4. Electroweak Effective Theory

e Higgs Mechanism

e Custodial Symmetry

e Equivalence Theorem
e EW Effective Theory
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Great success of the Standard Model
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Possible Scenarios
of EWSB

©® SM Higgs: Favoured by EW precision tests

® Alternative perturbative EWSB:

My, T vATHT +1) — YR
M3 ey 25 Y7

Scalar Doublets and singlets Ptree =

©® Dynamical (non-perturbative) EWSB:

Pseudo-Goldstone Higgs

Scalar Resonance
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ATLAS SUSY Searches* - 95% CL Lower Limits
May 2017

ATLAS Preliminary

V5=7,8,13TeV
Model STy Jets EYS [ranm) Mass limit \5=13TeV Reference
-
MSUGRNCMSSM 0-3e -2t 27 IOJels/sb Yes 203 m(q)sn(gy 1507.05525
A Yes 361 m(F2)<200 GV, m(1* gen. gj=m(2 gen.3) ATLAS-CONF-2017-022
qq, qqu Jcompressadi monojet ‘~3|9IS Yes 32 mi(7)-miF)<5 Gev. 160407773
0 26l Yes 61 m(E})<200 Gev ATLAS.CONF 2017022
E B —aqy i o ks Y i i e e LA
8. 3-aa( O] Semn 4t - e miF}) <400 GeV ATLAS-CONF-2017-030
g " Ailes e 501 miEh) <d00Gev ATLAS.CONF 2017033
§ Siibs (Fish) varsoic 02ps e a2 1607.05979
GGM (bino NLSP) - Yes 32 Cr(NLSP)<0.1 mm 1606.09150
8 GGM (higgsino-bino NLSP) ) 1 Yes 208 m(E})<850 GV, cr(NLSP)<0.1 mm, <0 1507,
= GGM (higgsino-bino NLSP) 3 2jets  Yes 133 m(F})680 GeV, c(NLSP)<0.1mm, >0 ATLAS-CONF-2016-066
(GGM (higgsino NLSP) 2epu(Z) 2jets Yes 203 m(NLSP)>430 GeV' 1503.03290
Gravitino LSP 0 monojel Yes 203 (G118 % 10 oV, mig) ()1 5TeV 150201518
0 3b Yes 36.1 i) <600 GeV. ATLAS-CONF-2017-021
O-Tep 3b Yes 361 mM,«nosev ATLAS-CONF-2017-021
O-tep 3b Yes 201 m{F})<300GeV' 1407.060C
3 26 Yes 361 iE<s200ey ATLAS-CONF 2017036
26u(5) b Yes 361 ATLAS
2ep  12h  Yes 47133 iED = 2, mih-g8Gov 1209.2102, ATLAS-CONF-2016-077

