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Example: Muon Decay, 4-Fermi

Fermi theory of muon decay: the exchange of a W boson — dimension-six operator,
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Example: Muon Decay, 4-Fermi

Fermi theory of muon decay: the exchange of a W boson — dimension-six operator,

_ _ _ 2 _
DAY (m) vy — _\IIL\IJLM%L/ (1+ ]\5&/ +"')‘I’L‘I’L
— Ml‘%V\IIL\IlL‘IIL\I}L

For p? <« MSV this describes muon decay well,
2
Better precision can be obtained at the next order, dimension—eight or O(AZ—Z).
w

The analogue of this for Higgs physics is the SM EFT.




For m, = mg =0 QCD has an SU(2);, x SU(2)r X U(1)y chiral symmetry.

A non-zero scalar quark condensate,

(qq) #0

is then a sufficient condition for spontaneous breaking of the SU(2) 4 symmetry.
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For m, = mg =0 QCD has an SU(2);, x SU(2)r X U(1)y chiral symmetry.

A non-zero scalar quark condensate,

(qq) #0

is then a sufficient condition for spontaneous breaking of the SU(2) 4 symmetry.

For goldstone bosons 7@ are then embedded into the matrix U(x) as:

ool ()

And the leading order (2 derivatives) EFT describing pion scattering is then:
_ R
£ = LT [(040)(0uV)]

This is treated as a series in 9’s, the NLO L contains 4-derivatives operators.

The analogue of this for the SM is the nonlinear/chiral EFT (“HEFT”).
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Two Approaches to Higgs EFTs

Consider two approaches within the EFT framework to quantify BSM Higgs physics.

Linear Expansion
Higgs Type: Elementary

Scale of NP: ANPp, new mass scale

Applicability: | e.g. Weakly interacting NP

Symmetry: h part of SU(2);, doublet, ®

Truncation: at Dimension 6 operators,
; 2
ie 1/A{p




Two Approaches to Higgs EFTs

Consider two approaches within the EFT framework to quantify BSM Higgs physics.

Linear Expansion

Chiral Expansion

Higgs Type:

Scale of NP:

Applicability:

Symmetry:

Truncation:

Elementary

ANp, new mass scale

e.g. Weakly interacting NP

h part of SU(2);, doublet, ®

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

1See, e.g., arXiv:1601.07551, 1604.06801

Composite (e.g. pseudo GS boson)

Ag, scale at which a new global
symmetry is exact

Composite Higgs Models

h not part of doublet, but singlet
U, would-be-goldstone bosons of SSB

4 derivatives (a bit more complicated!)




Higgs—Gauge Boson Opera

The relevant Higgs—gauge boson operators are:

Opp = ®'B,, B*® Opw = ®TB,, WH'® Oww = ®TW,, Wr e
Oce = ®1oGe, G Op = (Du®)1B* (D, ®)  Ow = (D,®) 1 WH(D,®)
Os,1 = (D,®) 20T (DHD) Og,2 = 20,(2T2)01 (2T®)  Og 4 = (D, @) (DHO)(@TD)
Owww = Tr[W,» W, W,"]
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The relevant Higgs—gauge boson operators are:

Opp = ®'B,, B*® Opw = ®TB,, WH'® Oww = ®TW,, Wr e
Oge = ®teGe, GLY Op = (D,®)"B* (D, ®) Ow = (D, ®)TWH (D, ®)

Og,1 = (D,®) 20T (DHD) Op,2 = 20,(2T0)0H(2T®)  Og 4 = (D, @) (DHO)(@TD)
Owww = Tr[W, YW, W,"]

Unitary Gauge:

q)%%(fo)

Operators in blue contain derivatives of H — finite wavefunction renormalizations:

v2 1/2
H=h [1+w(f¢,1 +2f¢,2+f¢,4)} .
— rescaling of all Higgs couplings.
— correction to Z gauge-boson propagator (not W):

7 A Z—>ATO(f¢.’1
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The relevant Higgs—gauge boson operators are:

Opp = ®'B,, B*® Opw = @Téwﬁ/uw Oww = <I>TWWAWW4>
Ocq = @teGe, GLY Op = (D,®)"B* (D, ®) Ow = (D, ®)TWH (D, ®)

Og,1 = (D,®) 20T (DHD) Op,2 = 20,(2T0)0H(2T®)  Og 4 = (D, @) (DHO)(@TD)
Owww = Tr[W, YW, W,"]

Green O <> loop effects for new particles charged under the SM gauge group:

g Y Y

H --- H ---

Oca OBg Oww
Also Opw results in tree level mixing between Z and ~:

Z N~ 7 = AS « fpw
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The relevant Higgs—gauge boson operators are:

Opp = ®1 B, B® Opw = B, W Oww = ®TW,, WH o
Ocq = ®TGe, GL” Op = (D,®)tB* (D, ®) Ow = (D, ®)TWH (D, ®)
Op,1 = (Du®)T@®T(DED)  Og o = 209,(2T0)0H(2T®)  Og 4 = (D) (DHO)(@TD)
Owww = Tr[W,» W, W,"]
Red O — simultaneous shifts of HVV, VVV, and VVVV vertices:
1 ’ . Ta a
D,® = (0u+ i59 B, + zg;WH)Q
W, Z,~ w w W,Z,~

