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31 10. Electroweak Model and Constraints on New Physics

The dominant effect of many extensions of the SM ean be described by the pg parameter,
(10.66)

which describes new sources of SU(2) breaking that cannot be accounted for by the SM Higgs
doublet or by my effects. p is caleulated as in Eq. (10.18) assuming the validity of the SM. In
the presence of pg # 1, Eq. (10.66) generalizes the second Eq. (10.18) while the first remains
unchanged. Provided that the new physics which vields pg # 1 is a small perturbation which
does not significantly affeet other radiative corrections, pg can be regarded as a phenomenological
parameter which multiplies Gp in Egs. (10.21) and (10.41), as well as I'z in Eq. (10.60¢). There
are enough data to determine pg, My, my, and o, simultaneously, From the global fit,

po = 1.00038 £ 0.00020 |
as(Mz) = 0.1188 £ 0.0017 .

(10.67a)
(10.67h)
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A heavy non-degenerate multiplet of fermions or sealars contributes positively to T as

- =1=a(Mz)T

-1= 0.7
P =1 = T )T (10.74)
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31 10. Electroweak Model and Constraints on New Physics

The dominant effect of many extensions of the SM ean be described by the pg parameter,
. (10.66)

which describes new sources of SU(2) breaking that cannot be accounted for by the SM Higgs
doublet or by my effects. p is caleulated as in Eq. (10.18) assuming the validity of the SM. In
the presence of pg # 1, Eq. (10.66) generalizes the second Eq. (10.18) while the first remains
unchanged. Provided that the new physics which vields pg # 1 is a small perturbation which
does not significantly affeet other radiative corrections, pg can be regarded as a phenomenological
parameter which multiplies Gp in Egs. (10.21) and (10.41), as well as I'z in Eq. (10.60¢). There
are enough data to determine pg, My, my, and o, simultaneously, From the global fit,
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which describes new sources of SU(2) breaking that cannot be accounted for by the SM Higgs
doublet or by my effects. p is caleulated as in Eq. (10.18) assuming the validity of the SM. In
the presence of pg # 1, Eq. (10.66) generalizes the second Eq. (10.18) while the first remains
unchanged. Provided that the new physics which vields pg # 1 is a small perturbation which
does not significantly affeet other radiative corrections, pg can be regarded as a phenomenological
parameter which multiplies Gp in Egs. (10.21) and (10.41), as well as I'z in Eq. (10.60¢). There
are enough data to determine pg, My, my, and o, simultaneously, From the global fit,
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which describes new sources of SU(2) breaking that cannot be accounted for by the SM Higgs
doublet or by my effects. p is caleulated as in Eq. (10.18) assuming the validity of the SM. In
the presence of pg # 1, Eq. (10.66) generalizes the second Eq. (10.18) while the first remains
unchanged. Provided that the new physics which vields pg # 1 is a small perturbation which
does not significantly affeet other radiative corrections, pg can be regarded as a phenomenological
parameter which multiplies Gp in Egs. (10.21) and (10.41), as well as I'z in Eq. (10.60¢). There
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A non-oblique example

Loy =Lgy +N(iD-M)N+E(iD-M)E- (Y, THN+Y.THE+h.c.)

If |YN|:|YE| , URESU(Z)R IS & symmetry :I—(I:I H)KYCI; YOJ(E)
E

»=(H H) — =uU; , (Ej — UREE]
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A non-oblique example
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Outline

» Symmetries define the theory
» Review on custodial symmetry

» Custodial violations in oblique BSM physics

--- electroweak precision parameters, S, T, U, etc.

» Custodial violations in non-obligue BSM physics

--- S, T, U, etc. are no longer observables
--- new framework: dim-6 SMEFT tree level: custodial basis
--- SMEFT Reparameterization Invariance

--- potential complication from EOM redundancies
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Standard Model | SU (3) SU(2), U(1),
H 1 2 +3
q 3 2 +5
u 3 1 +%
v 1 d 3 1 -1
| 1 2 —1
e 1 1 -1
G*, 8 1 0
W, 1 3 0
B, 1 1 0
Lo=[DHf+ S @Dy - =GAGH —Twiw> 1B B*
v=audle 4 4 4

2
—/IUH‘Z—%VZJ ~(aY,Hu+qY,Hd+TY,He+hc.)
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Standard Model | SU (3)  SU(2), U(1), Motivations beyond SM
H 1 2 +3 _
q 3 5 1 » Neutrino mass
u 3 1 +2 » Hierarchy problem
_1
y 4 d 3 1 3 > Strong CP problem
I 1 2 -3
) 1 1 _1 » Dark matter
A .
G, 8 1 0 > Baryogenesis
W 1 3 0 ) S
B, 1 1 0
1 1 1

Low=[DH[ + > piDy —2 GG — SWIW -2B, B

y73%
w=q,u,d,le 4

2
—AL(|H|2 —%sz ~(aY,Hu+qY,Hd+TY,He+hc.)
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UV approach: L, =
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Loy =Ly+N({iD-M)N+E(ID-M)E

CI)BSM
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UV approach: Ly, = Loy (S )+ Losu (dm: Posu )

Loy =Ly+N({iD-M)N+E(ID-M)E

Parameter

new fields @g,,?

new symmetries?

( IHN+YIHE+hc)
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EFT approach:  Lqeer = Loy () ZCQ P )
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new fields ®,,?

UV approach: L, =Ly, (¢SM ) + L gswm (¢SI\/I’(DBSM )

new symmetries?

