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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) local symmetry spontaneously broken by VEV
of Higgs doublet field

EFT Lagrangian beyond the SM expanded in operator dimension D,
or, equivalently, in

Standard Model,
operators up to D=4

Lepton number violating, hence By assumption,
too small to be probed at LHC subleading

/ \ to D=6

Cutoff scale of EFT  Appear when starting from L-conserving BSM,
and infegrating out heavy particles with m=A
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For D=6 Lagrangian several
complete non-redundant set

of operators Sl
. SILH Giudice et al hep-ph/0703164
(so-called basis) Contino et al 1303.3876

proposed in the literature basis

D=6 Bases

HISZ

Hagiwara et al (1993) Bacre

Higgs
basis

Srzadkowski eh ald0DBKREs & |
rzadkowski et al. : . :
Basis Prlmc.lry Gupta et al 1405.018
basis

@ All bases are equivalent, but some may be more
equivalent convenient for specific applications

LHCHXSWG-INT-2015-001

@ Physics description (EWPT, Higgs, RG running) in any of

One Rbse’r’ra these bases contains the same information, provided all
to rule them all operators contributing fo that process are taken info
account
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EFT vs ATGC

Some (not all independent)
D=6 operators that yield

friple gauge interaction verfices: @ Several dimension-6 operators induce
=grgyH'o*H Wi Buy new contributions to triple gauge

] - g
=2 g (H'0'D,H) D, W},

couplings of electroweak gauge bosons
in the effective Lagrangian

=igr, (D H'o"D,H) W},
| ; : & Thus, aTGCs are O(1/A"2) in the EFT
=igy (DuH'D,H) By expansion

:g%HTHWg,,Wg,,

; ; ® However, some care is needed to
—D,,WWD,,WW

properly fake into account their
contribution fo physical processes

- 1L = A +y7—
8k Ay WEW, + Ry AL, WHW,

+iguco [091. (Wi Wi =W W) Zy + 052 W W + Ra Zu WEW, |

.gLCo

~

. € - ) LS - ) 7
+Z_2 I:A’YW:VWVPAP” + A’YW:VWVPAPIJ'] + 7 5 [AzW:VWVpr“ -1- )\ZW:VWVpr“]

My My,



Difficulties in the presence of D=6 operators

o Affect relations between couplings and
input observables

@ Change normalization of Kinetic terms —

@ Introduce non-standard higher-
derivative Kkinetic terms

@ Introduce kinetic mixing between

photon and Z boson
\ OWB - ngYHTUzHW;prV

32
grLgy

3
— — CWB WuuBul/

To simplify calculating physical predictions, one can map the theory with dimension-6
operators onto the mass eigenstate Lagrangian
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LHCHXSWG-INT-2015-00!
@ EFT Lagrangian with D=6 operators can be recast in terms of mass

eigenstates after electroweak symmetry breaking (photon,W,Z Higgs

boson, top). SU(3)xSU(2)xU(1) is not manifest but hidden in relations

between different couplings

® Feature #1: In the tree-level Lagrangian, all kinetic terms are
canonically normalized, and theres no kinetic mixing between mass
eigenstates. In particular, all oblique corrections from new physics
are zero, except for a correction fo the W boson mass

- eA”,(T}3 + Y5 fy.f+ 9:Gaqv,.T*

mz

@ Feature #2: Tree-level relation between the couplings in the
Lagrangian and SM input observables is the same as in the SM.

® Feature #3: 2 more technical requirements concerning Higgs
(self-)interactions

® Features #1-3 can always be obtained without any loss of
generality, starting from any Lagrangian with D=6 operators, using
integration by parts, fields and couplings redefinition
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@ By construction, photon and gluon couplings as in the SM.
Only W and Z couplings are affected

o Effects of dimension-6 operators are parametrized by a set of vertex corrections

Wiae,(Vokm + 69y, ©)d + Wiuo,dgy 9d° + Woe,(I +dg) “)e + h.c.

