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Plan

o Effective field theory approach
to physics beyond the SM

@ EFT Higgs basis developed within LHCHXSWG

@ Current precision constraints from LEP-1 pole
observables and from LEP-2 WW production



Effectlve Fleld Theory
approach to BSM phy51cs



Where do we stand

@ SM is a very good approximation of fundamental physics
at the weak scale, including the Higgs sector

@ Theres no sign of new light particles from BSM

® In other words, SM is probably a correct effective
theory at the weak scale

@ In such a case, possible new physics effects can be
encoded into higher dimensional operafors added to the
S\Y

@ EFT framework offers a systematic expansion around the
SM organized in terms of operator dimensions, with
higher dimensional operator suppressed by the mass scale
of new physics



Effective Theory Approach to BSM

Basic assumptions

® New physics scale A separated from
EW scale v, A >> v

@ Linearly realized SU(3)xSU(2)xU(1) i ‘}5( vtht... )
local symmetry spontaneously broken T
by VEV of nggs doublet field non-linear Lagrangians

eon'th derivadive expans I ON



Effective Theory Approach to BSM

Building effective Lagrangian

@ If coefficients of higher dimensional operators are O(1),
N\ corresponds to mass scale on BSM theory with
couplings of order 1
[more generally, A ~ Mass f(couplings)]

@ Slightly simpler (and completely equivalent) is to use EW
scale v in denominators and work with small coefficients
of higher dimensional operators c~(v/A\)"(d-4)

1

1 - -
off = Lanm + —£D_5 + —'2-£D_6 + ...




Standard Model Lagrangian

+i Y fo Duf+i Y fouD,f°

f=q,£ f=u,d,e

—HqY,u® — H'qYyd® — H'Y e +hec.
Some predictions at lowest order Y-t - SN o): SOVG-0): ok

@ Couplings of gauge bosons fto fermions universal and
fixed by fermions quantum numbers

@ Z and W boson mass ratio related to Weinberg angle

@ Higgs coupling to gauge bosons proportional to their B
l 1 ; 9 - > O > -
Mmass squar‘ed ( + 21,2) (2miy H.«ﬂ* W, +m7 Z,Z,)

@ Higgs coupling to fermions proportional to their mass Y meff

@ Triple and quartic vector boson couplings proportional
to gauge couplings Tac =ie [Aw WIW, + Whw, -w_w}l)A,]

pr'tp pr'tp

+igreo (WEW, — W W) Z, + Z,, WIW,

Al these prea’/‘cz‘/on\s can be perz‘aréeo/ Ay /7/:9/1er —dipmensiona/ operaf orS



Dimension 5 Lagrangian

@ At dimension 5, only operators one can construct are so-
called Weinberg operators, which violate lepton number

@ After EW breaking they give rise to Majorana mass terms
for SM (left-handed) neutrinos

@ Neutrino oscillation experiments strongly suggest these
operators are present

® However, to match the measurements, their coefficients
have to be extremely small, ¢ ~ 10”-11

@ Therefore dimension 5 operators can have no observable
impact on LHC phenomenology



(62// A/l 5/‘&@@5 /ooSe)

Dimension 6 Lagrangian

o ®
oy
= Higgs
=llelf interactions 2-fermion -
m’r.era.c’rlons with gauge Yukawa 4-fermion
with itself b s interactions operators

1% Self- 2-fermion 2-fermion
interactions of vertex A dipole e.g.
gauge bosons corrections operators

0. =lo'e,  H o' D, H




EFT approach to BSM

@ First attempt to classify dimension-6 Buchmuller,Wyler
: Nucl.Phys. B268 (1986)
operators back in 1986

@ First fully non-redundant set of operators Ly
explicitly written down only in 2010 1003.4884

@ Operators can be traded for other operators
using integration by parts, field redefinition,
equations of motion, Fierz transformation, etfc

@ Because of that, one can choose many L e

different bases == non-redundant sets of lidice et al _hep-ph/0703164
operators

@ All bases are equivalent, but some are more

equivalent convenient


http://arxiv.org/abs/1303.3876
http://arxiv.org/abs/1303.3876
http://arxiv.org/abs/1303.3876
http://arxiv.org/abs/1303.3876
http://arxiv.org/abs/hep-ph/0703164
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Example: Warsaw Basis

