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We have found a Higgs boson!!
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h 1S consistent with Standard Model
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Motivation

Standard Model of Elementary Particles
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Still many questions unanswered

Experimental observations:

> Dark matter

> Neutrino mass

» Baryogenesis

Theoretical concerns:

» Hierarchy problem

» Strong CP problem

» Cosmological Constant
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How to probe BSM physics?

UV models

> Supersymmetry? A complementary

> Composite Higgs? parameterization?

> Neutral naturalness?

> Extra dimension?
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How to probe BSM physics?

UV models

» Supersymmetry?
» Composite Higgs?
» Neutral naturalness?

> Extra dimension?
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Standard Model

Effective Field Theory

B LSM + ZCiOi - LSI\/IEFT
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£SI\/IEFT - ESI\/I T Zci Ou
Outline

» Establishing the Framework: \What is SMEFT?

--- non-renormalizable, defined with a truncation, operator basis

» Implementing the Framework: How to use SMEFT?

--- Interpreting experimental limits
--- guide UV model building: Matching and Running

--- additional restrictions to reduce degrees of freedom

» Re-examining the Framework: Is SMEFT enough?

--- SMEFT / HEFT dichotomy
--- geometric picture for non-analyticities and unitarity violation

--- HEFT describes non-decoupling BSM physics
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» Establishing the Framework: \What is SMEFT?

--- non-renormalizable, defined with a truncation, operator basis
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What is SMEEFT?

What are EFTSs?

<

» Fermi’s Theory of Weak Interactions
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What is SMEFT?

What are EFTSs?

» Fermi’s Theory of Weak Interactions

>'\_/\_/\/< » Mesonic QCD Chiral Lagrangian

» Heavy Quark Effective Theory (HQET)
» Soft Collinear Effective Theory (SCET)
» Low-energy Effective Field Theory (LEFT)

> SMEFT (or HEFT)

(WW)( W EEFT - LSM +Zci0i
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What is SMEEFT?

Symmetries define the theory

field content + symmetries = Lagrangian
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What is SMEEFT?

Symmetries define the theory

field content + symmetries = Lagrangian

real scalar ¢ Z,(¢——9) L(¢)= %(5415)2 —%m2¢2 —%Wl

Renormalizable
(up to dim-4)
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What is SMEEFT?

Symmetries define the theory

field content + symmetries = Lagrangian
1 2 1L .. A .
real scalar ¢ Z,(¢——9) L(p)==(0¢)  —m'p’ =L
2 2 24
Renormalizable
(up to dim-4)

$
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What is SMEEFT?

Standard Model

Lo =[DH[ + > by -
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What is SMEEFT?

‘CSI\/IEFT - LSM + Zcioi

> Non-renormalizable interactions

--- truncate: finite number of counterterms (effective operators)

--- there are also EFTs that do not run (Conformal Field Theories)
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What is SMEEFT?

LSI\/IEFT - LSM + Zcioi

> Non-renormalizable interactions

--- truncate: finite number of counterterms (effective operators)

--- there are also EFTs that do not run (Conformal Field Theories)

» Operator Redundancies:
--- Group identities

--- Integration by Part (1BP) 0,=0,+0,0"

| | 5L
--- Equations of Motion (EOM) O, =0,+0 SO

10/07/2021 YITP Seminar Xiaochuan Lu, UO 11



What is SMEEFT?

LSI\/IEFT - LSM + Zcioi

> Non-renormalizable interactions

--- truncate: finite number of counterterms (effective operators)

--- there are also EFTs that do not run (Conformal Field Theories)

» Operator Redundancies: Operator Basis:

A minimal but complete set {O}

--- Group identities

--- Integration by Part (1BP) 0,=0,+0,0"

| | 5L
--- Equations of Motion (EOM) O, =0,+0 SO
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What is SMEFT?

> dim 6, n, =1

» dim6, general n,

dim 7, general n,
dim8, n, =1
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SMEFT

1986  Buchmuller and Wyler
Nucl. Phys. B 268 (1986) 621 X

2010  Grzadkowski, Iskrzynski, Misiak, and Rosiek
arXiv: 1008.4884 59 +><

2013 Alonso, Jenkins, Manohar, and Trott
arXiv: 1312.2014 50 + 4

2014 - 15 Lehman and Martin

arXiv: 1410.4193, 1503.07537, 1510.00372 M

Henning, XL, Melia, and Murayama, arXiv: 1512.03433 993
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What is SMEEFT?

dim 6, n, =1

Grzadkowski, Iskrzynski, Misiak, and Rosiek, arXiv: 1008.4884
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Table 2: Dimension-six operators other than the four-fermion ones.
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What is SMEFT?

10/07/2021 YITP Seminar

dim6, n, =1 Grzadkowski, Iskrzynski, Misiak, and Rosiek, arXiv: 1008.4884
3 S and iD? Y28
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Table 3: Four-fermion operators.
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What is SMEFT?
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What is SMEFT?

Hilbert Series

» Gauge invariants

Benvenuti, Feng, Hanany,
and He, arXiv: hep-th/0608050

Feng, Hanany, and He,
hep-th/0701063

Gray, Hanany, He, Jejjala,
and Mekareeya, arXiv: 0803.4257

Flavor invariants

Jenkins and Manohar,
arXiv: 0907.4763

Hanany, Jenkins, Manohar,
and Torri, arXiv: 1010.3161

» SMEFT

LLehman and Martin,
arXiv: 1503.07537, 1510.00372

Henning, XL, Melia, and Murayama,
arXiv: 1507.07240, 1512.03433, 1706.08520

» Mesonic QCD Chiral Lagrangian

Graf, Henning, XL, Melia,
and Murayama, arXiv: 2009.01239

> NRQED and HQET

Kobach and Pal, arXiv: 1704.00008
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What is SMEEFT?

o Group identities
» Operator Redundancies: * Integration by Part

» Equation of Motion

A a
v pe{H,qu,d,l,eG) W: B 1
D¢ ~_
R,=| DD ¢ [~ traceless symmetric A Representation of
EOM d
DD Dyd e EmOvE Gauge ® Conformal group
» (Gauge singlets _
{O0}=®R, Operator Basis
é » Conformal scalars and primaries
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What is SMEEFT?

No. of independent ops

Number of SMEFT operators

IR Henning, XL, Melia, and Murayama,
arXiv: 1512.03433
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f =

993 dim-8 operators for n
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utud*eeted + A4ortutudididd + GriutZtudr? + GriQdiddiectl + 3*GriQdiud*
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Br#Qd*ud*ed*Ld + Br*Qd*u*d*Ld + 3*Br+Qd*2*ud*dd + Br*Qd*3*Ld + Br*Q+*d*ed
tld + BriQtudtddil + Z¥BreQ*Qd*L*Ld + BrtQ*Qd*ected + 2*BriQ*Qdtdidd + 2
*BreQ*Qd*u*ud + Br*Q~Z*ud*ed + Br*Wr*L*Ld*t + Br*Wr*Q*Qd*t + Br*WL+L*Ld*
t + BriWl*Q*Qd*t + Br*Grididd*t + BriGriutud*t + BriGreQiQd+t + BriGrA3
+ Br*Gl*d*dd*t + Br*Gl*ufud*t + Br*Gl*Q*Qd+*t + Br*Glr2*Gr + 2*BrA2*Wrs2
+ Bri2tWLAZ + 23%Bra2tGri2 + Bri2tGla2 + Brad + Blfeeted®Lfld + Bltddd?
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Ld + BL*Q*ud*dd*L + 3*Bl*Q*u*ec*l + 2*B1*Q*Qd*L*Ld + BL*(*Qd*ee*ed + 2%
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ud*t + BL*Br*Q*Qd*t + BL*Br*WL*Wr + BL*Br*Gl*Gr + B1A2*Wr~2 + 2¥B1lA2¢%
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#Qdr2¢dtld*t + Hd*Qdr3tee®t + B*Hd*QFdtLtLd*t + 3*Hd*Q*dfeeted*t + 3*Hd*
Qrdr2tdd¥t + 2*Hd*Q*udtZted*t + B¥HA*Q*utud*d*t + B*HA*Q*Qd¥eet*l*t + 6%
Hd#*(Q*Qdr2*ud*t + 3¥Hd*Qr2tud*L*t + BYHd*Qr2%Qd*d*t + Hd*WrieetLtth2 + 2%
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Wis2teetl + Hd*WlAZ2*Qd*ud + Z*Hd*WLA2+Qtd + Z*Hd*GriQdfud®t*2 + Hd*Gr#Q*
d*th2 + 2*Hd*GriWriQdiud + Hd*GriWr*Qtd + Hd*GrA2ieetl + 3#Hd*Gra2*Qdtud
+ Z*Hd*GrA2+Qtd + Hd*Gle#Qd*ud*th2 + 2*Hd*GL*Q*d*t~2 + Hd*GL*WL+Qd*ud +
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Hd*B1#*Q*d*t"2 + 2*Hd*B1*Wl*ee*L + HA*B1*W1l*Qd*ud + Z*Hd*B1*W1*Q*d + Hd*
BL*Gl*Qd*ud + 2*Hd*B1*GL*Q*d + Hd*Blr2%ee*l + Hd*BLl~2%Qd*ud + Hd*B1r2%Q*
d + Hd*Z*eer2#L 2 + Hd 2*ud*d*tr3 + HdAZ*ud*d*L*Ld + Hd*2*Qd*ud*ee*l + 2
fHdA2#QdA2%udr2 + 2FHdM2¥Q*d¥ee?l + Z*HdAA2*Q*Qd*udtd + 2*Hd*Z23Q 2%dM2 +
Hd"2tWrtud*d*t + Hd"2*Wl*ud*d*t + Hd 2*Griud*d*t + Hd"2*Gl*ud*d*t + Hd"2
*Briud*d*t + Hd"2*Bl*ud*d*t + 3*H*ed*L*Ld"2*t + H¥ee*ed"2*Ld*t + 3*H*d*
dd*ed*Ld*t + 2*H*ud*dd*2¥L*t + 3*H*u*dd*ee*L*t + 3*H*utud¥ed*Ld*t + 2%H*
utZ¥d*lLd*t + 6*H*Qd*dd*L*Ld*t + 3*H*Qd*dd*ee*ed*t + 3*H*Qd*d*dd"Z*t + 6*
H¥*Qdtutud*dd*t + Z*H#QdturZ2*teett + I¥HIQd Z2*utld*t + 3tH*Q*ud*dd*ed*t +
BrH*QFuL*Ld*t + 3*H*Q*uteeted*t + G*H*Q*u*d*dd*t + 3I*H*Q*urZ*ud*t + 6%H
Q*Qd*ed*Ld*t + B*H*Q*QdA2*dd*t + I*H*QA2*dd*L*t + B*H*QA2*Qd*u*t + H*
QA3%ed*t + Z*H*Wried*Ld*trZ2 + Z*H*Wr*Qd*dd*t 2 + H¥WriQtuttsZ + Z9H*Wra2
ted*ld + Z*H*Wr~2*Qd*dd + H*Wr"2*Q%*u + H*Wl*ed*Ld*t" 2 + H*WL*Qd*dd*t~2

