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Why [EW] vector boson scattering ?

CMS Prodminary 260" (13TeV)

¢ Discovery of a light Higgs boson leaves still open questions: 3w coce camom

3 CMS-PAS-EXO-15-004
|. Nature of Electroweak Symmetry Breaking f: I T
2. Does the H(125) fulfill the US-fermion/Europe-boson rule!? o

i ) £
3. Is the H(125) the only resonance in the system of EW vector bosons! § byt
4. Is there a X(750)? M — —
5. How do EW vector bosons scatter! (true heart of weak interactions) § T as aa :
6. Is there something related to Naturalness problem?  [Talk by G. Giudice] AN ]
wE ety ;

s
e

|é ’A"‘*t,_»» . . 1
ATLAS-CONF-2015-084._-

155
10
5 . . |
- . . 1
2 o ‘..—l".'_..4—glt_<:
5 !
' T,
3 -18)

200 40 0 800 000 1200 1400 600
m,, [GeV)

°®
@ J-R.Reuter Searches for New Physics in VBS FCC Week, Roma, 12.04.2016



Why [EW] vector boson scattering ?

¢ Discovery of a light Higgs boson leaves still open questions:

|. Nature of Electroweak Symmetry Breaking
2. Does the H(125) fulfill the US-fermion/Europe-boson rule!?
3. Is the H(125) the only resonance in the system of EW vector bosons!?

4. Is there a X(750)?

5. How do EVWV vector bosons scatter?

6. Is there something related to Naturalness problem?

¢ New Physics Searches in Vector Boson Scattering
* Specific models: Compositeness / Little Higgs / Twin Higgs / [(N)MSSM]

(true heart of weak interactions)

[Talk by G. Giudice]
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e Flavor: small mixing with SM fermions = Drell-Yan might be suppressed

e Higgs interplay in high-energy VV scattering rates very sensitive

<)
“¢*/ J.R.Reuter

Searches for New Physics in VBS

k !
'.U!‘ .-.\ EB=13Tev. 320° B |
E *e i

[ e |
10p ha A2 1
E . =
e

|é ’A"‘*t,_»» . e
ATLAS-CONF-2015-081"_

200 40 0 800 000 1200 1400 600
m,, [GeV)

1

. |

FCC Week, Roma, 12.04.2016



Why [EW] vector boson scattering ?

CMS FPretminary 26H'(13 TeV)

BEE cate

¢ Discovery of a light Higgs boson leaves still open questions:
e CMS-PAS-EXO-15-004

Everts /(20 GoV )

|. Nature of Electroweak Symmetry Breaking
2. Does the H(125) fulfill the US-fermion/Europe-boson rule!?

3. Is the H(125) the only resonance in the system of EW vector bosons!?

NOoN M

4. Is there a X(750)? M =
5. How do EW vector bosons scatter! (true heart of weak interactions) 5 e
6. Is there something related to Naturalness problem?  [Talk by G. Giudice] i T

¢ New Physics Searches in Vector Boson Scattering ATf < CONFatTE a4l 3

* Specific models: Compositeness / Little Higgs / Twin Higgs / [(N)MSSM] g =3

e Flavor: small mixing with SM fermions = Drell-Yan might be suppressed : el

a

e Higgs interplay in high-energy VV scattering rates very sensitive

 Known for a very long time
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|. Nature of Electroweak Symmetry Breaking

2. Does the H(125) fulfill the US-fermion/Europe-boson rule!?

3. Is the H(125) the only resonance in the system of EW vector bosons!?
4. Is there a X(750)?

5. How do EW vector bosons scatter! (true heart of weak interactions)
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Is there something related to Naturalness problem?  [Talk by G. Giudice]

¢ New Physics Searches in Vector Boson Scattering
* Specific models: Compositeness / Little Higgs / Twin Higgs / [(N)MSSM]

e Flavor: small mixing with SM fermions = Drell-Yan might be suppressed

e Higgs interplay in high-energy VV scattering rates very sensitive

 Known for a very long time

Appelquist/Bernard, 1 980; Longhitano, | 980; Chanowitz/Gaillard, 1985; Bagger/Schmidt, 1990; Dicus ea., 1990;
Barger ea., |990; Berger/Chanowitz, 1991; Hagiwara ea., 1993; Appelquist, 1993; Bagger ea., 1995; Butterworth ea.,
2002; Eboli ea., 2006; Accomando/Ballestrero, 2006; Distler ea., 2007; Han ea.,2010; Freitas/Gainer, 2012; Espriu/
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Why [EW] vector boson scattering ?