Loy =Lgy +N([iD-M)N+E(iD-M)E-(Y, THN +Y.THE+h.c.)

Parameter | Custodial Symmetry
Dggy =1{N, E} Yo l=[Yel v
V| [Yel X

EFT approach:  Lgyeer = Low (Hsu) ZCQ o) Symmetry restrictions?
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UV approach: £, = L (1) + Lesw (Fs> Pos )

Loy =Ly+N({iD-M)N+E(ID-M)E

Parameter

new fields ®,,?

new symmetries?

( IHN+YIHE+hc)

Custodial Symmetry

Dgoy ={N, E} Yy | =[Yel
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v

X

EFT approach:  Lgerr = Loy (F) ZCQ dyy)  Symmetry restrictions?

dim-6 operators
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No. of independent ops

Number of SMEFT operators
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10000000000 | Henning, XL, Melia, and Murayama,

arXiv: 1512.03433

1000000000 -
100000000 ~
10000000 |
1000000 -
100000 -
10000 |

1000 -

100 -

10112

Number of SMEFT operators

2092441

7557369962

5474170

Total dim-6 SMEFT

3045

Impose baryon symmetry

2499

Further impose flavor universality | 76
5I 6I 7I 8 é 1‘0 1“1 1‘2 ‘1‘3 1‘4 1‘5
Mass dimension
Xiaochuan Lu, UO 9

03/15/2021 UC Davis Seminar




Custodial symmetry in SM

1 v Loavam 1 . 1,
Lou==5CnG"" = JWIW™ —2B, B + |DH|2—/’L(|H|2—§VZJ

+ Y @by —(qY,Hu+qY,Hd +TY,He+hc.)

w=q,u,d,le

)

(F H) V(H)=%[tr(2*2)—v2]2

H=ic’H"
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SU(2), x SU(2)
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Custodial symmetry in SM

2
LSM__%GWGAW—%WWWWV—%B B + |DH|2—/'L(|H|2—%VZJ
+ Y by —(qY,Hu+gY,Hd+TY,He+hc.)

w=q,u,d,le

S H) — UUl V()= Ae(r) v T — v(H)

H=ig?H" / \

SU(2), x SU(2)

RH
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Custodial symmetry in SM

1 v 1 a auv 1 v 1 ?
Loy =~ GAG™ = WoW™ - 28,8 +|DH[ - 2 W - v
+ Y by —(qY,Hu+gY,Hd+TY,He+hc.)
w=q,u,d,le
g A 2
v=(H H) — U _ZU; V(H):Z[tr(zTE)_vz] s V(H)

H=ig?H" / \

SU(2), x SU(2),, Custodial Symmetry

RH
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Custodial symmetry in SM

1 S | S | y 1 2
Can =~ GOAGY QW -8, B +[H[ A[JH[ - v
+ Y by —(qY,Hu+gY,Hd+TY,He+hc.)
w=q,u,d,le
g A 2
s=(H H) — uzul V(H)=S[o(EE) -] — v(H)

H=ig?H" / \

SU(2), x SU(2),, Custodial Symmetry

RH

Two breaking sources in SM.

\DH\Z:%tr[(DﬂZ)T(D”Z)} > |DH[

9,0 = 1 5

. o
D,X=0,Z-igW;—X+igBX=- - U (D,z)U;
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Custodial symmetry in SM
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L= LSM +£BSM

custodial symmetric?
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L=Ly,+ L oblique

custodial symmetric?
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L=Ly,+ L oblique

Electroweak Precision Parameters

aS =-4c,s,115; (O)

al = %[wa (0)-TI (O)]

aU = 4s] [ TT}, (0) =TTy (0) ]

D,=0,-igW;t"—ig,BY
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Hxv(pz)znxv (0)+p2H’x ( ) p H” ( )

M. E. Peskin and T. Takeuchi, “Estimation of oblique
electroweak corrections,” Phys.Rev. D46 (1992) 381-409
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L=Ly,+ L oblique

Electroweak Precision Parameters

aS =-4c,s,115; (O)

X = _%m\i [T3g (O)
al = %[wa (0)-TI (O)]

D,=0,-igW;t"—ig,BY
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! 1 "
W (Dz) =11, (O)+ p2HXY (0)+E |o4r[xY (o)+...

M. E. Peskin and T. Takeuchi, “Estimation of oblique
electroweak corrections,” Phys.Rev. D46 (1992) 381-409

I. Maksymyk, C. Burgess, and D. London, “Beyond S, T and U”,
arXiv: hep-ph/9306267

C. Burgess, S. Godfrey, H. Konig, D. London, and I. Maksymyk,
“A Global fit to extended oblique parameters”, arXiv: hep-ph/9307337

A. Kundu and P. Roy, “A General treatment of oblique parameters”,
arXiv: hep-ph/9603323
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31 10. Electroweak Model and Constraints on New Physics

The dominant effect of many extensions of the SM can be deseribed by the pg parameter,

M3

T i E 3 10,66
Mz ez p (10.66)

o=
which describes new sources of SU(2) breaking that cannot be accounted for by the SM Higgs
doublet or by my, effects. p is calenlated as in Eq. (10.18) assuming the validity of the SM. In
the presence of pg # 1, Eq. (10.66) generalizes the second Eq. (10018) while the first remains
unchanged. Provided that the new physics which yields pg #£ 1 is a small perturbation which
does not significantly affect other radiative corrections, pg can be regarded as a phenomenological
parameter which multiplies G5 in Eqs. (10.21) and (10.41). as well as I'z in Eq. (10.60¢). There
are enough data to determine pg, My, my, and ag, simultaneously, From the global fit,

po = 1.00038 + 0.00020 . (10.67a)
ae(Mz) = 0.1188 £ 0.0017 , (10.67h)
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20
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4s;