H*D? and HS V3D3 Grzadkowski et al.
On | [0, (HTH)]? g faege Gb Ge 1008.4884

pv S vp ™ pp

(HTﬁNHY T 921G, GY Gl 59 different
Kinds of operators,
of which 17 are complex

(HTH)3 1 g3eijlei,,W3pW5M

3 ijkyi J ik
ge WWW,,,)WW

V2H? f2VHD
THH GG, gloweo HW, 2499 distinct operators,

%t Ge Go ilo'~ (H o' D, H 0o,yeH By, : ;

4 ' i g 95O L By including flavor structure
CHHW, W, iev,eH D H 95400 TouH G4, D comiudates
%HTH wawﬁy z‘q‘fyuqHTﬁ;H gcjouyuaif] wa J g

9 ['H By, B, iqoinqHio' Dy H §'q0wul By Alonso et al 1312.2014
57:1_2HTH EMVBMV Z"l_L’)/MUHTﬁMH ngU;wTadH GZV

g¢Hio'H WZVBW gcjawdaiH WZW
9g Hl o' HW', B,y



http://arxiv.org/abs/1303.3876
http://arxiv.org/abs/1303.3876

EFT approach to BSM

Generally, EFT has maaaaany parameters

After imposing baryon and lepton number conservation, there are

2499 non-redundant parameters at dimension-6 level T e
Flavor symmetries dramatically reduce number of parameters. E.g.,
assuming flavor blind couplings the number of parameters is
reduced down to 76

Some of these couplings are constrained by Higgs searches, some
by dijet measurements, some by measurements of W and Z boson
production, some by LEP electroweak precision observables, etc.

Important to explore synergies between different measurements
and different colliders to get the most out of existing data






@ Theres so many coefficients. Which
ones do I vary in my analysis?

@ Maybe the operator I'm probing is
already strongly constrained by
another analysis. How could I know?

@ How do I freat non-canonical
normalization and kinetic mixing
induced by dimension-6 operators?

E.g in the Warsaw basis
h— 4l is affected by

while EWPT constrains combinations of




: : Inspired by
nggS Basis “EFT Primaries”

of Gupta et al
1405.0181

@ Map a basis of dimension-6 operators into equivalent set of variables
that is more directly connected to collider observables

@ Also, isolate parameters strongly constrained by electroweak
precision tests

@ I call it the Higgs basis (because developed for LHC Higgs studies)

«—>

Linear transformation

—

D—g = 1 - CuB

|

2499%x2499 dimensional
transformation matrix




For practical reasons, more convenient to introduce the Higgs basis via coefficients of
Lagrangian terms expressed by mass eigenstates after electroweak symmetry
breaking (rather than via SU(3)xSU(2)xU(1) invariant dimension-6 operators).

By construction, all eigenstates canonically normalized, and no kinetic mixing. This
greatly simplifies connection between couplings and observables.

Since a typical dimension-6 operator spawns several different Lagrangian terms,
there will be relations between coefficients of different Lagrangian terms (much as
in the SM there are, e.qg., relations between Higgs boson couplings and particle
masses)

We single out a set of (2499) coefficients that define the Higgs basis and call them
the independent couplings. Coefficients of remaining terms are expressed by the
independent couplings. We call them the dependent couplings.

It is a matter of convention and convenience which couplings are chosen to as
independent and which are chosen as dependent.



Higgs basis summary

@ In the next few slides, I discuss the Lagrangian in the
Higgs basis

@ Only a subset of inferactions relevant for this talk
(Higgs couplings to gauge bosons, vertex correction to Z
and W boson couplings, triple gauge couplings) is
presented. For more details and the rest of the
Lagrangian, see LHCHXSWG-INT-2015-001



@ By construction, photon and gluon couplings as in the SM. Only W and Z couplings
are affected

@ Strongly constrained by single Z and W production and decay at LEP, and W mass
measurements (see later in this talk)

Independent : 07, dg2¢, gy ¢, 0g7", Sgat, dg7t, dgac, 59}%‘/(1, om,

Dependent :  §g7” Y Jr

W:DL’}/N(SQE/EGL + W:ﬂ”Y“agE/QVCKMdL + WJQR’YﬂégquR —+ hC)

vl

P+ Zy | Y fuondgl o+ Y Frvdgn’ f}z}

f€u,d,e,v f€Eu,d,e

25mg v* WiW,,

Dependent Couplings

Relations enforced by
linearly realized SU(3)xSU(2)xU(1) symmetry

097" = 6g7c + 09V, b9, = 697" — og7l.