H =-==-- Z,’Y
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The relevant Higgs—gauge boson operators are:

Opp = ®'B,, B*® Opw = ®TB,, WH'o Oww = ®TW,, WH o
Oce = ®1oGe, Gh” Op = (Du®)IB* (D, ®) Oy = (D,®) WH (D, ®)
Og,1 = (D,®) 20T (DHD) Op,2 = 20,(2T0)0H (2T®)  Og 4 = (D, @) (DHO)(@TD)
Owww = Tr[W,» W, W,"]

w w W, Z,~
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‘mion Operators

The relevant Higgs—fermion operators are:

Ocp,ij = (q)T(b)(ELiq)eRj) Ogl)”,-j = ‘bf(iﬁ) ®)(Lpiv*Lrj) 051,32 i = 4>T(i8a @)(Lpiv*7alLy)
Ous ij = (@18)(Qridup;) 0% . =2l (iD,2)QrivtQr;) 0§, = D%e)(QrivtraQrLy)
J Q,ij Q,ij

Oas,ij = (2T®)(Qri®dR,) Ofplﬁ),” = 2t (i, @) (e, Yer;)

of) ;=B ®)an, w“uR )
0% ;=@ (D, ®)(dn, yidg,)

o), .. =&l D,e) (g, W“dR )




Higgs—Fermion Operators

The relevant Higgs—fermion operators are:

Oca,ij = (éj-q’)(illiéel?,j) OQL),U = ¢T(iﬁu¢)(iLi7“LLj) @.(1,32,”-

Ousij = (®T®)(Qridup,) 05 ;=11 Du)Qriv"Qry) 08 ;= "1 5Ue)(Qriv"aQr))
Oua,ij = (®T2)(Qri®dr;) 0%, =@t (B2 (En, 1 en;)

of) ;=i Bu®)ap, v ur,)

o). = @T(iﬁué)(igiw“de)

1 Shot
Oc(In)ad,ij =31 D, @) (ur,v"dr;)

= 4>T(i8au¢)(]:LiW“TaLLj)

H —---

f

@ Overall scaling of Yukawas — dm
@ Independent rescaling of H ff couplings
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Higgs—Fermion Operators

The relevant Higgs—fermion operators are:

Ocp,ij = (‘Pj"b)(iLi‘I’é?Rj) OE;JL),” = q’f(iﬁuq’)(iuﬁ“LL]’) (9((1,32,“ = ‘I’"'(iﬁiﬁi’)(iLw“TaLL])
Ous,ij = (®T®)(Qridur,;) 05 ;=81 (1Du®)(Qriv QL) 08 ;= (i 5Ue)(Qriv"aQr))
Ous,ij = (@1@)(Qr;®dRr;) (951,12,11_]» = ‘I’T(iﬁt'l))(éRi’YueRj)
o) ;= ot D@ @p, v ur,)
O(lllzu = ‘I’T(iﬁt‘l’)(dzaﬂ“daj)
08) s ;= ® (D@ (@R, dr,)
f f H f
\
\
\
H --- \%4
f f v f
@ Overall scaling of Yukawas — dm @ Contributes to V f f couplings
@ Independent rescaling of H f f couplings @ Strongly constrained by precision data

ett (Melbour



ions of

Not all operators are independent
— they may be related by the EOM (Politzer ‘80;Georgi ‘91;Artz ‘98;Simma ‘94):

2092 +209 4 =3 (yfj(oecb,i]‘)T + 42 Ou,ij + v (Oaw,ij) T + h.c.> - 2(‘1>T<I>)<I>T%

]
’2
205 + Opw +Opp +9 (O,1 — §002) = — 4 5 (3047 ., + 305,

_oW

De,ii

2 (1) 1)
+ §Oq>u,n‘ - §O<I>d,ii)

2
20w + Opw + Oww + g2 (Oq>,4 - %(9@,2) = *gj > (ngu + Of;c)),iz‘)

i

With this we may remove 3 operators from our basis.
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ions of

Not all operators are independent
— they may be related by the EOM (Politzer ‘80;Georgi ‘91;Artz ‘98;Simma ‘94):

2092 +203 4 =3 (yfj(oecb,i]‘)T + 42 Ou,ij + v (Oaw,ij) T + h.c.> - 2(‘1>T<I>)<I>T%

]
12
205+ Opw + 05 +97 (On1 ~ $08) = ~ % 52 (~308) . + 208 .

_oW

De,ii

2 (1) 1)
+ §Oq>u,n‘ - §O<I>d,ii)

2
20w + Opw + Oww + 9% (02,4 — 3002) = -4 2 (Ogg + 055323,1-1-)

i
With this we may remove 3 operators from our basis.

