

9M. Baak et. al, Eur. Phy. J. C 72 2205 (2012)
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Conclusions with generalisation

m Considered a spin-2 Higgs
impostor with minimal
non-universal couplings.

m Unitarity violation at around
N =~ 600 GeV

m J = 2 ruled out by STU precision
parameters

m For general coupling: expect M
~ E® for even-parity and ~ E® for
odd-parity

JP HZ*Z coupling

o c1(g"PLgVP2 4 ghP2gvP1y
+ cpghV kP12
+ c3(g"PrkP2 4 ghP2pPry Y
+ ca(g"PLiP2  g"P2iP1) it

+cspt pUkPLiP2

2= cpetvhre Po KB2
+ coelVP1rg 1 P2
+ cg(eMPLPT pv  VP1PO ity P2
+ 46" p kg kPLEP2

+B1< B2

p=k(Z) + k(Z') and k = k(Z) — K(Z')

—S.Y. Choi et. al., Phys. Lett. B 553 61 (2003)

Violation of perturbative unitarity is expected to be at energies A ~ 1 TeV.


http://www.sciencedirect.com/science/article/pii/S037026930203191X
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Visiting spin-1 (1)
m Constructing action corresponding to™:
FA* =
m Most general action with quadratic derivative
L=a8,A0"A" +b8,A,0" A

m Eqgn of motion:

oL
EM(A) =0, = aJA" + b9"9"A, =0
(A) =0 gp 4 = DA+
m If theory allowed to couple to a conserved source current (9, = 0):
LD juA" = 9.&" =0 = a=-b

on-shell

m Recover the Maxwell Lagrangian (choosing normalisation):

1
L= FuF"

10¢ . Chiang General Relativity from Special Relativistic Field Theory


http://lecospa.ntu.edu.tw/upload/sgtalk/20110904152933_GRfromSRFT0904.pdf

Visiting spin-1 (II)
m Varying the action:
6S = / d*x (E"6A, — 9, (F*5A.))
Q
m Want to make 9,E" = 0 hold in the off-shell case = gauge invariance:

A, = 0uN\(x) with A(x)
m Stationary action:

0:65:/Qd4x (—@S“/\—WO) = 9,&"

m Now add mass term, then E.O.M coupled to conserved current recovers
gauge condition:

=0
aQ

=0
off-shell

5’”‘+m2A”:j“ g 3HA”:0

Self consistency

Could have started with general Lagrangian respecting A" = 9¥A.
This fixes the coefficients in such a way such that £ D j*A, = 0,j" =0



Visiting spin-1 (I11)

m 9, A" =0 removes 1 (A° ghost) of the 4 dof :

oL 0 o
= A f—
H 990A. 0 L

1 1
—5(30/45 + (VA + m* A7) + 5((30/*)2 + (0i4)° + m*A?)

m What about gauge invariance of mass term?

m Stiickelberg trick!’ — Starting with action:
4 1 Qv 1 5 I I
S=[dx _ZF F,W—EmAAH—i—AJH
m Introduce a new scalar field ¢ such that A, — A, + 0. ¢
S /d4 ( *FWFW - 7m |AH +8“¢| + A, — ¢8Mju)
m new action has gauge symmetry JA, = 9, and ¢ = —A but is still

dynamically equivalent to the original action (which is a gauge fixed
version of the new action with ¢ = 0)

Hgee K. Hinterbichler, Rev. Mod. Phys. 84, 671 (2012) for more detail


http://rmp.aps.org/abstract/RMP/v84/i2/p671_1

Spin-2 couplings
m In the linear approximation: Ln_sy D khu, T*” (like graviton)

m Consistency requirements:

Universal coupling

Ohu = 20,8,

Divergenceless Gauge
energy momentum tensor transformation



Massive spin-2

m Generic kinetic term for spin-2 2::¢:
L = adyhu, 0° " + b, 0" hy, + O, " 0, h + dO,hd" h

m We have:
M (h) == ap% = aOh" 4+2b9,0%" h" P +cd" ") ht-cn™” 8,0, h*° +2dn"" Oh
pEuv
m If £ D hy, TH with 8, TH = 0:
orer =0 = a=—tp_te_ 4
on shell 2 2

m Stationary variation to reveal gauge transformation:
0=6S= / d*xE"5h,, =  Ohu, = 0.6 + 0uE,
Q

m If £ D mi(hu. h*" — h?), we can recover gauge condition (De Donder) from

8, THY =0
—

EM 4 mp(h* — ' h?) = T " (hyw — uwh) =0

eliminating 4 (hoo and ho;) out of 10 dof*

@M. Fierz and W.Pauli, Proc. R. Soc. Lond. A 173 21 (1939)
bK. -1. Sato, arXiv:hep-th/0501042 (2005)
€C. de Rham, arXiv:hep-th/1401.4173 (2014)

9The traceless condition hﬁ eliminates another dof 6/13
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Perturbative unitarity and Higgs

12,13,14.

m Consider Wt W~ — W W[ scattering in a Higgsless theory

1
Mguge = — ( —(s° +4st + )+ (5" +4st+ 1) +(s+1t)+ O(E°)>

Z [~ exchanges direct WWWW coupling

m Unitarity violation:

E s

gauge — 32712 < = \/g 5 1.7 TeV

128 W. Lee, C. Quigg and H. B. Thacker, Phys. Rev. D 16 1519 (1977)
13M. Kiadiva, Diploma thesis, Charles University in Prague (2003)
14\, Gillioz, PhD thesis, Universitit Ziirich ( 2012)


http://prd.aps.org/abstract/PRD/v16/i5/p1519_1
http://www-ucjf.troja.mff.cuni.cz/~kladiva/diplomka.pdf
http://inspirehep.net/record/1224715?ln=en

Perturbative unitarity and Higgs

W

m Higgs enters with additional contribution:
1 s t s t
M = Sstt-— -y
v2 s—my t—mj s—my  t—mj

m The unitary constraint on the Higgs mass:

2
MH < 20 gy, < 27y ~ 870 GeV

i—0 _
|a’ (WLWL — WLWL)| = 871'V2 <




hZ — hZ

ki, €a p2, 5spo ki, €a B P2, Ef)a
8 Y
s s ’y
P, €4 k2 €5 pL, € ka,es
m Work in centre of momentum frame with |pi| = |ki| = p define:
cosf := PL P2
P1[p2|
m Spin-1 propagator: s P
—-n ’Y+q qW
e~ o)

2
qc—my



Polarisation for J = 2

m Polarisations for spin-2 are constructed from those of a spin-1

Spin-1

1 2
e?“,:%( s teLer 726 e %7\/§626?, ~ O(p%)

Highest energy dependence is given by longitudinal components



Spin-2 Feynman rule

kl) €a
RN P, Efw
o, & 5 (0 + 2 o) G + Dis(hr o)) ~ O(F)
where®®:

C;_LV,aB = NuaMvp + NupMva — NuvTag,

D#”yﬂﬁ(klv kz) = nuuklﬁkZOz - np,aklﬁk2u + npﬁkluk2a - naﬁklpkh/ + (N <~ V)

15T Han, J. D. Lykken and R-J. Zhang, Phys. Rev. D 59 105006 (1999)
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Landau Yang

m Also extended to ZZ decay’®

m Proof below':

5.5 Landau-Yang Theorem and its Generalization WRR gl GRR_ gLl ghl giR

010 Ry rotation by 6 around z-axis 1 1 20w
In 1949 C.N. Yang wrote paver called “Selection Rules for the T 180 degroms otation arow sar T T
of a Particle info Two Photons”. It was motivated by an observation made by John S n T —
Archibald Wheele that positronium in the S-triplet state can not decay into two pho-
tons, Positronium is a bound state of an electron and a positron, the § refers to the Table 5.1: Eigenvalues of symmetry operators on two-photon helicity states
fact that they have no rlative orbital angular momentum and the triplet state means )

