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Effective Lagrangians

Two Approaches

We consider two different approaches within Effective Field Theory (EFT) to quantify

Higgs physics Beyond the Standard Model (BSM).

Linear Expansion

Higgs Type:
Scale of NP:

Applicability:

Symmetry:

Truncation:

Elementary

ANp, new mass scale

e.g. SUSY models

h part of SU(2)1, doublet, ®

at Dimension 6 operators,
; 2
ie. 1/A{p
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Effective Lagrangians

Two Approaches

We consider two different approaches within Effective Field Theory (EFT) to quantify
Higgs physics Beyond the Standard Model (BSM).

Linear Expansion

Chiral Expansion

Higgs Type: Elementary

Scale of NP: Anp, new mass scale

Applicability: | e.g. SUSY models

Symmetry: h part of SU(2), doublet, ®
Truncation: at Dimension 6 operators,
ie. 1/A%p

bett (YITP, Stony Brook)

Composite (e.g. pseudo GS boson)

Ag, scale at which a new global
symmetry is exact

Composite Higgs Models, Little
Higgses, Higher D Models

h not part of doublet, but singlet

4 derivatives
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Effective Lagrangians

Linear Expansion

We define:

(n)
1
Liinear = Lsm + AClinear A'Clinear = 242 Avll—4 Oin)
n>4 i
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Effective Lagrangians

Linear Expansion

We define:

Liinear = LM + ALlinear AlLjinear = Z Z
n>4 i

(n)
fi (n)
An—4 07,

To n=6: 9 CP-even, baryon and lepton number preserving Gauge-Higgs Operators!:

Ogc = ofegs, Gonv Oww = ®W,, Wre
Opg = ®'B,B"® Opw = oiB,Wwo

Ow = (Du®) W (D,d) Op = (D.®)B"(D,®)
Op1 = (Du®)f® @1(D,®) Op2 = 50M(679)0u(419)
O¢,4 = (DM‘I))T(DM‘I))(@T@)

11(x 3 generations) fermionic operators (more if allowed to be non-flavor diagonal)

2 (currently) relevant to our analysis. (of the form ®®W,; W)

lAdditionally two Pure Higgs (Og 3804),
and 5 pure gauge (OWwww&GGG&DW&E&DB&DG ), not relevant to this analysis.
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Effective Lagrangians

Linear Expansion

We define:

(n)
1
Liinear = Lsm + AElinear A'Clinear = 242 Avll—4 Oin)
n>4 i

To n=6: 9 CP-even, baryon and lepton number preserving Gauge-Higgs Operators!:

Ogc = ofegs, Gonv Oww = ®W,, Wre

Opg = ®'B,B"®

Ow = (Du®) W (D,d) Op = (D.®)B"(D,®)
Opz2 = 50"(070)0u(6¢)

11(x 3 generations) fermionic operators (more if allowed to be non-flavor diagonal)
2 (currently) relevant to our analysis. (of the form ®T®W,;dW;)

Oy, 18Bw and and fermionic operators also affecting W ff,Zff, and/or flavor changing
strongly constrained by precision data.

04,4 can be moved to fermionic operators by EOM.

lAdditionally two Pure Higgs (O 3804),
and 5 pure gauge (OWwww&GGG&DW&E&DB&DG ), Dot relevant to this analysis.
bett (YITP, Stony Brook) May 2014 3/ 14




Effective Lagrangians

Chiral Expansion

We define:
Lecnhiral = Lo + AL

Then the effective Chiral Lagrangian (up to 4 derivatives) can be written as:

AL = f[CBPB(h) + prw(h) =+ CGpg(h) + Ccpc(h) + CTPT(h) + CHPH(h) + coPo (h)]

10 25
+&€X cPi(h) + &2 Y ciPi+ E*casPas + -+
=1 i=11

Note: this expression should not be taken as a series in £ = (v/f)?

¢ is a useful variable for relating this series to the linear basis.