In doing so we use a data driven approach:
@ Avoid theoretical prejudice — assumptions on tree vs. loop level of individual operators

@ Choose a basis which is more easily related to available data
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st Constrained Operators:

We recall (constrained by electroweak precision data):

Z "N 7 = AT « fo1 7 A 7 > AS « fBw
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We recall (constrained by electroweak precision data)

7 A Y —>ASO<fBW

Z AN Z o5 AT « fo1

Additionally some of our fermionic operators are strongly constrained (V ff):

(by Z—pole physics, atomic parity violation, etc)

ngi,ij =i BM@@LN“LLJ‘) Og’z,ij
05 5 = 211 Bu®)(@rintQry)  OF) .,
05 ;= @1 (B,®)(Er, 1 er,)

Ogﬂ,u =i ﬁu‘b)(ﬁRﬂ“URj)

04 ;= ®1 (i B, @)(dr,7"dn,)

0%y = ®1(i Bu®)(an,+"dr,)

orbett (Melbourne)

= & (i D%®)(Lriv*7aLr;)

=af@ ﬁa‘L(I))(QLi’YMTaQLj)
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We recall (constrained by electroweak precision data):

Z"\/\)@NZ%ATO(]C@J 7 A 7 > AS « fBw

Additionally some of our fermionic operators are strongly constrained (V ff):
(by Z—pole physics, atomic parity violation, etc)

05} ;=21 Bue) (Lot Le;)  0F) ;=@ B4®)(Lriv raLyy)

Ohig iy = #( Du®)Quin*Qry) - Ohig 15 = ¥ (D% Quin*7aQ1y)
o) . = o1 (iB,®)(er, " en,)
O<(I>112,ij = oI D,.®)(ar,v"ur,)

05{3,” = @1(i D,,@)(dr, v dx,)
0%y = ®1(i Bu®)(an,+"dr,)

But EWPD does not constrain V f f and gauge-boson self-energies independently!
—“Blind Directions” (de Rujula Gavela, Masso, Hernandez, ‘94; Elias-Miro etal ‘13)

May 4, 2016
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We recall (constrained by electroweak precision data):

Z’\/\)@I\JZ%ATO(]"@J 7 A 7 > AS « fBw

Additionally some of our fermionic operators are strongly constrained (V ff):
(by Z—pole physics, atomic parity violation, etc)

05} ;=21 Bue) (Lot Le;)  0F) ;=@ B4®)(Lriv raLyy)

Ohig iy = #( Du®)Quin*Qry) - Ohig 15 = ¥ (D% Quin*7aQ1y)
o) . = o1 (iB,®)(er, " en,)
O<(I>112,ij = oI D,.®)(ar,v"ur,)

05{3,” = @1(i D,,@)(dr, v dx,)
0%y = ®1(i Bu®)(an,+"dr,)

But EWPD does not constrain V f f and gauge-boson self-energies independently!
—“Blind Directions” (de Rujula Gavela, Masso, Hernandez, ‘94; Elias-Miro etal ‘13)

Then EWPD can independently constrain:

AS o fpw, AT o fg,1, and all but 2 of 05, O

May 4, 2016
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st Constrained Operators:

Constrained by EWPD: S & T
ZW(\NZ—)ATO(fQJ 7 A e 7 - AS x fpw

V ff constrained by EWPD: Z—pole physics, atomic parity violation, etc:

Ot(;l),,ij = &7(i Du®)(Lriv"Lij) Og’L),M = o (i D%®)(Lriv*7aLr;)
Ogg?,ij =2t D, 2)(Qri"Qry) Og’gg,ij = o7 (i D9®)(Qriv*maQL;)
0% ;= 11D, ®)(er, 1 er,)

Of) =1 (i Bu®)(ar, v ur,)

O<(I>1(g,ij =of(i ﬁui’)(JRi’Y“de)

quid,ij = &1 D, ®)(wr, 7" dr,)

Then EWPD can independently constrain:

AS, AT, and all but 2 of 05, 0%,

Additionally, off diagonal elements of Ocq 5, Oue,ij, and Ogq ;; constrained by FCNC.
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Reduction of Basis

Using the EOM we eliminate Og 4 and two fermionic operators,
— remaining operator basis is then:

Oca, Osw, Oww, Og, Ow, Op, Os1, Os2, Owww, Ore, (95}1;, (9((1,3;
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— remaining operator basis is then:

Oca, Opw, Oww, Opg, Ow, Op, Os 1, Os32, Owww, Oye, Oé}f) 051?;

Constrained strongly by Pre-Higgs EWPD
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Using the EOM we eliminate Og 4 and two fermionic operators,
— remaining operator basis is then:

Oca, Opw, Oww, Opg, Ow, Op, Os 1, Os32, Owww, Oye, Oé}f) 051?;

Constrained strongly by Pre-Higgs EWPD
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Then we have 15 operators:

@ 7 involving gauge bosons: Oga, Oww, Opp, Ow, O, Os2, Owww,

@ 9 involving fermions: Ocg ii, Oua,ii, Odo,ii




duction of Basi

Using the EOM we eliminate Og 4 and two fermionic operators,
— remaining operator basis is then:

