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MOTIVATION

Bedrock field theory principles constrain the SMEFT

parameter space

experimental
bounds

region forbidden
by IR consistency

Unitarity, analyticity, and causality constraints on EFTs have found wide
application in formal contexts - what do they reveal about the SMEFT?
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OUTLINE

Bedrock field theory principles constrain the SMEFT

1. Review IR consistency arguments

Ecnpe—
2. Bounds on the bosonic SMEFT - Reliability

3. Bounds on the fermionic SMEFT TS

: Inteqrit E:‘w |
4. UV completions and our bounds 5M

5. Phenomenology

Nick Rodd - The Consistent SMEFT






UNITARITY AND ANALYTICITY

Consider a single massless scalar, invariant under ¢ — ¢ + const.

__1 DR 4

Example from [Adams+ hep-th/0602178],
see also [Pham, Truong 1985]

: . Here follow [Remmen, NLR 1908.09845] 5
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UNITARITY AND ANALYTICITY

Consider a single massless scalar, invariant under ¢ — ¢ + const.

__1 DR 4

WHAT VALUES OF C ARE ALLOWED?

Strategy:
1. Use analyticity to connect ¢ and Im.A(s)
2. Connect Im.A(s)to o via the optical theorem (unitarity)

Example from [Adams+ hep-th/0602178],
see also [Pham, Truong 1985]

: : Here follow [Remmen, NLR 1908.09845] 2
Nick Rodd - The Consistent SMEFT



UNITARITY AND ANALYTICITY

o L L 4
2-2 scattering with £ = 2(5’¢) Y7 (00)

0=p1 +p2+p3+ps

¢
\\\ }7///
pl\*
o *\194 s=—(p1+ p2)2
¢

¢
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UNITARITY AND ANALYTICITY

o L L 4
2-2 scattering with £ = 2(5’¢) vz (00)

¢ ¢
\\ P3 //
L - 0 =p1l - 0o S el
P1 ESi 2
//.\\ P4 S = _(p1 __p2)
/// \\\ — —(p1 o p3)2
s % P2 > ! W= —8 —10
U
Sl 2 2 2
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¢ ¢
\\ P1 e
N . U ="D1l =D Dol
P1 S 2
//.\\ D2 8:_(p1 __p2) — S
s t =—(p1+p3)? =0
¢’/ 2 \\gb W= —8 =02 —5
4cs?
Als) = 77
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UNITARITY AND ANALYTICITY

Il
2-2 scattering with £ = —5(@@2 | ]\; 4 (0¢)* in the forward limit

FORWARD LIMIT EVEN IN S

Crossland3 s —u=—-s—t;t—t

= M(s,t) = M(—s —t,1)
= A(s) = A(—s)

Kills dim-6 operators™

)=

Nick Rodd - The Consistent SMEFT

Pi =02 s ls ws
_(pl T p2)2 Ee

—(p1 +p3)° = 0
s—t— —s

*Caveat: for particles with
additional quantum numbers,
crossing & forward limit aren’t
just kinematic and can mismatch

See e.g. [Low+ 0907.5413]
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UNITARITY AND ANALYTICITY

Study forward amplitude A(s) = 4cs*/M* in the complex plane

A(s)

|5

11
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UNITARITY AND ANALYTICITY

Study forward amplitude A(s) = 4cs*/M* in the complex plane

A(s)

|5

12
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UNITARITY AND ANALYTICITY

Study forward amplitude A(s) = 4cs*/M* in the complex plane

.A(S) Isolate coeff. via residue theorem

5

4c 1 ds
M~ 2m f£ )

13
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UNITARITY AND ANALYTICITY

Study forward amplitude A(s) = 4cs*/M* in the complex plane

.A(S) -~ 7 T~ Exploit analyticity of the amplitude
’ T
s S
/ N
4c 1 ds
/ \ e
/ \ VISR e
/ \ 1 ds
| \ T Jor S
C
I 5 — o ,__,.__\
WJ_——\W
\ /
\ /
\ /
\ /
N /
N 7/
N e
~ - _ ~
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Nick Rodd - The Consistent SMEFT

Remove boundary term via Froissart bound

4c 1
M4 2 C53A( s)
1
=g = .A
2mi Jor 83 9

([ ) B

DiscA(s) = lim [A(s + i€) — A(s — i€)]

e—0
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Nick Rodd - The Consistent SMEFT

Invoke crossing symmetry

;;4 B 271m 2 53“4( °)
5 271m - 33“4( 9
(] ) e
E S_Bnlsc/u 5)

Sd

DiscA(s) = lim [A(s + i€) — A(s — i€)]

e—0
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UNITARITY AND ANALYTICITY