wz e 0-2jets12b Yes 20. 3/36 1 miE})=1 GeV. 1506.08616, ATLAS-CONF-2017-020
monoet  Yes i ) 160407773
2e, u @ 1b Yes z\m miE})>150GeV 14035222
3eu@  1b Yes 361 ) ATLAS-CONF 2017019
i i + “2es  4b Yes %61 ATLAS CONF 2017018
Tirbig, P 2em 0 Yes 361 ATLAS-CONF-2017-039
X’;X\ —-iv([?) 2ep o Yes 361 I3 }-n.s(m(i?bm(i‘in ATLAS-CONF-2017-039
T 103, 0] v, Borrom) 27 S Yes 381 it 51=05m(FpemiEh) ATLAS CONF-2017-035
= E Bits Aj—ofLny[(W) TELUTY) 3ept 0 Yes 361 W), mEY)=0, m?. 9=0.5(m(E7 (k) ATLAS-CONF-2017-039
ws )(, iz 23epu  02jets  Yes 361 ma ).mu"), miF| (m ATLAS-CONF-2017-039
S TR WRILTL, hosbb W/ vy epy 02b  Yes 203 1 =mii), i decoupled 1501.07110
x;ﬁ,f,, - 4o 0 Yes 203 (xu, )0, il ms(m(i’)mu”" 1405.
GGM (wino NLSP) weak prod. A/l-yé e I‘ +y - Yes 203 er<tmm 1507.05433
i~ S Yes 203 crcimm 1507.05493
Disapp.trk  1jet  Yes 361 mET)mES)~160 MeV, r(¥)=0.2 ns ATLAS-CONF-2017-017
i GEdcik - Yes 184 (160 Mo, <15 s 50505332
B Stable, stopped s R hacron 0 15jets  Yes 279 m{E)-100 Go. 10 s<3)<1000 18106564
28 stavle z Rhadron rk - - 32 160605129
SE Metastable ¢ R-hadron oEldcik - - 32 m(E7)=100 GeV. =105 160404520
g o, ,,).m oo 12 - - red <50 14116795
GMSB, ¥} -G, long-lived ¥ 2y - Yes 203 1<r(i})<3 ns, SPS8 model 14095542
7 x"-»m'/euv/w displ. eeenfup - - 203 7 <or)< 740 mm, m(z)=1.3TeV 150405162
GGM g, displ. vix +jots - - 23 6 <crii})< 480 mm, m(z)-1.1 ToV 150405162
LFV ppsiy + X, Fysepferiur aperir - - a2 [T —l 1607.08075
s 2eu(88)  03h  Yes 203 m(@)-m), crisp<t mm 14042500
cev. e v den S Yes 133 E)>400GeV, 11420 (= 1.2) ATLAS CONF-2016.075
)}_m,_m Seusr - Yes 203 ©0150.2xm(F ), 117120 1405,
z 0 4SlargeRjels - 148 R()=BR(5)-BR()=0% ATLAS-CONF-2016.057
L ﬂwn»i ol 0 4SlargeRjets - 148 =800 Gov ATLAS-CONF-2016.057
i3 % Tep 810jetsi0-4b - 36.1 1TV, 4112%0 Ams—ooNF—zm 74113
iy Teu 810jes04h - 3.1 T ATLAS-CONF
Wi, b o 2jels+2b - 154 TLAS-CONF 2016 022 AT CONF 2015008
i 2ep 2 - 361 BRG—be/u)>20% ATLAS-CONF-2017-036
Olfigr Scalar charm, 7t} o 2 Yes 203 _ mEl)<200GoV 150101325
*Only a selection of the available mass limits on new states or -
phenomena is shown. Many of the limits are based on 10 1 Mass scale [TeV]
simplified models, c.. refs. for the assumptions made.
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B 13Tev [_]8Tev

LQ1(ej) x2  |m—
LQ1(e)+LQ1(v) B=0.5 -
LQ2() x2 | — coloron(j) x2 | ]
O e coloron(4) x2 [ Multijet
LQS(va):Z —= Leptoguarks luino@j) x2 [
R =] gluino(3) x Resonances
La3(v) x2 -
Single LQ1 (=1) gluinofib) x2 [
Single L2 (\=1) | 0 1 2 3 4 Tev

0 1 2 3 4 Tev
ADD (y+MET), nED=4, MD
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RS1(ee,pp), k=0.1 NR BH, nED=6, MD=4 TeV

3 3 3 Tev String Scale (j)
QBH (jj), NED=4, MD=4 TeV

CMS Preliminqry ADD +MET), nED=4, MD

ADD (ee, ), nED=4, MS Lorge Extra

‘ AOD (). nED=4, 1S Dimensions
SSM Z'(tT) | Jet Extinction Scale

SSM Z'(j) ,
SSM Z'(ee)+Z' () | Tev
SSM W'(j)) ! dijets, A+ LL/RR
SSM W'(lv) dijets, A- LL/RR
SSM Z'(bb) :I dimuons, A+ LLIM
0 1 2 dimuons, A- LLIM
. dielectrons, A+ LLIM
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CMS Exotica Physics Group Summary — ICHEP, 2016
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Energy Scale Fields Effective Theory