+ ZFHIWL*QFuttrZ + Hi¥WLAZ¥edild + HIWLAZ*Qd*dd + Z¥HIWLA2#Q*u + Z¥H®Gr#
Qd*dd*t*2 + H¥Gr#Qfu*thz + Z*H*Gr*Wr*Qd*dd + H*Gr*Wr*Q*u + H*GrAZ%ed*ld
+ 3*H*GraZ2*Qd*dd + 2*H*GreZ2*Qtu + HAGL*Qd*dd*t72 + Z*H*GL*Q*u*trZ + H*
GL*W1*Qd*dd + 2*H*GL*WL*Q*u + H*GL*2%ed*Ld + Z*H*GLA2¥Qd*dd + 3*H*GLAZ#Q
fu + 2*H*Bried*Ld*t"2 + 2¥H*BriQd*dd*tAZ + H*Br*Q*u*tr2 + Z*H*BriWrted*®
Ld + 2*H*BriWr*Qd*dd + H¥Br*Wr*Q*u + Z*H*Br*Gr*Qd*dd + H*Br*Gr*Q*u + H*
BroZted*ld + H*Br 2#Qd*dd + H*BrAZ*Q*u + H*Blfed*Ld*t 2 + H*B1*Qd*dd*t"2
+ 2*H*B1*Q*u*t 2 + H*B1*Wlted*lLd + H*BL*W1*Qd*dd + Z*H*BL*WL*Q*u + H*B1
*Ql*Qd*dd + Z*H*BL*GLl*Q*u + H*BlAZ%ed*ld + HF*BL 2*Qd*dd + H*BL 2%Q%u + 4
*H*Hd*L*Ld*t"3 + Z*H*Hd*LA2*Ld"2 + Z*H*Hd*ee*ed*t 3 + 2*H*Hd*ee*ed*L*Ld
+ H*Hd*eerZtedr2 + 2¥H*Hdtd*dd*t*3 + 2%H*Hd*d*dd*L*Ld + H*Hd*d*dd*eefed
+ H*Hd*d*2*dd"2 + H*Hd*ud*2*dd*ed + Z*H*Hd*u*ud*t*3 + Z2*H*Hd*u*ud*L*Ld
+ H*Hd*u*ud*ee*ed + 2*H*Hd*u*ud*d*dd + H*Hd*u’2*d*ee + H*Hd*ut2%ud*2 +
2*H*Hd*Qd*dd*ee*l + 4*H*Hd*Qd*ud*ed*ld + 2*H*Hd*Qd*u*d*Ld + 4*H*Hd*Qd"2*
ud*dd + H*Hd*Qd"2*u*ee + 2*H*Hd*Qd*3*Ld + Z*H*Hd*Q*d*ed*Ld + Z*H*Hd*Q*ud
fdd*L + 4*H*Hd*Q*u*ee®l + 4*H¥HA*Q*Qd*t"3 + SFH*HA*Q*Qd*L+*Ld + 2*H*Hd*Q*
Qd*ee*ed + 4*H*HA*(*Qd*d*dd + 4*H*Hd*(*Qd*u*ud + H*Hd*Q*2*ud*ed + 4*H*Hd
Qh2¥utd + IFTHFHA*QAZ#QdA2 + 2*H¥HA*QA3%L + BFH*Hd*WriL*Ld*t + 2*H*Hd*Wr
teeted*t + Z*H*Hd*Wrid*dd*t + 2*H*Hd*Wrtu*ud*t + 6*H*Hd*Wr*Q*Qd*t + 2*H*
Hd*WrAZ#tAZ + H*Hd*Wr3 + B*H*HA*WL*L*Ld*t + Z*H*Hd*Wl*eeted*t + Z*H*Hd*
Witdtdd*t + Z*H*Hd*Wlfutud*t + 6*H*Hd*WL*Q*Qd*t + Z*H*Hd*WL*Writr2 + 2%H
*Hd*WLAZ*t4Z2 + H*HA*W1A3 + 2¥H*Hd*Grid*dd*t + Z*H*Hd*Griutud*t + 4*H*Hd*
GreQ¥Qd*t + H*Hd*Gri2#ir2 + H¥Hd*GrA3 + 2*H*Hd*Gl¥d*dd*t + Z*H*Hd*GL*u®
ud*t + 4*H*Hd*G1*Q*Qd*t + H*Hd*GL*Gr#tAZ + H*Hd*GLA2*tA2 + H*HA*G143 + 4
*H*Hd*Br*L*Ld*t + 2Z*H*Hd*Br*ee*ed*t + 2%H*Hd*Brid*dd*t + 2*H*Hd*Br*u*ud*®
t + 4*H*Hd*Br#*Q*Qd*t + 2*H*Hd*Br*Wr*t"Z2 + H*Hd*Br*Wr*2 + H*Hd*BriWl*t~ 2
+ H*Hd*Bri2#th2 + 4*H*Hd*BL*L*Ld*t + 2*H*Hd*Blfeeted*t + Z*H*Hd*Bl*d*dd
*t + Z*H*Hd*Bl*u*ud*t + 4*H*Hd*B1*(Q*Qd*t + H*Hd*BL*Wr#t/2 + Z#*H*Hd*B1*W1
142 4+ H*HA*BL*WLAZ + HY¥HA*BL*Brit~2 + H¥Hd*BLA2*tAZ2 + BYHY*HAAZ%ee®l®tn2
+ G*H*Hd*2#*Qd*ud*t"2 + G*H*HdAZ#Q*d*tAZ + ZFH*Hd 2*WrQd*ud + Z*H*Hd2*
Wltee*L + Z*H*Hd"2*WL*Q*d + H¥*Hd"2*Gr#Qd*ud + H*Hd*2*Gl*Q*d + H¥*HdAZ2*Br*
Qd*ud + H*Hd*Z*Bl*ee*l + H*Hd"2*B1*Q*d + H*Hd"3*ud*d*t + H*Z*ed’Z2¥Ld"2

+ HAZ*u*dd*tA3 + HAZ*utdd*L*ld + 2*HA2*Qd*dd*ed*Ld + 2*HAZ*QdA2%dd™2 +
HAZ#¥QFuted*ld + 2*HA25QQd*utdd + Z¥HAZHQAZ*UAZ + HAZ¥Wrtutddit + HAZEWL
futdd*t + HAZ#Grfutdd*t + HA2#*G1*u*dd*t + HM2*Briutdd*t + HAZ#B1*utdd*t
+ B*HAZ*Hd*ed®*Ld*th2 + BYHAZ*HA*Qd*dd*tr2 + ©*HAZ*HA*Q*u*tA2 + Z¥HAZ*H
Wried*ld + Z*HA2*Hd*Wr*Qd*dd + Z*H*Z2*Hd*WL*Q*u + H 2*Hd*Gr*(Qd*dd + H~2*#
Hd*Gl*Q%u + H*2*Hd*Brfed*Ld + HAZ*Hd*Br*Qd*dd + HAZ2*Hd*BL*Q%u + 3%HM2*
Hd#2#tr4 + 4#HA2¥HdA2#L*Ld*t + HAZ*HdA2%eet*ed®t + HAZ¥HAAZ*d*dd*t + HAZ*
Hd"2¥u*ud*t + 4*HA2Z*HdM2*¥Q*Qd¥t + Z¥HAZHHAA2*WretA2 + 2H*HAZ*HAAZHWrs2 +
ZHHAZ#HdAZ*WL#En2 + 2Z#HAZHHAAZHWLAZ + HAZ*HAAZ#GrA2 + HAZYHAAZ#GLAZ +
HA2¥HdAZ*Brital + HAZFHAAZ*BriNr + HAZ¥HdAZ2#BrAi2 + HAZ#HAAZFBLHEAZ + HAZ
*HdAZ#B1*WL + HA2*Hd"2#B142 + HAZ*HdA3%ee*l + HAZH¥HdA3#(d*ud + HAZ*HAA3*
Q*d + HA3*Hd*ufdd*t + H*3*Hd*2%ed*Ld + H"3*Hd"2*Qd*dd + H*3*Hd 2%Q%u + 2
tHA3FHAAI*EAZ + HAd*HdN
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f =

