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Review of SM
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Convention

@ (v)SM field contents: H, Q, L, u, d, e, B,, W\, G} (+ sterile neutrino: N),
@ Symmetry:

Poincare ® Gauge = T3 x SOL(1,3) ® SU(3)¢c ® SU(2). ® U(1)y
@ SM Lagrangian:
1 v 1 v 1 v
Loy =— ZGf}uGA“ - ZW/W Wi — 7BnB" + (D, H) (D" H) + AV (H'H)

AHHE+ YD Wipw - [c‘muF/ + QYqdH + LYseH + h.c.]

v=Q,L,u,d,e

@ vSM Lagrangian:
_ 1 Ty NE

£, = £ + NON = [ 5 (NCMN) + LYuNFi + h.c.

o D=0, igT G igoT'W, —igiYB,, H=e;Hy

j
@ Yy.a.en: the Yukawa couplings;
e Mpy: symmetric mass matrix for N.
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SM fields and physical particles

SM Before SSB After SSB
Spin Fields 801(1 ,3) U(1)y x SU(2). x SUB)¢c Physical Particles
Scalar: 0 Higgs: H (0,0) (2.2,1) h
1st Gen. 2d Gen. 3rd Gen.
Quark: u 0,3 (%,1,3) Ur, Up, Cr, Cp, try th,
N Quark: Q (3,0 (%,2,9)
SPInor 3 | Quark: o ©, 1) (—1,1,3) dr, dp, Sy 550 by, by,
- - - Ve vy vr
Lepton: L (3,0 (3.2,
Lepton: e 0, 1) (—=1,1,1) e w T
B, 3y 3 0,0,0
Vector: 1 WZ E ] ; 50’3’0; v, WwE, 20
Gluon: G () (0,0,8) 9P A=1,..,8

501 (1,3) ~ SU(2); x SU(2)
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The spectra of SM particles

Particle Type
1 2w
AR e
Ve T b t
Fs- ¢ L) °
s c
=l Vi v
v e ud
A €
h
Sof °
\_1 ‘_5 L L L GeV
iy i 0.001 0.100 10

@ A big gap between neutrinos and other particles;
@ wv(F) < < M(F3) when neutrino’s mass ignored.
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Problems unanswered by SM

@ Experimental side:
e Neutrino oscillation — nonvanishing neutrino mass;
e The nature of dark matter;
e Anomaly or bump from collider experiments: g,, — 2, Rx(Rj), ...
o ...

@ Theoretical side:

e Hierarchy problem: 6m2 o A?;
Vacuum stability: A(A) < 0;
Strong CP: fcp < 10719;

Remark 1: Probably the anomalies are due to the uncertainties both
from theory and experiment, and the naturalness problems from
theory are people’s biased taste of beauty.

Remark 2: Nevertheless, new physics(NP) must be involved from m,
and DM: Top-down: Model building vs Bottom-up: EFT — SMEFT
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From SM to SMEFT

@ Assume NP beyond the SM exist, with Ayp > v;
@ Ingredients: SM fields + SM gauge symmetry;

@ SMEFT= all possible local, SM gauge invariant operators building from
SM fields parameterized by the inverse power of Ayp, i.e.,

1
£:£8M+AD—4ZC"DO/D’
NP  D>5

Wilson coefficients CP encode the contribution from unknown NP.
@ Merit: Model-independent;

@ Connection with full theory: Integrating out the heavy d.o.f in full theory,
then running and matching with SMEFT.



SMEFT
oceo

The state of the art for the basis of ( )SMEFT

@ SMEFT
e Dim-5: 1(Ln B) [Weinberg 79] — Dim-D € odd [Liao 10]

Ofn = [(LTeH)C(LTeH)T} (H'H)(0-5)/2

e Dim-6: 59(L N B) + 4(L N B) [Buchmuller et al 86; Grzadkowski et
al10

° Dim-7]: 12(LN B) + 6(L N B) [Lehman 14; 1607.07309]

e Dim-8, 9, ... [Lehman et al 15; Henning et al 15, 17[1706.08520] ]
@ USMEFT:

e Dim-5: 2(£ N B) [0904.3244]

e Dim-6: 16(L N B) + 1(L N B) + 2(L N B) [0806.0876; 1612.04527]

e Dim-7: 47(L N B) + 5(L N B) [1505.05264; 1612.04527]

@ Deceven: |B+[|=0vsDecodd: |B— [| =2for SMEFT;
@ D € odd: Lis violated;

@ Note: The true counting of complete and independent operators needs the number of
flavors, since many operators can be related with flavor symmetry.
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The state of the art for the 1-loop RGE