A heavy non-degenerate multiplet of fermions or sealars contributes positively to T as

1
—l=————1l=a(Mz)T, (10.74
o I a(M,)T (Mz)T )
BT hree additional parameters are needed if the new physics scale is comparable to Mg [332]. Further generaliza-
tions, including effects relevant to LEP 2 and Drell-Yan production at the LHC, are described in Refs. [333] and [334],
respectively.
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33 10. Electroweak Model and Constraints on New Physics

where pg — 1 is given in Eq. (10.69). The effects of non-standard Higgs representations cannot
he separated from heavy non-degenerate multiplets unless the new physics has other consequences,
sich as vertex corrections. Most of the original papers defined T to include the effects of loops only.
However, we will redefine T to include all new sources of SU(2) breaking, including non-standard
Higgs, so that T and pp are equivalent by Eq. (10.74).

TATSU TAKEUCHI

(3.13)

2
m 2
T—c%z ;:rc S | — =S+’ T+ ul,
mz cC"—3§
2(,.2y_2__ @ 1Q —
s2(gH)—sd=—%—(15 —s2?T),
C"‘S
*(0)—'1:(1T,
2y 1 — a
Zzg) 1= 558 .

ZW*(qZ)“I:ﬁ(S-E-U) .

Particle Data Group Collaboration,
P. Zyla et al., “Review of Particle Physics,”
PETP 2020 (2020) no. 8, 083CO0L1.

03/15/2021 UC Davis Seminar

M. E. Peskin and T. Takeuchi, “Estimation of oblique

electroweak corrections,” Phys.Rev. D46 (1992) 381-409.

Xiaochuan Lu, UO

15




Ly > Zl/7i|Dl//
v
SU(2), xSU(2),

®—>U,dU;

03/15/2021 UC Davis Seminar

An oblique Example: W'

—%Wa W —%Wa W +%tr[(DyCD)T (D“CD)} -

Auv Buv

Xiaochuan Lu, UO

V,

)

16



Ly DZ‘/ﬁD‘/f
v

SU (2), xSU (2),

1 0
® > U,dU] @3"—@( j

03/15/2021 UC Davis Seminar

An oblique Example: W'

o %W:ﬂvwﬁ?ﬂv o %WBaquBaﬂv T %tr |:( D/l(D)T (D'UCD):| B
— SU(2),

J210 1

Xiaochuan Lu, UO

V,

)

16



Ly DZ‘/ﬁD‘/f
v

SU (2), xSU (2),

An oblique Example:

1 1

1

Wf

W W WS tr[(DyCD)T GRY]

Auv 4 Buv

— SU(2),

®—>U,dU; R

03/15/2021 UC Davis Seminar

Ao o

Xiaochuan Lu, UO

(W2, — goWg, )

-V

)

16



An oblique Example: W'

— 1 a auv 1 a auv 1 T
Loy 2 DDy — WA W~ W5 WS+ 2tr[(DﬂCD) (D“CD)}—V(D
v
V2 2
- W W2
SU(2),xSU(2), — SU(2), 8 (9005, - 0.1 )

9a

OU,0U! @ Lo ) —(CA _SAJ o
S 5 Yo a |~ a | T
ATTE J2lo 1 W, Sa Ca B ’ JO9i+0:

03/15/2021 UC Davis Seminar Xiaochuan Lu, UO 16



An oblique Example: W'
— 1 a auv 1 a auv 1 T H
Loy 2 D7Dy — WA W =W, W, +2tr[(DyCD) (D CD)}—V(D
v

Auv 4 Buv

(9.W5, — goWi, )

SU(2),xSU(2), — sU(2),
1 0 ;;a Ca _SAj :y Oa

®—>U,oU! d>—-2 a =( a | 1+ CA=s—/——

AT e Dﬁ(o 1) £Wj Sp Ca ( BJ "o+ g2

D, =0, —ig, W5 th —igaWa,ts =8, —ig W7 (7 +13 ) —IW,* (C,0,th — 540515

03/15/2021 UC Davis Seminar Xiaochuan Lu, UO 16



An oblique Example: W'
— 1 a auv 1 a auv 1 T H
Loy 2 D7Dy — WA W =W, W, +2tr[(DyCD) (D CD)}—V(D
v

Auv 4 Buv

(W2, — goWg, )

SU(2),xSU(2), — SU(2),
1 0 ;;a Ca _SAj :y Oa

®—->U,0U! d->—2 2 =( a | v CA=E—FT———

e Dﬁ(o 1) £Wj Su Ca ( BJ " Joi+ gl

D,=0,-ig W, t, —igBWBaﬂX: 0, —ig W, (t,"j +>Q —iW" (cAgAtf\ — sAgM 4

03/15/2021 UC Davis Seminar Xiaochuan Lu, UO 16



An oblique Example: W'
— 1 a auv 1 a auv 1 T H
Loy 2 D7Dy — WA W =W, W, +2tr[(DyCD) (D CD)}—V(D
v

Auv 4 Buv

(W2, — goWg, )