Oca, Opw, Oww, Opg, Ow, Op, Os 1, Os32, Owww, Oye, Oé}f) 051?;

Constrained strongly by Pre-Higgs EWPD
FCNC constrains off diagonal Oyg
Then we have 15 operators:

@ 7 involving gauge bosons: Oga, Oww, Opp, Ow, O, Os2, Owww,

@ 9 involving fermions: Ocg ii, Oua,ii, Odo,ii

@ Neglect fermion couplings to 15¢ and 274 generations: Not resolvable




asv fg

Lot = Lsm — 87 N2

+ fWWW

OGG+f

Owww

+

12 0ue 33 +

fbot

(’)B—i—f@z

Oda,33 + 15 0cs 33

Operator effects on observables (correlations result from gauge invariance):

Occ | OB | Oww | O | Ow | Os2 | Owww
hgg X
hyy X b 4
hyZ X x | x| x
hZZ X b 4 X X X
HWHtW— X X X
AWHW— X X X
ZWtW-— X X X

+ shifts for top, bottom and 7 Yukawa couplings

orbett (Melbourne)
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aints on Linear

Constructing a x2 fit to the data from Higgs LHC and TeVatron data for the operators,
(+ TGV LHC & LEP)

95% CL limits for each operator coefficient, marginalizing over other coefficients:

ZSA ' ' ' ' ' AN A2, ' ' ; AN
[TeV“] {[TeV] [Tev“] [TeV]
20 60 |
0.25
0.3
" 05 40 1018
0 oo
0.5
-10 0.3 1 102
1025 2071 0.25
20 0.3
@ LHC-Higgs, 95% CL 1 0.2 :
-30 @ LHC-Higgs + LHC-TGV + LEP-TGV, 95% CL 0 2;5
0.5
.40 F
1015 93
50 | -20 ’
© 0 9 o 9 o g o2
OG‘ /7/@ 3 2 & 2> 41/;171/

Butter, Eboli, Gonzalez-Fraile, Gonzalez-Garcia, Plehn, Rauch,
arXiv:1604.03105 (1505.05516,1211.4580,1207.1344)
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aints on Linear

Constructing a x2 fit to the data from Higgs LHC and TeVatron data for the operators,
(+ TGV LHC & LEP)

95% CL limits for each operator coefficient, marginalizing over other coefficients:

ZSA ' ' ' ' ' AN A2, ' ' ; AN
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0.25
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" 05 40 1018
0 oo
0.5
-10 0.3 1 102
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Constraints on Linear Expansion, Kinematics

These fits include Higgs kinematic information (t: none, m: all, b: reduced):

'E/{fm 'as/{fw
[TeV¥] 20 [TeV®] s

0
-20
-40
-60
80

fBE//f 10

[TeV<] 5

o

“80 60 -40 20 0

10 20 40
fy/A[TeV?  Al2InL)

20

10 20 3
fy/A2 [TeV?]

15
fyw/AZ [TeV?]

“80 60 40 20 0 20 _40

20
fg/A? [TeV?]

10 15
fuw/A® [TeV?]

10 20 30
fy/AZ [TeV?]

20 K
-10 -80 -60 -40 20 0_ 20 40

5 0 5 10 15 20 , 20,
fg/A2 [TeV?]

fuw/A% [TeV?]

(T.C., Eboli, Gongalves, Gonzalez-Fraile, Plehn, Rauch, arXiv:1505.05516)
Also future: Off-Shell Higgs data...

10 20 30
fy/AZ [TeV?]




Constraints on Linear Expansion, Kinematics

These fits include Higgs kinematic information (t: none, m: all, b: reduced):

fe/? 10 - o2 40 /A2 10 - 16
[TeV™] 5 I [TeV*] 20 [TeV?] 5 14
o 12
10
-20 8
-40 6
601 - 4
. 2
0
Gl Al2InL)

Kinematic information,

@ further constrains parameter space
@ distinguishes between different kin. structures,
e.g. T®BH B, vs (DF®) B, (DY ®)

@ and allows for control over £ < Anp... "

40

[
[TeV™] 20
o
-20
-40
-60 A

80 g

- -80 60 40 20 0, 20 40

fo/A% [TeV?]

5 10 15 20

10 20 30
fyw/AZ [TeV?) fy/AZ [TeV?]

(T.C., Eboli, Gongalves, Gonzalez-Fraile, Plehn, Rauch, arXiv:1505.05516)

Also future: Off-Shell Higgs data...
May 4, 2016
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Constraints on Linear Expansion, Kinematics II

These fits include TGV kinematic information
(t: Higgs data, b: Higgs + TGVQLEP&LHC):

3

=y
0 8
o
8 <
<
7
6
5
4
3
Y T T Ll L o0 L |
=10 -5 0 5 10f 15 20 -20-15-10 -5 0 5 1f0 15 20 -60 -40 -20 0 ‘ 20 1
N [Tev W [TeV B [Tev’
oy rev) b revy vy .
Pl & & 10y
> > >
3 3 g
E 5 E 20 =
A% g B
o o o
-5 -20F -5
-10- -40F -10F
-15f -60r -5
2 T T T 20 L \
=10 -5 0 5 10f 15 20 -20-15-10 -5 0 5 10 15 20 -60 -40 -20 0 ¢ 20
eV A rev? % mev?)