¢ Discovery of a light Higgs boson leaves still open questions:

|. Nature of Electroweak Symmetry Breaking

2. Does the H(125) fulfill the US-fermion/Europe-boson rule!?

3. Is the H(125) the only resonance in the system of EW vector bosons!?
4. Is there a X(750)?

5. How do EW vector bosons scatter! (true heart of weak interactions)
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Is there something related to Naturalness problem?  [Talk by G. Giudice]

¢ New Physics Searches in Vector Boson Scattering
* Specific models: Compositeness / Little Higgs / Twin Higgs / [(N)MSSM]

e Higgs interplay in high-energy VV scattering rates very sensitive

 Known for a very long time

Appelquist/Bernard, 1 980; Longhitano, | 980; Chanowitz/Gaillard, 1985; Bagger/Schmidt, 1990; Dicus ea., 1990;
Barger ea., |990; Berger/Chanowitz, 1991; Hagiwara ea., 1993; Appelquist, 1993; Bagger ea., 1995; Butterworth ea.,
2002; Eboli ea., 2006; Accomando/Ballestrero, 2006; Distler ea., 2007; Han ea.,2010; Freitas/Gainer, 2012; Espriu/
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Anatomy of Vector Boson Scattering (VBS)

Large background, especially from transversal vector bosons
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Large background, especially from transversal vector bosons

.0
@ J.R.Reuter Searches for New Physics in VBS FCC Week, Roma, 12.04.2016



Anatomy of Vector Boson Scattering (VBS)

D(x2, Q?)
P, aco—=——
X2 P2
x1P1
PL_{QcD
i —
D(x1, Q%)

Fiducial phase space volume:

* llj tag

* m; > 500 GeV (“jet recoil”)

vyl - ¥i2 < 0 (“collinear beams™)
* |Ay;i| >2.4  (“rapidity distance”)
e« Cutson Ej, p?

* No mini jet vetoes
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pp — WW 33 — blvvjg

Backgrounds [+ V7Vr bkgd.]:

e tt »>WDbWb

e W + jets

* single top, misreconstructed jet
* WWjj QCD production

e I + X + Emiss (“prompt”)

Standard Model Production Cross Section Measurements
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LHC Run I: First time evidence for VBS

¢ Evidence for W*W'jj (electroweak production)
ATLAS PRL 113(2014)14, 141803 [1405.6241]; CMS PRL 114(2015),051801 [1410.6315]

¢ First limits on New Physics in pure electroweak gauge/Goldstone sector
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LHC Run I: First time evidence for VBS

¢ Evidence for W*W'jj (electroweak production)
ATLAS PRL ||3(20|4)|4, 141803 [1405.6241]; CMS PRL 114(2015),051801 [1410.6315]

¢ First limits on New Physics in pure electroweak gauge/Goldstone sector
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LHC Run I: First time evidence for VBS

¢ Evidence for W*W"jj (electroweak production)
ATLAS PRL 113(2014)14, 141803 [1405.6241]; CMS PRL 114(2015),051801 [1410.6315]

¢ First limits on New Physics in pure electroweak gauge/Goldstone sector
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Unitarity in vector boson scattering

Optical Theorem (Unitarity of the S(cattering) Matrix):
Otot = IM [Mn(t = 0)] /3 t = —3s(1l —cosfl)/2

Partial wave amplitudes:
M(s,t,u) =321 ) _,(2¢ + 1)As(s)Py(cosf) (“Power spectrum”)
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Unitarity in vector boson scattering

Optical Theorem (Unitarity of the S(cattering) Matrix):
Otot = IM [Mn(t = 0)] /8 t = —3s(1 —cosf

Partial wave amplitudes:
M(s,t,u) =321 ) (20 + 1)As(s)Py(cosf) (“Power spectr

Re[A]
>
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Unitarity in vector boson scattering

Optical Theorem (Unitarity of the S(cattering) Matrix):
Otot = IM [Mn(t = O)] /8 t = —3s(1 —cosf

Partial wave amplitudes:
M(s,t,u) =321 ) (20 + 1)As(s)Py(cosf) (“Power spectr

Re[A]
>

Assuming only elastic scattering:
T ! T
oot = 2 TGN A = 3, FEH M [A] = | A = Im [A/]
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Unitarity in vector boson scattering

Optical Theorem (Unitarity of the S(cattering) Matrix):
Otot = IM [Mn(t = O)] /8 t = —3s(1 —cosf

Partial wave amplitudes:
M(s,t,u) =321 ) (20 + 1)As(s)Py(cosf) (“Power spectr

Re[A]
>

Assuming only elastic scattering:
T ! T
oot = 2 TGN A = 3, FEH M [A] = | A = Im [A/]