Y. fouTi-s5Qs+097)f+ ). foou(—s3Qs + 095’ )F°

feu,d,e,u chuc,dc’ec




697" = dyy+ f(1/2,0) — f(=1/2,-1),
1 1
01y | —(HTH — &)Y e iy 597" 5% — gemet f(1/2,0),
[Oul1y | —(HTH — %) ug H g, 7 1, 1
2 /—v 59Le —=Cygy — =CHr + f(_1/27 _1>7
[Odlry | —(HTH — %) ¥="2d5Hg, % 2

59}Z26 _§CH€ +f(07_1)7

Yukawa

Vertex

[OHg][J Z'Z]&MEJHTFMH [Oew]jj AL G(IEO‘MVHTO‘%JWZV

Y /
[O/Hg]IJ iZ]aiéufJHTUiHiH [OeB1s \/m;mJ 6§0WHT€JBW CHQVCKM + f<1/27 2/3> T f(_1/2> _1/3)7
mrm 7 1
Onclrs | icjouesHIDLH Ouclis | Y ugo,, T g, G, = —CHu
Omgl1s i@I%QJHTﬁ;H Oy | Y™ use,, Holqy wi, 1, 1 1/9.9/3
[O}{q]IJ Z'qIUi(_TMqJHTUiHiH [OuB]IJ _\/va“U _CHq — 5CHq + f( / ) / )7

wSo, Hiqr B, 2 2
i C ~ 3C VMImJ e a a 1 1
[Onu]1s luIO_MuJHTﬁHH [Oaclis | ¥—=—*djouT Hfq; Gl —— §V(erKMCHqVCKM + f(_1/2> —1/3)7

T /
i g e 2V CrnCrg VKM
Ondiy | idSo,d5HI D, H Oawlry | Yo 4o, Higlq, Wi, 1
Ottudrs | iwSo,d5HID,H Ouslty | Y™ g5 il By, = —5cm + f(0,2/3),

—yemat F0,1/3)

6v = ([cheli1 + [Chel22)/2 — [cee)1221/4

12
f(T°,Q) = I [—QCWBgzg_gg,2 + (cr — dv) (T3 + Q#)] )

1
7 [_929/20WB 4+ QQCT o g/25?}]

~. Basis-independent
relations between vertex corrections




*After® necessary redefinitions are done, CP-even TGCs take the usual form
WiW, =W, W, )A, +(1+0k,)A, WSW,
+igreo [(1+0912) (WLW, = W W) Zo + (14 052) Zuw WW, |

. € - .9LCo =
+1 m_2)\7le;/WVPAPN -+ Zm_Z)‘zW:VWVpZPN

ATGCs related to Wilson coefficients of D=6 operators in Warsaw and SILH basis by

Y _ 9L
1 CHW — 7 (ew + cow)

2

9% L1 L v

+er — % (cB + ¢2B) 2[sz]u 2[CHg]22+ 4[Cee]1221)A2
0K, =091,z — t35'&y Basis-independent

Ay =, relations between aTGCs

Note that 2nd line in dglz are contributions
from 4-fermion, vertex, Higgs, and 4-derivative gauge operators
They enter indirectly via the rescaling necessary to arrive
at the phenomenological effective Lagrangian !
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SM predicts TGCs in terms of gauge couplings
as consequence of SM gauge symmetry and renormalizability:

+191.Co [591,3 (WJVW; — W,:,,W:) Zy + 5"‘6::Z;w W:W; + K Zuv W:W;]
; € . = . B .gLCo - Y - 7
+Zm_2 [’\'YW:uWupApu + AVW:VWllpAPM] T Zm_z [’\ZW;RWupZP# T )‘ZWJVWVPZP#]
W W

There are basis-independent relations between ATGC and parameters
describing Higgs couplings to electroweak gauge bosons:

] [cy1€29% + coy(92 — 92)9% — C22(9% + 95)9% — c.o(g? + 9%)92

2 2 2
€ g1, — Gy )
— Cz2 )

c’r’rg% z’yg%-l-g%




TGC -

Previous combinations
of Higgs and TGC

Corbett et. al 1304.1151
Dumont et al 1304.3369
~ Pomarol Riva 1308.2803
Masso 1406.6377
Ellis et al 1410.7703