(Butter, Eboli, Gonzalez-Fraile, Gonzalez-Garcia, Plehn, Rauch, arXiv:1604.03105)
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Constraints on Linear Expansion, Kinematics II

These fits include TGV kinematic information
(t: Higgs data, b: Higgs + TGVQLEP&LHC):

& U 2
3 s 8
E 5 9
NS <
o 7
6
g
5
_10f & . .. .
% TGC Kinematic information, 4
_150 3
" @ breaks degeneracies, leads to much stronger 2
S 10 constraints o, 1
- A%[Tevz] .
@ distinguishes between different kin. structures,
& o v p v  —
S 7 e.g. WHYW,,W/[ vs. (D, ®)tB* (D, ®)
£ sF : o g
S @ No longer negligible for global fits
o
-5 20} 5|
-10- -40 -10
-15p -60) -15
i T TR P T
=10 -5 0 5 10f 15 20 -20-15-10 -5 0 5 10 15 20 -60 -40 -20 O ¢ 20
eV A rev? % mev?)

(Butter, Eboli, Gonzalez-Fraile, Gonzalez-Garcia, Plehn, Rauch, arXiv:1604.03105)
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TGC’s at LEP, LHC, and combined

. — _ _ Ay _
Byrory :ﬂgwwv{g}’(wﬁgw myY —wiv,w “") + Ry W EW, v e w,hw ””vp“}
w

2,2 2,2
Z _  Z _ g% _ — g

Agf =97 — 1= 8c€VA2fW Ay = ky — 1= L35 (fw + fB)
Aky = Kk _1:ﬁ(62f —s2,fB) Ay =2A _Mf

z z 82, A2 (CwIw — siy /B vy = Az = —5xr Jwww
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TGC’s at LEP, LHC, and combined

A
Borvry = ﬂ'gwwv{g}’ (W;:,W‘Hv” -wikv,w- “") + Ry WIW VY 4 —‘2’ W;;W—””vp“}
MW
2,2 2,2
zZ_ Z _ g% _ _ g%
Agf =gf —1= L5 fw Ary =y — 1= L5 (fw + fB)
8<:WA 8
Akg=rg—1= 22 (2 2 Ay = Ag = 2 M
Kz =kz —1= 8C§VA2(CWfW_stB) v = Az = g fwww

LHC has become more constraining than LEP on TGVs,

10:\
- 1 - 4 o~ 10 2
3 e LHC 3 LHC 3 LHC| ———~ ° 2
!2 pd > E 20 E ol 7 RN 8 s
I T D £ \ :
< /
e LHELER T o— _ A< [ |LHC+LEP N 7
-10 \ / J N -10F | \ s
i | 20 | . \ | \
b | | |LHerLER \ N \ 5
\ ! -a0F \ \ |
\ // \ /\ \ // 4
\
-30F N LEP / PSRN LEP / -30F S LEP /
N 60 / N / 3
< y < , N

~ _ ~
- - -~ 2

~ _ ~
—4 | e L Lon Tt Tl —40! L TN e SOOI
=80 -60 -40 -20 0 20 40 0-5 0 5 10 15 20 25 30 35 =10-5 0 5 10 15 20 25 30 35

f :
/TB2 [Tev? Aig [Tev? ITV; [Tev?

!
@

(Butter, Eboli, Gonzalez-Fraile, Gonzalez-Garcia, Plehn, Rauch, arXiv:1604.03105)
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We form the Chiral expansion (similarly to that of Low E QCD) from the fields:

h, U = exp(in®/v), D¥, o , WHY BHY

We define:
Lechiral = Lo + AL
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We form the Chiral expansion (similarly to that of Low E QCD) from the fields:

h, U = exp(in®/v), D¥, o , WHY BHY

We define:
Lchiral = Lo + AL

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

AL =¢[egP(h) + cwPw (h) + ccPg(h) + ccPc(h) + crPr(h) + caPu(h) + coPa(h)]
10 25
+&3 eiPi(h) +&2 Y ciPi+E&cacPas + - -
=1 L 1

i=

Note: this expression should not be taken as a series in £ = (v/f)?
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We form the Chiral expansion (similarly to that of Low E QCD) from the fields:

h, U = exp(in®/v), D¥, o , WHY BHY

We define:
Lchiral = Lo + AL

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

AL =¢[egP(h) + cwPw (h) + ccPg(h) + ccPc(h) + crPr(h) + caPu(h) + coPa(h)]
10 25
+&3 eiPi(h) +&2 Y ciPi+E&cacPas + - -
=1 L 1

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

£ is a useful variable for relating this expansion to the linear basis.

Where: v is the gauge boson mass scale,
f the characteristic goldstone boson scale.

Now w/ Fermionic operators!