SM longitudinal isospin eigenamplitudes (A; spin=J):

3 t—u 8 8
AI:() — QEPO(S) AI:1 — v2 — U—2P1(3) AI:2 — —EPO(S)
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Unitarity in vector boson scattering

Optical Theorem (Unitarity of the S(cattering) Matrix):
Otot = Im [Mii(t = 0)] /8 t = —3s(1 —cosf

Partial wave amplitudes:
M(s,t,u) =321 ) _,(2¢ + 1) As(s)Py(cos) (“Power spectr

Re[A]
>

Assuming only elastic scattering:
oo = 3, 327 (2£641) |A£|2 RS 5, 327r(§£+1) Im4] = |A£|2 = Im [A/]

8

SM longitudinal isospin eigenamplitudes (A; spin=J):

3 t—u 3 8
AI:() — QEPO(S) AI:1 — o2 = v—2P1(8) AI:2 — —EPO(S)

Lee/Quigg/Thacker, 1973

exceeds unitarity bound |A;;| < 3 at:

Higgs exchange: | _

I=0: E~ V8mw=12TeV QQ H
1 3

I=1: E ~ v487rv=3.5TeV .A(s,t,u):— ,U;Is_ﬂf?{

I=2: E ~ V16w =1.7TeV Unitarity: My < V8mv~ 1.2TeV
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Scenarios for New Physics in VBS

Im [A] &

|. SM or weakly coupled physics (e.g. 2HDM):

amplitude remains close to origin

Re (Al

2. Rising amplitude (at least one dim-8 operator): rise
beyond unitarity circle [unphys.], strongly interacting
regime

Re [A]

3. Inelastic channel opens (form-factor description): new
channels open out, multi-boson final states

‘PDIA]

4. Saturation of amplitude: maximal amplitude, strongly
interacting continuum, K-/T-matrix unitarization

i Re [A]

5. New resonance: amplitude turns over

i Re 4]
LY i
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VBS diboson spectra
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VBS diboson spectra
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VBS diboson spectra
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VBS diboson spectra
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Differential spectra in VBS

pp — e+,u+1/euujj Vs =14TeV L=1ab™ "

Simulations with WHIZARD [http://whizard.hepforge.org, Kilian/Ohl/|RR]

<L

e 500GV An; > 2.4; pl > 20CeV; |Ag;| < 45 pe - 20EH
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Differential spectra in VBS
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Simulations with WHIZARD [http://whizard.hepforge.org, Kilian/Ohl/|RR]
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Differential spectra in VBS
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Simulations with WHIZARD [http://whizard.hepforge.org, Kilian/Ohl/|RR]
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Differential spectra in VBS

pp — 6+u+ueyujj Vs =14TeV £ —Falm

Simulations with WHIZARD [http://whizard.hepforge.org, Kilian/Ohl/|RR]
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Resonances: Quantum numbers & simplified models

¢ Rise of amplitude / anomalous coupling: Taylor expansion below a resonance

¢ Resonances might be in direct reach of LHC

EREE
¢ Inc
¢ Ap

" framework EW-restored regime: SU(2). X SU(2)r, SU(2). X U(l)y gauged

ude EFT operators in addition (more resonances, continuum contribution)

ply T-matrix unitarization beyond resonance (“UV-incomplete” model)
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Resonances: Quantum numbers & simplified models

¢ Rise of amplitude / anomalous coupling: Taylor expansion below a resonance

¢ Resonances might be in direct reach of LHC

$ EF]
¢ Inc
¢ Ap

Spi

" framework EW-restored regime: SU(2). X SU(2)r, SU(2). X U(l)y gauged

ude EFT operators in addition (more resonances, continuum contribution)

ply T-matrix unitarization beyond resonance (“UV-incomplete” model)

ns 0, 2 considered, Spin | has different physics (mixing with W/Z)

SU(Q)L X SU(Q)R PG SU(Q)C
(0,0) > 0
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Resonances: Quantum numbers & simplified models

¢ Rise of amplitude / anomalous coupling: Taylor expansion below a resonance

¢ Resonances might be in direct reach of LHC

¢ EFT framework EW-restored regime: SU(2). X SU(2)r, SU(2). X U(l)y gauged
¢ Include EFT operators in addition (more resonances, continuum contribution)
¢ Apply T-matrix unitarization beyond resonance (“‘UV-incomplete” model)
Spins 0, 2 considered, Spin | has different physics (mixing with W/Z2)
SU(Q)L XSU(Q)R PG SU(Q)C
(0,0) — 0
(L, 10 s A
isoscalar 1sotensor
Gy Pi DY b DF T
scalar it Do s Do B
Ps
(XtaXtanan7Xt++>
tensor e D X
X,
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Resonances: Quantum numbers & simplified models