Dim-5: [Babu 93; Antusch et al 01; 1701.08019]
2 d dpr _ 2 3 2 3 2 d pr
167 “(TCLH =|(3d° —18d + 19)\ — Z(d_ 5)g7 — Z(Sd_ 11)g5 +(d = 3)Wy| C/y
i
3
-3 [( YeYD)wCH" + (Ve Y;f),,,CprV] ;

Wy = Tr[3( Y Yu) + 3(Y] Yq) + (Y4 Ye)l
Dim-6: [J. Elias-Miro et al 13; Jenkins et al 13, 14]

Dim-7: [1607.07309 for 6(L N B)+present work 12(£ N B)]

Feature 1: holomorphic structure for the v-matrix — many zeros in - [1409.0868; Clifford
Cheung and Chia-Hsien Shen: 1505.01844]

Feature 2: Power counting for the y-matrix [1309.0819;1701.08019].
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Basis for dim-7 operators [Lehman 14; 1607.0730

w2H4 + h.c. 11,,2,1-{30 +he.
O1H [ GUGmN(LICLm)HlHn(HTH) [ Ol eHD [ e,'l'emn(L/C'y“e)H/Hme“H"
YPHD? + he. VZHPX 1 ha.
OLHD1 ejiemn(L'CD* 'YH™ (D, H™) OLHB grejemn(L'Copu, LM)H HTBHY
Otpe | €imepn(L'COMUYHT(DLHY) | Oy | goejler)mn(L! Copy LMY HIH WHY
¥'D+hec. $%H + he.
OduLLo ej(dyyu)(L'CiDH ) OsLLLH ejemn(BL)(L CL™M)H"
OdraLH ejemn(dL’)(Q CL™)H"
OdraLHz eimejn(dL)(Q CLM)H"
OdLuer ej(dL")(uCe)H!
_ Otuiin ej(Qu)(LCLH!
OLaddp (Ly,. Q)(dCiD* d) el (Ld)(uCd)A
OédddD (87, 0)(dCiD* d) OLaddH (Ld)(dCd)H
Ozqaaf €;j(8Q")(dC)H
OrLdaon ej(La)(QCQ)H

@ Neutrino mass: O ;;
@ Magnetic moment: O, 5, O 1y

5
@ 0v88: 0}y, O, OLerp: OLrpts Cauiin: Caraims Catarz: Catvers ©duLiH
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Flavor structure of the basis

Class Operator flavor symmetries
T
YoH OLH Oy —perr=0
vZHD OleHp X
T2
W2H2D O\Lhp1 ] (O +KP) —por=0 R
pr] _
OLHp2 [4OLHD2 +2(Ye)w Olgyp — Oy + 2K ] p<rr=0pg
7
VX Oup OLHB+p<—>r—O
. OLHw .
IS
iH OsiiiH (O +r+ t) —r<s=0
OdraLH x
dLaLH2 x
dLueH x
OtuiLH , x .
o . prs pSv _ _
d D4 OdutLo [OduLLD (Ya)wOLs]  — (Yu )"’OdLoLHz] sot=0
B:ytH OlLauah prst pr>s<t pstr pirs
OldddH Olddary T8 € 1= ([));si Olddats T Craaor T Cradar = °
Ozada OéoddH SIS0
_ OlLdaai ' _ x - -
) , o7 ps _ —_ vrst Vs
B: v*D  Opgqp prSLOLQddD w (Yu)rV?Ldudl-;’]ws s & 1= —(Ye)wOroun ~— (Ya)vOfgian
OgdddD Ogddap — "+ 8= (Yg)wOrniur (OedddD +ret)—sot=(Ye) pOdedH

vwpr T T
kP = = (YudwOqu = Yy )VWOBLOLHZ (Yo IwOgl iy

Note: such relations make the RG running complicated, since we need to choose a basis with flavor specified to determine
~-matrix.
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An example for determining the basis

@ Determine the relation in class *D:

prst
OE’ULLD
= (Ao, lr)(LLCIDM L) — 5 45 t
R ) . _ . .
L (Ao Dur)(LLCLY) — €(dpiDuy)(LLCLY)

S (Ya)up |€30mn( QU (LLCLYH"| = (YD) [ejemn(@ Q) (LLCL)H|

—S&t

Fierz t
L | (Ya)wOot i+ (YOG ] — s 0

@ IBP: Integration by part;
@ EoM: Equation of motion ~ field redefinition;
@ Fierz: Fierz identity for fermion bilinears.

