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PHYSICS IS DEFINED AT A SCALE
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At (very) low energies:
QED: U(l)__ gauge theory,

the most accurate theory in science
Anomalous magnetic dipole moment (g-2):
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* Weak force well measured at low energy:

Charged current: W= ?/g pOn eO'v
Neutral B LA 4
eutral current: 3 — - L _

R €
G, = 1.1663787(6) x 107° GeV~*

S 00 2 24892 Ge V.,
Which defines a new physical scale: The EW Scale.

* Near the EW scale:
QED + weak currents = SU(2), ® U(1)y gauge theory

o, Gp 2 g, 8» v [trade to M, a(M,), Gg]

* At higher energies 2 new physics!?
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THE YANG-MILLS GAUGE THEORY

Non-Abelian local gauge theory su©)
Lws = —ig(QpW )W IW; [gPHg"" — g" g"H]wt =

P r Wo.
—ig(OpW, DWW, [gP7 gH — g M \qf
—ig(8p,W5 YW W,F [gP¥ M7 — gPHg¥?], ‘

v

2
Cus = = WIwwow, ome — oW IWiwowe ke

_|_ il

QMVPU = 29uv9poc — Jup9ve — GuoGup- Wi Vie
Transversely polarized gauge bosons: 7

e = (0, cos 0 cos ¢, cos 6 sin ¢, sin 0) wy W,

AWTWT (2 5 2) £ 0(92)

Well behaved, well predicted!
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But, W/Z are massive!

Longitudinally polarized gauge bosons:
er =~p'/Mwy at Mw/E <« 1. Model-independent!

Thus lead to “bad high energy behavior™:

A(ff — WLWL) ~ ms+/5/v?
AW Wy, —WiWi)~ el - eopexi enj

Naively, A(W W, — WLWp) ~ g2(p?)? /My, ~ g2s? /M,

EWSB & THE HIGGS BOSON:

(1+ H/v) mehpaby Model-dependent! (v + H)? g°V*V,

* Consistent perturbative theory up to TeV,... M (7)
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THE PARAMETERIZATIONS
FOR NEW PHYSICS

Triple Gauge-boson Couplings (TGC)

(1) A conventional parameterization: (Hagiwara et al., 1986)
Most general structure of Lorentz, EM gauge invariance.
Ly Nl .
= (WELWHVY — WV, WH) + iy WIW, VM Dot
Ay i e A AR AV o el Y SV vy
Sl W WGV gt V0L Vet OVes) e General
1% . ;
BEES A (W;[@AWV = (9)\W;E Wy) V, e Historical
+ iRy WIWL TR i W] W, T, Cons:
deais e Power counting unclear
In the SM at tree level: e Violate unitarity (soon)
g1 = ry =1, e Not gauge invariant
W= =gy = O =

Deviations from the SM often called “anomalous couplings”.
(The operators: ¢ is P-odd, g, A\, &y are CP-odd, \'s dim-6.)

How large do we expect the deviations to be? See l|later ...
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(2). Non-hinear realization of gauge symmetry:

(h +v)°

i — ; Tr[D*UTD U], U = exp(iw't"/v)
Lo = L(LPITTVHVE, VE = (DFDYU,

U Appelquist, Bernard, 1980
e éE’)(K)Q[TTVMV,u]Z- Longitano, 1980

Another convention: ag s = l45(v/A)=.
“Naturally speaking”, A ~ 4mv, l45 ~ O(1).
Remarks: This 1s equivalent to integrate out h

(as a heavy singlet), which 1s inappropriate
in light of the Higgs discovery.



(3). Linear realization of gauge symmetry:

fn Buchmuller, Wyler, 1986
Left = FOTL Leung, Love, Rao, 1986
n Hagiwara et al. 1993

: Grzadkowski et al. 2010
B-L conserving, CP even: 59 operators at dim-6.

e.g. Hhggs & TGC:
Oce = 7@ G4,G" | Oww =W, W,
. 1
Opp = ®'B,,B"®, Op4 = 50" (®10) 0, (®T®) ,

Ocaij = (PT®)(Li®er,) , Oqaij = (219)(Q;Pdr;) ,
Ow = (D,®)'W"(D,®), Op = (D,®)'B"(D,®),
OWWW — TI[WMVWVPI/T/#] . (3)

2,2 27 72
g-v 3g-M
Ary =T (fw + ) Ay =3z = 5K fuww
2,,2 2,,2
g-v g-v
Ang: 862A2fW7 AK/Z: 862A2 <C2fW_82fB)’ (5)

“Naturally speaking”, A ~ 47wv, f, ~ O(1), Ax ~ 107",

8



Eboli et al., 2006, 2012.