(Brivio, Gonzalez-Fraile, Gonzalez-Garcia, Merlo, arXiv:1604.06801)
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Chiral Expansion II

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

AL = ¢legPB(h) + cewPw (h) + cgPa(h) + cuPu(h) + ccPc(h) + crPr(h)+
c1P1(h) + caP2(h) + caPs(h) + caPa(h) + c5Ps(h)]

The above operators take the form:

Pe(h) = —%BWB’“’]-‘B(h)

Pa(h) = = 3G, G Fa(h)

P (h) = — 4 Tr (VA Vi) Fo (h)
P1(h) = Bu, Te(TWH) Fy ()
Ps(h) = 75 Te(Wy [VH, VV]) Fa(h)
Ps(h) = 7= Tr(Wy., V#)0¥ Fs(h)

Pw(h) = =3 W2, W Fy (h)
Pu(h) = 5(0uh)(0*h) Fr (h)

Pr(h) = & Te(TV,,)Te(TVH) Fr(h)
Pa(h) = ﬁBWTr(T[V”,V”])]-‘Q(h)
Pa(h) = ;= Bu, Tr(TVH)9" Fu(h)

Tyler Corbett (Melbourne)
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Chiral Expansion II

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

AL = ¢legPB(h) + cewPw (h) + cgPa(h) + cuPu(h) + ccPc(h) + crPr(h)+
c1P1(h) + caP2(h) + caPs(h) + caPa(h) + c5Ps(h)]

The above operators take the form:

Pe(h) = —%BWB“”FB(h) Pw (h) = =3 Wi, W Fyy (h)
Pa(h) = —3GL, G Fa(h) Pu(h) = 3 (Ouh)(8#h)Fr (h)

Pc(h) = =5 Tr(VEV,) Fo(h) Pr(h) = - Tr(TV ) Te(TVH) Fr(h)
P1(h) = By Tr(TWHY) Fi (h) P2(h) = 7= Buy Te(T[VH, V¥]) Fa(h)
Ps(h) = 7-Tr(Wu [VH, V) Fa(h) Pa(h) = 37 BuyTe(TVH)0"” Fy(h)
Ps(h) = 4= Tr(W,., V)9 Fs (h)

Where we have used:
V, = (D,U)U" T =Uo3Uf U(z) — LU(z)RT  U(z) = exp(ioan®(x)/v)
For our phenomenological analysis we take:

h h?
eiFi(h) = e + 20 +bi—3

Tyler Corbett (Melbourne) May 4, 2016



Each operator contributes to particular Higgs-Gauge and Triple-Gauge vertices.
In particular?:

O Oww O Ow ||PB Pw P2 Py P3s Ps
hyy X X X X
hyZ X } 4 X X X X X X
hZZ X X X X X X X X
HW+rw-— X X X X
AWHW— X X b 4 X
ZWtw-— X X X X

2(9(1,4,(1,2 (Pm,T) give shifts to all SM HV'V & H f f vertices via finite wavefunction renormalizations

Tyler Corbett (Melbourne) May 4, 2016



y) Brief Comp

Each operator contributes to particular Higgs-Gauge and Triple-Gauge vertices.
In particular?:

O Oww O Ow ||PB Pw P2 Py P3s Ps
hyy X X X X
hyZ X } 4 X X X X X X
hZZ X X X X X X X X
HW+rw-— X X X X
AWHW— X X b 4 X
ZWtw-— X X X X

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

’1)2 Uz
Op = —P. —P
B 16 B aF 3 4

And blue illustrates a similar decorrelation for

Tyler Corbett (Melbourne)



Phenomenolo

in Chiral Realization

Performing a similar x? fit for the Chiral operators,

—284 LB, Tr(TV*)9 h

=247 LTy (TW ) Te(TVH)OY h

T ]
10 aG —0—;— —o—;—o— -i—o—
— 289 1pga Gonv 10a L el §
10a | 3 |
2 1 B ! -
— = phWg, Wk | | 1
ay ——
2 1 i i 1
—24B1hB,, BH a 3 ; |
Aa -
a i
— 295 L Ty(Wy,, VH4)O¥ h 17 —_—
Y[(])/Y[(O)
2Aa 2
- vc%hTr(V“VH) Y, /Y, ©
YT(”/YT(O‘ —:.— 3 -o-i—
c2 7= B, Tr(T[VH, V7)) c, IS
c3 2= Te (W [V#, V) i L
b e
TS R T

(Melbourne)
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Higgs Phenomenology in Chiral Realization

Performing a similar x? fit for the Chiral operators,

_ 2% 1pGa gonv
_2aw 1 a apv
S kW, W

(Brivio, Gonzalez-Fraile, Gonzalez-Garcia, Merlo, ariXiv:1604.06801)
@ more operators — weaker constraints
@ TGCs don’t constrain Higgs ops. as the correlations don’t exist in chiral expansion

@ discussion of non-Higgs operators and constraints in paper, EWPD

2A 2 Tt Tt
—289C v pTY(VAV),) Y0,
= 2T LT (T W) Te(TVH#)9¥ h YO —'— *"—

c2 4= B Tr(T[VH, V¥]) c, ISR
; c | 1 |
c3 g Tr(Wun [VH, V?]) ’ o
av bp Cp IOCWWW 1 > 3
cwww 35 W W, P W, L . i \