Sny Pn; Vi, An, Fa

H W, Z,~,
Anp ~ TeV Va8 Underlying Dynamics

Ty 4y €,V
t.b,c,s.d,u
------- Energy Gap ----- [ --omsmemmmmsrmnmmnnei e
Ha W,Z,"/,g
Mw T, [y €, Vi Standard Model
t,b,c,s,d,u
A. Pich - 2017
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Effective Field Theory

(D)
Log = LD + 33 5= 0

D>4 i

e Most general Lagrangian with the SM gauge symmetries
e Light (m << App) fields only

e The SM Lagrangian corresponds to D =4

(D)

.’ contain information on the underlying dynamics:

2
. _ g7 _
Lo =g (Quv*qu) Xy = M—XQ (@ q) (Guyuae)
X

e Options for H(126):

— SU(2),. doublet (SM)
— Scalar singlet
— Additional light scalars
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¥ = (65,0) = ( o ¢+>

-~ @°

o\ 2
Lo = (DHCD)TD"CD—A<|<D|2—V?>

_ %Tr [(D"5)'D,%] — % (Tr[Z15] - v?)°
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Custodial oo - (%)
Symmetry

o\ 2
Lo = (DHCD)TD”CD—)\<|<D|2—V?>

1 " A o2
= 5T [(D*%)'D,X] — n (Tr [Z7%] — v?)

SU(2). ® SU(2)r — SU(2)1+r Symmetry: Y g Ygl
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Custodial seeo - (%)
Sym metry u@) = ew{ia-}

L (v + H) U@)

< |6

v2

2
Lo = (D,)'D'd — )\ <|c|>|2 - ?>

1 " A o2
= 5T [(D*%)'D,X] — n (Tr [Z7%] — v?)

- V;Tr [(D*U)'D, U] + O(H/v)

SU(2). ® SU(2)r — SU(2)1+r Symmetry: Y g Ygl
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Custodial o= (% %) = e ue
Symmetry o) = e {10-7}

1

v2

2
Lo = (D,)'D'd — )\ <|c|>|2 - 7)

1 " A o2
= 5T [(D*%)'D,X] — n (Tr [Z7%] — v?)

- V;Tr [(D*U)'D, U] + O(H/v)

SU(2). ® SU(2)r — SU(2)1+r Symmetry: Y g Ygl

Same Goldstone Lagrangian as QCD pions:
s v g WEZ
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EFFECTIVE LAGRANGIAN: L(U) = Z Loy

n
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EFFECTIVE LAGRANGIAN: L(U) = Z Loy

n
¢ Goldstone Bosons

01@,q.10) (QCD), & (SM) = Us(6) = {exp(id-3/v) };
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EFFECTIVE LAGRANGIAN: L(U) = Z Loy

¢ Goldstone Bosons

01@,q.10) (QCD), & (SM) = Us(6) = {exp(id-3/v) };

o Expansion in powers of momenta <@ derivatives

Parity == even dimension ; UU' =1 wa» 2n>2
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EFFECTIVE LAGRANGIAN: L(U) = Z Loy

¢ Goldstone Bosons

01@,q.10) (QCD), & (SM) = Us(6) = {exp(id-3/v) };

o Expansion in powers of momenta <@ derivatives

Parity == even dimension ; UU' =1 wa» 2n>2

e SU(2)L ® SU(2)g invariant

U = g Ugl' ; g . € SUQ)Lr

c v2 T (5. Ut 94U Derivative
2T g r( K ) Coupling

Goldstones become free at zero momenta
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Goldstone Electroweak Effective Theory

2 1 .~ 1 ~ 4 2
iy = —?< o W) 2272 (B B") + — (D"U'D,U)
1 0 e
U(¢)=exp{ﬁ¢} , ¢:1&.¢_< ﬁj’ t O)
v V2 ® VA4
DHU = oMU —iWHU+iUBH* , prut = orut +iutwr —iBrut , (A) = Tr(A)