¢ Rise of amplitude / anomalous coupling: Taylor expansion below a resonance

¢ Resonances might be in direct reach of LHC

¢ EFT framework EW-restored regime: SU(2). X SU(2)r, SU(2). X U(l)y gauged
¢ Include EFT operators in addition (more resonances, continuum contribution)
¢ Apply T-matrix unitarization beyond resonance (“‘UV-incomplete” model)
Spins 0, 2 considered, Spin | has different physics (mixing with W/Z2)
SU(2)L x SU(2)r — SU(2)¢ Tensor resonances
(0,0) > 0
akaly — 24140  Symmetric tensor f,,
LA Tt * On-shell conditions: 10 — 5
R R gl
scalar 0" o ajzgaqbff e Tracelessness: f,* =
X;_,X;,XE),X;L,ijL * Transversality: 9, f*¥ =0
tensor e D X . .
X0 How to deal with off-shell tensor in
realistic processes?
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Tensor resonances: Fierz-Pauli vs. Stuickelberg

¢ Start with Fierz-Pauli Lagrangian for symmetric tensor

1 I W= el el e :
Lrp :§aafpwa Ij ot S ¥ —55'@]”;5’ fy+§m e

— 8% fanOs S — [LOMO fuy + Fun I
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Tensor resonances: Fierz-Pauli vs. Stuickelberg

¢ Start with Fierz-Pauli Lagrangian for symmetric tensor

EFP :%aozf,uvaaf'uy A %me'LWfW/ 0y %804]%35)&][5 W3 %m2fﬁj}fl;/
— 0% fauBa S — FLOMO fuy + fu T
¢ Fierz-Pauli conditions not valid off-shell
¢ Fierz-Pauli propagator has bad high-energy behavior
¢ Use Stiickelberg formalism to make off-shell high-energy behavior explicit
¢ Introduce compensator fields = no propagators with momentum factors

¢ Crucial for MCs
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Tensor resonances: Fierz-Pauli vs. Stuickelberg

¢ Start with Fierz-Pauli Lagrangian for symmetric tensor

1

I

1 & LUV v 1 o pU U
Lrp :§aafuva o §m2fuuf“ ~ 55'@]”;5’ ¥ §m2f‘;fy
= 0% fapds [ = 300" fu + fuw I}

¢ Fierz-Pauli conditions not valid off-shell

¢ Fierz-Pauli propagator has bad high-energy behavior

¢ Use Stiickelberg formalism to make off-shell high-energy behavior explicit

¢ Introduce compensator fields = no propagators with momentum factors

¢ Crucial for M

e fH”. on-shell f*

o ¢: 0,0, f"
o AF:. O, fH
sE o

Gauge fixing:

<)
“¢s/ JRReuter

Cs

1
(fw/ o %O_fg,uy> ol
o L
3 oI i
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Comparison: Simplified Models & EFT

Kilian/Ohl/JRR/Sekulla: PRD93(16),3.036004 [I511.00022] Black dashed line:
saturation of Ay,(WHW)/ Aw(ZZ)

10! —— . S/ A7 — . . :
5\\\ | — Fei=123Tev (]
! ' ?/L — F,=40Tev' |
S * EFT fails at resonance
;b : : : : === 1mit o 00
11 AR A S S O B e s e SRR
N M, =800GeV | e aQGC describe rise of
o2 SO T T T e s M resonance
SE 0L NG e ] * Unitarization applied
* Tensor resonances better
N, visible than scalars
. -
S SRS S SRS N S U, R 327/ M®
400 600 800 1000 1200 1400 1600 1800 2000
M(ZZ)[GeV] | e é f X
Fsg 1 2 15 5
M;; > 500GeV; Anj; > 2.4; pl >20GeV; |An;| <45  Fs -4 5 -3
|Fso| < 480 TeV™*  |Fg,| < 480 TeV ™ ATLAS PRL 113(2014)14, 141803 [1405.6241]
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Comparison: Simplified Models & EFT

Kilian/Ohl/JRR/Sekulla: PRD93(16),3.036004 [I511.00022] Black dashed line:
saturation of Ay,(WHW)/ Aw(ZZ)

— WHWjj
101: ! — ! pp| | JJ

Fso=19.2 TeV *Fg; = -134.1 TeV ™ |

N T
?/L Vo|—— Fx =386 TeV !
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SM

| | o - —— -  EFT fails at resonance
e e R R o ; ; — : :
I S Mx =1800GeV | e aQGC describe rise of
= N z z SRR Tx =T720GeV | |
22 . : : : resonance

* Unitarization applied

 Tensor resonances better
visible than scalars

| | | | | | | | ] 327TF/M5
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MWW T)[GeV] o é f b
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M;; > 500GeV; Anj; > 2.4; pl >20GeV; |An;| <45  Fs -3 5 35
|Fso| < 480 TeV™  |Fg,| < 480 TeV— ATLAS PRL |13(2014) 14, 141803 [1405.6241]
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Complete LHC process at 14 TeV

pp —ete utpjjat 3ab !