@ Higgs couplings to gauge bosons are probed by multiple Higgs production and decay
processes (ggF, VBF, VH; Yy, Zy, VV ™ *—4f)

Independent : 0Cy, 0Cz, Cggy Cyvys Cayy Czzy Cggy Coymys Cayy Cazy
Dependent: Cuww 6w'w7 Cwo, 6’y|:|7 EZEH

achs =
(%

[25cwm%VW:WJ + 5czm2ZZMZM

2 2
un g Wit Wiy + G T W W, + cung® (W 0,W + hic)
2

95 o e eg 9>
+ngZG;wGw T Cyy ZAMVAMV + CZ’YQ—CQZLWAMV + szrchWZW

CzDgzzuauZy,y + nyDgg/Z,uavA,uy
2 p p
~ Y ~ .~ € 1 -~ €g 1 ~ g >
+CQQZGZVGZV T Cyy ZAMVAMV + CZ’YZ—CQZMVAMV + CzZTCgZuVZW

Cow = Cuz+ 2530ny + sgcw,
Cow = Cpw+ 255G, + S5Cnn. :
_ o e Dependent Couplings
e g°—gq 1
Cwyo — Cfm,ﬁ -+ Cz’yﬁ — Cyy | + 5.2 [5Cw - (5Cz - 4(5777,]
| 9°+yg 9°+g 1 29
I 02 g2 — g 1 1/1 1 5 5 15 Enforced by linearly realized
S e R e a5 (p N ;) [9¢w = d¢; — 40m] SU(3)xSU(2)xU(1) symmetry
i 62 g2 o g/2 T 1
Cyo = _C’YWW + CZ’YW — sz— + ﬁ [5Cw — 662 — 45777,]




@ Cubic couplings of EW gauge bosons that appear at dimension-6 level can be
described by 9 parameters: 5 CP even and 4 CP odd

@ Only 2 of those are independent couplings; the other are dependent couplings:
they can be expressed by Higgs couplings tfo gauge bosons

Independent : Ao s,

~

X Dependent : 8¢, 0k, 0k, Ay Ry Fas Ay
e |k Ay WV, oy Ay, WEW ependen Guzr Ofys ORzs Ays By Fozs

igeo 0912 (Wi Wi = Wi Wih) Zy + 0k Zy WEW, + e 2y WEW,

z—{)\ WhEWo Ay + A WEW, A, } Eal {AW*W Dop + MW EW 7, }

mW mW

2 2 2 1 2

g —49g g T4g
0 z 5 . 0 2y o . 0  CLzz 52_510 40 )
g, c +0792+g’2 c >—|— 2g7 (0c Cy + 46m)

0K

2%




Translation to dimension-6 operators

= g+ [(1/2,0) = f(=1/2,-1),
1 1

§C,H£ — §CH£ + f(1/2,0),

1 1

—=Ce — cme+ [(=1/2,-1),
2 2
1

_§CH6 + f<07 _1)7

g°g 5 g
g, + (CT — (5’0) <T + Q92 — 9/2

Directly measured couplings correspond fo non-trivial linear
combinations of SU3xSU2xUl invariant operators




H*D? and HS

Warsaw Basis

f2 H3

V3 D3

[0,(HH))?
(D)

(HTH)?

V2 H2

v )eH ¢
v VuH'q
%)JHTq

F2H2D

ggfachabe el

T vpSpp
3 rabcya b e
95 F GGGy

g3k wi Wi,Wk,

3 _ijkrri J ik

g3k Wi Wi ,Wk,
f2VHD

& HYHG°,Ge
4 pv = py
& HH GG
4 pv =y
2 . .
%HTHW;ngy
2 —. .
CHIHWE W,
9°HYH B, B

4 ,U,V ,U,V
S HtH B,,B

1 pv By
gg/HTO'iH Wﬁqu/
g Hic'H WZWBW

O}Iq
OHu
OHa

OH ud

ity LH D H
iZaivﬂéHTaiEzH
iey,eH D, H
igyuqH D, H
i(jai’yﬂqHTaiH;H
iuy,uH TE?H
idv,dH D, H
iy, dHTD, H

ggaweaiH WZ“'W
g’ZaWeHBW
gs(jJWTaqu Gl
gcja,wuaiff Wﬁy
quauvuj—j By
9sqoTdH G,
gq‘auydaiH Wﬁ,,