Wov = omr — gr e — e, WYL BR — onBY — 9vBE — i[BH, BV



Goldstone Electroweak Effective Theory

2
2 _ 1 ) VITZ 1 5 Ruv wyt
‘CE\’V _2g2 ( Ky ) 2g’'2 <BHVB )+ —(D'U D, U)
1 0 A1
2 1 2?7 4
U(e) = exp ilb , b= -"—5F = \/57 1o
v V2 ® VA4
DHU = oMU —iWHU+iUBH* , prut = orut +iutwr —iBrut , (A) = Tr(A)
WHY = oR WY — 9¥ WH — i [WH, W] , B = 9HBY — 9V B* — i[B*, B]

SU(2), ® SU(2)r — SU(2)1+r Symmetry: U(e) — g1 U(p) g;

Wr — gL VAV“gZ +igL (‘)“g[ , Br — gr é“g,; +igr f)“g;




Goldstone Electroweak Effective Theory

2

2 _ 1 ) VITZ 1 5 Ruv wyt
Liw T 282 (Wi WH) 242 (BuwB") +— (D"U'D,U)

1 0 5

2 1 Nohd ¥

U(p) = exp itb , b= -"—5F = 2 .

v V2 o
V2
DHU = oMU —iWHU+iUBH* , prut = orut +iutwr —iBrut , (A) = Tr(A)

Wev = oW — ot Wr — iR, WY, B = 0rBY — VB — i[B*, B

SU(2), ® SU(2)r — SU(2)1+r Symmetry: U(e) — g1 U(p) g;

We — gL VAV“gI +igL (‘Wgz , Br gr é“g; +igr f)“g;

SM Symmetry Breaking: W = —%E-W“ , Br = —%/ o3 B#

EFT A. Pich - 2017 10




Electroweak Symmetry Breaking

L 1 "
2 U—1 Ly = M, WJW’A—E/\/I%Z/,Z/
Ly = - T (DU DY) -

Myw = Mz cosby = %gv

e EW Goldstones are responsible for My, z  (not the Higgs!)

1
e QCD pions also generate small W, Z masses: .My = 3 gfr

EFT A. Pich - 2017 11




Goldstone interactions are determined by the underlying symmetry

v2 1

T 0, UT0"U) = 8.9 0"p" + an‘)a“w
b {(7e) (2 50e) +2(#5e) (7 59))
+ 0 (@6/\/4)
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Goldstone interactions are determined by the underlying symmetry

V2 1
T<auufaﬂu> = Qup "¢ + an‘)a“w
o g L) () 2 (25 e) ()
- o(¢)
::':: T (pTp™ = oty™) = s;t
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Goldstone interactions are determined by the underlying symmetry

VTQ(@#UW“U) = Qup "¢ + %aw‘)aw
b () () £ 205 ) ()
v o)
. . 4t
. T(ete™ = eter) = 2,
Non-Linear Lagrangian: 20 — 20, 4p -+ related

EFT A. Pich - 2017 12



Equivalence Theorem

w= we Cornwall-Levin—Tiktopoulos
Vayonakis
W W Lee—Quigg—Thacker

_ _ s+t My
_ _ M
= T(pTp~ =2 9Tp) + 0 (TVSV>

The scattering amplitude grows with energy
Goldstone dynamics <&  derivative interactions

Tree-level violation of unitarity

EFT A. Pich - 2017 13



Longitudinal Polarizations

k*

kﬂ:(kO,o,o,|E|) — eg(E):MLW <\E\,0,0,k°> = - +0



Longitudinal Polarizations

ku:(k°,0,0,|/?|) -

w

2 [K[*

One naively expects TW W, =W W) ~ g o
w

EFT A. Pich - 2017

- 1 . kH My
k)= —— (1k1,0,0,K°) = Mw
)= i (IL0.0.4) = & +o<
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Longitudinal Polarizations

. 1 - kH My
Ky =—— (|k|,0,0,k°) = rw
)= 3 (1K1,0,0.4) MW+0< |k|>

ku:(k°,0,0,|/?|) -

E 4
One naively expects T(WL+ W, — WL+ W) ~ g2 /|W—ﬁv
wH wH Gauge
. E . M Cancelation
_ _ +t My
T(W W, wrw-) = 2t oMW
(Wrw — Wiwp) ot s