993 dim-8 operators for n

ZELAZELdAZ¥EAZ 4+ ZYeetedtLiLd*tA2 + eerltedt2ttAZ + 20dPddiLtLd*EAZ + 2%
d*dd*ected*tr? + 2¥dh2*ddn2*t02 + udr2tddied*thZ + 2%ufudfLYLd*tA2 + 2%u
fudfeeted¥trd + 4%utudididd*thd + us2tdieettrZ + ZPurZfudh2tEAZ + 24Qd*
dd*ee*L*t42 + 3¥QdéudtedtLd*tr2 + 2*Qd*utdiLd*tr2 + 3*Qdr2fudtdditrZ +
Qdr2*uteetrtr? + QdA3*Ld¥tnd + 28QFdYed*Ld¥tr2 + 2%QFud®dd®L¥EA2 + 3+Q%u*
egtlL*tAZ + 4HQHQdHL*LA* A2 + 2#Q0dYeetedttnZ + 43 QdididdiE2 + 44Q*0d
futudtth? + Qh2%udted*th2 + FFQAZRutdENZ + 4FQAZRQdM2RENZ + QAIFLYEAZ
+ WrelA2%Ld*2 + Wrieeted®L*Ld + Wrid*dd*L*Ld + Wrfu*ud®*L*Ld + Wr*Qd*dd*
ee*L + 3*Wrt(Qdtud*ed*Ld + Wr*Qd*u*d*Ld + 3*Wr*Qd 2*ud*dd + Wr*(d"2*u*ee
+ 2*Wr#QdA3¥Ld + Wr*Q*dted*Ld + Wr*Qtudtdd*L + 3*Wr*Q*Qd*L*Ld + Wr*Q*Qd
feeted + Z*Wr*Q*Qd*d*dd + 2*Wr*(Q*Qd*u*ud + Z*Wr#QA24QdA2 + Wra2*LHLd*t
+ Wrr2#Q*Qd*t + 2*Wrrd + WL*LA2*Ld"2 + Wl*ee*ed®L*Lld + Wl*d*dd*L*Ld +

9

Wr*Qd*ud + Hd*Br*Wr*Q*d + 2*Hd*Br*Gr*Qd*ud + Hd*Br*Gr*Q*d + Hd*BrAZ*eeL
+ Hd*Br#2*Qd*ud + Hd*Bra2*Q*d + 2*Hd*Bl*ee®lL*t 2 + Hd*BL*Qd*ud*ts2 + 2%
Hd*B1*Q*d*t 2 + 2*Hd*BL*Wl*ee*L + Hd*BL*WL*Qd*ud + Z2*Hd*BL*WL*Q*d + Hd*
BL*Gl#*Qd*ud + 2*Hd*B1*G1*Q*d + Hd*BlA2%ee*L + Hd*BLA2+Qd*ud + Hd*BlA2#Q*
d + Hd*Z*eerZ#LA2 + Hd"2*ud*d*tA3 + HdAZ2*ud*d*L*Ld + Hd*2*(Qd*ud*ee*lL + 2
*HadA2#Qd 2% udr2 + 2%HdM2*Q*d¥eetl + 2*Hd"2*Q*Qd*ud*d + 2¥HdA2#Qr2%dA2 +
Hd*2#Wrtud*d*t + Hd"2*Wl*ud*d*t + Hd*2*Griud*d®*t + Hd*2*Gl*ud*d*t + Hd"2
*Brtud*d*t + Hd*2*Bl*ud*d*t + 3*H*ed*L*Ld"2*t + H*ee*ed"2*Ld*t + 3*H*d*
dd*ed*Ld*t + 2*H*ud*dd"2*L*t + 3*H*u*dd*ee*L*t + 3*H*utud*ed*Ld*t + 2%H*
ur2td*Ld*t + 6*H*Qd*dd*L*Ld*t + 3*H*Qd*dd*ee®ed*t + 3*H*(Qd*d*dd"2*t + 6%
Ht*Qd*utud*dd*t + 2¥H*(Qd*ur2tee*t + I¥H¥Qd*2*u*ld*t + 3*H*Q*ud*dded*t +
GrH*Q*uL*Ld*t + I*H*Q*uteetedtt + G*H*Q*urd*dd*t + F+H*QFurZtud*t + 6%H
*Q*Qd*ed*Ld*t + B*H*Q*Qd*2*dd*t + I*H*Q 2*dd*L*t + B*H*Q2%*Qd*u*t + H*

L + 3*Wl*Q*u*ee*L + 3I*WL*Q*Qd*L*Ld
WL#Q*Qdtutud + WLHQA2%udted + IF#WLH
+ ZEWLHNrtL*Ld*t + WltWrieeted*t +
Wr*Q*Qd*t + WLAZ#L*Ld*t + WL~2*(*0d f >
fLld + Gridtddteected + Gridi2*ddr2 +
utudfeeted + 4*Griutudididd + Griut
ed*ld + 2*Gr*Qdtutd*ld + B*GreQdrz+
+ GriQtdtedtld + Z*GriQfuddd*l +
#0*0d*d*dd + 4*Gr*Q*Qdtutud + GrQ~
t + GriWl*Q*Qdt + Gra2ididdit + Gr
+ Gro2*NLA2 + 3%Grad + Gled*dd*LAL
utud*L*Ld + Gl*utud*eeted + 4*#GL*u*
+ Gl*Qd*dd*eetl + 2*Gl*Qd*u*d*Ld +
fud*dd*L + 3*GL*Q%u*ee*l + 2*GL*Q*(
dd + 4*G1*Q*Qdtutud + GL#Q~A2%udted
#0435 + GL*WrQ*0d*t + GL*WL*Q*(Qd*
Gl*areédtdd*t + 3*GL*Griutud*t + 3%G
o+ GLAZ*utudtt + GLAZHQEQA*t + GL
+ 3#GlA4 + Brteeted*lild + Bridtdd
ed + Brtutud*L*Ld + Briufudfeefed +
Br*Qd*ud*ed*Ld + Br*Qd*u*d*Ld + 3*B
fld + BriQtudtdd*l + Z#BreQ*Qd*L*Ld
*Br*Q*Qd*u*ud + Br*Q~Z*ud*ed + Br*Wr
t + BriWl*Q*Qd*t + Br*Grididd*t + BriGriutud*t + BriGreQiQd+t + BriGrA3
+ Br*Gl*d*dd*t + Br*Gl*ufud*t + Br*Gl*Q*Qd+*t + Br*Glr2*Gr + 2*BrA2*Wrs2
+ Bri2tWLAZ + 23%Bra2tGri2 + Bri2tGla2 + Brad + Blfeeted®Lfld + Bltddd?
L*Ld + Bl*d*dd*ee*ed + Blfutud*L*Ld + Bltutud*eeted + 2*Bltutud*didd + 2
#Bl*uritdtee + Bl¥Qd*ddiee*l + BltQd*utdtld + Bl*Qd*2*utee + BL*Qtd*ed*
Ld + BL*Q*ud*dd*L + 3*Bl*Q*u*ec*l + 2*B1*Q*Qd*L*Ld + BL*(*Qd*ee*ed + 2%
B1#Q*Qd*d*dd + Z#*BL*Q*Qd*utud + 3*BL*Q 2%u*d + BL*QA3*L + BL*WriLtLd*t
+ BL*WrtQ*Qd*t + BL*WL*L#Ld*t + BL*WL*Q*Qd*t + Bl®*Grid*dd®*t + Bl*Griu*
ud*t + Bl*Gr*Q#Qd*t + BL#Gl*d*dd*t + BL*Gl¥u*wd®t + BL*GLEQ*Qd*t + BL*GL
tar+2 + B1*Gl43 + B1l*Briltld*t + Bl*Brteeted*t + Bl*Brid®dd*t + BLl*Brtu*
ud*t + BL*Br*Q*Qd*t + BL*Br*WL*Wr + BL*Br*Gl*Gr + B1A2*Wr~2 + 2¥B1lA2¢%
Wis2 + BlA2*GraZ + ZHBLAZ2#GLAZ + BLAZ*BrAZ + BlA4 + 3*HdteetlA2+Ld*t +
Hd*eerZ*ed*L*t + 3*Hd*d*dd*ee*L*t + 3*Hd*ud*d*ed*Ld*t + 2*Hd*ud*2*dd*L*t
+ Z¥HdtutdA2*Ld*t + 3*Hd*utudteetl*t + 6*Hd*Qd*ud®*L*Ld®*t + 3*Hd*Qd*ud*
eeted*t + B*Hd*(Qd*ud*d*dd*t + 3*Hd*Qd*u*d*ee*t + I*Hd*Qd*u*ud*2*t + 3*Hd
#Qdr2¢dtld*t + Hd*Qdr3tee®t + B*Hd*QFdtLtLd*t + 3*Hd*Q*dfeeted*t + 3*Hd*
Qrdr2tdd¥t + 2*Hd*Q*udtZted*t + B¥HA*Q*utud*d*t + B*HA*Q*Qd¥eet*l*t + 6%
Hd#*(Q*Qdr2*ud*t + 3¥Hd*Qr2tud*L*t + BYHd*Qr2%Qd*d*t + Hd*WrieetLtth2 + 2%
Hd*Wr#Qd*ud*t+2 + Hd*Wr#Q*d*t*2 + Hd*Wri2%ee*l + Z#Hd*Wr~2#Qd*ud + Hd*
Wra2#0td + 2*Hd¥Wl*eetL#t 2 + Hd*WL*Qdtudith2 + 2¥HA*WL#Q#d¥tA2 + 2+Hd*
Wis2teetl + Hd*WlAZ2*Qd*ud + Z*Hd*WLA2+Qtd + Z*Hd*GriQdfud®t*2 + Hd*Gr#Q*
d*th2 + 2*Hd*GriWriQdiud + Hd*GriWr*Qtd + Hd*GrA2ieetl + 3#Hd*Gra2*Qdtud
+ Z*Hd*GrA2+Qtd + Hd*Gle#Qd*ud*th2 + 2*Hd*GL*Q*d*t~2 + Hd*GL*WL+Qd*ud +
Z*HA*GL¥WL*Q*d + Hd*GlAZ2%ee*l + 2¥HA*GLAZ*Qd*ud + 3*HA*GLA2+Q*d + Hd*Br*
eetl¥th? + 2*Hd*BriQdtudit”2 + Hd*BriQ*d*tAZ + Hd*BriWrteetl + Z2+Hd*Br*