1.0 B LEP-2 (WW)
W Higgs
B LEP-2 + Higgs

Higgs Synergy

| Our work
AA,Gonzalez-Alonso,Greljo,Marzocca 1508.00581

Consistent EFT analysis
at 0C1/AA2)

0.037 = 0.041
0.133 &= 0.087
—0.152 = 0.080

1 0.62 —0.84
0.62 1 —0.85
—-0.84 -0.85 1

LHC Higgs and LEP-2 WW data by itself do
not constrain TGCs robustly due to each
suffering from 1 flat direction in space of 3

TGCs

However, the flat directions are orthogonal
and combined constraints lead to robust
O(0.1) limits on aTGCs



Quartic gauge couplings
@ In D=6 EFT, quartic gauge couplings involving W bosons receive corrections from
the SM

@ QGC coefficients can be expressed by TGC ones

e’ (WrA W, A, —WIiW, AA,)

2
(L+3g12) T (Wi WIW, W, = WA, WIW,)
(1+001:) grcs (W, 2.V, Z, — W, W, 2, Z,)

(14 0g1,.) egreo (WS Z W, Ay + WA W, Z, —2W W, Z,A,)

97 A B _ B B
E§7n%/(LV:;VVMO__DVP?MKZD (MCTLVE “VVA‘”QT)
Az

)
9.
5 A

E
2
My

e [W: (ZWWV_/) — W/;/Zyp) Zy+ W, (ZWW;; — W;Z,,p) Zp}

Wi (AW, — Wi, AL) Ay + W, (AW, —WEA,,) A,

Az _ _ _

gL (W (AW, = Wi Ay Zy + Wi (AW — WA, Z,)
Az _ _ _

gL (W (ZuWy, = Wi Z,) A+ Wo (Z,,Wo = Wi Z,,) A

In EFT with only D=6 operators, triple and quartic gauge couplings with only neutral
gauge bosons (like ZZZ or ZZAA) do not arise



Similar “EFT Primaries” of Gupta et al 1405.0181 LHCHXSWG-INT-2015-001

Ui aos RBosis
NLO0S DOSLS

~/ |

® (Connection between ol:)erators ancl observables a bit obscured in Warsaw or SILLH
 basis. Also, EW Precision measurements Place constraints on complicatecl linear

{ combinations of Wilson coefficients.

* | For some applications, it may be simpler to work with couplings of mass eigenstate
el Y P s =

| rather than Wilson coefficients of D=6 oPerators

o Higgs basis Prol:)osecl bg | HCHXSWG2 uses subset of couplings IN Mass eigenstate
' Lagrangjan to span D=6 basis. Eﬁ:ectivelg, a rotation of any other D=6 basis

Very constrained

% / parameters
: —

? CD_G Linear I[ p([ — 1 Relcydil
1 T : I -, 1888 (_j\For LHC Higgs
5 transformation Cother i

8[):6 — T ; 5HB Irrelevant
for LHC Higgs |

2499 dimensional 2499 parameters

vector of 2499x2499 dimensional : ; :
e ARl Frﬁlﬁg'"ll SSRCLIT
Wilson coefficients transformation matrix : 39



e i p— s il o sl lmpog_on e e

B o by e, it S

i

O gS BOsS s DR TmAters

Instead of Wilson coefficients in some basis, use clirectlg a subset of

eigenstates couPIings to Parametrize the D=6 EFT space

HI%S COUlegS to CPeven: 0c; c,0 Czz Ciy Cyy Cgg

gauge bosons CPodd: ¢., Czy Cyy Cgg
Higgs couplings tO CPeven: oy, o0yg OV
fermions CPodd: ¢, ¢4 ¢

! s P I i e A e e, AN

Triple gauge CP —even: A\,

couplings CP—odd: X,

om,
6gZe, 6g4°, dgy ~,

%4
5gIZ,ua 5g§u’ 5g[Z,d7 59]%(17 5gRq

Vertex ancl mass

Corrections

QQQQQQQQQQQ
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e

B T N o T

One can use relations between TGCs and Higgs couplmgs oL '.n:_q‘;'_2 %) [ gy +cm ” 2’ 9 Lt
to trade %) nggs coulegs Forﬁ TGCs in basis definition o l; < i ’-"‘ai- et % " 2 ) '
b= ‘/; (‘ "91 3 7" e :L Z: {'“)
nggs COUP"”SS to CPeven: o0c. oommmeggm C,y Cyy Cgg
gauge bosons CPodd: wmm C., ¢y, Cgg
nggs couplmgs tO  CPeven: 6y, oug o
fermions CPodd: ¢u ¢a e
Tril:)!f: gauge CP —even: 0¢; ., 0Ky, A,
Couplings CP —odd: 0dk,, A,
om,