@ Such relations indicate the true number of basis must include flavor.
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Basics for RG evolution

Dimensional regularizaton(d = 4 — 2¢) + MS scheme +
16725, = 16722 C; = c
B = ™ e i—zj:’)’ij j

@ Focus only on the correction from SM interactions: leading order in the expansion of A;
@ Calculation of B-function or v is boiling down to determine the counterterm:

1-loop

1 1
cTo, f;CT(POb + ROy — chT(P+ RM)Op with Or = MO}

6P], 8Rjk

Mkl + R]k

20

Vi = Z PaPo (

pa =11orge € {g1,2,3, Ye,a,u} @and pa = 2for go = A.
@ ¢ independent as a check for the calculation.
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An example for 1-loop correction from SM interactions

to Oy

L L
-H>— —-»H x1 - — - > x3 - - > X6
7 N e N\ 7 N
4/ \» 4\7\/\/\/\\/» 4/ \»
H “H . N . N
(1) (2 (3)
T
|
(’ - >- X6 - — —->- X3 - — - <- X3
J , N ’ \ ’ \
s N A A A ¥
0 A N N__ 7
7 A < ~
)V/ \\ // \\
4) ®) (6)
“x
|
-— - <- x3 - - x2 -~- x2
7 N e A 7 N
PYAVAVAVAY 7 N < Sy
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ture and power counting of v-matrix

(w,®) 3 (63 (5.3 6,5 65 695 (3 *3) (3 (73 (73 (75

(w, @) v Oitpt Orhpz Ogyip Otetp Ogruen Cauin Ceiid Ogiaim Carqine 9191HB 9201w Oin
(5.3) Op1 & & I 0 0 0 0 0 0 0 0 0
(5,3) Ouppp & 9° 0 0 0 0 0 0 0 0 0
(53) Oz,p & & P 0 0 0 0 0 0 0 0 0
(5.5 O 9° & 0 I Fd 0 0 0 0 > 503> 50 0
(5.5) Ogjyers 9° & g & & & 0 YuYe  YuYe 0 0 0
(5.5 Oaquy & P P 0 9° 92 YoYe  YuYy Yy Yy 0 0 0
(7.3 Osunw & & 0 0 o vivl & e 7 P ¢ 0
(7.3 Oyqun ¢ ¢ ¢ 0 VA Y; ¢ 7 e g g 0
(7.3) Oz & & ¢ o vivi vivi &£ e ' ¢ g 0
(7,3) 9105 &° s 0 7l 0 0 q' g’ 0 9° 9° 0
(7.3) %Ow ¢ & 0 7 0 0 g g q 7 7 0
7.5 o ¢ 4 0 7 0 7 7 7 0 0 g* 7

@ The zeros in the gray area can be explained using non-renormalization theorem in
[1505.01844]

@ The power of g ~ Ye 4.4 ~ 91,2,3 ~ VA can be explained in [1701.08019], for n-loop the
power is
x[yjil = 2n+ x[0j] — x[0]]

where x[W] = J, x[Xuw] =1, X[Du] = 1, x[g125] = x[Y] =1, x[N = 2.
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Neutrino transition magnetic moment

After SSB,

1 v
£5 ;v?e(Clig — Cliuy ) (pCo™ Prvr) i + hic.

Define
Nor = 2v2e<Cf,’43 - Cf@w)

Take the constraints from [1510.01684], we obtain

< 3.1 x10Mpug N ( 1 )3’

‘(UT(CLHB - CLHW)U>12‘ < o2 100TeV

‘(UT(CLHB—CLHW)U)13‘<4'0X10_11u8~2.6( 1 )37

= ev2 100TeV
‘(UT(CLHB - CLHW)U>23‘ <28 X;\?z_ﬂuB ~ 3'6(1001Tev)3'

where pp is the Bohr magneton.
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The relevant Feynman diagrams for Ov 5

@ Short-range interactions: (a) and (b) — A;
o Long-range interactions: (c) and (d)— B;
@ Mass mechanism: (e)— C;
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Effective field theory description

After integrating out the W- gauge boson, the effective Lagrangian contributing to 0v 34 is

o Short-range interaction: Lg = Zf,:1 CsnOgn  [Deppisch et al 1208.0727; Horoi et al 1706.05391]

G2
— — — 11 LLR
Osi = [@"PLa)@ruPLO)(EPRE®)], Csi = ~2v2GrClip, = 4 " c5f,
o
— _ __ C 1 G?: LFiR
Os = [@y"Pd)(Ty.PRO)EPRES)|, Csp = —2v2GrCT! I = 4L SRR,