Witutud*L*Ld + WL*Qd*dd*ee*l + WI‘Q]

*ud*eeted*tr2 +
ddieeéLéthz + 3# déudéedﬁLdétAZ + 2+Qd+u+d+Ld+tA2 FtA3 4+ 2¥H*Hd*eeted*L*Ld

H*Wr+Qtuttaz + Z*H*Wra2
Ld*th2 + HYWL*Qd*dd*t~2
+ Z¥H¥WLAZ*Q%u + 2*H*®Gr#
brifr+Qtu + H*GroZted®Ld
2 + 2¥H*GL*Q*u*trZ + H*

LA2#LdA2+£A2 + 2%eeted*L*Ld*t/2 + eef2%ed 2¥tA2 [oiins Suiarotisoge

Nd*dd H¥*Br*Gr#Q* H#
*dd*eeted*tA2 + 2+dA2+ddA2+tA2 + udA2tddted*tn2 4pid s warirdy . b
utud*d*dd*tr2 + ur2*dteettr2 + 2 s s wen

2*0d*dd + H*BLA2%Q%u + 4

d*L*Ld + H*Hd*d*dd*eefed

th2¢u+ee+tA2 =5 QdAB#Ld#tAZ -k 2§Q+d+ed+Ld+tA2 4+ 2 A3 + 24HMHdYutudtLALd

P*d*ee + H*Hd*ut2%ud™2 +

ee®*L¥tA2 + 4%Q*Qd*L*Ld*t 2 + 2*Q*Qdteeted*t”r2 + 4*fodrurarid + arhsHargana:

H*Q*d*ed*ld + 2*H*Hd*Q*ud

*utud*tAr2 + QA2%udted*tAr2 + 3#QA2%utdH*EA2 + 4*QA2%draradriiid + 2omhdees

+ H¥*Hd*(QA2*ud*ed + 4*H*Hd

+ WreLA2*LdA2 + Wrteeted®*L*Ld + Wrtd*dd*L*Ld + Wrluasweeisiart + 2oHoHawr

- BYHAHd*Wr*Q#Qd*t + 2%H*

ee*l + 3*Wr*Qdtud*ed*lLd + Wr*Qd*utd*Ld + 3*Wr*Qd 2fnamreeredrt + 2ouemar

+ Z¥H*Hd*WL*Wr#tAZ + 2%H

H*Hd*Grtutud*t + 4*H*Hd*
GreQ¥Qd*t + H*Hd*Gri2#ir2 + H¥Hd*GrA3 + 2*H*Hd*Gl¥d*dd*t + Z*H*Hd*GL*u®
ud*t + 4*H*Hd*G1*Q*Qd*t + H*Hd*GL*Gr#tAZ + H*Hd*GLA2*tA2 + H*HA*G143 + 4
*H*Hd*Br*L*Ld*t + 2Z*H*Hd*Br*ee*ed*t + 2%H*Hd*Brid*dd*t + 2*H*Hd*Br*u*ud*®
t + 4*H*Hd*Br#*Q*Qd*t + 2*H*Hd*Br*Wr*t"Z2 + H*Hd*Br*Wr*2 + H*Hd*BriWl*t~ 2
+ H*Hd*Bri2#th2 + 4*H*Hd*BL*L*Ld*t + 2*H*Hd*Blfeeted*t + Z*H*Hd*Bl*d*dd
*t + Z*H*Hd*Bl*u*ud*t + 4*H*Hd*B1*(Q*Qd*t + H*Hd*BL*Wr#t/2 + Z#*H*Hd*B1*W1
142 4+ H*HA*BL*WLAZ + HY¥HA*BL*Brit~2 + H¥Hd*BLA2*tAZ2 + BYHY*HAAZ%ee®l®tn2
+ G*H*Hd*2#*Qd*ud*t"2 + G*H*HdAZ#Q*d*tAZ + ZFH*Hd 2*WrQd*ud + Z*H*Hd2*
Wltee*L + Z*H*Hd"2*WL*Q*d + H¥*Hd"2*Gr#Qd*ud + H*Hd*2*Gl*Q*d + H¥*HdAZ2*Br*
Qd*ud + H*Hd*Z*Bl*ee*l + H*Hd"2*B1*Q*d + H*Hd"3*ud*d*t + H*Z*ed’Z2¥Ld"2
+ HAZ*u*dd*tA3 + HAZ*utdd*L*ld + 2*HA2*Qd*dd*ed*Ld + 2*HAZ*QdA2%dd™2 +
HAZ#¥QFuted*ld + 2*HA25QQd*utdd + Z¥HAZHQAZ*UAZ + HAZ¥Wrtutddit + HAZEWL
futdd*t + HAZ#Gréutdd*t + HA2#*G1*u*dd*t + HM2*Briutdd*t + HAZ#B1*utdd*t
+ B*HAZ*Hd*ed®*Ld*th2 + BYHAZ*HA*Qd*dd*tr2 + ©*HAZ*HA*Q*u*tA2 + Z¥HAZ*H
Wried*ld + Z*HA2*Hd*Wr*Qd*dd + Z*H*Z2*Hd*WL*Q*u + H 2*Hd*Gr*(Qd*dd + H~2*#
Hd*Gl*Q%u + H*2*Hd*Brfed*Ld + HAZ*Hd*Br*Qd*dd + HAZ2*Hd*BL*Q%u + 3%HM2*
Hd#2#tr4 + 4#HA2¥HdA2#L*Ld*t + HAZ*HdA2%eet*ed®t + HAZ¥HAAZ*d*dd*t + HAZ*
Hd"2¥u*ud*t + 4*HA2Z*HdM2*¥Q*Qd¥t + Z¥HAZHHAA2*WretA2 + 2H*HAZ*HAAZHWrs2 +
ZHHAZ#HdAZ*WL#En2 + 2Z#HAZHHAAZHWLAZ + HAZ*HAAZ#GrA2 + HAZYHAAZ#GLAZ +
HA2¥HdAZ*Brital + HAZFHAAZ*BriNr + HAZ¥HdAZ2#BrAi2 + HAZ#HAAZFBLHEAZ + HAZ
*HdAZ#B1*WL + HA2*Hd"2#B142 + HAZ*HdA3%ee*l + HAZH¥HdA3#(d*ud + HAZ*HAA3*
Q*d + HA3*Hd*ufdd*t + H*3*Hd*2%ed*Ld + H"3*Hd"2*Qd*dd + H*3*Hd 2%Q%u + 2
tHA3FHAAI*EAZ + HAd*HdN

Henning, XL, Melia, and Murayama, arXiv: 1512.03433



What is SMEFT?

SMEFT dim-6 Operator Basis

> \Warsaw basis

» 80 operators

Buchmuller and Wyler,
Nucl. Phys. B 268 (1986) 621.

* 59 independent operators

arXiv: 1008.4884
Grzadkowski, Iskrzynski,
Misiak, and Rosiek,

» 2499 couplings RG running

arXiv: 1308.2627
arXiv: 1310.4838
arXiv: 1312.2014

Alonso, Jenkins, Manohar, and Trott

10/07/2021 YITP Seminar

Xiaochuan Lu, UO

» SILH basis

Giudice, Grojean, Pomarol,
and Rattazzi, arXiv: hep-ph/0703164

Elias-Miro, Espinosa, Masso,
and Pomarol, arXiv: 1308.1879

Pomarol and Riva, arXiv: 1308.2803

» HISZ basis
Hagiwara, Ishihara, Szalapski, and
Zeppenfeld, Phys.Rev. D 48, 2182 (1993)
» EGGM basis

Elias-Miro, Grojean, Gupta,
and Marzocca, arXiv: 1312.2928
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What is SMEEFT?

Higher dim Operator Basis

» SMEFT dim-7

» SMEFT dim-8

» SMEFT dim-9

10/07/2021 YITP Seminar

Lehman, arXiv: 1410.4193
Liao and Ma, arXiv: 1607.07309

Li, Ren, Shu, Xiao, Yu and Zhen, arXiv: 2005.00008
Murphy, arXiv: 2005.00059

Liao and Ma, arXiv: 2007.08125

Xiaochuan Lu, UO
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What is SMEFT?

Higher dim Operator Basis
> SMEFT dim-7 Lehman, arXiv: 1410.4193
Liao and Ma, arXiv: 1607.07309

> SMEFT dim-8 Li. Ren, Shu, Xiao, Yu and Zhen, arXiv: 2005.00008
Murphy, arXiv: 2005.00059

» SMEFT dim-9 Liao and Ma, arXiv: 2007.08125

» vSMEFT (with right-handed neutrino)

e dim-6 del Aguila, Bar-Shalom, Soni, and Wudka, arXiv: 0806.0876
Aparici, Kim, Santamaria, and Wudka, arXiv: 0904.3244

e dim-7 Bhattacharya and Wudka, arXiv: 1505.05264
Liao and Ma, arXiv: 1612.04527

e dim-8and 9 Li Ren, Xiao, Yu and Zhen, arXiv: 2105.09329

10/07/2021 YITP Seminar Xiaochuan Lu, UO 16



£SI\/IEFT - ESI\/I T Zci Ou
Outline

\/> Establishing the Framework: \What is SMEFT?

