Unitarity Constraints on Dimension—Six
Operators

Tyler Corbett

YITP, Stony Brook University
(Soon: ARC CoEPP U Melbourne)

TC, O. J. P. Eboli and M. C. Gonzalez-Garcia, Phys. Rev. D 91, no. 3, 035014 (2015), arXiv: 1505.05516

Tyler Corbett (YITP) April 30, 2015 1/9



Unitarity Constraints on Dimension—Six Operators

Partial Wave Unitarity

Dimension—six operators — growth of amplitude w/ Ecom
— violation of S—matrix unitarity

We will impose the unitarity of the S—Matrix to constrain the operators:

@ bounds derived from the optical theorem

@ Obtain bounds on the COM energy (4/s) as a function of f;/A (for 2 — 2 processes)
— we can combine these with Higgs fits!

@ imply the necessity of new physics
— new fundamental particles (SM Higgs fixes unitarity issues of GB scattering)
— new composite degree of freedom (p meson fixes unitarity issues of 7 scattering)
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Unitarity Constraints on Dimension—Six Operators

Dimension—6 Operators for Unitarity
The relevant operators are: (Reduced via EOM & precision data in arXiv: 1211.4580)
Opp = ®'B,, B ® Oww = ®TW,, Wr e Oga = T eGa, GL”
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aints on Dimension— Operators

Partial Wave Unitarity

Decomposing the amplitudes for VV — VV & ff — VV into partial waves:

1 Vax Vax :
M(Vix, Vaxg = VargVary) = 167y <J 4 5) \/1 4 ‘Smf \/1 4 5V3A;1 4, (©)eMOTI (ViVy — VaVa)
J

- 1 7 I, =
M(f1oy F2oy = VangVarn,) = 167> (J + 2)001,—029, o5 x5, (T (f1f2 = V3Va)
J
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Partial Wave Unitarity

Decomposing the amplitudes for VV — VV & ff — VV into partial waves:

1 Vox Van )
M(Vix, Vax, = VaxgVar,) = 167 ) <J + 5) \/1 +8,°02 \/1 +4 4diu(9)€1M¢TJ(V1V2 — V3Vy)
7

Ving Vaxg

_ 1 _
M(f10q f205 = VangVarn,) = 167 S+ 5)6(;1,762#1,(,2,”44(G)Tj(flfz — V3Vy)
7
Using the optical theorem one may derive the unitarity limit for the T7/’s:

J
[T (Ving Vax, = Viag Var,)l < 2,

J = 2
S [T 1oy Foop = VaagVany)| <1
Vaag Vax,
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Unitarity Constraints on Dimension—Six Operators

V'V — V'V Unitarity Violating Amplitudes: Og 2 & Og 4

The high energy (v/s > My, Mz, M) behavior for Og 2 & Og 4 — same up to a sign.

We define: fo24 = fo,2 — fo.4

(x 1221 x o)
WIW+ - wtwt -1
Wtz S wtz —Ix M(s, My, Mz, Mg) — M(s > M&,, M%, M%)
WtH - WtH _gx X =1-cos@
wtw- s wtw-— %y Y =1+cos@
WtW— = 2722 1 Only grow as s, result of gauge symmetry!
Wrw— — HH —1 Same Lorentz structures as SM
Z7Z — HH —1 —violation only in Vi,V — V[V,
ZH — ZH -ix
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V'V — V'V Unitarity Violating Amplitudes: Owww

Even more Lorentz structures — some more helicity combinations violating unitarity...
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W W
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Unitarity Constraints on Dimension—Six Operators

All Couplings Simultaneously
In paper & poster we give bounds for one operator different from zero at a time.

With no model of NP to guide us, we must consider more than one coupling non—zero.

@ search for largest allowed value for each coefficient while varying others
— Most conservative constraints on a parameter allowing for cancellations in others

(%s‘ < 105
C\—"gs‘ < 205
48| < 610

‘fVX;Vs‘ < 200

‘fsz s‘ < 880

fWWWs‘ < 82
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Unitarity Constraints on Dimension—Six Operators

Combined Results:

We did not constrain fyyww from Higgs data, but TGC bounds:

2 2
—0.041 < Ay < —0.003 Ay = 2L f 0y,

Combining the Higgs data fits with the unitarity bounds obtained we find:

~10 < £22(Tev—2) < 8.5 =  /5<32TeV
—5.6 < LW (Tev—2) < 9.6 =  /5<46TeV
—29 < IB(TevV—2) < 8.9 =  5<47TeV
—32< W (Tev-2) <82 = /5<49TeV
~7.5< I8P (TevV=2) < 5.3 = /s5<11TeV

-15 < MWW (Tev=2) <39 = 5<24TeV
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Conclusions:

We have:
@ Analyzed the large /s behavior of VV — VV and ff — V'V scattering to O(f;/A?)