Pros Cons

o Simple enough that should be accessible @ SU(3)xSU(2)xU(1) not manifest

for those not acquainted with nuts and (hidden in relations between
bolts of EFTs dependent and independent
couplings)
@ Transparent connection between
independent couplings and @ Connection fo BSM models less
(pseudo-)observables straightforward than in other
existing bases. Mixes tree and
@ Constraints on EFT parameters from loop induced couplings
electroweak precision observables can be
easily imposed, which greatly reduces @ Renormalization group running
the number of parameters and should of the couplings less
simplify LHC analyses straightforward to compute

than in other bases
@ Simple fo implement in monte carlo codes



Higgs basis summary

For more details and the rest of the
Lagrangian, see LHCHXSWG-INT-2015-001

In the rest if the tallke I will discuss
electroweale constraints on the
par&me%ers in the Hiqqs basis

Assumptions

@ I'm only taking into account corrections to observables who are linear in new physics
parameters, that is o say, only interference terms between SM and new physics.
Quadratic corrections are formally of the same order as dimension-8 operators.

@ I restrict to observables that do not depend on 4-fermion operators (more general
approach left for future work)



Model 1ndependent
EW preC151on constralnts
on dlmen51on 6 operators j






Pole observables (LEP-1 et al)

@ For observables with Z or W bosons on-shell, interference between SM amplitudes and
4-fermion operators is suppressed by ['/m and can be neglected

@ Corrections from dimension-6 Lagrangian to pole observables can be expressed just by
vertex corrections 0g and W mass correction om

o I will not assume anything about dg and dm: they are allowed to be arbitrary, flavor
dependent, and all can be simultaneously present

Independent :  §g2¢, 0g5¢, 8g) ¢, dg7*, 6ga", 6g7%, Sga°, 592/(1, om,

Dependent :  §¢Z, 6g; Y,

g

V2

(Wi medgl fer + W, w00} Vorcds, + W tnyudgh “dr + hc.)

VP+9Z, | D frwdgl fu+ Y Frvuden’ fR]

f€u7daeay fEu,d,e

92,02

20m 0 Wiw,,




Pole observables (LEP-1 et al)

@ For observables with Z or W bosons on-shell, interference between SM amplitudes and
4-fermion operators is suppressed by ['/m and can be neglected

@ Corrections from dimension-6 Lagrangian to pole observables can be expressed just by
vertex corrections 6g and W mass correction om

o I will not assume anything about dg and om: they are allowed to be arbitrary, flavor
dependent, and all can be simultaneously present

' Couplings: gL, gY, Vv |

Inpuf: mZ, , |_|,l

In Higgs basis, by construction, the SM relation
between input and couplings is unchanged




/-pole observables

Observable

Experimental value

SM prediction

Definition

FZ [GGV]

2.4952 £ 0.0023

2.4950

> 1Z = [))

Ohad [Ilb]

41.541 + 0.037

41.484

127 T'(Z—eTe )T (Z—qq)

mZ 7
2.4 1(Z—49)
I'Z—ete)
> T(7=40)

—aqq

20.743 m

0.0163 5 A2

0.0163 SALA,

0.0163 SAA,

I'(Z—bbd)
0.21578 S s
0.17226

I'(Z—cc)
0.1032

20.804 £ 0.050
20.785 £ 0.033

20.764 £ 0.045

0.0145 £ 0.0025
0.0169 £ 0.0013
0.0188 £ 0.0017

0.21629 =+ 0.00066

0.1721 £ 0.0030

0.0992 £ 0.0016

> o I'(Z—qq)
TA A,
0.0707 £ 0.0035 0.0738 %AGAC
0.1516 & 0.0021 0.1472 D(Zepey)T(Zoepep)
D(Z—ujp ) -T(Z—elug)
0.142 + 0.015 0.1472 Mi(uzzw_) +uR
D(Z—1) 71, )-T(Z—>1h71R)
0.136 = 0.015 0.1472 1€(§—>T+T—) R'R
0.923 £ 0.020 ( F(?—)b(E) )
I'(Z—cpecr,)-1'(Z—cre
0.670 4 0.027 0.668 28] TSt
0.895 = 0.091 0.935 T(Z—s151) - T(Z—snon)
I'(Z—uu)+I'(Z—ce)
0.166 + 0.009 0.1724 e
(97" +(95")?
100 (gf,ué}M)Q"'(g]Z%,uSM)2