And now v and (h) are not the same, but:

v=g(f, (M)

Where: v is the gauge boson mass scale,
(h) is the EWSB scale, and
f the characteristic goldstone boson scale.
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Effective Lagrangians

Chiral Expansion II

Operators relevant to Higgs & Gauge boson processes at O(€):

AL = S[CBPB(}I) + Cw'Pw(h) + cg'PG(h) + CHPH(h) + ccPc (h) —+ CT'PT(h)-i-
017)1 (h) -+ C27)2 (h) + 03733(h) + C47)4(h) + C5P5(h)]

The above operators take the form:

’PB(h) — 92 B, BH Fig(h) Pw(h) = —L2We, Warv Fy (h)

P (h) = —%GZVG‘I“Vfg(h) Pis(h) = 3 (9h) (9 ) Fir (h)

Po(h) = — 2 Tr(VIV,) Fe (h) Pr(h) = 5 Tr(TV, ) Tr(TVA) (1)
P1(h) = g9 BWTT(TW“”)fl(h) P2(h) = ig BWTT( [V#, V) Fa(h)
P3(h) = igTr(Wu [V#, V) 72 (h) Py(h) = ig' B Tr(TVH)0" Fy(h)

Ps(h) = igTr(Wu, V#)0" Fs(h)

=D, U)UT T =UgsUf U(z) = LU(z)Rt  U(z) = exp(ioam®(z)/v)
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Chiral Expansion II

Operators relevant to Higgs & Gauge boson processes at O(€):

AL = S[CBPB(}I) + Cw'Pw(h) + cg'PG(h) + CHPH(h) + ccPc (h) —+ CT'PT(h)-i-
017)1 (h) -+ C27)2 (h) + 03733(h) + C47)4(h) + C5P5(h)]

The above operators take the form:

’PB(h) — 92 B, BH Fig(h) Pw(h) = —L2We, Warv Fy (h)

P (h) = —%GZVG‘I“Vfg(h) Pis(h) = 3 (9h) (9 ) Fir (h)

Po(h) = — 2 Tr(VIV,) Fe (h) Pr(h) = 5 Tr(TV, ) Tr(TVA) (1)
P1(h) = g9 BWTT(TW“”)fl(h) Pa(h) = ig' B, Tr(T[VH, VV]) Fa(h)
P3(h) = igTr(Wu [V#, V) 72 (h) Py(h) = ig' B Tr(TVH)0" Fy(h)

Ps(h) = igTr(Wu, V#)0" Fs(h)

=D, U)UT T =UgsUf U(z) = LU(z)Rt  U(z) = exp(ioam®(z)/v)

For our phenomenological analysis we take?:

h h2
¢ Fi(h) =c¢ + 2a1 + b

2Note for SU(2) a; = b; =¢;
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Effective Lagrangians

(Very) Brief Comparison of Bases

The order in £ of an operator demonstrates the minimum canonical dimension of a Linear
operator necessary for comparison with the Chiral basis.

For small £ we can relate the Linear basis to the Chiral (more operators):

Oww = <I>TW*“’WW<I> — > Py = —ﬁTr(WWWW)fW(h)
OB = QTB‘WBMVCI) —> P = 7%TT(BMVB“V)]‘—B(h)
Opw = gg STBWW,, & ———P1 = gg'BuTr(TWH)F
Os = L(D.®)B™(D,®) Py = igBuTr(TIVH, VY] Fa(h)
Py = ig’BuTr(TVH)O¥Fa(h)
Ow = $(Du®)'Wr (D, ) Py = igTr(Wy[VH, VV])Fs(h)
Ps = igTr(WuVH)o¥Fs(h)
Op1 = (Du®)f@®(D,®) Pr = Tr(TVH)Tr(TV“)]-'T( )
Op2 = 10 (<I>T<I>)8“(<I>T<I>)% %PH = 2(8 h)(8*h)Fu(h)
2
Opa = (Du®)(DL2)(2TP) Pc = —5Tr(V,VH)Fc
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Effective Lagrangians

(Very) Brief Comparison of Bases II

Each operator contributes to particular HVV and TGV vertices.