@ Determined the lowest energies at which unitarity may be violated, requiring NP:
= Operators affecting Higgs couplings do not violate unitarity for /s < 3.2 TeV

= Owww naive TGC bounds indicate unitarity may be violated for \/s > 2.4 TeV

In the paper (arXiv: 1505.05516) and poster there’s a lot more!
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Best Fit and 90% CL regions, Collider + TGC data

For Tevatron+LHC+TGC:

Best fit | 90% CL allowed range
fo/A% (Tev=2) | 1.1,22 | [-3.3,5.1]U[19,26]
fww /A? (Tev—?) 1.5 [—3.2,8.2]
fBB/A2 (TeV™2) -1.6 [—7.5, 53]
fw /A2 (Tev—2) 2.1 [-5.6,9.6]
fB/A% (Tev—?) -10 [—29,8.9]
fo2/A% (Tev—2) -1.0 [—10,8.5]

SM lays well within 1o CL regions

Tyler Corbett (YITP)
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Dimension—6 Operators for Unitarity

The relevant operators are:
(Reduced via EOM & precision data in arXiv: 1211.4580)

Opp = ®'B,, B @ Oww = ®TW,, WH' Oga = ®TeGe, gL
Op = (D,®)1B* (D, ®) Oy = (D,®)IWr(D,®) Owww = Tr[W, YW, W,"]
Op2 = 50,(PT)0H(PT®)  Og,4 = (Du®)T(DHP)(2T®)

Operators in blue contain derivatives of H — finite wavefunction renormalizations:

2 1/2

v
H=h|1+ (2fp,2 + fo,4)

2A2
— rescaling of all SM Higgs couplings.

As well as new Lorentz forms for 3 and 4 H vertices:

H H H
e AN ,’/
~ s, N
N s N
H H H
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Dimension—6 Operators for Unitarity

The relevant operators are:

(Reduced via EOM & precision data in arXiv: 1211.4580)

Opp = @B, B ® Oww = ®TW,, W' o Oce = oteGe, Gh”

Op = (Dp®) B (D, @) Ow = (Du®) WH (Dy®)  Owww = Te[W,/ W, W,"]
Op,2 = 30,(®12)0"(210)  Og4 = (Du@)(DHD)(PTP)

Green O > Higgs—Gauge couplings:

H —=--

sett (YITP)
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Dimension—6 Operators for Unitarity

The relevant Higgs—gauge boson operators are:
(Reduced via EOM & precision data in arXiv: 1211.4580)

Opp = @B, B ®
Op = (D,®)tB" (D, ®)
Og,2 = 20,(2T®)oH (DT D)

OVVW = ‘PTW,WW“I’CD
Ow = (D,®)TWr (D, ®)
O 4 = (D, @) (DHD) (DT D)

Oga = @Tq)GzyGflw
Owww = Tr[W,* W, W,"]

Red O « Higgs—Gauge, Triple-Gauge, and Quartic—-Gauge couplings:

\% H v H 1%
AN N

H — -
7

1% H 14 \%4 |4
w w W, Z,~
Z,y

w W, Z,~

(Ow only)
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Dimension—6 Operators for Unitarity

The relevant Higgs—gauge boson operators are:

(Reduced via EOM & precision data in arXiv: 1211.4580)

Opp = @' B, B ® Oww = ®TW,, W' o Occ = oteGe,GhY
Op = (D,®)tB" (D, ®)  Ow = (D,®)Wr (D, d) Owww = Tr[W, YW, W,"]
O,2 = 50, (RTR)H(2T®)  Op4 = (Du®)T (D) (PTD)

Purple O « Triple-Gauge and Quartic—Gauge couplings:

w w

Z,y

W, Z,~
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ff — WYV Unitarity Violating Amplitudes:

Process 01,02,A3, A4 | Amplitude
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One Coupling at a Time: VV — VV

Considering only one coupling at a time gives the bounds:

3 fe24
Tor A2 ‘ £ 2 =
9° fw
‘1487”\23‘ < 2 =
g%sw( 9+7CW+38w>fB < 92 =
128(‘ -
2
Vighes| < 2 -
‘205 fBB‘ < 2 =
us

4
|+ 17— 166 %) 3 S| < 2 =

‘bett (YITP)

f;}éAs <33
%s < 87
f\l’; <617
fWZW <99
fff < 603
TS < 82
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Grouping the amplitudes:

Group based on charge, @, and partial wave, J, as:

(Q,J) [ States Total
(2,0) [ wiwl wiwg B
(2, 1) | wiwf wiwi wiwf 6
(1,0) | Wize Wgzo Wiyx WiH 6
(LY | Wiz Wizo Wy2zZ+ WiZs

WS’ Y+ WI’H: WJ H WIH 14
0,0) [ wiwy wWyw,  Zizs ZoZo

2+ YEVE ZoH HH 12
0,1 [ wiw, Wiw, WyWy WiWwr Z+Zo

Z0Z+ 2o+ ZoH Z+H y+H 18
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Grouping the amplitudes:

Group based on charge, @, and partial wave, J, as:

(Q,J) [ States Total
(2,0) [ wiwl wiwg B
(2, 1) | wiwf wiwi wiwf 6
(1,0) | Wize Wgzo Wiyx WiH 6
(LY | Wiz Wizo Wy2zZ+ WiZs

WS’ Y+ WI’H: WJ H WIH 14
0,0) [ wiwy wWyw,  Zizs ZoZo

2+ YEVE ZoH HH 12
0,1 [ wiw, Wiw, WyWy WiWwr Z+Zo

Z0Z+ 2o+ ZoH Z+H y+H 18

Then form matrices of same @ and J, diagonalize for the most stringent bounds.

Example: (Q,J) = (2,0) — 3 X 3 matrix:

3 4
0 0 e fwww
W
s 3 3 1
— 0 82 leB*SQ esz*§f<I>,2 0
8m 3 4 ‘w Sw
e fwww 0 0
W
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One Coupling at a Time: ff — VV

Recalling we form the strongest bounds from some combination |X) of states,
we find the strongest bounds come from:

1 —
|z1) = N7 |Nf (—e:ei + Ve_Vey + Neu—tiy — ch_d+>)
1
|z2) = Weri |Nf( Verel + Neut@i— — Nedyd— ))

Which result in the bounds:

2
g~ f g f
UG WS‘ +‘1-415T* ‘ } <1 )%s‘ <122
and fA—Vgs’ <211
L |35 8 I 00539 Ing* <1 Is 5| < 664
21 |V2e2 7 A2S AT S = 5=

rbett
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Backup: Optical Theorem
The optical theorem states:
T’ (12 » 39 = > MTJ*(12 — 12T’ (1’2 = 34),

125172/ s

with:

VIs = (mi +my)2Is — (m; — m;)?)
25 ’

|Pij | =

‘Which we may rewrite as:

p" 2 P 2
tmt? (12  12) = 1212 ‘T‘](12 - 12)‘ + 3 Prrat 57 (19 1797y
Vs varz1z VS

For only one intermediate channel we obtain:

ImT7 (12 — 12) =

|P12| 1T (12 — 12)|2.
S

Rewriting 77 as,

s .
7712 - 12) = :f e sins
P12l
Gives the result for elastic scattering:

Vs

|77 (12 = 12)| < —~
[P12]

— 2.
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Backup: Optical Theorem (II)

Alternatively considering fermion scattering we obtain from the optical theorem:

2

AT (i, fooy = S1oy F20)] = [T (10, Fo0s = fio, f20,)

_ 2
+ Z ’T‘](flalf%z — Vaag Var,)

Vaag:Vax,
_ 2
+>° ‘T‘](flglf%z — N)‘
N

)

Defining,
2

)

T7(12 5 12) =y +iz, d

3 [Prrar| ‘TJ(12 5 1'2)
varz1z VS

Allows us to rewrite the above as:

—'732' (2° + %) + d.

Finally in order for the assumption that x is real to hold, the quadratic equation requires:

D 2 _ 2
2 3 [Py} ‘T"(lZ S <1 Y ‘T‘](f101f262 = Vi, Vin,)| <1
172/ 412 Vs

Vaxg:Var,
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