@ Long-range interaction: £, = 3°3_ C;,On

Oy = (@"Pd)(EvuPY), Cio = 2V2GE,

O = @ RAEPHO), O = - Y2 Cllly = 2vEael,

0r = W PAE L) O = Yol — Vi,

03 = (PLO)EPRLO), CLsfgcg;:LL*%/EGFegtﬁ;,

Or = @PadERn®) Cu= V2ol —2vEGeSE,

O = (@ Pad)EoPar®), O = ol [ClL, 420 ] = 2v2Gr e,



The experimental constraints @

Assume only one operator dominates each time [Horoi et al 1706.05391]:
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4SCa 76Ge EZSe 130-|—e 136Xe
LA 1 38 x 1077 | 89x10°9 [ 67x10°8 | 20x 108 | 41 x 109
3
LA 6.3x107 | 1.4x10°8 | 11x107 | 832x 108 | 6.7 x 102
3
levAl [ 1A x1077 [ 22x107% [ 1.7x1078 | 51 x107% | 1.1 x 1079
eV A 13x10°° | 43x10~7 [ 22x107% [ 93x10~7 | 2.0x 107
V+A
e3P 34x107 | 79x10°9 | 61 x10°8 [ 1.4x10°8 [ 29x10~°
StP
e | 18x1078% | 79x 10~ [ 59x10~% [ 20x107% [ 42x 10"
( 1091?\/ ) 4SCa 76Ge 8286 130-|—e 136Xe
ICIib,l 6.68 x 10° | 0.156 x 10° | 1.178 x 10° | 0.352 x 103
|C%L1L1LL\ 11.076 x 103 | 0.246 x 10° | 1.934 x 10° | 0.563 x 103
117 3
Ic Ml 0.021 x 10 0.4 3.2 1.0
\ ::12;:/‘ 4.927 x 103 | 0.163 x 103 | 0.834 x 108 | 0.352 x 103
SRNRE 3 3
1Chu Ly 0.064 x 10 1.5 0.012 x 10 2.7
\ clngLLH 0.129 x 103 3.0 0.023 x 103 5.3
\ (‘.j‘LgLL2| 0.051 x 103 0.9 7.1 1.1

= The bound for the NP scale is around 10 — 100TeV if the O(1) coupling is assumed.
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The evolution of the Wilson coefficient

In the RG equation we take all Yukawa couplings except top-Yukawa to zero, and neglect the
threshold effect from EW scale to the hadron scale for simplicity:

102 10° 10* 105 10° 107 10® 10° 10150
T ] v v v

— Clib
cuth
Clélo

—

11111
CQuLLH

1111+
CdLQLHI

1111+
CdLQLH2

/100TeV

1
3

(C)

102 10° 10* 10° 10° 107 10® 10° 10”’
uiGeV

@ Point to the similar scale as the constraint from transition magnetic moment, i.e., around
100TeV;

@ The running effect is small.
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Other processes

@ Nuclear muon-positron/anti-muon conversion: =X — et (u™)X'.
@ Trimuon production from neutrino-muon collision: vp — p~ptut.

@ Production of Majorana neutrino from electron-proton collison:
etp — vl I X from HERA.

@ The tau lepton decaying into three muons: 7 — = p~ ™

@ Kaon meson decaying into a pair of same charged leptons plus a pion:
K* — [F[*7F,

@ Also for the lepton number violating decays from other mesons like D
and B.
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Summary

@ Basis of Dim-7 operators in (v)SMEFT determined up to Dim-7;
@ 1-loop RGE of Dim-7 operators finished;

@ New features of v-matrix in SMEFT is analyzed;

@ The rich phenomenologies explored, especially Ov54.



Thanks for your attention!
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Non-renormalization theorem [1505.01844] e®»

Define the holomorphic and anti-holomorphic weight of an operator O as
w(O0) = n(0) — H(O),®(0) = n(O) + H(O).

n(O): the minimal # of particles generated by the operator O;
h(O): the total helicity of the operator O.
The weights of the SM fields:

SM fields H \ v D X_ Xy
weights (w,@)  (1,1) (3.5 (.5 (0,0 (0,2 (2,0

Where W is choosing as SM right handed fermion fields (Q°, L°, u, d, e) and
V as its left-handed counterpart, X" = X" i /277 X,

Theorem: an operator O; can only be renormalized by an operator O; if

wi 2 wj U > wj, i.e.,

7i=0 when w;<w or w<u;,

and the anomalous case is from the non-holomorphic Yukawa coupling.
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