In particular®:

Opg Oww Op Ow ||Ps Pw P2 Ps Ps Ps
hyy X X X X
hyZ X b 4 X X X X X X
hZZ X b 4 X 4 X b 4 X X
HW+W= X X X X
AWHW— X X X X
ZW+TW— X X b 4 X

SO¢4Y¢2 (PH,T) give shifts to all SM HVV & H f f vertices
bett (YITP, Stony Brook) May 2014
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Effective Lagrangians

(Very) Brief Comparison of Bases II

Each operator contributes to particular HVV and TGV vertices.
In particular®:

Opg Oww O Ow ||PB Pw P2 Ps Ps Ps
hyy X X X X
hyZ X } 4 X b 4 X X X X
hZZ X X X X X X X X
HW+rWwW~— b 4 X X X
AWHW— X X X X
ZWtw-— X X b ¢ X

Notice that green illustrates the decorrelation of TGV from Higgs data for

And blue illustrates a similar decorrelation for

’U2 U2
Ow=—P3— —P
W S 3 4 5

304)4,4,2 (Pm,T) give shifts to all SM HVV & H f f vertices
bett (YITP, Stony Brook) May 2014
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Higgs Phenomenology in Linear Expansion

Constructing a x? fit to the data from LHC and TeVatron for the operators,

{Oce Oww Oss Ow O Os2}

And plotting Ax? as a function of each, marginalized over the others:

9 T R RanasE R
% 8 | E El o HE
7 E E E
6 E E E
5 E E E
‘3‘ . : i 3 : \ 3 Solid, Higgs Only
f \ ] SElS 3 \ / E Dashed, Higgs + TGV(LEP)
0 \J" \f 3 | 2 E | A/\/
~2i 0 20 -20 0 20-100 -50 0 50 Best fit . —0 (SM
£,/ TeV2 fu/ N [TeV2) o/ N [TeV? 8 near f; (SM)
g T
E 8 E Bl ! E 3 Hgg degeneracy from %77 ~ —2SM-loop
7E Bl G El E
6 F El Y 3 E H~~ — anticorrelation between fyyw & fBB
5 F E i i E
; E E \ : q 3 TGV —direct effect on fyy & fp
R/ BN A A
1 \
0 1 )—J)/ 1

N
o

20 0 200 0 20
foo/ N [TV f,o/N [TeV
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Higgs Phenomenology in Linear Expansion

Constructing a x? fit to the data from LHC and TeVatron for the operators,

{Occ Oww O Ow Op Oy} (+{Obot 07‘})

And plotting Ax? as a function of each, marginalized over the others:

—
Solid, Higgs Only
Dashed, Higgs + TGV (LEP)

ol 4 |
-20 O 20 40-20 o 20-20 o 20-30 o 30-100 =50 O 50-20 o 20-2-10 1 2 3-02 0 0.2 04 06

f/RTV?  f/NTeVE /N TeV?  fy/NTeVE o /NTeV?  fo/NTeV? o/ NTeVE /N TeV?
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Higgs Phenomenology in Linear Expansion

Constructing a x? fit to the data from LHC and TeVatron for the operators,

{Occ Oww O Ow Op Oy} (+{Obot 07‘})

And plotting A ° T tT R a "iers:

Tevatron+LHC+TGV Solid, Higgs Only
Dashed, Higgs + TGV (LEP)

f./A [Tev2
o
o

10 LFt With fy,fu=—fasfufasfuzsfos £,=0

L L L
3-2-10 1 2 3-02 0 02 04 06

fu/ NN TVE £, /N TeV?

ol
=20 0 20 40-

fo/N Tev?

-30
-15 -1 -05 0

0.5 1 1.5 2 25
foor/ N [TV
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Phenomenology

Higgs Phenomenology in Linear Expansion II

FIt With Jyot = 7 = 0 Fit with Jyg; and Jy
Best fit 90% CL allowed range Best fit 90% CL allowed range

fo/02 (TeV " ?) 1.1, 22 [—3.3,5.1] U [19, 26] 2.7, 21 [—5.3,5.8] U [17, 22]
Fww /A2 (TeV %) 15 [—3.2,8.2] 0.37 [—4.2,7.7]
fop/A2 (TeV™?) 1.6 [~7.5,5.3] -0.37 [—7.7,4.2]