Study forward amplitude A(s) = 4cs*/M* in the complex plane

A(S) _ - =~ -
7/ N
, N Ea
/ \
/ \
/ \
/ \
/ C/
I _— o =P m— — o = P ==
v \°—° ~ % =V ] RAA) MG g i
\
\ /
\ /
\ /
\ /
N\ /
N /
~ - _ ~

Nick Rodd - The Consistent SMEFT

Relate Disc and Im

J@Z N 271m . 33“4( °)
5 271m - 53“4( s)
L )
e E i S_gnlscA( )
e

DiscA(s) = lim [A(s + i€) — A(s — i€)]

e—0
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UNITARITY AND ANALYTICITY

Study forward amplitude A(s) = 4cs*/M* in the complex plane

A(S) -~ 7T T < Exploit unitarity via the optical theorem
: L
< S
N
/ g \ 4c B 1 .A( )
/ \ M4* 2w J, 53
/ \ 1
\ = A
I/ o \ T omi cr 83 (5)
e
I = < J— (/ /) — DiscA(s
AAAAAAA T —— T EOEEAEAAA
\__.4.__/ T YV = 2m
\ / = — —D scA
\ / 0 Je, 5 gels)
\ / ds
N , =;/d;muu
\ / :
N / 2 dS
N 7 === —20'(8)
=~ ~ - - ™ Sd )

Nick Rodd - The Consistent SMEFT
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.A(S) -~ 7| ~ Cross section is positive definite
’ T
< S
N
/ g \ 4c B 1 A( )
/ \ M4* 2w J, 33
/ \ 1
/ \ = % A
I e \ 27 Jor S3
\ 1 s
I = < —— e — — (/ /) — DiscA(s
AAAAAAA, | A AAAAAA
| —_ = G == NS Ve — = 27TZ
\ / — —D scA
\ / 0 e, 5 gaals)
\ / ds
\\ / — ; /Sd S—SImA( )
/
N 2 ds
N 7 7 = —/ —20(8) 0,
=~ ~ - - 7T Sd S
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UNITARITY AND ANALYTICITY

Study forward amplitude A(s) = 4cs*/M* in the complex plane

Arrive at a positivity constraint

1

FINAL RESULT _
J ori C 53 A( )

- > O ! A()

2mi Jor 83
1 e
= < / / ) — DiscA(s

e More generally coefficients of dim-8 e

operators that support a non-vanishing “ir ), 8 DiscA(s)

forward limit are positive ¥ % /OO g .
e Holds also for fermions [Bellazzini e

1605.06111] == / el
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CAUSALITY

Consider a single massless scalar, invariant under ¢ — ¢ + const.

__1 DR 4

WHAT VALUES OF C ARE ALLOWED?

New Strategy:
1. Determine classical EoM for ¢ in a background field
2. Construct a causal paradoxif v > 1

Example from [Adams+ hep-th /0602178]

Here follow [Remmen, NLR 1908.09845] 71
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CAUSALITY

: L 2 C 4
Classical EoM from L = ; (O0)° e (00)

die
=]

¢ H(06)? + 2(8"¢)(8 $)(8,,0,8)] = 0

22
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CAUSALITY

1
Classical EoM from £ = —5(3@2 | ]\;4 (09)"

— [06(9¢)* + 2(9"9) (9" ¢)(9,8,9)] = 0

Consider propagation in a background field, ¢ = ¢ + ¢

L i

~ Background condensate

Opu® = qu

7/ N

5, 7

23
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CAUSALITY

1
Classical EoM from £ = —5(5@2 | ]\;4 (09)"

die
=]

¢ H(06)? + 2(8"¢)(8 $)(8,,0,8)] = 0

Consider propagation in a background field, ¢ = ¢ + ¢

L i

Background condensate

QE & : \® QE Opu® = qu
Obtain a dispersion relation for ¢ x €"*'*, from which
dalg i bis
o Aok
R

24
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CAUSALITY

: L 0 4
Classical EoM from £ = ; (O0)° e (00)

die
=]

¢ H(06)? + 2(8"¢)(8 $)(8,,0,8)] = 0

Consider propagation in a background field, ¢ = ¢ + ¢

7 ’ k\ i Background condensate
’ N ,

& & ® QE 8M§b — qu
Obtain a dispersion relation for ¢ x €"*'*, from which
FINAL RESULT 4e(q - k)? c=l=9>1
O vl M4 k% Can construct a causal paradox
C > See [Adams+ hep-th/0602178]
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F}F}/F\F3 cross-quartics (DH)* operators

oW (D, H'D,H)(D*H' D H)
05w — (D,H'D,H)(D"H' D" H)

032w2 (D“HTD#H)(DUHTDVH)

O432w2

OB*W?