--- non-renormalizable, defined with a truncation, operator basis

» Implementing the Framework: How to use SMEFT?

--- Interpreting experimental limits
--- guide UV model building: Matching and Running

--- additional restrictions to reduce degrees of freedom

» Re-examining the Framework: Is SMEFT enough?

--- SMEFT / HEFT dichotomy
--- geometric picture for non-analyticities and unitarity violation

--- HEFT describes non-decoupling BSM physics

10/07/2021 YITP Seminar Xiaochuan Lu, UO



£SI\/IEFT - ESI\/I T Zci Ou
Outline

» Implementing the Framework: How to use SMEFT?

--- Interpreting experimental limits
--- guide UV model building: Matching and Running

--- additional restrictions to reduce degrees of freedom
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How to use SMEFT?

c,(v) = weak scale observables

e.g. Henning, XL, and Murayama, arXiv: 1412.1837

/

h ----- QHB -

/

‘Ahzz* - rh1/2 17 ( Szl\;* T ’4hczz*)

thz*(g1 ' 0 ’V’Ci)

I

hzz"

10/07/2021 YITP Seminar

(a,Gg,m,,c)

Xiaochuan Lu, UO

H['B, B"

> Interference corrections

> Residue corrections

> Parametric corrections

17



How to use SMEFT?

Global Fitting Results Ellis, Madigan, Mimasu, Sanz, and You, arXiv: 2012.02779
Individual Marginalised
SMEFT Best fit 95% CL Scale Best fit 95% CL Scale
Coeft. [A =1 TeV] range % [TeV] || [A =1 TeV]| range % [TeV]
Crwn 0.00 | -0.0043, +0.0026 | 0.18 [-0.36, +0.73] |
Cup -0.01 [-0.023, +0.0027 | -0.39 [-1.6, +0.81] |
Cy 0.01 [-0.005, +0.019 | -0.03 [ -0.084, +0.02 |
't 0.00 [-0.01, +0.003 | -0.03 [-0.13, +0.055 |
ct) 0.00 [-0.0044, +0.013 | 0.11 [-0.19, +0.41 |
Che 0.00 [ -0.015, +0.0071 | 0.19 [-0.41, +0.79] |
) 0.00 [-0.017, +0.012 | -0.05 [-0.11, +0.012]| |
Cia 0.02 [-0.1, +0.14 | -0.04 [-0.27, +0.18 |
'Hd -0.03 [-0.13, +0.071 | -0.39 [-0.91, +0.13 |
CHu 0.00 [-0.075, +0.073 | -0.19 [-0.63, +0.25 |
Cuo -0.27 [-1, +0.47 | -0.9 [-3, +1.2]
Cre 0.00 [ -0.0034, +0.0032 | 0.00 [-0.014, +0.0086 |
Crw 0.00 [-0.012, +0.006 | 0.12 [-0.38, +0.62 |
Cun 0.00 [ -0.0034, +0.002 | 0.07 [-0.09, +0.22 |
M ~ afew TeV

10/07/2021 YITP Seminar Xiaochuan Lu, UO 18



How to use SMEFT?

Global Fitting Results

Ellis, Madigan, Mimasu, Sanz, and You, arXiv: 2012.02779

Individual Marginalised
SMEFT Best fit 95% CL Scale Best fit 95% CL Scale
Coeft. [A =1 TeV] range L [TeV] || [A =1 TeV] range % [TeV]
Couwnp 0.00 [ -0.0043, +0.0026 | " 0.18 [-0.36, +0.73 | ‘
Crp -0.01 [ -0.023, +0.0027 | -0.39 [-1.6, +0.81 |
Cy 0.01 [ -0.005, +-0.019 | -0.03 [ -0.084, +0.02 |
't 0.00 [-0.01, +0.003 | -0.03 [-0.13, +0.055 |
ct) 0.00 [-0.0044, +0.013 | 0.11 [-0.19, +0.41 |
C'He 0.00 [-0.015, +0.0071 | 0.19 [-0.41, +0.79 |
) 0.00 [-0.017, +0.012 | -0.05 [-0.11, +0.012 |
Cia 0.02 [-0.1, +0.14 | -0.04 [-0.27, +0.18 |
Clra -0.03 [-0.13, +0.071 | -0.39 [-0.91, +0.13 |
C'Hu 0.00 [-0.075, +-0.073 | -0.19 [-0.63, +0.25 |
Cuo -0.27 [ -1, +0.47 | -0.9 [-3, +1.2]
Che 0.00 [ -0.0034, +0.0032 | 0.00 [-0.014, +0.0086 |
Crw 0.00 [ -0.012, +0.006 | 0.12 [-0.38, +0.62 |
Cip 0.00 [-0.0034, +0.002 | 0.07 [-0.09, +0.22 |

M ~ afewTeV < +s~14TeV = SMEFT validity at LHC?

10/07/2021 YITP Seminar

Xiaochuan Lu, UO

Cohen, Doss, and XL, arXiv: 2110.XXXXX
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£SMEFT - ESI\/I T Zci Ou
Outline

» Implementing the Framework: How to use SMEFT?

\/ --- Interpreting experimental limits
--- guide UV model building: Matching and Running

--- additional restrictions to reduce degrees of freedom

10/07/2021 YITP Seminar Xiaochuan Lu, UO



How to use SMEFT?

Matching and Running: systematically summing large logs

Energy
L =A) } Scale of theory
(0) | 1 g
(1) | 1 log m
(2) | 1 log log®
(3)| 1 log log® log®

T {A (p2 ~ mz)} Scale of experiments

10/07/2021 YITP Seminar Xiaochuan Lu, UO 19



How to use SMEFT?

Matching and Running: systematically summing large logs

Energy
£l =A) } Scale of theory
(0)] 1 oo
(1) | 1 log m
(2)| 1 log log’
RGE o
Improvement (3) 1 '.0.9 log® log
v

E(y2 = m) T {A (p2 ~ mz)} Scale of experiments
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How to use SMEFT?

Matching and Running: systematically summing large logs

Energy
,C(:ule) } & ﬁUV (¢’(D,,U1=A)
(O) ' IogA
(1) | 1 log m
(2)| 1 log log’
RGE o
Improvement (3) | 1 log log* log
e e 1 S
M
L(ﬂz :m) T {A(pz - mz)} ['EFT (¢nu2 :m)

10/07/2021 YITP Seminar Xiaochuan Lu, UO 19



How to use SMEFT?

Matching and Running: systematically summing large logs

Energy

Ly (¢’(Duu1 = A)

)
R
I
Z
——>
—

0) | 1 log l Running
(1) | 1 log m
(2)| 1 log log’ r d yu=M
RGE (3)| 1 log log® log’ UV(¢’ i )
Improvement
e L o P Y
M

E(ﬂz - m) T {‘A‘ (p2 - mz)} ? L (¢uuz - m)

10/07/2021 YITP Seminar Xiaochuan Lu, UO 19




How to use SMEFT?

Matching and Running: systematically summing large logs

Energy

Ly (¢’(Duu1 = A)

)
R
I
Z
——>
—

(0) | 1 log l Running
(1) | 1 log "
(2)| 1 log log’ _
RGE (3) L log |ng |093 EUV (¢1(D1ﬂ M )
Improvement :
R SRR Py Y _‘_ _ Matchmg
M
Lee (¢’ pu=M )

E(ﬂz - m) T {‘A‘ (p2 - mz)} ? L (¢uuz - m)
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How to use SMEFT?

Matching and Running: systematically summing large logs

Energy

Ly (¢’(Duu1 = A)

)
R
I
Z
——>
—

\4

(0) | 1 log l Running
(1) | 1 log "
(2)| 1 log log’ _
RGE (3) L log |ng |093 EUV (¢1(D1ﬂ M )
Improvement :
R SRR Py Y _‘_ _ Matchmg
M
Lee (¢,,u =M )
l Running

E(ﬂz - m) T {‘A‘ (p2 - mz)} ? L (¢uuz - m)

10/07/2021 YITP Seminar Xiaochuan Lu, UO 19



How to use SMEFT?

Match Amplitudes

)(I-

SMEFT

£SMEFT = 'CSM + Zci
i

Need O,(¢) . {4)

10/07/2021 YITP Seminar Xiaochuan Lu, UO 20



How to use SMEFT?

Match Amplitudes

e} * I"

SMEFT = LSM + ZC

SMEFT

Need O,(¢) . {4)

10/07/2021 YITP Seminar Xiaochuan Lu, UO 20



How to use SMEFT?

Match Amplitudes

UV 1LPI

Functional

SMEFT Ly ‘ * I\/IatChlng
Loverr = Low + ZC @ Lger 1PI

Need O,(¢) . {4)

10/07/2021 YITP Seminar Xiaochuan Lu, UO 20



How to use SMEFT?

-

ree 58
L(EtFT) =Ly (¢’CD =D, [¢]) 5(;)\/ =0
:q)c[¢]
Fuv, 1LPI [¢] - FEFT, 1Pl [¢] = i 528 ]
d*x £00P) = STrIog —— W
f 2 _ 5(¢.®) |, I

Henning, XL, and Murayama, arXiv: 1412.1837, 1604.01019

Ellis, Quevillon, You, and Zhang, arXiv: 1604.02445

Fuentes-Martin, Portoles, and Ruiz-Femenia, arXiv: 1607.02142

Zhang, arXiv: 1610.00710

10/07/2021 YITP Seminar Xiaochuan Lu, UO 21



How to use SMEFT?