Puity(®) Je) 0 1 246 35

that they have their intrnsic spins aligned. It is therefore a state with total angular -
momentum J = 1. We will see that such a decay (J = 1 initial particle) is forbidden g T fidden SR GTT o
by selection rules. The selection rules are derived from principles of invariance under
votations in space and inversion (parity) Tablo 5.2: Selecton ruls for two-photon helcity states

Yang starts the paper with saying “Consider two photons of equal wavelength Ao trav- 2. An cven initial state must go into one of the three final states WRL, WER or
eling in opposite directions along a z-axis”. This is the same physical situation as if a WER g g

particle X decayed into two photons. The different two-particle states of the system

3. For an initial state with angular momentum J = 1,3,5..., the only possible final

are denoted by W42, where Ay takes the values R and L. The first index refers to
ates are WAL and WL We can rule out the other two because: WA 4 WL
the photon propagating in the += direction and the second to the photon propagating states ore #EL and DLR. Wi le out the other two b v v

along the and WA - $LL are siniltancous cigenstates of By and Ry with cigenvalue 1

direction. R means that the photon has polarization along its dircction
of motion, while L means polarization opposite the direction of motion. There are while an initial state with eigenvalue 1 under R will have igenvalue -1 under
four different states to be considered, namely WA, WL, LR and WL, Figure 53 Rt

illustrates this. Yang gocs on to sce how thesc states are changed under the following 1. For an iital state with J = 0,1 the only possble final states are WK 4 $LL
operations and WRR . WhL, This is becanse the other two states have angular momentum

J = %2h, which is to large for J = 0 or J

1. Ry, rotation by 0 around =-axis

2. Ry 150 degrees rotation around 2-axis Looking at the J = 1 case, argument 3 rules out WA + W and W% - WL as fnal
es, while argument 4 rules out W% and W% as final states. herefore no such
o P reflection states, while argument 4 rules out W and WHA as final states. Theref !

decays should take place. These results are summarized here as table 5.2,
Remembering that states are transformed by unitary operators under symmetry oper-

ations, we take a look at the result. It is summarized in table 5.1, which is reproduced In the paper written in 2008,  similar analysis is made, but with two Z bosons

from the original paper. Tn the C.0:M. frame the following asguments for the selection instend of photons. The diference now is that massive particles have one extra degree
rules axe made "Yang mentions that such a state has the rotational properties of the spherical harmonics. The
5 e s the agimthal

spherial harmonics of odd powers of sngalar momentum, have & factor

), the de ’ RR gLt
1. For an odd initial state (- under parity), the initial particle must decay to $/2 — angle and m is the projection of spin along the -axs (odd number). Rotating about the x-axis means

since it is the only add final state & =6+ 7 which gives  actor of -1

16\ .Y, Keung, I. Low and J. Shu, Phys. Rev. Lett. 101 091802 (2008)
17 A Haarr, Master thesis The University of Bergen (2011)
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Slide on Landau-Yang'*:*

e In the cm-frame
29 = [ d®pxijp@al@al(-p|0)

e Lorentz (rotational)

Xijk(P) ~ €ijks Pidjks PjOiks PkOij» PiPjPk

Pi€jknPn; Pj€kinPn; PE€ijnPn
e Gauge: p;al(p) =0, Xijk (D) ~ €ijk» Pidjks Di€jknPn
Xijk(P) = —Xik;(—P)
e Bose
1 , , ,, ,
12v); = §/d3p [Xik(D) + Xik; (—D)] a}(p)aL(—pNO)
=0

18M. Luo, L. Wang and G. Zhu, talk, KITP (2008)
19pased on L. Randall and M. B. Wise, arXiv:hep-ph/0807.1746 (2008)
205ee also hep-ph/9406398v1;hep-ph/1102.5702
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