200 —————

?/L B ;=174 TeV!

200

150

100

50
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Triple [multiple] Vector Boson Production ?

Relate to ?

Yes, same Feynman rule as in VBS, but ...

one external W/Z/y always far off-shell

Unitarization formalism not available (would need 2 — 3 unitarizations)
Different Wilson coefficients dominate (particularly for resonances)

Important physics (partially) independent from VBS
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Conclusions / Summary

+ VBS (one of) flagship measurements of LHC Runs Il/lll and a 100 TeV machine
+ EFT provides a (!) [not the] consistent framework for SM deviations

+ Very well-defined (and limited) range of applicability

+ Accounts for access to New Physics in VBS and Di-/Triboson channels

+ Unitarization for theoretically sane description (allows to calculate ‘best limit’)

4+ T-matrix unitarization universal scheme for EFT and resonances

4+ Unitarization: Not just a theory tool = “composite continuum saturation”

+ Simplified models: generic electroweak resonances

+ Vectors/tensors: high-energy behavior tricky [vectors special: W/Z mixing]

+ Limits from LHC still incredibly puny: M ~ 200-300 GeV

+ Make sure that actual limits are meaningful and comparable

+ Lots of space/work for improvement: V. /Vr separation, backgrounds etc.
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MBI 2016 [4th Multi-Boson Interactions]
Madison, WI, U.S., Aug. 24-26 2016

MBI 2016  Aug, 24-26 2016

T
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Effective Field Theory (EFT) for Weak Interactions

* SppS: discovery of W, Z (on-shell)
* SLC/LEP: proof of non-Abelian weak structure, failure to find (very) light Higgs
* Measurement of longitudinal Ws: ee = WW (LEP), t &> Wb (Tevatron)

* Using all known d.o.f., parameterizing all possible interactions

Building blocks for EFT: s o = ol [—_iWT]
) v’ y v ) Bl

(%

SM fermions weak bosons hypercharge boson  longitudinal d.o.f.
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Effective Field Theory (EFT) for Weak Interactions

* SppS: discovery of W, Z (on-shell)
* SLC/LEP: proof of non-Abelian weak structure, failure to find (very) light Higgs
* Measurement of longitudinal Ws: ee = WW (LEP), t &> Wb (Tevatron)

* Using all known d.o.f., parameterizing all possible interactions

Building blocks for EFT: s o = ol [—_iWT]
) v’ y v ) Bl

(%

SM fermions weak bosons hypercharge boson  longitudinal d.o.f.

Minimal Lagrangian describing measurements at SLC / LEP [ll] / Tevatron

1 N2
PE tr (B, B* ]+Ztr (D,X)(D*Y)]

Lpre—LHC B Z @(Zﬁ)w_z_;gtr [WMVWMV]_
Y

1 1
597'1” f; S gg/B;ﬂ'g
7

W,, = 5971 (B, W,, — 0,W,, + gersg Wi W)

with the following useful definitions: D, =0, +

B,, = %g’(aﬂB,, — 8,B,)7°
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Effective Field Theory (EFT) for Weak Interactions

* SppS: discovery of W, Z (on-shell)
* SLC/LEP: proof of non-Abelian weak structure, failure to find (very) light Higgs
* Measurement of longitudinal Ws: ee = WW (LEP), t &> Wb (Tevatron)

* Using all known d.o.f., parameterizing all possible interactions

Building blocks for EFT: s o = ol [—_iWT]
) v’ y v ) Bl

(%

SM fermions weak bosons hypercharge boson  longitudinal d.o.f.