-

0S
L =Ly (g0=0.[¢]) , —2 =0
oD o= [/]
Loy, e [¢]:FEFT, 1P| [¢] = | 525 |
d*x £00P) = STrIog —— W
f 2 _ 5(¢,D) oo, |

Method of regions

M. Beneke and V. A. Smirnov, “Asymptotic expansion of Feynman integrals near
threshold,” Nucl. Phys. B522 (1998) 321-344, arXiv:hep-ph/9711391 [hep-ph].

V. A. Smirnov, “Applied asymptotic expansions in momenta and masses,” Springer
Tracts Mod. Phys. 177 (2002) 1-262.

. 1 1 : d’q 1 1
—iSTr U U —i|d%x tr U U
(PZ—MZ P?-m’ ZjD I I(27z)" {QZ—MZ gt -m’ }
1 1 m m
\q\ M>m = ———=—+—+——+

10/07/2021 YITP Seminar Xiaochuan Lu, UO 21



How to use SMEFT?

-

0S
L(tree)zﬁ D= L =0
EFT uv (¢ c [¢]) 5(1) oo 4]
L'yv, e [¢] =1eer 1p) [¢] = : I 528 |
d*x £8%) = L STrlog| ——22uv
I ° | 5(¢,CD) =P llhard

Applicability:

» Any spin: scalars, fermions, vector bosons
» Contributions from heavy-light loops

» Derivative interactions in UV

» Non-renormalizable interactions in UV

>

Non-relativistic EFT matching, e.g. HQET

10/07/2021 YITP Seminar Xiaochuan Lu, UO 21



How to use SMEFT?

-

FUv, 1LPI [¢] - FEFT, 1Pl [¢] =

\

Applicability:
» Any spin: scalars, fermions, vector bosons

Contributions from heavy-light loops

>

» Derivative interactions in UV

» Non-renormalizable interactions in UV
>

Non-relativistic EFT matching, e.g. HQET

10/07/2021 YITP Seminar Xiaochuan Lu, UO

L) =L, (g0=0.[¢])

jd“x L£80P) = IE STrlog| —

5°S,y

O0S,y
oD

5(¢,@)

D=0,

=0

=D [4]

hard

How to compute this

functional SuperTrace?

21



How to use SMEFT?

: 2
LSTrIog 0 SUV2
° L 5(¢’(D) P=Pe_||parg
o) oty | 1,
=ESTr og(K-X)[ :ESTr og K|hard_EZHSTr EX
n=1 hard

10/07/2021 YITP Seminar Xiaochuan Lu, UO 22



How to use SMEFT?

i
—STrlog| -
> g

=iESTrIog(K—X)

hard

hard

10/07/2021 YITP Seminar Xiaochuan Lu, UO 22



How to use SMEFT?

i
—STrlog| -
> g

:iESTrIog(K—X)

hard

Covariant graphs
for enumeration

Cohen, XL, and Zhang, arXiv: 2011.02484

10/07/2021 YITP Seminar Xiaochuan Lu, UO

hard
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How to use SMEFT?

O S Log-type Power-type
5(¢.@)|, ., |

i
—STrlog| -
> 9

:iESTrIog(K—X)

hard

hard

Covariant graphs “Covariant Derivative Expansion”

for enumeration .
Gaillard, Nucl. Phys. B 268 (1986) 669

Chan, Phys. Rev. Lett. 57 (1986) 1199
Cheyette, Nucl. Phys. B 297 (1988) 183

Henning, XL, and Murayama,
arXiv: 1404.1058, 1412.1837, 1604.01019

Cohen, Freytsis, and XL, arXiv: 1912.08814

Cohen, XL, and Zhang, arXiv: 2011.02484

10/07/2021 YITP Seminar Xiaochuan Lu, UO 22



How to use SMEFT?

i
—STrlog| -
> g

hard

:iESTrIog(K—X)

hard

Covariant graphs STrEAM.m
for enumeration for evaluation

Cohen, XL, and Zhang, arXiv: 2011.02484, 2012.07851

10/07/2021 YITP Seminar Xiaochuan Lu, UO 22



How to use SMEFT?

Prescription up to one-loop order:

1. Derive heavy EOM(s) and £Uf)
2. Derive K and X matrices

3. Enumerate supertraces

Covariant graphs

4. Evaluate supertraces to obtain £52°%)

Mathematica package STTEAM.m

Functional matching

(our prescription)

Luv|P, 9]

/ \

(Pc[é]_’KJX

Functional

\ 4
tree 1-loo
ﬁ](E]FT) [Cb] £](EFT P)

l Enumerate

supertraces

l Evaluate

9]

Cohen, XL, and Zhang, arXiv: 2011.02484, 2012.07851

10/07/2021 YITP Seminar Xiaochuan Lu, UO
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How to use SMEFT?

1-loop functional matching examples

» Singlet Scalar Cohen, XL, and Zhang, arXiv: 2011.02484

» Type-l Seesaw Zhang and Zhou, arXiv: 2107.12133

» Scalar Leptoquark  Dedes and Mantzaropoulos, arXiv: 2108.10055

How about 2-loop and beyond?

Cohen, XL, and Zhang, in progress

10/07/2021 YITP Seminar Xiaochuan Lu, UO 23



How to use SMEFT?

» SMEFT dim-6 baryon preserving RGE

1
167°

c(v)=c(M)+ yijcj(M)Iogﬁ

Alonso, Jenkins, Manohar, and Trott, arXiv: 1308.2627, 1310.4838, 1312.2014

» Baryon violating RGE

Alonso, Chang, Jenkins, Manohar, and Shotwell, arXiv: 1405.0486

» SMEFT RGE Holomorphy

Alonso, Jenkins, and Manohar, arXiv: 1409.0868

Cheung and Shen, arXiv: 1505.01844

10/07/2021 YITP Seminar Xiaochuan Lu, UO
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How to use SMEFT?

Functional methods with CDE for running

d

£(#)20c(9)+ A0, () = B, =ug i(n)="

I[¢]= Id“x[aK (1)O (¢)+a,(u)0, (¢)]
N jd“x[oK (¢)+a, (1)0,(9)]

d
RGE: —a’ =0
'ud,uaﬂ('u)

Henning, XL, and Murayama, “One-loop Matching and Running with
Covariant Derivative Expansion,” arXiv: 1604.01019

Cohen, Freytsis, and XL, “Functional Methods for
Heavy Quark Effective Theory,” arXiv: 1912.08814

10/07/2021 YITP Seminar Xiaochuan Lu, UO 24



£SMEFT - ESI\/I T Zci Ou
Outline

» Implementing the Framework: How to use SMEFT?

‘/ --- Interpreting experimental limits
‘/ --- guide UV model building: Matching and Running

--- additional restrictions to reduce degrees of freedom
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How to use SMEFT?

Number of SMEFT operators

IR Henning, XL, Melia, and Murayama, N 7557 369962
oo, arXivi 1512.03433 -
100000000 - .
10000000 |
8_ 5474170
o
= 1000000 -
]
©
5 100000 - _
53
o
= 10000 |
o
o
= 1000 -
Reduce the number?
100 + |
. Total dim-6 SMEFT 3045
101 1
Impose baryon symmetry 2499
2
" Further impose flavor universality | 76 |
5I é 7I tl3 é 1‘0 1“1 1‘2 1‘3 1‘4 1‘5

Mass dimension

10/07/2021 YITP Seminar Xiaochuan Lu, UO 25



How to use SMEFT?

Consider additional restrictions to SMEFT?

» Baryon symmetry
» One generation (flavor symmetry)

» Only bosonic operators (apt for “universal theories™)

Essentially an oblique framework
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How to use SMEFT?

Consider additional restrictions to SMEFT?

Baryon symmetry

One generation (flavor symmetry)

» Only bosonic operators (apt for “universal theories™)

Essentially an obligue framework

» What about beyond oblique?

--- Custodial Symmetry?

Kribs, XL, Martin, and Tong,
arXiv: 2009.10725

10/07/2021 YITP Seminar

Xiaochuan Lu, UO

Particle Data Group Collaboration, P. Zyla et al.,
PETP 2020 (2020) no. 8, 083CO0L1.
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How to use SMEFT?

Consider additional restrictions to SMEFT?

Baryon symmetry

One generation (flavor symmetry)

Only bosonic operators (apt for “universal theories”)

Essentially an obligue framework

What about beyond oblique?

--- Custodial Symmetry?

Kribs, XL, Martin, and Tong,
arXiv: 2009.10725

- 1
ad=p.(0)-1= _EVZ [CHD +4C£|1,)]

Xiaochuan Lu, UO

Particle Data Group Collaboration, P. Zyla et al.,
PETP 2020 (2020) no. 8, 083CO0L1.

|1' 1 I I I l. I

;. 6.4 R R,
asymmetries
— @ & v sCattering
—_——— M,

APV

N ol (90% CL)

SM prediction
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£SI\/IEFT - ESI\/I T Zci Ou
Outline

\/> Establishing the Framework: \What is SMEFT?

--- non-renormalizable, defined with a truncation, operator basis

\/ » Implementing the Framework: How to use SMEFT?

--- Interpreting experimental limits
--- guide UV model building: Matching and Running

--- additional restrictions to reduce degrees of freedom

» Re-examining the Framework: Is SMEFT enough?

--- SMEFT / HEFT dichotomy
--- geometric picture for non-analyticities and unitarity violation

--- HEFT describes non-decoupling BSM physics
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£SMEFT - ESI\/I T Zci Ou
Outline

» Re-examining the Framework: Is SMEFT enough?

--- SMEFT / HEFT dichotomy

--- geometric picture for non-analyticities and unitarity violation
--- HEFT describes non-decoupling BSM physics
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Is SMEFT enough?