Vertex ancl mass

6g2¢, 695, 6gy7 °
W
Sgit, dgRt, dgf®, 6ga%, dgp ¢

Mang ecluivalent Parametrizations exist.

Corrections

00000000000

What stays unchanged is1) Ehgsics, 2) number of parameters

- —

E?UIVWl“WL D=f. basis with TAC a5 poarometars

e e e T e T B e o o Pt



TGC - Physical significance

Low-energy perspective

ATGCs affect WW production. In particular, they change energy dependence of
s-channel amplitudes and spoil unitarity cancellations, thus leading to amplitudes
growing with energy

Note that similar effects are induced by vertex corrections 0g

Different helicity amplitudes are affected by different combinations of aTGCs,
therefore exploring s- and 6- dependence of WW production allows one, in
principle, to simultaneously constrain all 3 CP-even ATGCs

Leading O(1/A”"2) (tree-level D=6 in EFT) corrections to total and differential
partonic production cross section can be computed analytically



WZ production in LHC

ATGC and vertex corrections lead fo WZ production amplitudes
growing with energy for s > mz"2

9L\ 9% + g%
4mw

9L\ 97 + 9%
4m,

M(£1,0) ~(F1 + cosb) —cg (25g1,z + A, * ixz) — s5(6k., £ iR,) + 2592‘/"] S

M(0, +1) ~(F1 + cosb)

262801 5 + s £ iX, + 259}:‘,‘1] G

cosinus of
weak mixing Note that both longitudinal and transverse

angle 17 amplitudes may be fast growing!

scattering
angle




TGC - Physical significance
High-energy perspective

@ ATGCs and 0g arise as effective description of effects of heavy particles from
beyond the SM

@ 0g and glz can arise from tree-level new physics effects, e.g. from integrating
out vector resonances mixing with W and/or Z bosons

@ OKY and Az arise only at 1-loop level; note however that models where 6g and
glz arise at tree-level are typically strongly constrained by EWPT, so I
personally see no strong motivation to ignore 0Ky and Az for this reason



Example BSM Model #1: SU(2)L triplet vector

Here, coupled do quarks only
+ —gL/iHViHTO'iEiH + %V:%Q,ijaiﬁufj + ..

Low Energy EFT Lagrangian:
gi (. i’ J= i ’ —4
Lot = Lowi — o5 (innH'o'DLH + 57 3,05,0,) + O(my")

2
my,
3a2v?
0Cy = 0C, = — gL2 /f%[
8my,
2.9
grv- o

"o ; J EWPT constraints:

~1.3x1073 < 59}/},‘1 <2.2x 1073  (ist generation quark couplings only)
—1.0x 1072 < 59}’}/‘1 <0.5 x 1073 (flavor universal quark couplings)



BSM vs EFT description of WZ production

Compare WZ production calculated in:

- model with SU(2)L triplet of heavy vector resonances

- in corresponding D=6 EFT at O(1/A"2)

- in corresponding D=6 EFT keeping also quadratic O(1/A"4) terms

SU(2), vector triplet: ud »Z, W,

All 3 benchmark points E
correspond to same EFT with . L mv=2TeV

o" =1.6 X 10

",_ mv=1 TeV
X3 k=1/2 .