Minimal Lagrangian describing measurements at SLC / LEP [ll] / Tevatron

1 N2
PE tr (B, B* ]+Ztr (D,X)(D*Y)]

Lpre—LHC B Z @(Zﬁ)w_Z_;Qtr [WMVWMV]_
Y

1 1
597'1” f; S 59/Bu73
7

W,, = 5971 (B, W,, — 0,W,, + gersg Wi W)

with the following useful definitions: D, =0, +

Electroweak Chiral Lagrangian p
By = 59 (0uBy - G
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Effective Field Theory (EFT) for Weak Interactions

* SppS: discovery of W, Z (on-shell)
* SLC/LEP: proof of non-Abelian weak structure, failure to find (very) light Higgs
* Measurement of longitudinal Ws: ee = WW (LEP), t &> Wb (Tevatron)

* Using all known d.o.f., parameterizing all possible interactions

Building blocks for EFT: s o = ol [—_iWT]
) v’ y v ) Bl

(%

SM fermions weak bosons hypercharge boson  longitudinal d.o.f.

Minimal Lagrangian describing measurements at SLC / LEP [ll] / Tevatron

1 N2
2¢'2 tr [B,, B¥ ]"‘Ztr [(D3)(D#X)]

Lpre—LHC e Z @(’LlD)Zp-Q—;QtI’ [W,UVWMV]_
Y

1 1
597'1” ;IL S 59/BMT3
7

W,, = 5971 (B, W,, — 0,W,, + gersg Wi W)

with the following useful definitions: D, =0, +

Electroweak Chiral Lagrangian p
B, = 59’(%3,/ —9,B,)7° § T e :

Ruled out by LHC data (Higgs discovery) i-.j,*"f.":,,. ----- o
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EFTs: Higher-dimensional operators

+ Must include all dim 6 operators from SM fields Buchmiiller/Wyler, 1986

+ Redundancy of operators = minimal set of operators (in principle)

|. Equations of motion: D, W** = ®1(D"®) — (D"®)'® + ...
2. Gauge symmetry:  [Dy, D)) ® oc W, ®
3. Integration by parts: (®'®) 0 (®7®) — 9, (®'®) o* (2T®)

+ Further reduction by use of discrete / horizontal symmetries

|. BandL conservation (excludes 5 operators per generation)
2. Flavor symmetries (assumption: Minimal Flavor Violation)
3. CP symmetry

+ Assuming B and L conservation: number of operators (without vr)
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EFTs: Higher-dimensional operators

+ Must include all dim 6 operators from SM fields Buchmiiller/Wyler, 1986

+ Redundancy of operators = minimal set of operators (in principle)

|. Equations of motion: D, W** = ®1(D"®) — (D"®)'® + ...
2. Gauge symmetry:  [Dy, D)) ® oc W, ®
3. Integration by parts: (®'®) 0 (®7®) — 9, (®'®) o* (2T®)

+ Further reduction by use of discrete / horizontal symmetries

|. BandL conservation (excludes 5 operators per generation)
2. Flavor symmetries (assumption: Minimal Flavor Violation)
3. CP symmetry

+ Assuming B and L conservation: number of operators (without vr)

e | dim-2 operator + 15 dim-4 operators
e 59 dim-6 operators for | generation
e 2499 dim-6 operators for 3 generations Alonso/Jenkins/Manohar/Trott, 2013
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EFTs: Higher-dimensional operators

+ Must include all dim 6 operators from SM fields Buchmiiller/Wyler, 1986

+ Redundancy of operators = minimal set of operators (in principle)
|. Equations of motion: D, W** = ®1(D"®) — (D"®)'® + ...
2. Gauge symmetry:  [Dy, D)) ® oc W, ®
3. Integration by parts: (®'®) 0 (®7®) — 9, (®'®) o* (2T®)
+ Further reduction by use of discrete / horizontal symmetries

|. BandL conservation (excludes 5 operators per generation)
2. Flavor symmetries (assumption: Minimal Flavor Violation)
3. CP symmetry

+ Assuming B and L conservation: number of operators (without vr)

e | dim-2 operator + 15 dim-4 operators
e 59 dim-6 operators for | generation
e 2499 dim-6 operators for 3 generations Alonso/Jenkins/Manohar/Trott, 2013

+ No unique basis exists (more in a second)

+ Well-known in B physics: different experimental measurements constrain different operators
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Parameterizing SM deviations
* Specific models (SUSY, Compositeness, Little Higgses, 2HDM, Modified Higgses, Xdim,

e Could give strong signals in VBS (presumably Little Higgses, Compositeness, Xdim ....)

Could give faint signals in VBS  (presumably SUSY, 2HDM [Higgs datal], ....)

Up to parametric uncertainties precise predictions from the models (new independent couplings)
Mostly even beyond tree level predictable

Analysis has to be repeated for each and every model, introduces new parameters

20
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* Specific models (SUSY, Compositeness, Little Higgses, 2HDM, Modified Higgses, Xdim,

e Could give strong signals in VBS (presumably Little Higgses, Compositeness, Xdim ....)