HEFT / Electroweak Chiral Lagrangian

HEFT
Feruglio, arXiv: hep-ph/9301281

Bagger, Barger, Cheung, Gunion, Han, Ladinsk,

@ Rosenfeld, and Yuan, arXiv: hep-ph/9306256

Koulovassilopoulos and Chivukula,
arXiv: hep-ph/9312317

Burgess, Matias, and Pospelo,
arXiv: hep-ph/9912459

Grinstein and Trott, arXiv: 0704.1505

10/07/2021 YITP Seminar Xiaochuan Lu, UO 26



Is SMEFT enough?

physical Higgs  Goldstones

[

{h,z*}=H anSU(2) doublet

()

I 02 | +=3{HF |DH[ +

C C
£SMEFT(H):£SM +A_H2|H|6+ﬁ
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Is SMEFT enough?

physical Higgs  Goldstones

[

{h,z*}=H anSU(2) doublet

()

h,U=e""" separately

I 02 | +=3{HF |DH[ +

C C
£SMEFT(H):£SM +A_H2|H|6+ﬁ

Lueer (0U) =K ()] (2N =V () +[vF (W) e[ (DU ) (DU) [+
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Is SMEFT enough?

physical Higgs  Goldstones

[

{h,z*}=H anSU(2) doublet

()

h,U=e""" separately

Linear
C C C
Lo (H) = G+ THRT + EHE &7 IRT S OR T+
Nonlinear
1 21 +
‘CHEFT h U __I:K :I V(h)+§|:VF(h):| Etr[(D”U) (Dﬂu)}_l_.”

10/07/2021 YITP Seminar Xiaochuan Lu, UO 26



Is SMEFT enough?

SMEFT = HEFT

~

H H
z(.\%(wh)u
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Is SMEFT enough?

SMEFT = HEFT HEFT = SMEFT

~

H H )
v+h=,/2|H
1
> = =—(v+h)U » )
HI

|2
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Is SMEFT enough?

SMEFT = HEFT HEFT = SMEFT

~

e

|2

H H
v+h=,/2|H
1
2[.\E(V+h)u » <U: 1 . Non-analyticities
Hf

Brivio and Trott, arXiv: 1706.08945

Falkowski and Rattazzi, arXiv: 1902.05936

1 2
Ligrr D (5h)2 — 2|H |2 (6|H |2)
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Is SMEFT enough?

HEFT SMEFT

1 1 1 L1 1 ’
V(H)oe (v )+ (vah) (v ) i ={§(v+h)+m(v+h)1
1 1 31 2 | 2
:Z(ZHTH)+E(\/2HTH) +——(2H'H) i _ (v, +h ) = 2H]H,
l
v

Field redefinition h, = h +4ih2
Vv
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Is SMEFT enough?

| 2
V(H)oe (v )+ (vah) (v ) i =E(v+h)+%(v+h)1
1 1 31 2 | 2
:Z(ZHTH)+E(\/2HTH) ror(2HH) i = (v, +h ) =2HH,
:
v

HEFT SMEFT

Field redefinition h, = h +4ih2
Vv

Alonso, Jenkins, and Manohar: (arXiv: 1605.03602)

One can convert the SMEFT Lagrangian to HEFT form using Eq. (2.11) to switch from
Cartesian and polar coordinates. One can attempt to convert from HEFT to SMEFT form
using

—qb p—
@97

with (¢ - qb)lf 2 some function of h. This substitution gives a Lagrangian L(¢) that need not

n (2.30)

be analytic in ¢». However, if there is an O(4) fixed point, then there is a suitable change of
variables such that the resulting Lagrangian is analytic in ¢.
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Is SMEFT enough?

O(4) Fixed Point on the Scalar Manifold ?

J6
(’j

...

llllll

LInearization lemma

! Coleman, Wess, and Zumino,
| Phys. Rev. 177 (1969) 2239
|

ASS
I
—

-y
S
m
S~
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Is SMEFT enough?

O(4) Fixed Point on the Scalar Manifold ?

J6
(’j

...

llllll

LInearization lemma

! Coleman, Wess, and Zumino,
I Phys. Rev. 177 (1969) 2239
|

h.

ASS
Il
—

-y
S
m
S~

> metric of the Goldstones vanish 9, (h.)=0
Alonso, Jenkins, and Manohar, arXiv: 1605.03602

EKinetic = %gab (¢)(ay¢a )(aﬂ%)
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Is SMEFT enough?

O(4) Fixed Point on the Scalar Manifold ?

4
(’j

...

------

LInearization lemma

h.

! Coleman, Wess, and Zumino,
I Phys. Rev. 177 (1969) 2239
|

ASS
Il
—

-y
S
s:o
S~

» metric of the Goldstones vanish 9, (h) =0
Alonso, Jenkins, and Manohar, arXiv: 1605.03602

EKinetic = %gab (¢)(ay¢a )(aﬂ%)

» geometric invariants finite
Cohen, Craig, XL, and Sutherland, arXiv: 2008.08597
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Is SMEFT enough?

SMEFT vs HEFT dichotomy

Non-analyticity at H =0

Geometric Picture
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Is SMEFT enough?

Unitarity Violation at 4zv

Chang and Luty, arXiv: 1902.05556 1 7T, +ir,
Falkowski and Rattazzi, arXiv: 1902.05936 \/E

2 2 -2 1 —2 —4 1 n
\/Z‘H —\/(V+h) + 7T —(V+h)+2(v+h)7z +O(7z ) - 7m( —h
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Is SMEFT enough?

SMEFT vs HEFT dichotomy

Non-analyticityat H =0 ——— Unitarity Violation at 4zv

Geometric Picture
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Is SMEFT enough?

SMEFT vs HEFT dichotomy

Non-analyticityat H =0 ——— Unitarity Violation at 4zv

v
/7
/7
, 7 Cohen, Craig, XL,
/7 7 and Sutherland,
/ arXiv: 2108.03240

Geometric Picture
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Is SMEFT enough?

Cohen, Craig, XL, and Sutherland,
arXiv: 2108.03240

Geometric Picture for Unitarity Violation

.A(?Z'ﬂ' — h”) S EZ (8[,‘_41(%)‘

h=0

Rﬂ'hhﬂ' = _ghhgﬂﬂlcn
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Is SMEFT enough?

Cohen, Craig, XL, and Sutherland,
arXiv: 2108.03240

Geometric Picture for Unitarity Violation

.A(?Z'ﬂ' — h”) S EZ (8[,‘_41(%)‘

[
DA

/ Unitarity Violation at 4zv.

h=0

Rﬂ'hhﬂ' g hh g V74 Icn

thn‘ ' Cauchy-Hadamard theorem
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Is SMEFT enough?

Cohen, Craig, XL, and Sutherland,
arXiv: 2108.03240

Geometric Picture for Unitarity Violation

.A(?Z'ﬂ' — h”) S EZ (8[,‘_41(%)‘

[
DA

/ Unitarity Violation at 4zv.

H=0 (h=-v) = wv.=v

h=0

Rﬂ'hhﬂ' g hh g V74 Icn

thn‘ ' Cauchy-Hadamard theorem
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Is SMEFT enough?

No SMEFT

0 vi/2
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Is SMEFT enough?

v.<2v | Hf

SMEFET HEFT: Practical

2

vi/2

1 2\
Leer O |\/|2+K|H|2 (8|H| )

HEFT describes non-decoupling BSM physics
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Is SMEFT enough?

Cohen, Craig, XL,

; ; ) and Sutherland,
UV theories that will generate HEFT” kvt

4
(’j

llllll

llllll

g, (h)#0 g,.(h.)=0 , R(h)=o0

Extra EWSB BSM particle mass fully from EWSB
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Is SMEFT enough?

Cohen, Craig, XL,

; ; ) and Sutherland,
UV theories that will generate HEFT” kvt

4
(’j

llllll

------

g, (h)#0 g,.(h.)=0 , R(h)=o0

Extra EWSB BSM particle masfrom EWSB

more than ¥ for practical HEFT
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Is SMEFT enough?

Cohen, Craig, XL, and Sutherland, arXiv: 2008.08597

Technique for Matching to all orders in fields

what we need

usual truncated matching
= L (ofm) -8 (opmr) 1|A“| (o[HF) +-

dim-6 dim-8 dim-10
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Is SMEFT enough?

Cohen, Craig, XL, and Sutherland, arXiv: 2008.08597

Technique for Matching to all orders in fields

Generalizing Coleman-Weinberg Potential

Lo, [4,0]= _%cp[az +M2+U (g)]0

jd“x £1%P) :IESTrIog = ='§Trlog(az+ M?+U)

L ¢ dlhard
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Is SMEFT enough?

Cohen, Craig, XL, and Sutherland, arXiv: 2008.08597

Technique for Matching to all orders in fields

Generalizing Coleman-Weinberg Potential

Lo, [4,0]= _%cp[az +M2+U (g)]0

jd“x £1%P) :IESTrIog = ='§Trlog(62+ M?+U)

27" (22)°
1 1 2 U’ 3
:Ejd“x — tr{—(M%U) (In - +§j N
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Is SMEFT enough?

Cohen, Craig, XL, and Sutherland, arXiv: 2008.08597

Technique for Matching to all orders in fields

Generalizing Coleman-Weinberg Potential

Lo, [4,0]= _%cp[az +M2+U (g)]0

_ i 5°S |
d*x £ — 1 s 1100l — UV =—Trlog(0* + M*+U
j - 2 g_ 5(¢’(D)2 P=®¢ ||110rg 2 g( )
—Ljd4xj d p4 tr In(_p2+M2+U)+ 1 3(6U)2+O(a4)
2 (27) 6(p°-M*-U

1 1 |1 3) 1 1
z_jd“xl t{i(muu)z(lan’w +Ej+12|v|2+u(6u)2+0(84)
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Is SMEFT enough?