20.743

[(Z—ete)
'(Z—s3)

0.81 £0.24

Table 1: Z boson pole observables. The experimental errors of the observables between the
double lines are correlated, which is taken into account in the fit. The results for A, , ; listed above
come from the combination of leptonic polarization and left-right asymmetry measurements at the
SLD; we also include the results A, = 0.1439£0.0043, A, = 0.1498 £0.0049 from tau polarization
measurements at LEP-1 [21]. For the theoretical predictions we use the best fit SM values from

GFitter [20]. We also include the model-independent measurement of on-shell Z boson couplings
to light quarks in DO [26].




W-pole observables

Observable | Experimental value . | SM prediction Definition
mw |GeV] 80.385 4+ 0.015 27| 80.364 L2 (14 0m)
Iy [GeV] 2.085 £ 0.042 23] 2.091 Zf LW — ff)

0] I'(W —ev)
Br(W — ev) | 0.107140.0016 | [28] 0.1083 S T 7 F)

[0 I'(W—pv)
Br(W — puv) | 0.1063 £ 0.0015 | [28] 0.1083 S T 7 F)

0] I'(W—Tv)
Br(W — 7v) | 0.1138 £0.0021 | [28] 0.1083 S T 7 F)

R 0.49 + 0.04 23] 0.50 T

R, 0.998 + 0.041 29) 1.000 ar ©/gr &

Table 2: W-boson pole observables. Measurements of the 3 leptonic branching fractions are
correlated. For the theoretical predictions of my, and I'y,, we use the best fit SM values from
GFitter [20], while for the leptonic branching fractions we take the value quoted in [28].




Lowest order:

w/ new physics:

d

On-shell Z decays: nuts and bolts

Including leading order new physics corrections o JL (1+ 59‘“)
amount to replacing Z coupling to fermions with T V1= oMy (miy) ;
effective couplings ; Vi + 9% (T2 - 52,Q; + 6977

| B 5H,zz(mé)

m%
These effective couplings encode the effect of - & 'ML’Z(Q z)

m
vertex and oblique corrections

Shift of the effective couplings in the presence of
dimension-6 operators allows one to read off the
dependence of observables on dimension-6 operators

In general, pole observables constrain complicated
combinations of coefficients of dimension-6 operators

However, in Higgs basis, oblique corrections are
absent (except for dm) thus 0g directly constrained

9fzieff =7/ 9% + 9% (T} — s5Q5 + 6977



Pole constraints

All diagonal vertex corrections except for dgWqR simultaneously constrained
in a completely model-independent way

—1.01 £0.64 —0.22 +0.28 —0.33 £0.27
(67 )i = | —1.37+£0.59 |-1072, [06g7¢);; = 0.1+1.2 1073, [6g5¢);u = 0.0+1.4 1073,

1.9540.79 0.18 £ 0.58 0.42 £ 0.62
(3.4)
—0.8+3.1 1.3+5.1
[6g7"]s = | —0.17£031 | -1072, [6g2") = | —0.37£0.52 | -1072 (3.5)
—0.343.8 8+ 14
—1.04+4.4 2+ 16
(6g7% = 09+28 |-1072, [6¢g2%u=| 34+£49 |-102 (3.6)
. 1 . .
Sm = (2.6 +1.9) - 10~ 0.33+£0.17 2.30 £0.87
@ Z coupling to leptons constrained at 0.1% level Efrati,AA,Soreq
1503.0xx%xXx

@ W couplings to leptons constrained at 1% level
@ Some couplings to quarks (bottom, charm) also constrained at 1% level

@ Some couplings very weakly constrained in a model-independent way, in
particular Z coupling to right-handed quarks, and to light quarks