Quartic couplings w/o moditying triple couplings at dim-8:
@ .

AL L

% :(DMCI))TD“CI)} x [(DV@)TDV@:

(D, ®)' D,,cb} x [(D“CD)T D”CI):

leading to interactions like
Op W = g¥g" [Wiwy Wiwy] O Y — g0 ey
OXVZ = go‘ﬁgw [W;ZBW,Y_Z(S} : OF/Z = 9046975 [W;WQZWZ(;} )
@t — O < =0 — g2 g a T T

“Naturally speaking”,

dim-8 operators should be suppressed by
(v/A)* ~ 1/1672.
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THE TEST OF EW THEORY
Precision EW physics stared at LEP-I:

(and on .
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68% and 95% CL fit contours for U=0

(SMref: M,=126 GeV, m =173 GeV)
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Present uncertainties
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“Custodial SU©2)c symmetry”

(only broken by g & m;-m,)



At LEP-1I: (and on ...)

aTGC Limits @95% C.L.
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aTGC Limits @95% C.L.
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Longitudinal W's sensitive to new physics.

Crucial: observe the SM W, W, scattering:
Duric (CMS)

WZ scattering discovery possibilities W
WISCONSIN

NNNNNNNNNNNNNNNNNNNNN ~MADISOM

@S, /|

CMS Projection: Vs = 14 TeV, L = 300 fb'
T T T T | T T T T | T T T T | T T T T | T T

120 T T T
B Wz QcD

100 77 * WZ scattering inhanced in high
Bz Ewk dijet mass region

* Counting experimentin
M(jetl,jet2)>1.2 TeV region

(number of events)/bin
S &

* 50 discovery expected with
integrated luminosity of 185

o
)

20 b1
0 1000 1500 2000 2500 3000
diJet Invariant Mass, GeV/c?
Significance 30 Suv

SM EWK scattering discovery | 75 fb~" 185 b~

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsFTR13006
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¢ The existence of a light, weakly coupled
Higgs boson unitarize the amplitude:

we—m——7——————— 77— 1

WL W

no Higgs ,
Standard Model A

W, W, W, W;

W, W

100 w
| ;
I Wy, W, W Wi,

105 \\\\\\\\\\\\\\\\\\\\\\\\\\\

o [fb]

e New physics still possible, but be “delayed”
~ (g*/167%) s/v*

e For 1 TeV new physics (v/1 TeV)? ~ 6%!
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Representative examples:

Difterent channels are sensitive to ditferent physics:

/ 0 1 2

J=0| o° 0,0, 90, 0T, o
Ll . [ p,p0°pt -
2 || fY t—,t—, 0, tT ttT

» | = 0: resonant in WTW ™

and ZZ scattering

» | = 1: resonant in W*Z and W~ Z scattering
» [ = 2: resonant in WT W™ and W~ W™ scattering

LHC 300 fb—! LHC 3000 fb—1
Type of resonance
H¢ 95% CL 54 95% CL
scalar ¢ 1.8 TeV | 2.0 TeV | 2.2 TeV | 3.3 TeV
vector ¢ 2.3 TeV | 2.6 TeV | 2.9 TeV | 4.4 TeV
tensor f 3.2 TeV | 3.5 TeV | 3.9 TeV | 6.0 TeV
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OVERALL

* With the Higgs discovery, EW theory 1s healthier than ever,

100
10—3
10—6

valid from EW scale possibly to M,

10~9°

But the Higgs sector fine-tuned: e

ne tune)

need more understanding. 0%

Eé 10—21

- % 10—24

e Gauge/Higgs weakly coupled, & e

«“ 10—30

e.g. TGC etc. SM-like.
W, W, still robust test for EWSB:

=

|

Vacc
Stability

5 RSN W B TR N 500 P B

103 106 109 1012 1015 1018
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compositeness ... But sensitivity delayed: g /4.

* Perhaps, 1t’s more likely to observe resonant states:

w=, 7’s Ht, AY ...

than aTGC (W, Z’), aQGC (Higgs-like)
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