(Melbourne) May 4, 2016



Discriminating Linear from Chiral Realizations

Recalling the relation between O and P2, P4 and Ow and Ps, Ps:
2 2 2 2
Op = %'Pz + %'PAL Ow = %'Ps — UT'PE,
We define the discriminating quantities (using a similar relation for Oy and Ps, Ps):
_ _ fB(W)'U2
¥ =4(2c2 + a4) Zw = 2(2c3 — ab), EB(W) — T
A = 4(262 = a4) Aw = 2(203 + a5), A =Aw — 0

May 4, 2016



ninating Linear from Chiral Realizations

Recalling the relation between O and P2, P4 and Ow and Ps, Ps:
2 2 2 2
Op = %'Pz + %'PAL Ow = %'Ps — UT'PE,
We define the discriminating quantities (using a similar relation for Oy and Ps, Ps):
2
S =422 +a1) T feom”
Ap =4(2c2 —ad) A

w = 2(263 — a5), EB(W) —
W52(203+a5), Ag =Aw — 0

‘ Bqunqs fr‘omiTGV+Higgs

10 Bounds from TGV+Higgs 10

210 Fr——T—— Ty c

Fol 3 Fol
é 6 F Z 6L E

E ; E 4 by Tov+Higgs 21< 4E T DCrovimge

P N s oo O 2E i A i Nsro®O

0.5 i 05 [ ) prpgrp
025 [ 3 0.25 [ E

= ] [

WL ] 4 oF E
-0.25 | \ -0.25 | i~
—05 L 1 J Lttt —0.5 t L L 1 L L i R

“22.5 0 25 225 0 25
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Conclusions, HEFT @ LO

@ Considered EFTs in both Linear and Chiral realizations of EWSB.

@ Performed a global fit to all relevant data
— obtain bounds on operator coefficients
— now including kinematic data
— crucial for controlling £ < Anp

@ LHC TGC limits are more constraining than LEP
— a Higgs-only data fit is no longer sufficient,
TGCs at LHC are important in constraining Higgs effective operators

@ In Linear expansion HVV < TGV
In Chiral expansion HVV & TGV decorrelated
Allowing for discrimination between these two expansions
— insight into how SSB is realized

Tyler Corbett (Melbourne) May 4, 2016



EFTs at NLO

NLO in EFT expansion...

?
@ Is D8 (NLO) ever more important than D6 (LO)? D8>D6
@ Effects occurring at D8 and not D6...
@ What’s D8 in Linear is not necessarily NLO in Chiral...

NLO in perturbative expansion...

@ Renormalization of EFTs, running of operator coefficients

@ is (D6)? the same order as D8? (D6)? D8

Tyler Corbett (Melbourne) May 4, 2016



EFTs at NLO

NLO in EFT expansion...

?
@ Is D8 (NLO) ever more important than D6 (LO)? D8>D6
e
(Contino, Falkowski, Goertz, Grojean, Riva, arXiv:1604.06444)
— if no D6 operators generated by UV physics, of course!
— NP may generate D6 operators, but not relevant to a process considered
— Recommendation: focus on D6, and address special situations case-by-case.

Tyler Corbett (Melbourne) May 4, 2016



EFTs at NLO

NLO in EFT expansion...

@ Is D8 (NLO) ever more important than D6 (LO)? D8>D6

@ Effects occurring at D8 and not D6...
e

— Triple and Quartic gauge couplings correlated at D6 (Linear),
At DS this correlation is broken by [(D*®)'(D,®)]?

— No Triple neutral gauge couplings at D6, but exist at D8

Tyler Corbett (Melbourne) May 4, 2016



EFTs at NLO

NLO in EFT expansion...

@ Is D8 (NLO) ever more important than D6 (LO)? D8>D6

@ Effects occurring at D8 and not D6...
@ What’s D8 in Linear is not necessarily NLO in Chiral...

— Triple and Quartic gauge couplings NOT correlated at four derivatives

— at four derivatives in the expansion we have [(D*U)(D,U)|?,
analogue of D8 Linear operator

May 4, 2016

Tyler Corbett (Melbourne)



EFTs at NLO

NLO in EFT expansion...

@ Is D8 (NLO) ever more important than D6 (LO)? D8>D6
@ Effects occurring at D8 and not D6...
@ What’s D8 in Linear is not necessarily NLO in Chiral...

NLO in perturbative expansion...

@ Renormalization of EFTs, running/mixing
O —
(Alonso, Jenkins, Mahonhar, Trott, arXiv:1312.2014 +3)
— How much will couplings run between v and Axp?
— Mixing: technically need to constrain all operator coefficients at v to run...
— finite terms? A ~ 1TeV = In(A%/m3%;) ~ 4

Tyler Corbett (Melbourne) May 4, 2016



EFTs at NLO

NLO in EFT expansion...

@ Is D8 (NLO) ever more important than D6 (LO)? D8>D6
@ Effects occurring at D8 and not D6...
@ What’s D8 in Linear is not necessarily NLO in Chiral...