Cohen, Craig, XL, and Sutherland, arXiv: 2008.08597

A heavy singlet at one-loop level

L, =Lq, —%s(au |V|2+K‘|H|2)S , M= M2+%K‘V2
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Is SMEFT enough?

Cohen, Craig, XL, and Sutherland, arXiv: 2008.08597

A heavy singlet at one-loop level
_ . 1 2 2 2 2 N2
L, =Lq, ES O +M?+kH|")S , mi=M*+Zkv

. 1 1 2 2 2 lu2 3 1 K_Z 2 2
£EFT —LSM +W|:Z(M +K‘|H| ) ['ﬂ |\/|2_|_K~|H 5 -I—Ej-l— o4 |\/|2_|_K|H|2 (8|H| )
1| 1 KM ? 1 K2 ) 1 KPHf

+ , K=1+
1677 | 2K* (MZM‘H‘Z)Z 2K? M2 4 i |H[* 967 M? + ik |H[
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Is SMEFT enough?

Cohen, Craig, XL, and Sutherland, arXiv: 2008.08597

A heavy singlet at one-loop level

L, =Lq, —%8(82+ |V|2+K‘|H|2)S , mi=M? +%ch2

Lo =Ly HMZMW)Z[mM i 23} L€ (o)

+—2 + 5
1672 | 4 *+xH|" 2] 24M?+x|H]
2817 2 2 2 2
o 12 14 K2 M . 12 K L KPo1s 12 x*|H] 2
1677 | 2K (M2+K‘H‘2) 2K |\/|2+K"H‘ 967 |\/|2+K'|H|
M?=0  HEFT: theoretical

M2<%K‘V2 , HEFT: practical
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Is SMEFT enough?

Cohen, Craig, XL, and Sutherland, arXiv: 2008.08597

A heavy singlet at one-loop level
_ . 1 2 2 2 2 N2
L, =Lq, ES O +M?+kH|")S , mi=M*+Zkv

2

_ IEYIVE 2\? 17 3] 1 K 2\2
£EFT_£SM +W|:Z(M +K|H| ) [ln M2_|_K-|H 5 +Ej+24 M2+K—|H|2 (8|H| )

IWE 2 2IH P
S S N SR e SP K||2
167°| 2K (M2+K\H\2) 2K* M? +|H| 967" M® +«|H|
5 ] Banta, Cohen, Craig, XL, and Sutherland,
M*=0 . HEFT : theoretical arXiv: 2110.XXXXX
1 ) 2
M? < EKVZ , HEFT: practical f= K\:nzl : >% “Loryons”
S
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Is SMEFT enough?

Viable Scalar Loryons: [L.R], . (C.L),

fmax
200 400 600 800 1000
Mass [GeV}
1.0py
3§
0.9%;
y -
0.8%
fmax K3
0.7§1
o
0.6%%
(4
0.5%=

200 400 600 800 1000
Mass [GeV}

10/07/2021 YITP Seminar

Jmax

=3 10 SRR

200 400 600 800 1000
Mass [GeV]

(3} 1)—1,"3
1.0 = = T

Jmax

o
. [¥.#]
SRR

200 400 600 800 1000
Mass [GeV]

Xiaochuan Lu, UO

Banta, Cohen, Craig, XL, and Sutherland,
arXiv: 2110. XXXXX

f max

fmax

unitarity
mi direct
0.9[
hyy , hgg

h width

[«
T T=—r

¢ e
- =1
T T
T e
.. E
. 4

200 400 600 800 1000

Mass [GeV]
(33 1)2/3

I e

r

a3
0.9¢

3
0.8k
0.7f

-
0.6F *

E:l: 1
0.5 bt N

200 400 600 S00 1000
Mass [GeV}
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Summary

» SMEFT D SMis a low-energy approximation of BSM physics

--- robust parameterization --- non-renormalizable, need truncation
--- operator basis Connection with amplitude approach, on-shell methods?
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Summary

» SMEFT D SMis a low-energy approximation of BSM physics

--- robust parameterization --- non-renormalizable, need truncation

--- operator basis Connection with amplitude approach, on-shell methods?
» To interpret experimental limits with SMEFT, we need to be cautious

--- validity at LHC could be salvaged by PDFs  More realistic cases?

» To guide UV model building with SMEFT, we need Matching and Running

--- advantages of functional methods Beyond 1-loop? Anomaly matching?
» Additional restrictions to reduce SMEFT would be ideal for practical use
Custodial symmetry?  Other options?  More systematically?

» SMEFT is not enough; HEFT is needed for certain non-decoupling physics

--- geometry to address field redefinitions Field redefinitions with derivatives?
--- non-decoupling BSM particles (“Loryons”) New searches?
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Backup: How to use SMEFT?

What could go wrong when J§>M: Anaive toy case
el =

- - ]
¢ ¢ ¢ ¢

1 1 § (SY (§8Y
B T VE e VERN U VED I UVES B

R R Ay AR AR ; Not converging if J§>M
1013:
3 k
(] 100} ?
Oerr _ 4] - L § ( (r) <
— - . o — o >~ 0
Gy - ] EFT EFT Uv
- — M=3TeV | r=0
1041 — M=5TeV |
— M=8TeV |
— M=10TeV |

10

20 40 60 80
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Backup: How to use SMEFT?

What could go wrong when J§>M: Anaive toy case

dim=6+2k
1013:
K 10|
GI[EF]T _1 107
Oy 107}

10/07/2021 YITP Seminar

1076 ——

104:

10

30

25[

151

20}

10+

§=14TeV

Unitarity Bound

— M=3TeV ]
— M=5TeV
— M=8TeV |
— M=10TeV |

e
dim =6+ 2k

60 80

20

JH o NT 0L
EFT — EFT — YUV
r—0
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Backup: How to use SMEFT?

For an inclusive enough search, we only know +/s > M : V/§ < /s

MSTW 2008 NLO PDFs (68% C.L.)

'G-\‘I_z |1||rl'| T Illllm ?1_2- T T TTIT i
e} 1 g ]
X Q*=10GeV?{ X | Q% =10 GeV?-
x 1 . x 1 u
g/10
0.8F
I : o
- A0 3
0.6 0.6_— EFT M 2
04 0.4
0.2 N 0.2I"
0- \ . ~ l"\..... 0-
10 10° 107 10™ 1 10
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Backup: How to use SMEFT?

PDF effects on the naive toy case: Cohen, Doss, and XL, arXiv: 2110.XXXXX

30
20 (s=14Tev
20}
dim=6+2k 15}
10:-
5,
0 L L L L
1 2 5 10 20
M [TeV]
1016 —————— T
ﬁ 1000+
1013_

k] 10| i
Oert _ 1 107 "
Oy 107| -

i — M=3TeV | 0.100
104j — M=5TeV |
— M=8TeV | 0.001!
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10

— M=10TeV |

20 40 60 80
dim =6+ 2k

Unitarity Bound

Js =14Tev
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Backup: How to use SMEFT?

A closely related work:
Anomaly Matching Fukaya, arXiv: 2109.11147

Cohen, XL, and Zhang, in progress

—STrIogK Iog Sdet(ib - M
2 s = ( ) has zero modes

5J|a]
o

<8y (@/”75;”)— 2iM 577/51//>A = = ie‘””c’tr([iD#,iDv][iDp,iDJ)

J[a]=iTrlog [e_i“ys (iD—M )e—iaf’]

DTr{iD [705 (iD-M)+(iD-M) ]} ~ Tr(2y/5a)
:Tr{imi v [—2My5a+75(—”2’“)x]}
= [a x{ “V”"tr([lD iD }[iDp,iDJ)}
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Backup: How to use SMEFT?

Kribs, XL, Martin, and Tong, 1
: A o 2 Coy
arXiv: 2009.10725 Pvettman =1+ ——| =5 S+C T +—=5U
Coy\ 2 4s,
M (0)
No longer observable! / M (0)
IT,.. (0)—1II,.(0
aT = WW()Z 33()~O &
My,
TATSU TAKEUCHI 46 T
2 /// _é
m 2 2 _
— i l—ls+c2T+c U, St
m; cc—s 4s otad E
s3(g7) =53 =" (1S —s%T), )
P0)—1=aT , (3.13) [y G R R,
asymmetries
2y 1 — a . . — & & v scattering
Zzaa)—1=" 535S . W | I
. S/ == APV
Zyy(g)—1= 255 +U) B
S o 1.2 1.0 -08 --U.B 04 02 00 02 04 08 08 10 1.2

Peskin and Takeuchi, Phys. Rev. D 46 (1992) 381 s
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Global Fitting Results

Backup: How to use SMEFT?

Ellis, Madigan, Mimasu, Sanz, and You, arXiv: 2012.02779

Individual Marginalised
SMEFT Best fit 95% CL Best fit 95% CL Scale
Coeff. [A =1 TeV] range [A =1 TeV]| range
g 0.00 [ -0.0043, +0.0026 | 0.18 [-0.36, +0.73 |
( cup) -0.01 [-0.023, +0.0027 | -0.39 [-1.6, +0.81 |
e 0.01 [ -0.005, +0.019 | -0.03 [ -0.084, +0.02 |
) 0.00 [-0.01, +0.003 | -0.03 [-0.13, +0.055 |
ct) 0.00 [ -0.0044, +0.013 | 0.11 [-0.19, +0.41 |
(s n nn [_cnn1s Lnnn7t 1 nia [_.nA1 1n7al
1
2
1 . .
~ 2 1 A Falkowski and Riva,
ad =p.(0)-1=-=Vv?| C,, +4CY) | = —2¢
| 5 HD HI HL
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Kribs, XL, Martin, and Tong,
arXiv: 2009.10725

Xiaochuan Lu, UO

\/CHD + 4CI(-|1I) N

4.7

arXiv: 1411.0669

24 TeV
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