SU(2),xSU(2), — SU(2),
1 0 ;;a Ca _SAj :y Oa

®—->U,0U! d->—2 2 =( a | v CA=E—FT———

e Dﬁ(o 1) £Wj Su Ca ( BJ " Joi+ gl

D,=0,-ig W, t, —igBWBaﬂX: 0, —ig W, (t,"j +>Q— W (cAgAtf\ — sAgM 4

ZcA

Vo

Loverr = Low = ‘]Wy'J v

03/15/2021 UC Davis Seminar Xiaochuan Lu, UO 16



An oblique Example: W'
— 1 a auv 1 a auv 1 T H
Loy 2 D7Dy — WA W =W, W, +2tr[(DyCD) (D CD)}—V(D
v

Auv 4 Buv

(W2, — goWg, )

SU(2),xSU(2), — SU(2),
1 0 ;Za Ca _SAj :y Oa

®—->U,0U! d->—2 2 =( a | v CA=E—FT———

e Dﬁ(o 1) (Wj Su Ca ( Bﬂ] " Joi+ gl

D,=0,-ig W, t, —igBWBaﬂX: 0, —ig W, (t,"j +>Q —iW" (cAgAtf\ — sAgQQ 4

2¢; . 4y 1] 1 2 \2 W W
Loverr =Ly = VéA ‘]Wy'J = ng_s{_E(DﬁWw) }

03/15/2021 UC Davis Seminar Xiaochuan Lu, UO 16



An oblique Example: W'
— 1 a auv 1 a auv 1 T H
Loy 2 D7Dy — WA W =W, W, +2tr[(DyCD) (D CD)}—V(D
v

Auv 4 Buv

(W2, — goWg, )

SU(2),xSU(2), — SU(2),
1 0 ;Za Ca _SAj :y SN

®—->U,0U! d->—2 2 =( a | v CA=E—FT———

e Dﬁ(o 1) £Wj Su Ca ( Bﬂ] " Joi+ gl

D,=0,-ig W, t, —igBWBaﬂX: 0, —ig W, (t,"j +>Q —iW" (cAgAtf\ — sAgQQ 4

2C a 4C4 1 1 a 2 W W
LSMEFT _£SM = VéA JWy'J H = T‘{g_22|:_§(Dﬂ\Nw> :|
CZW QZW Iy ( pz) = I, ( pz) = p4C2W
. (0)—TL.(0 i 52 _ 2\/§7Z0A( m>
al = WW( )2 33( ):O v P Veltman = 'Z\N _1+m\NC2W'_'t1 y SII’]ZZQOE < ?\g Z)
m2 M;c, Gem;

03/15/2021 UC Davis Seminar Xiaochuan Lu, UO 16



Lo = —%{Jw\]f‘ +p.(0)[ 3¢ —sf(o)JgMT}
T |= o (Ozr\% I, 0) <0.001

Euv = [’SM +’CBSM

custodial symmetric?

03/15/2021 UC Davis Seminar

22
A a 1 2~ Cyy
o, =——-5>=1+—| -—=S+c, T +—=5U
Veltman m\i, Cg ng 2 7 455
. M (0
p.(0)~ el ):1+aT
M (0)
TATSU TAKEUCHI 46
miy ac’ ci—s?
== — |5 S+ T+——U]|,
m; c°—s 4s
s2(g?)—s2=—2— (15 —s5%2T)
* 0 Cz__sz 4 ]
p0)—1=aT , (3.13)
2y 1 — a
Zz(g)-1=555 .

ZW*(qZ)“I:ﬁ(S-E-U) .

M. E. Peskin and T. Takeuchi, “Estimation of oblique
electroweak corrections,” Phys.Rev. D46 (1992) 381-409.

Xiaochuan Lu, UO 17




4G,

Lo = {Jwa‘ +p*(0)[3§‘—53(0)3é’mj2}

‘aT‘ _ Ly (O);H%(O)

My

Lo ="Lay @ obliue

custodial symmetric?

iH§$(p2)=i[n‘”— p;fvjﬂxv(pz)

<0.001

03/15/2021 UC Davis Seminar

~ 2
A a 1 2~ Cyy
o, =——-5>=1+—| -—=S+c, T +—=5U
Veltman m\ilcg ng( 2 o 455
- M, (0
p.(0)~ el ):1+aT
M (0)
TATSU TAKEUCHI 46
miy ac? 1 cr—s?
== — |5 S+ T+——U]|,
m; c —s S
s2(g?)—s2=—2— (15 —s5%2T)
* 0 Cz__sz 4 ’
P (0)—1=aT (3.13)
2y 1 — a
Zzu(g)-1=755S .

ZW*(qZ)“I:ﬁ(S-E-U) .

M. E. Peskin and T. Takeuchi, “Estimation of oblique
electroweak corrections,” Phys.Rev. D46 (1992) 381-409.

Xiaochuan Lu, UO 17




Beyond obliqgue BSM: S, T, U are no longer observables
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Beyond obliqgue BSM: S, T, U are no longer observables
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A new framework: tree-level dim-6 SMEFT

Oblique: low-energy EFT p° < V°
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CcC

Custodial symmetric?

Non-oblique: SMEFT p° ~V?

ESMEFT — ESM + ZCi Qi

Custodial symmetric?
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A new framework: tree-level dim-6 SMEFT

Oblique: low-energy EFT p° < V°

4G 2 n
£EFT:—TZF{JWJf‘+,0*(O)[J§‘—SE(O)J§M]} = A.(0)- T o) e
CC

Custodial symmetric?

Non-oblique: SMEFT p° ~V?

ESMEFT — ESM + ZCi Qi

Custodial symmetric?