NLO in perturbative expansion...

@ Renormalization of EFTs, running/mixing

@ is (D6)? the same order as D8? (D6)? D8

(Contino, Falkowski, Goertz, Grojean, Riva, arXiv:1604.06444)
— For a strongly interacting scenario, cg/ 2 ~ giu / g&p

Tyler Corbett (Melbourne) May 4, 2016



Some Sources

Linear Expansion Fits,

TC, OJP Eboli, J Gonzalez-Fraile, MC Gonzalez-Garcia, arXiv:1207.1344

TC, OJP Eboli, J Gonzalez-Fraile, MC Gonzalez-Garcia, arXiv:1211.4580

TC, OJP Eboli, J Gonzalez-Fraile, MC Gonzalez-Garcia, arXiv:1304.1151

TC, OJP Eboli, D Gongalves, J Gonzalez-Fraile, T Plehn, M Rauch, arXiv:1505.05516

A Butter, OJP Eboli, J Gonzalez-Fraile, MC Gonzalez-Garcia, T Plehn, arXiv:1604.03105

Chiral Expansion Fits,

I Brivio, TC, OJP Eboli, MB Gavela, J Gonzalez-Fraile, MC Gonzalez-Garcia, S Rigolin, arXiv:1311.1823
I Brivio, J Gonzalez-Fraile, MC Gonzalez-Fraile, L. Merlo, arXiv:1604.06801

Validity of SM EFT, Power Counting, Renormalization

R Contino, A Falkowski, F Goertz, C Grojean, F Riva, arXiv:1604.06444
A Biekotter, J Brehmer, T Plehn, arXiv:1602.05202

J Brehmer, A Freitas, D Lopez-Val, T Plehn, arXiv:1510.03443

BM Gavela, EE Jenkins, AV Manohar, L Merlo, arXiv:1601.07551

R Alonso, HM Chang, E Jenkins, A Manohar, B Shotwell, arXiv:1405.0486
R Alonso, E Jenkins, A Manohar, M Trott, arXiv:1312.2014

E Jenkins, A Manohar, M Trott, arXiv:1310.4838

E Jenkins, A Manohar, M Trott, arXiv:1308.2627
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Conclusions

Considered EFTs in both Linear and Chiral realizations of EWSB.

Performed a global fit to all relevant data
— obtain bounds on operator coefficients
— now including kinematic data

— crucial for controlling £ < Anp

LHC TGC limits are more constraining than LEP
— a Higgs-only data fit is no longer sufficient,
TGCs at LHC are important in constraining Higgs effective operators

In Linear expansion HVV & TGV

In Chiral expansion HVV & TGV decorrelated

Allowing for discrimination between these two expansions
— insight into how SSB is realized

Lots of discussion on Higgs EFTs at NLO happening...
— Renormalization in Linear Expansion done

— Power Counting

— When is D8 required?

Tyler Corbett (Melbourne) May 4, 2016



Blind Directions

Considering leptonic observables:

1%
ATy ?e
4 D)
N . 5 2
AA, =M f??»lj —,
DL A2
A My, f
W P,1
Areu ag’
—4-fBw
452 2-4s2 452 (4521 = 1-252—4s* des(4s2-1)
T 14524857 T—452+8s% (cF=s2)(1—4s2+857) 2(cZ=57)(1-4s2+8s1)  (cZ—s7)(1—4s2+8s7)
0 -2 0 -1 0
M= 25%(s2—1/2)* 2s%(s2—1/2) st s cs
e SH(s2-1/2)F  —s54(s2-1/2)% TS (s -1/2)F T (=SS (71720 T =S (P -1/2)f
2 2
0 0
0 0

— 2 zero eigenvalues — two combinations cancel in the observables...

fan = —af5) = =200 =g fow  and £} =L fow.
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Blind Directions

Considering leptonic observables:

1%
ATy ?e
4 D)
AT, s 2
AA, =M f??»lj —,
DL A2
A My, f
W P,1
Areu ag’
—4-fBw
a8 2-4s2 452 (4s2-1) = 1-252—4s* des(4s—1)
T—ds248s% T—452+8s% (cF=s2)(1—4s2+857) 2(cZ=57)(1-4s2+8s1)  (cZ—s7)(1—4s2+8s7)
0 -2 0 0
M= 25%(s2—1/2)* 2s%(s2—1/2) st cs
o SSH(s2-1/2)F T —sS+(s2-1/2)F TS (s2-1/2)% TS (s2-1/2)8
0 0 -
0 0 -

— 2 zero eigenvalues — two combinations cancel in the observables...

2
fan = —af5) = =200 =g fow  and £} =L fow.

Then EWPD can independently constrain:

AS « fpw, AT  fg1, and all but 2 of og;, o§>f

May 4, 2016



	Quick EFT Examples
	Effective Lagrangians for Higgs Physics
	Linear Expansion & Global Fit
	Chiral Expansion & Global Fit
	Discriminating Between Expansions

	Some NLO
	Conclusions