= T =ee7)+ 0 <M—\/V§V>

EFT A. Pich - 2017 14




WHW, — Wiw:
B S S

T- 7i 5+f,i,t—2 7,M_’2" s +;
M2 s—MZ  t—ME[ T TV \s—MZ ' t— M3

Higgs-exchange exactly cancels the O(s, t) terms in the SM

EFT A. Pich - 2017
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WHW, — Wiw:
BN S

T- 7i 5+f,i,t—2 7,M_’2" ;+;
M2 s—MZ  t—ME[ T TV \s—MZ ' t— M3

Higgs-exchange exactly cancels the O(s, t) terms in the SM

2M? 1 1t M?

2 ~ H — ~ H

When s> Mg, Tsm ~ — 3 , ap = Ton _1dc059 Tsm ~ “Bmy?
Unitarity: Lee-Quigg-Thacker

lag] < 1 —- My < V8nv 2/3 =~ 1 TeV
N——"

W+W—,ZZ, HH

EFT A. Pich - 2017 15



What happens in QCD?

EFT

QCD satisfies unitarity (it is a renormalizable theory)

¢ Pion scattering unitarized by exchanges of resonances
(composite objects):

— P-wave (J = 1) unitarized by p exchange

— S-wave (J = 0) unitarized by o exchange

The o meson is the QCD equivalent of the SM Higgs

BUT, the o is an ‘effective’ object generated through
7 rescattering (summation of pion loops)

Does not seem to work this way in the EW case, but ...

A. Pich - 2017
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A(p?0? = 0 9%) = A(s, t,u) 6ap Scq + A(t, S, 1) Sac Opg + AU, t,5) Gag Ope

s 4
Alstou) = 55 4 = [a(0) (£ + o) + 235() 5]

1 5, 13 , 5 1 5 5 5 —t
Ton2v2 {65 +E(t +u)+ﬁ(s —3t* —u) log E

1 5 5 5 —u 1, —s
+E(s —t°—3u°) log z =55 log 7z

Vi 2puP™*
1672 4—D

ai = aj(p)+ +|0g(4ﬂ)*vs} , Y= —= , Vo= ——

EFT A. Pich - 2017
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PP — !

N

v

L= —
4

+ Higgs (tree 4+ 1-loop) contributions

H | H?
(D*UT D, U) |:1+2a— + b—z}
v v

Espriu-Mescia—Yencho, Delgado—Dobado-Llanes-Estrada

1672 v2

1
+ (-

s 4 B B
Alsit) = 5 = a) + 5 [al0) (2 + %) +2a5(0) 7]
1 4 2 2 2 > 13 2\2 2 | 2
6(1437103718ab+9b +5)s +E(1fa)(t +u’)

1 _
——(234—232—232b—4—b2+1)s2 log "
2 u?

A [ -3y () - - s ()]}

EFT

, s = — 2 (2+5a" —4a> —6a°b+3b7)

A. Pich - 2017 18




b d TN
Ppap? — P
+ Higgs (tree 4+ 1-loop) contributions

N

v

H R
— T _ _
L= Z(D*UTDLU) [1+23V+bv2}

Espriu-Mescia—Yencho, Delgado—Dobado-Llanes-Estrada

s 4 . .

Als,tu) = — (1= a) + ¥ [%(u) (8 + u*) +23a5(n) 52]
S {3(1434 — 102> —182°h+9b° +5) s> + B 1=2a% (P + %)
16m2v2 |9 18

1 _
——(234—232—232b—4—b2+1)s2 log =
2 12

+ L -2y [(52 —32 — ) log (%) (£ 30 log (%)]}

18

12
= -4 (1-a) ; 5 = —& (2+5a* —4a> —6a°b+3b7)
SM: a=b=1, a=a=0 — A(s, t, u) ~ O(M}/v?)
A. Pich - 2017




Low-Energy Effective Theory == Power Counting

e Momentum expansion: N ~ 47v, My
n
AT (®)

e Up), 9, h ~ 0([)0)
D.U, Wua éu ~ 0O(p!) ) W, , B, ~ O(p?)