{obs, (C; )}

Check for special relations!
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A new framework: tree-level dim-6 SMEFT

Oblique: low-energy EFT p° < V°

4G 2 n
EEFT=—T2F{J+ﬂ\]_”+p*(0)[J§‘—Sf(O)J,§M]} > p.(0)~ o) LT
CC

Custodial symmetric?

Non-oblique: SMEFT p° ~V?

Q<0

L =L, ,t+t>CQ =L+ a0,
SMEFT SM Z |Q| SM Z 1 Ci(_)ai

Custodial symmetric?

{obs, (C;)} — {obs,(a)}  Custodial basis

Check for special relations!
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1:x3 2: HS 3: H*D? 5: i H? + h.e.
Qc | FPCar GBS Qu | IHE  Quo | (GuHP) (“HE)  Qua | [HI? (IHy)
o | Frearaial Qup | [(DuH') H] [HY (D] Qen | |HI*(He) vSMEFT
Qw | W Qun | 1P (gfTu)
Qup | et Wi woew Quir | 1HP? (gHd) Warsaw basis
4:X?H? 6: 171 XH+he 7T:uH2D
Qwo | HPGLG™ Qo | (o"u)r W w | e 76=42+(17+h.c.)
Qua |H|” G, G Qew | (lo*e)r*HWE, %) (Hfi(BﬁH)(h“r“l)
Quw | [HPWiw Qe | (o"v)HB, Q) HYD 1) (07"9) 25= 7+(9+hc)
Quiw | HP Wi, wer Qen (lo*” e)H B, Qs (H%g‘_(ﬁzg)(qwnﬂq)
Qup \H|? By, B* Que | (g™ TAu)HGA, Qm (HYD L H) (70 G. D. Kribs, XL, A. Martin,
. \H|? B, B"™ Qac | (G TAd)HGA, O (1D ) (v e) and T. Tong, arXiv:2009.10725
Quwp | HIT"HWE,BY  Quw | (q0*wr*HWS, Qe+ | (D, H) ()
Quipp | HIT"HWELB™  Qaw | (g0 d)r HW, Qi (HYi'D ) (wy*u)
Qui | (g™ u)H B, Qua (H' D L H)(dyrd)
Qap | (qo""d)H By, Quua+he. | (HYD,H)(uy"d) 8: (LR)(RL) + h.c.
8: (LL)(LL) 8: (RR)(RR) 8: (LL)(RR) Quuug (‘: (uq')
Qu (L) (1y1) Quv (7,0 ) (DM Y) Qun (Iy,d) (7y*v) Qredq (I'e)(dq")
5 (77.9)(q7"q) Qee (Evue)(ere) Q1e (Iyul) (& 9) -
& | (@t ) (@ ) Qe (yu0) (7€) On (Fyal) (" 8: (LR)(LR) + h.c.
QE) ((vu)(g7*q) Quu (uy ) (uyHu) Q14 ( 1) (dy* ) Qule (I'v)e; (Fe)
Qﬁ) (vl gy 7q) Qad (dy,d)(dy*d) Qo 2 q) (77" ) Q(q}}q J (G'u)ei; (g7 d)
QL (@) (dy*d) Qe (q 9)(erve) Q¥ | @T wey(@Ta)
Qu | @ Tru@r T Q)| (@) @y w) Qiha | ()es(@d)
Qun (Pyuv) @y ) QW | (@na)(dyd) QL. (I'e)ess (¢Pu)
Qua (70 (") O | @T ) @y T4) Q2. | Tauv)e,(@ad)
Quu () () QW | (@I g)(dy T d) Q. | Towme)cs (@ o™ u)
Qed (evue)(dy*d)
Quedu + hoc. (Dype)(dy )




Construct custodial basis:  Lqyeer — Loy = . CQ = 8,0,
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Construct custodial basis:

QuH :‘H‘z(q
Qu =|H[ (GHd
O, EU(E

q

03/15/2021 UC Davis Seminar

SI\/IEFT SI\/I ZCQ ZaO

E)) | q[dj | {El

"Z)(TZP.0g) =2(Quy + Q)

Xiaochuan Lu, UO

Q, <0,
C. ©a
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Construct custodial basis: Lgeer — Ley ZCQ Za,OI

Qu =[H[ (qHu) : =(uj {P+El
QdH ‘H‘ (C_{H ) ’ " d | P_EZ'S
OjH = tr(sz)(qZPiqR) = 2(QuH +Qun )

tr(2iD,2)= i(H'D,H +h.c)=id8,|H|
~i(H'D,H —h.c.)=-H'iD.H

tr(2'iD,Z73)
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Construct custodial basis: Lgeer — Ley ZCQ Za,OI

Qu =[H[ (qHu) : =(uj {P+El
QdH ‘H‘ (qH ) ’ " d ’ P_EZ'S
OjH Etr(E z)(quiqR): 2(QuH iQolH)

tr(2iD,2)= i(H'D,H +h.c)=id8,|H|
~i(H'D,H —h.c.)=-H'iD.H

tr(2'iD,Z73)

Qu.=—(0,/HF) =[tr(z'iD,z)] =0,

4Q,p =4|H'D,H| =(H'D,H +hc.) ~(H'D,H ~hc.)