600 800 1000 1200

'\/;[GeV]
Weak coupling: Strong couplings
- "Truth” well approximated by EFT for E<<A - For same A, larger range where “Truth”

- EFT starts to diverge for E approaching A,  well approximated by EFT
due to D=8 operators becoming non-negligible - When NP >> SM linear approximation is
o¢ useless, but quadratic is still OK



AL

Example 2: SU(2)xU(1) model with only TGC

Lo L 0+,0 My i My 0150
_ZVWVW - ZVMVVNV + TVNVN + TVM Vu 9 9
i . _ W, = —JL I f=1t.q
S gurnVOH DG H + V0 S Ve fouf + gV S wgVyfoouf f 207 Ky ’
fela feeu,d Ky
i _ ' qr . . o Ry = _77 f:&q,e,u,d
§ng}IVJHToZﬁMH + DVENT W o',
J€lq
+ fine-tuned contribution to GF
Vie = DuVo=D)Vi, DV =0,V + gue”" WiV, Tunings cancel *all* vertex
HY'e'D,H = H'¢'D,H — D,H'o'H, and W mass corrections

H'D)H = H'D,H - D,H'H.

3(gik% + 9y K miy
293 mi,
 gLRL + gy R miy
293 mi,

K% mEy
Poibey
gy my
2 2 2
_ 291 — 9y My
C:o = Kg— 353 2
919y My
2K% m¥y,

2 2
gy my



WZ production in SU(2)xU(1) model

Compare WZ production calculated in:
£ model with SU(2)LxU(1)Y triplet and singlet heavy vector resonances
- in corresponding D=6 EFT at O(1/A"2)
- in corresponding D=6 EFT keeping also quadratic O(1/A"4) terms
Fine—tuned SU(2), X U(1)y model: ud - Z, W,

All 3 benchmark points
correspond to same EFT with

C mv=2 TeV,

g]_ y — —000

mv=1 TeV.
k=0.75

400 600 800 1000 1200 1400

Vs [GeV]
Weak coupling: Strong couplings
- "Truth” well approximated by EFT for E<<A - For same A, larger range where “Truth”

- EFT starts to diverge for E approaching A,  well approximated by EFT
due to D=8 operators becoming non-negligible - When NP >> SM linear approximation is
22 useless, but quadratic is still OK



Conclusions for TGC at LHC

Any parametrization is good (ATGC, D=6 HISZ operators, D=6 SILH operators), as long as

*all* D=6 operators contributing to diboson production are taken into account. This means
number of parameters probed may vary for different bases, but number of probed *linear
combinations® of parameters is always the same

@ The range of center-of-mass energies of partonic collisions used in the analysis
should be restricted as E<A for several choices of A, and results should be
quoted as function of A

@ Likelihood should be given for all 3 aTGCs simultaneously, together with the
correlation matrix. In the best of all worlds, 5D likelihood for 3ATGC and 2 light
quark vertex corrections

@ Analysis should be performed 1) consistently at O(1/A"2) in the EFT expansion,
and 2) keeping also the contribution quadratic in Wilson coefficients of D=6
operators, and the two results should be compared

This kind of presentation will allow theorists to use TGC
constraints from LHC to probe much larger class of BSM
models, and to consistently combine TGC and Higgs constraints
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Bosonic CP-even

Example:

Bosonic CP-odd

[0, (HH))®
(Dlm)
MNHTH)?
H'H GG,
HTHW., W,
H'H B, B,
Hio'H W/, By,
TR Wi, WE,

abcya b c
feeGL GGy

+4 fermion

HYHGe,Ge,
HtHW!, Wi,
H'HB,,B,,
Hic'HW},B,,
zngz Wj Wk:

facha GZPG/COM

Warsaw

Grzadkowski et al.
1008.4884

59 different
Kinds of operators,
of which 17 are complex

Basis

2499 distinct operators,
including flavor structure
and CP conjugates

Alonso et al 1312.2014

[Oclry | —(HTH — 45) ¥ e H ity

[Odlrs | —(HTH —

Vertex

Oulry | —(HTH — &) S H g,
v-
2

A Hg

operators

[

il15,0,HI D, H
ilroi, 0 H oD, H
ie?aﬂécJHTB;H
iqrouqr H TEﬁH
iqro'c,qrH TaimH
iu?aMﬂCJHTEiH
idso,ds H D, H
wSo,dSH D, H

[Oew |1
[OcBl1s WGB%TWHWJBW
Ouclrg @u?awT“f[Tq Gl
Ouwlrs | YR yes,, Hiolg, W,
[OuBl1s @UIUWHTQJ By
@dcaij“HTqJ Gl