Pole constraints

® Full correlation matrix is also
derived

@ From that, one can reproduce

full likelihood function =Y (69: — 6g%)A;; (69 — 6°),
@ If dictionary from Higgs basis [NFEEFr¥ iy
to other bases exists, results A N Central
3 orrelation o) Values
can be easily recast Matrix  Errors

@ Similarly, results can be easily
recast for particular BSM
models in which vertex and
mass corrections are functions
of (fewer) model parameters



Pole constraints i1n Warsaw basis

—1.09 + 0.64 1.02 4 0.63
= —146+059 | -1072, (yr)u=| 1324063 |- 1072
1.86 & 0.79 —2.01 £ 0.80

0.13 +0.66
(eup)i=| —06+£27 |-107° ;= (-1.2140.41) 1072,
—1.4+13

—0.7+3.8 —0.1£3.8

—2410 —6 + 32
(euv)i=| 08+£1.0 | 1072, (éypli=| —694+98 | 1072
16 + 28 —4.6+1.7

0.14+2.7 1.7+£7.1
(@yo)ii= | —12£28 | -1072, (Cuglui== | —0.8£29 | 1072

@ Only c-hat combinations can be constrained!



Flat directions of pole observables

Gupta et al, 1405.0181

Pole observables depend, at linear level, on 30
dimension-6 operators in Warsaw basis

One can constrain only 27 combinations of EFT
parameters: c-hats to the right

Only combinations of vertex and oblique
corrections are constrained, not separatfely

This leaves 2 flat EFT directions

These 2 directions are related to usual S and T
paramefters

From pole observables alone theres no model
independent constraints on S and T!

Cacciapaglia et al
hep-ph/0604111



http://arxiv.org/abs/arXiv:1405.0181
http://arxiv.org/abs/arXiv:1405.0181

Flat directions of pole observables

@ The flat directions arise due to EFT operator identities

Ow =ZHTO'ZBZH DuWﬁu = %O}-Iq + %O’HZ

1 2 d d
Og =iH*SZH 0yB,, = —g)2z —207 + EOHQ -+ §OH" — §0Hd — 501{3 — OHe

@ Obviously, operators OW and OB do not affect Z and W couplings to fermions

@ They only affect gauge boson propagators (same way as OWB) and Higgs couplings to
gauge bosons. Moreover, OW affects triple gauge couplings

® They are not part of Warsaw basis, because they are redundant with vertex
corrections.

@ Conversely, this means that there are 2 combinations of vertex corrections whose
effect on pole observables is identical to that of S and T parameter!

@ These 2 flat directions are lifted only when non-W/Z pole data are included






WW production

WW production at LEP-2

e W e*

@ Depends on triple gauge couplings

@ Also depends on electron and neutrino couplings to
W and Z bosons and on operators modifying EW
gauge boson propagators

@ Indirectly, depends on operators shifting the SM
reference parameters (GF, &, mZ)



e+e-—"W+W- nuts and bolts

2
9ew, Lieft _

o eﬂ(pw—)gy(per)?j(pewL)(_qu + (Pe- _pw—)aux(pe—)a

m2 [geV,L;effg(pe+>5-px(pe—> + geV,R;effx(pe+)0-pg(pe—>] EM(pW_)gV(pWJF)F;YVpa

— 01,Vieff [np,up%/— — Upuplﬁﬁ + nuu(pW+ - pW—)P] + RV eff [npﬂ(pWJr +pW—)1/ - npu(pW+ +pW—),u]

JUww AV y
2 [npu (PW+ (pW+ -+ pw—)Pw— — Pw+Pw- (PW+ + pw—)u)
w

Now (Dw+pw - (Dw+ + pw—)u — pw—(Pw+ + pw-)Dh )| -

® WW production amplitude depends on the
same effective couplings gZeff and gWeff as
the pole observables

o It also depends on effective electromagnetic = Cef, Koot = €oft [1 + 0K, ],
couplings which does not change in the _ _grcoshw 14 o] 1+ 5g.2].
presence of dimension-6 operators V1 -0l

gr, cos Oy,

@ Finally, it depends on 3 effective triple gauge V)
couplings

[1 + e(sHEfZ)] 1+ 6rz].




e+e-—>W+W- in Higgs basis

@ Again, in Higgs basis things greatly simplify thanks to lack of oblique corrections