=—[w(=iDz)[ +[r(xiD,zz) |

==0,,+0yp
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. 0.
Construct custodial basis:  Leyerr — Loy ZC Q - Za. 0 Q <0,

C. ©a
Qu =[H[ (qHu) : =(uj {P+El
Qu = ‘H‘ (ﬁH ) R d) P Ez's
O(TH Etr(E z)(quiqR): 2(QuH iQolH)
tr(2iD,2)= i(H'D,H +h.c)=id8,|H|
tr(2'iD,%75)=~i(H'D,H —h.c.)=-H'"iD,H
Qu. =~(2,H[') =[u(z'D,5)] =0, QL) = (HiB.H) (T

_ s 3\ (T _ A
4Quo =4H'D,H[ =(H'D,H +he) ~(H'D,H ~hc) =-tr(2'iD,zz)(T71)= -0l

(3) — -2 1 a
=-[tr(z'iD,x)[ +[tr(x'iD,x )] O _(HT'D“H)OWT )
=-0,.+0,, =tr(2'z%D,2)(Ty*z"1) = Of}
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1:Xx? 2: H° 3:H*D? 5:YYH? + he.

Oc | fAECaaleals  on | [w(2D)]" Opg | [x(ShDE)]T O | t(2TY) (IDPulR)

+

Og | FAECGalras: Onp | [ir (S'iD )] Oy | u(SE) (¢5Pxar) vSMEFT
Ow | e W Wwiewgt

O | ctewerwiewes Custodial basis

4:X*H? 6 : 1) X H + h.c. 7 H?D
Onc | w(SE)aha  on | (0" rtSParWE, Ol tr (StiD,r) (Iv"1) G. D. Kribs, XL, A. Martin,
O tr (STY) G4, GAn O, (I0"" 2 PzlR)B,, 0% tr (Xtr2iD, X) (I 1) and T. Tong, arxiv:2009.10725
Opw | w(SIE)Wawe 0% | (@ TASPeqr)Gf,  OY) tr (B, %) (gv#4)
Opiw | r(EX)yWawe o | (g TS Peqr)Wg, 0% tr (X170, %) (v %)
Ongp w(S'0) Bu B Ofy | (@"SPrgr)Bu Ot |t (SNiD,SrR) (IryPalr)
0,5 tr (21%) By, B* Oty | tr (STiD,Erf) (Tny7hPelr) -
Onwn | tr (Stresrd) Wi, Be Ofr |t (i, ri) (v Pear) f : {L'R)(f?f) tkh': :
Oyivp | tr (STronrd) we, B O | tr (S1iDuS7R) (am*ThPear) Oitnana | (MTR)P (TR
8: (LL)(LL) 8: (RR)(RR) 8:(LL)(RR) 8: (LR)(LR) +h.c.
On (Tl (171 075 | (UryPelp)(Ipy* Pelr)  Op (D) ([ry* PelR) Ou ity (1) esent(Pllp)
04/ (@q)(@v"q) O (lRYu P+IR) (Ir7" P-1R) Ofm (lyu0)(qrY" P+qR) Ofinaan (" dhe) ey xa (¢ qa)
0% | (@wra)(@"m°0)  Otnan | (arvuPrar)(@ry"Prqr) O, (@) (IRY" PlR) Olinaan (¢'T* gk essera (4T glp)
Oz(ql) (D) (@7"q) Odan | @rRYPrqr) (a7 - qr) Oélq)Ri (7. 9)(GrY* P+qR) Or,(fl;_;iR ("lh)es (EPj:)H (@ )
0P | (@) OLE | Gronrhan)@mrrian) 0N | @ T )@y T Pagr)  Olmann | Comthes (Pr) @ dh
Og(;)q:;i (lrvu P+lR)(GrY" Prqr)
O1 ™ | (IR Pelr)(Gry" Pygr)
a(;)qf (IR TRIR) (GRY* TR P qR) 23




An example set of precision observables

N ~N ~N "N

- 82 B2
{0[ ! GF ! mZ ! m\N ! FZVLVL ! 1_1Ze|_€L ! 1ﬂZeé}

SM: 9,,0,,V; BSM: C,
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An example set of precision observables

N Pa Pay N

~ 52 a2
{0‘ G My, my, Ly o i Dzee s FZeé}

SM: 9,,0,,V; BSM: C,

-~ my 2 =
p=—wo(1-1-%)
m: X
. 24r -
AR \/Eé A3~ Zviv
Flllz
N 247 ~
Z = 2 A ~ Ze &
e e \/EGF m; (1 X) €LEL
" 247 A
rZeE = 2 a3 —\ 2 1ﬂZee
V2G, 3 (1-1- %)
. 22xa (m;) ,
X= ~ =sIn® 26,
Gem;
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An example set of precision observables

N Pay N

ECIZ +

l 1
2 SO ZCECHDj|

1

1
t ECIZ o ECHD T 2C29C|(41|):|

1 1

C
=C,5—-2C,,
2 HD S; H :l

~ 82 82 T
{0{ , G, My, my, vFZVLvL ’rZeLEL ’FZeé}
SM: 9,,0,,V BSM: C,
. W2 = al
p=—r—(1-v1-X =1+— —25 C +CI
m; X( ) Cze SH HWB H
24w ~ 1 1
ZVLVLE\/EGA ~3 L Zu 7 =1+ Vv° §C12_§CHD_2CI(-I1I)
Flllz L
247 ~ 2 [
6w = ~— — o =1+— —4S C +C
“an oG mE (1-%) Cro | (50 e
T
e = - 2 71 e :1+V_ 2(C_HCHWB +C|(—|?:)j_
J2 Fn“ﬁ(l— 1—)A() Cao [ \ So
22 7d, (m?
R=— 02( Z>:sin22¢9O
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An example set of precision observables