e A general connected diagram with N, vertices of O(p“) and
L Goldstone loops has a power dimension: Weinberg

D=2L+2+> Ng(d—2)
d

== Finite number of divergences / counterterms

EFT A. Pich - 2017 19



Electroweak Effective Theory

Lower = Lym+i Y Fy"Duf + ALs + Eg‘\)v T
F

2
Lo

N 1 ’
Aﬁgﬁosonu, — Eaﬂha#h _ 5 m% h2 _ V(h/V) + VT]:u(h/V) <U,uU‘u>



Electroweak Effective Theory

Lower = Lym+i Y Fy"Duf + ALs + LG+
F

2
Lo

o 1 ’
Aﬁgﬁosonu, — 58#/78#/7 _ 5 m% h2 _ V(h/V) + VT]:u(h/V) <U,uU‘u>

Vih/) = v 3 (g) Bl =143 Y G)



Electroweak Effective Theory

LrwrT = Lym+ 1 Z f’y“Duf + ALy + Egl\)y + -
f

2
Lo

R | 1 §
Aﬁgﬁosonu, _ Eaﬂha#h _ Emi% h2 _ V(h/V) + VT]:u(h/V) <U,uU'u>

A" A"
V(h/v) = v* W (= = () (2
(h/v) = v S . Fulh/v) =1+ cf ”
n=3 n=1
V) _ M v _ M 0) () 0
SM: c :ﬁ , G :m v Csa =0 5 =2, 6 =1, ¢ =0
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Yukawa Couplings

Aﬁgcrm - v {@L U((,O) |:?u ’P+ —|—?d ’P,:| QR + ZL U(QO) ?Z P+ Lrp + hC}

- () ()

Ulp) » e U(w)eg, » @ —a@ . Qr—gQ , Pi — grPrgh
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Yukawa Couplings

AL = —y {@L U() [?u P+ Ya 777} Qe + LLU(p)YePy Lr + h.c.}
_ u _ 17
o (2) ()
Up) » e U(p)gh . Q& Q . Qr—>grQe . P+ — gePrgh
e Symmetry Breaking: Py = 3(L+o3)
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Yukawa Couplings

AL = —y {@L U() [?u P+ Ya 777} Qe + LLU(p)YePy Lr + h.c.}
_ u _ 17
o (2) ()
Up) » e U(p)gh . Q& Q . Qr—>grQe . P+ — gePrgh
e Symmetry Breaking: Py = 3(L+o3)

S

e Flavour Structure: Y,q4, 3 X 3 matrices in flavour space
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Yukawa Couplings

AL = —y {@L U() [?u P+ Ya 737} Qe + LLU(p)YePy Lr + h.c.}

- () ()

Ulp) > e U(¥)g » Q —aQ , Qr— 8@ , Pr— gePrg)

e Symmetry Breaking: Py = 3(L+o3)

e Flavour Structure: ?U,M 3 x 3 matrices in flavour space

e Higgs field: Yua,e(h/v) Z Yude (‘)

14

EFT A. Pich - 2017 21




Custodial Symmetry Breaking: B, = —g' % B,
B
mp  (UIDrUTR UTD,UTR)
Tr Tr
2 )
UTDHU:i%D”d)-F... 7 Tr — gr Tr &5 , ﬁ:—g’%

(UID*UTa UTDLUTR) = (UTD"UT) (U'DLUTR) + 5 {(DaU) D) (TaTr)

EFT

A. Pich

2017
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Power-Counting Rules:

A.P., Rosell, Santos, Sanz-Cillero, 1609.06659

¢ h Wi By 0

v, V,U(QD),U(QD), V’ v ) v O(p)

v ¥ 1/2

v v O(p )
DMUaUMaaH’WM?é,uvmhvmW7m27mw7g’g/’y’TR ~ O(P)
vaaéltuaf:l:/tuvcrg\/) ~ O(p2)
OOy, F(B/V) ~ O (p")
AR "