Could give faint signals in VBS  (presumably SUSY, 2HDM [Higgs datal], ....)

Up to parametric uncertainties precise predictions from the models (new independent couplings)
Mostly even beyond tree level predictable

Analysis has to be repeated for each and every model, introduces new parameters

* Anomalous Couplings

e Usually first “model-independent” proposal

e At the moment applied by HXSWG (but under debate)

* Only modifications of SM couplings or introduction of new (Lorentz) structures !
* Allows fits of coupling strengths

* Possible deviations difficult to interpret in terms of quantum field theory, unitarity!!

20
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Up to parametric uncertainties precise predictions from the models (new independent couplings)
Mostly even beyond tree level predictable

Analysis has to be repeated for each and every model, introduces new parameters

* Anomalous Couplings

e Usually first “model-independent” proposal

e At the moment applied by HXSWG (but under debate)

* Only modifications of SM couplings or introduction of new (Lorentz) structures !
* Allows fits of coupling strengths

* Possible deviations difficult to interpret in terms of quantum field theory, unitarity!!

* Form factors

* Similar approach to anomalous couplings, partially resums perturbative series
* (Almost) completely general and model-independent
* Needs parameterizations, violates gauge invariance, unitarity ad-hoc curable (new parameters)

20
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Parameterizing SM deviations
* Specific models (SUSY, Compositeness, Little Higgses, 2HDM, Modified Higgses, Xdim, ......)

e Could give strong signals in VBS (presumably Little Higgses, Compositeness, Xdim ....)

Could give faint signals in VBS  (presumably SUSY, 2HDM [Higgs datal], ....)

Up to parametric uncertainties precise predictions from the models (new independent couplings)
Mostly even beyond tree level predictable

Analysis has to be repeated for each and every model, introduces new parameters

* Anomalous Couplings

e Usually first “model-independent” proposal

e At the moment applied by HXSWG (but under debate)

* Only modifications of SM couplings or introduction of new (Lorentz) structures !
* Allows fits of coupling strengths

* Possible deviations difficult to interpret in terms of quantum field theory, unitarity!!

* Form factors

* Similar approach to anomalous couplings, partially resums perturbative series
* (Almost) completely general and model-independent
* Needs parameterizations, violates gauge invariance, unitarity ad-hoc curable (new parameters)

* Effective Field Theory

(Almost) model-independent, consistent calculation of perturbative corrections (power counting !?)
Depends on (possibly) many free parameters

Requires decoupling of New Physics

Range of applicability strongly depends on couplings and scales (unitarity issue)
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e

Procedures to treat unitarity violations

1.0

Cut-off (a.k.a. “Event clipping”)  6(AZ — s)

unitarity bound (Oth partial wave) at A
no continuous transition beyond

|A(s)]
o
W

0.0
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Procedures to treat unitarity violations

1.0

Cut-off (a.k.a. “Event clipping”)  6(AZ — s)

unitarity bound (Oth partial wave) at A
no continuous transition beyond

|A(s)]
o
W

1 JE=1
Form factor (1+5=)" el
FF il

Applicable for arbitrary operators, tuning in 2 o
parameters: n damps unitarity violation, /\r
highest value to satisfy Oth partial wave
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e

Procedures to treat unitarity violations

1.0

Cut-off (a.k.a. “Event clipping”)  6(AZ — s)

unitarity bound (Oth partial wave) at A

|A(s)]
o
W

no continuous transition beyond
0'OO 1 i 3 4
Vs /@ v)
: 1 W=
Form factor TN o
(1_|_AFF) i i
Applicable for arbitrary operators, tuningin2 =%
parameters: n damps unitarity violation, /\r
highest value to satisfy Oth partial wave : : 3 4
5 /AR
2.0r _
K-/T-matrix saturation 1} oo
, 3 Y A
saturates the amplitude, usable for complex
amplitudes, no additional parameters
0'GO 1 i 3 4
s /AR
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i)

Different unitarity projections

¢ K-matrix: Cayley transform of S-matrix  Heitler, 1941; Schwinger, 1949; Gupta, 1950

< Stereographic projection to Argand circle :

i

1K a(s
3 = ii_zKég CLK(S) a5 1—i(a,gs)

\
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¢ K-matrix: Cayley transform of S-matrix

< Stereographic projection to Argand circle

@

14+iK /2
1—3K /2

aK(S) B 1—ai(;23)

¢ Stereographic projection to Argand circle

Different unitarity projections

i

A

i)

Heitler, 1941; Schwinger, 1949; Gupta, 1950

\J

¢ Formalism does a partial resummation of perturbative series

¢ need to construct (orig.) K-matrix as self-adjoint intermediate operator
Problems, if S-matrix non-diagonal, presence of non-perturbative contrib.
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Different unitarity projections

i)

¢ K-matrix: Cayley transform of S-matrix  Heitler, 1941; Schwinger, 1949; Gupta, 1950

< Stereographic projection to Argand circle

1K a(s
o ii_zK;g CLK(S) B 1—i(a,23)

¢ Stereographic projection to Argand circle

DOl
1
T

A

i

\J

¢ Formalism does a partial resummation of perturbative series

¢ need to construct (orig.) K-matrix as self-adjoint intermediate operator
Problems, if S-matrix non-diagonal, presence of non-perturbative contrib.