N Pa Pay N

~ 52 a2
{0{ G My, my, Ly o i Dzee s FZeé}

SM: 0,,0,,V; BSM: C — &

. M2 = v 2¢ 1
pzrrg“z’ﬂl— 1—x) :1+C— 2s; S—HaHWB—a(:,) +§s§a12—2c§aHD
z 20 | 0
~ 247 ~ 2_1 (1)
L, =——==—=1,, . =1+ v°|—a,—2a,, +2a;
vivL \/EGF ; VLVL _2
. 27 - V2| o[ 2c 5, 1 1
f, . =——= I, . —1+—|4s?| Z2a,,, -a" |+=a,-2a,, —2c,,a"
Ze ® \/EGF mg (1_ )2) Ze 7 C229 9[ s, HWB HI j 9 CP HD 209HI
. 247 . v (2 1
I7es = ~ —\2 [ =1+— _2(—9an5 _al(jl)J_Eam +2a,;
J2 Fm;(l— 1—X) Ca0 So

C . ) . )
S (o -l -l 4l )|
0
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An example set of precision observables

N Pa Pay N

~ 52 a2
{0{ G My, my, Ly o i Dzee s FZeé}

SM: 0,,0,,V; BSM: C — &

~ I’f'lj, 2 ~ . V2 2 2C (3) 1 2 2
p= i §(1— 1—x) _1+E_259 S—:ans—am Jrasé,a12—2c6,aHD
. 24 ~ 1
V20 7, EW Zv 7, =1+ v° Eaﬂ - 28, +2a(HlI):|
iz L
. 247 ~ vl (2 9] 1 .
h,  =— r,. . =1+—|4s?| =2a, . —a" |+=a,-2a, -2c,,a"
Ze g \/EGF e (1_)2) Ze g sze 9[ S, HWB Hlj 2312 HD 202
. 247 . v (2 1
I7es = ~ —\2 [ =1+— _2(—9aHWB _al(-ﬁ)j_galz +2a,;
J2G ® (l 1- X) Ca0 So
H—1 1 P -1 —EC P -1 0 Co0 (AW _ S, _ 503+, 503
(P )"‘2( Zv. 7, ) 5 29( Ze g ) — + o Ay, — @y, —8p, Tay,
0
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An example set of precision observables

N Pa Pay N

~ 52 a2
{0{ G My, my, Ly o i Dzee s FZeé}

SM: 0,,0,,V; BSM: C — &

A9 2
~ mW 2 ~ . \" 2 2C (3) 1 2 2
p= i §(1— 1—x) _1+g ZSH(S—:aHWB_aHI +§sé,a12—2c6,aHD
~ 247 ~ 2_1 (1)}
=1, =1+ v°|—a,—-2a,,+2a
Zv v, \/EGF A; Zv v, _2a12 HD HI
. 27 - V2| o[ 2c 5, 1 1
f, . =——= I, . —1+—|4s?| Z2a,,, -a" |+=a,-2a,, —2c,,a"
Ze ® \/EGF m; (1_ )2) Ze 7 szg .9[ s, HWB HI j 9 CP HD 209HI
. 247 . v (2 1
[7ee = ~ —\2 [ =1+— _2(—9an8 _al(jl)J_Eam +2a,;
J2G ® (l 1- X) Ca0 So
A 1/. 1 " C N _ N _
(003 ) Feulin ) = 0 (el el - vl )|
0

1
-2 Cyp +4C ] =2 [ap-all]=ad o Lo uf
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2
~ \'
p=1+—

C20
a . 2
T 1+ v
2

~ Vv
rZeLeL _1+CT

260

2

~ \Y
Lo =1+—
C29

Cy

1 1
_255 (S_CHWB + CI(-l?;)} + E S§C12 - E C;CHD :|

1
E C12

2| Lo

(4

1

- ECHD - 2CI(-|1I)

_435 (C_QCHWB + CS:) + lC12 - lCHD + zczecgll)}
Sy 2 2
1 1 C
CHWB + CS)J - Eclz + ECHD - SL;CHe:|

Xiaochuan Lu, UO
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,5 = 1+V_ _235 ((S:_QCHWB +C|(43|)}+%S§C12 _%C;CHD:|

(4

Gy = ? 1Clz_%CHD_ZCI(-ﬁ)

2C C - - \

9 3) |_ 0 (3) r

—a s — 8y |=—| —=C,s +C v? C 1 1

{ s, HWB HI } {Se HWB HI :| Foe =1+— —4s? (—9CHWB +C£,3,) +=C,, - > Cip+ 2C29C£|1|)}

Coo | S 2
A V2 I C (3) 1 1 C,
SMEFT RPI i Ca R LR T

|. Brivio and M. Trott, “Scheming in the SMEFT... and
a reparameterization invariance!” arXiv: 1701.06424
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(3)

Ay

C
} = _|:_€CHWB + CI(-ﬁ)
S

SMEFT RPI

|

|. Brivio and M. Trott, “Scheming in the SMEFT... and

a reparameterization invariance!” arXiv: 1701.06424

03/15/2021 UC Davis Seminar

A 2 [ C 1 1
pP= 1+g_—235 (éCHWB +C,(f|) +ES§C12 —EcscHD
o 1 1
rZVLVL =1+ V2 _EClZ _ECHD B 2(:I(-Ill)
, T
f:zeLéL :1+VT _432 C_QCHWB +CI(-|3;) +£C12 _ECHD + 2C29C|(.|1|)
C29 L S,g 2 2
~ V2 I C 1 1 c
Froe =14 —| 2| Z2Cps +C8) |-2C,, +=C,p —22C
Zee Cza ) HWB HI 2 12 2 HD S; He
7 7
7 W