Fw /A2 (TeV ) 2.1 (5.6, 9.6] 1.0 [=5.4,9.8]
f5/A% (TeV %) -10 [—29,8.9] 7.0 [—28, 11]
fon/A2 (TeV " ?) -1.0 [—10, 8.5] -0.58 [~9.8,7.5]

Fror /A2 (TV %) — — 0.01, 0.83 | [—0.28,0.24] U [0.55,1.3]
/82 (TeV—?) — — -0.01, 0.37 | [—0.07,0.05] U [0.26, 0.49]

@ SM predictions within 68% CL range for all couplings

@ For LHC14 300/fb (3000/fb) expected improvement by factor ~ 3 — 100 (8 — 200)
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Phenomenology

TGV Constraints from Higgs Data in Linear Realization

Correlations between TGV & HVYV in Linear basis — constraints on TGV from HVV Data,

~04 T T T T T
0.3 |- H 3
02 |- : .
o1 [ 3 Z _ 2 _ _g%?
; E Agl =91 _ligca/AQfW
0o - - 2,2
c 1 Aky=ry—1=945(fw+fB)
-0.1 E 02?0 )
r ] AK,Z =Kz — 1= 7803‘,/\2 (CWfW - SWfB)
-02 1
_013:\”.HH\HHMHMHH:
—0.1 -0.05 0 0.05 0.1 0.15
z
Ag,
Where,

Ay

Lwwyv = *igWWV{QY (WIVW7“VV - W:Vuwf‘“') + Ry WIW VR 4 mTW:uW7 Vpr“}
W
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Phenomenology

Higgs Phenomenology in Chiral Realization

A similar x? fit for the Chiral operators,

Pac Ps Ps P Pw Pu

Results in the following 1d (marginalized) distributions:
LHC+Tevatron Higgs data. Set A
T g T T ET

5

o @ N @

»

Solid, Higgs Only

\ / No TGV bounds

o~ nw
o
@
&
N
"
~

Il Il 1 E
-001 0 001 -0.5 0 -0.5 o Best fit near ¢; = 0 (SM)

T Hgg degeneracy from ag ~ —2SM-loop

H~~ — anticorrelation between aw & ap

L™
soNao

»

o =N w
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Phenomenology

Discriminating Linear from Chiral Realizations

Recalling the relation between Op and P2, P4 and Ow and Ps, Ps:

2 2 2 2
Op = %7)2 + %P;; Ow = %Pg — %7)5

We define the discriminating quantities (using a similar relation for Oy and P3, Ps):

: 2

Yp = 4(262 + a4) Yw = 2(263 — CL5), EB(W) — fB(X;)U . o
(Linear limit)

Ag = 4(202 — a4) Aw = 2(263 + a5), Ag =Aw — 0

bett (YITP, Stony Br
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Phenomenology

Discriminating Linear from Chiral Realizations
Recalling the relation between Op and P2, P4 and Ow and Ps, Ps:

2 2 2 2
Op = %7)2 + %7’4 Ow = 1%7’3 — %7)5
We define the discriminating quantities (using a similar relation for Oy and P3, Ps):
2
9 fB<Xv2>”
= 2(263 + a5), Ap =Aw — 0
~Bounds from TGV:+Higgs

Y = 4(202 + a4) by
AB = 4(202 — a4) A
—Bounds from TGV+Higgs

(263 - CL5), EB(W) —

W
(Linear limit)
W%

810 g0 ¢
K ] bs E
Bk N 6 F
X 4 4
< 2 < 2 AXz'rwmw
15 ¢ 151 NrooS
09
0.75
A A
03
> I .
W ool g
03 [
-0.75 oo b
-15 -1.5 5
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Conclus

Conclusions

@ We apply the methodology of Effective Field Theory to both Linear and Chiral
realizations of SU(2)r, x U(1)y gauge symmetry breaking.

@ We perform a global fit to all relevant data and obtain bounds on the coefficients of
operators in both realizations.

@ In Linear expansion HVV & TGV
In Chiral expansion HVV & TGV decorrelated

@ We have constructed observables to discriminate between these two expansions.
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Backup: Data Points
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