¢ T-matrix: Thales circle construction

¢ Definedvia |[a—%|=% = a= Re(ai>—i

0

<)
“¢*/ J.R.Reuter

Kilian/Ohl/JRR/Sekulla, 2014

A

i

NI
1l
T
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i)

Different unitarity projections

¢ K-matrix: Cayley transform of S-matrix  Heitler, 1941; Schwinger, 1949; Gupta, 1950
¢ Stereographic projection to Argand circle \

141K /2 va(s)
o 1iK/2 ar(s) = 1—ia(s) il S
¢ Stereographic projection to Argand circle - >

¢ Formalism does a partial resummation of perturbative series

¢ need to construct (orig.) K-matrix as self-adjoint intermediate operator
Problems, if S-matrix non-diagonal, presence of non-perturbative contrib.

¢ T-matrix: Thales circle construction Kilian/Ohl/|JRR/Sekulla, 201 4
¢ Definedvia |a—2&|=2% = a= Re(ai>—i tm fo] 1

0 1

¢ |dentical to K matrix for real amplitudes

DO —
1
T

¢ Points on Argand circle left invariant

¢ Does not rely on perturbation theory
¢ Applicable for amplitudes with imaginary parts (models with resonances)
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Different unitarity projections

¢ K-matrix: Cayley transform of S-matrix
¢ Stereographic projection to Argand circle

ok (s) = 7525

_ 14iK/2
3 = 1—3K /2

¢ Stereographic projection to Argand circle

i

A

DOl
1
T

i)

Heitler, 1941; Schwinger, 1949; Gupta, 1950

\J

¢ Formalism does a partial resummation of perturbative series

¢ need to construct (orig.) K-matrix as self-adjoint intermediate operator
Problems, if S-matrix non-diagonal, presence of non-perturbative contrib.

¢ T-matrix: Thales circle construction

¢ Definedvia |[a—%|=% = a= Re(ai>—i

0

¢ |dentical to K matrix for real amplitudes
¢ Points on Argand circle left invariant

¢ Does not rely on perturbation theory

NI
1l
T

Kilian/Ohl/JRR/Sekulla, 2014

A

i

¢ Applicable for amplitudes with imaginary parts (models with resonances)
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Generation of Higher-dimensional Operators

i ) = - X <X

i y
Oty = —~55(®1® = v2/2)tx 17,1174

Opy == (DD)'2) - (81(D2)) — %IDPI? 1 i
Op = 5 5(Du®) (D, @) B
Os = 2(®T® —2/2) (D
o " OBB = _il ¢T® '1}2/2 2

F24 s

Couplings of new states to the longitudinal / transversal diboson system

J =0 Jhi—-1l V=)
I=0 U (Higgs singlet?) (v /2" 7) f% (Graviton ?)
J=dl 7T:|:,7TO (2HDM ?) (W’/Z’ 7) ai,ao
I=2| ¢*F, 9T, ¢° (Higgs triplet ?) — e e

°®
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Generation of Higher-dimensional Operators

i (- X< X

, 51

Oww = ——— = (@10 — v*/2)tr IV, WH]
/ 1 T T 2 A% 2
O, =+ (D)D) - (of(DD)) — & |DY| s
’ Op = 15 5(Du (D, ®) BH
Ope = 3:(272 —2%/2) (D il il
P A2 OBB . _ﬁz (I)Tq) 2/2 ,uVBMV

A | SIE — qclecI)

Couplings of new states to the longitudinal / transversal diboson system

S—0) Jhi—-1l =32
I=0 oY (Higgs singlet?) W (v /7" 7) f% (Graviton ?)
=" 1. 7'(':':,7'('0 (2HDM 7?) pi,po (W’/Z’ 7) ai,ao
I=2| ¢*F, 9T, ¢° (Higgs triplet ?) e e

Different power counting for weakly and strongly interacting theories
Ci ) G =)
— A —— S — vy —

A% LGS INRERA
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