< v2 ~ O(p2)

M~ po , dr =2+2L+) (d—2)N,
d



CP-Invariant Bosonic Operators

Lo o | o |
A.P., Rosell, Santos, 1 i
Sanz-Cillero 1 Z(ﬁwﬁrﬁw — ) 5(ff"[u“,u,,]>
1609.06659
1 LV LV LV
2 §<f+’ frpw + F7F ) (FEY )
i 1
3 5 A T un]) - Ouh) (£ u)
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A.P., Rosell, Santos, Sanz-Cillero, 1609.06659 o= d  PrToetvrTYR (F="7"s)
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CP-Invariant Fermionic Operators
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Higher-Order Goldstone Interactions

£(4 = Fi(h Fi(h/v) = > Fin (ﬁ)n
Bosonic Z / ( /V) ; ! 14
Appelquist-Bernard, Longhitano, Buchalla et al, Alonso et al, Pich et al
O(p ) 7) even bOSOﬂiC Opel’ators A.P., Rosell, Santos, Sanz-Cillero
= LOREL - ) | Os = & (Duh)(04h) (upu”)
z:%<fr”f,x,+f“”fu> —%< P)(@uh) (uu”)
O3 = 5 (F"[u, w]) = 31 (0uh)(9"h)(0, h)(9" h)
(94:<uuuu><u”u > (99:;(8Mh)<f_”yu,,>
Os = (uy,u* )2
U= = exp{&é’@’} R u, = iu(D,U)u = ul R i = ut Wy + u BH ut

Custodial symmetry assumed
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EFT

Unitary Gauge: U=u=1
All invariants reduce to polynomials of h and gauge fields
e Bilinear gauge terms: 01, O,
=  Oblique corrections (Ar, Ap, Ak <= S T, U)
e Trilinear gauge couplings: 01, Oy, O3
e Quartic gauge couplings: 01, Oy, O3, Oy, Os

e Higgs interactions: O19

A. Pich - 2017
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Higher-Order Goldstone Interactions

4) : :
,C( ' = a; O; Appelquist, Longhitano
EW CP—even Z Y ( )
i=0
Op = v (T Vy)?
01 = (U By, UM Whv) Oy =i (U B, Ut [VE, v¥])
O3 = i (W [V#, V¥]) O = (Vu Vi) (VEVY)
O5 = (VuVH)? O6 = 4 (Vu Vo) (TLV#) (TLVY)
O7 = 4(VuV*) (TLW)? Og = (TL Wy )?
Og = =2(T W) (TL [VH, V¥]) O10 =16 {(T. Vi) (TL VL)Y
O11 = ((DuVH)?) O =4(T DD, V¥) (T, VH)
O13 =2(T D, Vi)? O14 = =2 e"P7 (W, V) (T Vi)
VuEDuUUT ) DuV,,EﬁuVV—i[VAVN,Vl,] v (Vi DV, T1) — g1 (Vu, DuVo, T1) EZ
Symmetry breaking: TL=U% Ut , B = -8 % Bu
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Soasob N (,chod:

° ISOSpiI’I: Ao(s,t,u) = 3A(s, t,u) + A(t,s,u) + A(u, t,s)
Ai(s t,u) = A(t,s,u) — Ay, t, s)
Ao(s,t,u) = A(t,s,u)+ Ay, t,s)
. 1 +1
e Partial Waves: Ay(s) = H/ dcosf Py(cos ) A(s, t, u)
T J—1
64
o(s) = = 3" (21+1) (20 +1) AP
S g
s s [101  64x? 25 s
A = 1 — 7aj+11af) — == log ( = i
o(s) = 7573 { tlonzi |36 T3 (A H1135) — o los (;B)Jr”r} + }
s s [1 2 o
Auls) = 5oz {1+ Tm2v2 |o T o4 (32—2ag)+16} +}
—s s 91 25672 10 s ™
A = 1 - 2af+al)+ —log | =) —iz|+--
0(s) = 3572 { T et |36 3 CuT®ETS og(;ﬂ) '2}+ }
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