® Usual triple gauge couplings become directly related to observable WW production
cross section

@ At dimension-6 level, the process depends on 3 vertex corrections fo Z and W
couplings to electrons and neutrinos, and 5 TGCs: 3 CP even and 2 CP odd

o If we focus on WW differential distributions only (ignoring decays), CP odd TGCs
enter quadratically and can be ignored, leaving only 3 TGCs

vigreo (0012 (W W, — W W) Zo + 6k 2o Wi Wy + R Zyu W W, |

. € _ ~ — T : - = .
= AW W A+ MWt Wi Ay + 0852 N W W Z s + AW W, 2



WW production constraints

@ Precision of WW measurements is only O(1)% in LEP-2, compared with O(0.1%)
precision of LEP measurement of leptonic vertex corrections

@ Therefore the relevant vertex corrections are already strongly constrained in a
model independent way and can be safely set to zero in this analysis

@ Then we can use a simplified treatment of WW production, with only 3 friple
gauge couplings as free parameters



Constraints from VV production

Fitting to following data:

YFSWW and RacoonWW

@ Total and differential WW production cross
section at different energies of LEP-2

@ Single W production cross section at different
energies of LEP-2

LEP (ADLO)

—

o N~ OO OO
1

pb
)

Vs =182.7 GeV
W—ev/uv

t Data
— YFSWW/
RacoonWWw

'z 89 wWoevi

(o]

do/dcosb,, /pb
do/dcos®,, /

—
(@ T\ B
1

oSO N~ OO O O
1
—

oSO N~ OO OO
1

Vs =198.4 GeV
W—ev/uv

do/dcosb,, /pb
do/dcosb,, /pb




Constraints from VV production

Fitting to following data:

@ Total and differential WW production cross
section at different energies of LEP-2

@ Single W production cross section at different
energies of LEP-2




Constraints from WW production

AA,Riva
Central values and 1 sigma errors: g

1 -0.71 -0.997
091,z = —0.83 £0.34, dk, =0.14 £0.05, Az =086+0.38, p=| - 1 0.69

1

@ The limits are rather weak, in part due fo an accidental flat direction of
LEP-2 constraints along Az = -0glZ 126095‘;'651"7

@ This implies that dimension-6 operator coefficients are constrained at the
O(1) level

@ In fact, the limits are sensitive to whether terms quadratic in dimension-6
operator are included or not

@ This in turn implies that the limits might be affected by dimension-8
operators if, as expected from EFT counting, c8-c6”2
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Constraints from WW production

Central values and 1 sigma errors:
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091,z = —0.83 £0.34, dk, =0.14 £0.05, Az =086+0.38, p=| - 1 0.69
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@ These limits can be affected by dimension-8 operators if, as expected from
EFT counting, c8-c6"2

@ Still, they are useful fo constrain specific BSM models that predict TGCs
away from the flat direction

@ In particular, many models predict AZ<«< dglZ, Ky, because the
corresponding operator O3W can be generated only at the loop level

@ For AZ=0 much stronger limits follow:

591.2 = —0.06 +0.03, 0k, =0.06 £0.04, p=




TGC - Higgs Synergy
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In Higgs basis formalism, all but 2 TGCs are dependent couplings and can be
expressed by Higgs couplings to gauge bosons

Therefore constraints on 0glz and oKy imply constraint on Higgs couplings. Note
that cZy and c¢ZZ are especially difficult fo access experimentally in Higgs physics

Important to combine Higgs and TGC data!




Take away

@ There are strong constraints on certain combinations of
dimension-6 operators from the pole observables
measured at LEP-1 and other colliders

@ Simplest way fo describe them is to use the so-called
Higgs basis developed within LHCXSWG

@ In this language, model-independent constraints on
vertex corrections and triple gauge couplings

@ Current model independent LEP-2 constraints on triple
gauge couplings are weak, due to an accidental flat
direction. But they can still be useful in combination
with other measurements or additional assumptions

@ Synergy of TGC and Higgs coupling measurements



Outlook

® More general analysis that includes off-pole
observables sensitive to 4-fermion operators

@ Constraints on EFT parameters from Higgs
data in the Higgs basis language

® Model-independent constraints from WW and
WZ production at the LHC