Qunw =19, (DﬂH )T r (DVH )W;v

Que =ig,(D*H) (D'H)B,,

Xiaochuan Lu, UO

25




|. Brivio and M. Trott, “Scheming in the SMEFT... and

<

C
_QCHWB t CI(-|3;):|
So

SMEFT RPI

2
P = 1+V_ _235 (C_QCHWB + Cl(jl)] +_S§C12 __C;CHD:|
C29 56’
=1+ V2 %clz 1CHD —2cW
T
=1+ VT _432 (C_QCHWB t CS;) lC12 B ECHD + zczecgll)}
Coo | Sy 2

a reparameterization invariance!” arXiv: 1701.06424

& Quiw =

€5 Qs

03/15/2021 UC Davis Seminar

C HWB

cl

C HWB

7 W
Chwe N —tanéd
%
cy ) 1
Ciwe cotd /4 4
— Cro +e - : " a a
Cl(—|1|) B QHHW EIQZ(DILIH) 4 (D H)Wyv
. T
C,. Quie zlgl(D“H) (D"H)BW
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Other examples of custodial violation indicators
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Other examples of custodial violation indicators

(5-1)—=(3-482)(Fou s ‘1)+%(3—255)(fzm -1)

=—2V*| Cyp ~12C[) |= -2V | A + 38 | = 2

q
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Other examples of custodial violation indicators

(p—1)+§(fZ ) —1)—5026(@“ -1
_ _%vz Cp+4CH |=-2v’| ayp -2 | = af
(/3—1)—%(3—485)(&, o —1)+=(3 2s;)(deLaL—1)

=—2V*| Cyp ~12C[) |= -2V | A + 38 | = 2

q

03/15/2021 UC Davis Seminar Xiaochuan Lu, UO
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Potential complication from EOM redundancies

Qoutside Warsaw — QWarsaW

custodial symmetric custodial violating
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Potential complication from EOM redundancies

Qoutside Warsaw — QWarsaW

custodial symmetric  custodial violating
1,Y -
Loy 3|DH|2—/1(|H|2—§\/2) ~(aY,Hu+qY,Hd+TY,He+h.c.)

Higgs EOM: H'D’H +h.c.=24v’[H|" —44|H[ - (qY,Hu+qY,Hd +TY,He+h.c)
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Potential complication from EOM redundancies

Qoutside Warsaw — QWarsaW

custodial symmetric  custodial violating
1,Y -
Loy 3|DH|2—/1(|H|2—§\/2) ~(aY,Hu+qY,Hd+TY,He+h.c.)
Higgs EOM: H'D’H +h.c.=24v’[H|" —44|H[ - (qY,Hu+qY,Hd +TY,He+h.c)

Qe =[HF[DH[ =—Av?|H[* + 24|H —%(aﬂ\H\z)z +%(YuQuH +Y,Qy +Y,Q, +Y.Q,, +h.c.)
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Potential complication from EOM redundancies

Qoutside Warsaw — QWarsaW

custodial symmetric  custodial violating
1,Y -
Loy 3|DH|2—/1(|H|2—§\/2) ~(aY,Hu+qY,Hd+TY,He+h.c.)

Higgs EOM: H'D’H +h.c.=24v’[H|" —44|H[ - (qY,Hu+qY,Hd +TY,He+h.c)

1

2 2 ooyl s 1 2y 1
Qn = H[' [PH[ = ~2v?[H[ +22H[ = (2, [H[ ) +3

(YuQuH +Yd QdH +YVQV|-| +YeQeH + hC)
1

Z[(Yu +Y,) Oy +(Y, =Y )Ogy +(Y, +Y,) 05, + (Y, -Y.) Oy |

03/15/2021 UC Davis Seminar Xiaochuan Lu, UO 27



Application to our non-obligue example

Loy =Lgy+N(iD-M)N+E(iD-M)E- (Y, THN+Y.THE+h.c.)

If [Yo|=[Ye| . UgeSU(2). isasymmetry

R

 =(H H) — zU} , (E) — UR(EJ
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Application to our non-obligue example

Loy =Lgy+N(iD-M)N+E(iD-M)E- (Y, THN+Y.THE+h.c.)

If [Yy|=|Ye| . UgeSU(2), isasymmetry

R

2=(H H) — =u] , (:) o UR(EJ

1
a(H3I):_4M2(YN 2+YE2
1
a(Hll):_4M2(YN 2_YE2
N 1
Ch _8|\/|2( Ye|YE|2)
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Application to our non-oblique example

Loy =Lgy+N(iD-M)N+E(iD-M)E- (Y, THN+Y.THE+h.c.)

If [Yy|=|Ye| . UgeSU(2), isasymmetry

R

2=(H H) — =u] , (:) o UR(EJ

1
a(H3I):_4M2(YN 2+Y52
1
a(Hll):_4M2(YN 2_YE2
N 1
Ch _8|\/|2( Ye|YE|2)
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Summary

» \eltman rho is NOT an indicator of custodial violation; it receives
contributions also from custodial preserving BSM physics

» Peskin-Takeuchi T parameter works as an indicator of custodial
violation only when the BSM physics is oblique

» Beyond obliqgue BSM scenario, S, T, U, etc. are no longer observables;
we need new indicators of custodial violation

» We took dim-6 SMEFT at tree level as a first step, and constructed
several working indicators of custodial violation

» The role of SMEFT RPI and EOM redundancies are also investigated
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