—”mfm‘]dcawH olqy VVZ

v

ALY dCJWH q7 B

(%



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

Basis

Bosonic CP-even Bosonic CP-odd

- Giudice et al hep-ph/0703164
[0, (HH)] Contino et al 1303.3876

(w5in)
(H1H)? i More bosonic operators,
tirGe Ge H'H G%,G° .
HOH G G el at the expense of some 2-fermion
H'H B,, B, H'H By, By .
and 4-fermion operators
s (11 Dut) D tal still adds up to 2499
%(HT‘E;H) 0,5, Total still aads up to 24
i (DHHTUiDVH) WZV 1 (DNHTO'Z'DVH) Wliy
i (D H'D,H) B, i (DyH'D,H) By,
77 DuWi, D, W, Ocl1y | —(HTH — &)Y gepriy,

2

3% Oniu Oy By Oulry | —(HTH — $) V™8 g,
2 DuGi,, DoGy,
ijkWi W] Wk:

facha Gb G¢

acha Gb Ge vp~pu
/ veT PR Vertex

2
)L g g

zjsz Wj Wk: [Od]IJ —(HTH —

ilrG, 0 H TEH [Oew |1

‘|‘4 Fermlon il10',0 s H o' D, H [OeBl1s
ieo,eSH TH;H [Ouclis
0) P e ra'I'O TS iQI5'MQJHTE>H [Ouw]1J
’L.QIO'Z.a'MQJHTO'imH OuBl1y
iu?aMﬂCJHTEiH @dcaij“HTqJ G“
idso,ds H D, H VI e, HY ol W,

[ wSo,dSH D, H VI q¢ 0 Hqs B,

(%
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: : Efrati,AA,Soreq
Constraints on vertex copifeErons T e )

—1.00 4 0.64
—1.36£0.59 | x 1072,
1.95 4+ 0.79
—0.26 & 0.28 —0.37 £0.27

0.141.1 x 107°,  [6g5iu = 0.0+ 1.3 x 1077,
0.16 & 0.58 0.39 & 0.62

—0.843.1 1.3£5.1
—0.16 £0.36 | x 1072, | = | —0.38+£051 | x 1072,
—0.28 £3.8 X
~1.0+4.4 2.9+ 16

09+28 | x1072 [ =1 35£50 | x1077

om = (2.6 £1.9) - 107 0.3340.16 2.30 + 0.82

vaf =L W:ﬁa'p(VCKM + 5gg/q)d -+ W:ucauég}fq&c -+ W:D&u(l -+ 592/8)

V2

R+ Z | Y FouTE - s3Qs +8970)f +
féu,d,e,u




@ Higgs couplings to gauge bosons "gJaIPSVINeE oc.,
described by 6 CP even and 4

CP odd parameters that are CPodd: ¢,
unconstrained by LEP-1

h
hvv =;[2(1 + 5cw)méijw,: + (1 +6c.)m%2,2,

@ D=6 EFT with linearly realized +wa%W:UW;u +auw%%W:,,W;,, + cungl (W8,W2 +he)
SU(3)xSU(2)xU(1) enforces
relations between Higgs
couplings to gauge bosons
(otherwise, more parameters)

) €gL

2
9 ZpuApu + Cz2 g_LZ;pr.u
Co

2
4c9

2
e
+CQQ%GZVGZV + Cyy ZAMVA#V + Czy

+cz[jg%Z,,8,,Z,w + c,09L9Y Zu0v Ay

g2 ) e2 )
+Cgq ZSGZVGZV + Cyy ZAuuAp.u + Czqy

€L , 9L
4c?

ZyuwApy ZuvZ;w]

2co

@ Corrections to Higgs Yukawa =, P e ——
couplings to fermions are also

unconstrained by EWPT

relative correction to W mass
- 2 4
~ 2~ 4~

1
_7 [giczD S E 912/sz - 62336’7’7 o (g% o 95)83627] ’

@ Apart from 0m and 0g,
additional 6+3x3x3 CP-even
and 4+3x3x3 CP-odd
parameters to parameftrize

LHC Higgs physics
Peven: 0wy, 0v4

CP odd : Du  Dd