L (DH)?F? cross-quartics

02B2w2

Fpw: 7 (D*H'D'H)B,,B,”
(D*H'D,H)B,, B”

onc (D*H'D,H)B,,B*

o W

0 e
(D“H!D*H)W! W

(D#H' D, H)YWL Wi

1 e”K(D“HTTID”H)WMJpW,;K”

(DHH' D, H)W? Wi

’K(D*H'T'DYH)(W,| WK — W] W)

iel/K(DrHITIDYH) (WquWVK" + W#JPWJ{P)

B2G2
O3

B2G?
Oy

Sy
Q@ Q W &

&

~B2G2
O;
~B2G2
O,

A~ o~ o~ o~ o~ o~ o~

AB2G2
Oy

202
oy ¢ (D*H'D"H)G¢,G%

2072
;"¢ (D*H'D,H)GS,G°

)

) oy (D*H' D, H)Ge, Gare
) Or/2G2

G")

5¥/2G2
dabedede(Ge G”)(G G9 ow*é G (DH)2F,F, cross-quartics
abe jcde a b AW2G?
d ada (Gbgb)(G G*) O3 ! (D*H'r! D, H)B,, W'
(G*G*)(G°G) ! i(D*H'7'D*H)(B, W — B, W*)
a a 3 v v
((i G? (G GZ) - OlBG 7 0 (D“HTTIDVH) (B#BL/V’;IP + BVPWJP)
debedede(GoGP) (GG O G ! (D*H'7D,H)B,, W”’"
z(D“HTTID"H)(Bp[M - B, W)
(D*H'TID"H)(B W“’ B, W)

p(p




F}F}/F\F3 cross-quartics (DH)* operators

oW (D, H'D,H)(D*H' D H)
05w — (D,H'D,H)(D"H' D" H)

032w2 (D“HTD#H)(DUHTDVH)

O432w2

OB*W?

L (DH)?F? cross-quartics

02B2w2

Fpw: 7 (D*H'D'H)B,,B,”
(D*H'D,H)B,, B”

onc (D*H'D,H)B,,B*

o W

0 e
(D“H!D*H)W! W

(D#H' D, H)YWL Wi

1 e”K(D“HTTID”H)WMJpW,;K”

(DHH' D, H)W? Wi

’K(D*H'T'DYH)(W,| WK — W] W)

iel/K(DrHITIDYH) (WquWVK" + W#JPWJ{P)

B2G2
O3

B2G?
Oy

Sy
Q@ Q W &

&

~B2G2
O;
~B2G2
O,

A~ o~ o~ o~ o~ o~ o~

AB2G2
Oy

202
oy ¢ (D*H'D"H)G¢,G%

2072
;"¢ (D*H'D,H)GS,G°

)

) oy (D*H' D, H)Ge, Gare
) Or/2G2

G")

5¥/2G2
dabedede(Ge G”)(G G9 ow*é G (DH)2F,F, cross-quartics
abe jcde a b AW2G?
d ada (Gbgb)(G G*) O3 ! (D*H'r! D, H)B,, W'
(G*G*)(G°G) ! i(D*H'7'D*H)(B, W — B, W*)
a a 3 v v
((i G? (G GZ) - OlBG 7 0 (D“HTTIDVH) (B#BL/V’;IP + BVPWJP)
debedede(GoGP) (GG O G ! (D*H'7D,H)B,, W”’"
z(D“HTTID"H)(Bp[M - B, W)
(D*H'TID"H)(B W“’ B, W)

p(p




BOSONIC BOUNDS: WARMUP

Consider higher order corrections to QED”

0= —i(FF) + e (FF)? 4+ o (FF)Y + e(EE (S

*(AR) < AL pi

28
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BOSONIC BOUNDS: WARMUP

Consider higher order corrections to QED

~

1
= —E(FF) L e B e ST

Vi = Lk YLYR — YLYR
e =0 co > ()

29
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BOSONIC BOUNDS: WARMUP

Consider higher order corrections to QED

~

1
= —Z(FF) L e B e ST

Vi = Lk YLYR — YLYR
e > co > ()

e These are well known results [Adams+ hep-th/0602178]

e GSatisfied by Euler-Heisenberg

a2 0%

~ 90mA 2~ 360ma

C1

e How can we hope to bound ¢?

Nick Rodd - The Consistent SMEFT
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BOSONIC BOUNDS: WARMUP

Consider higher order corrections to QED

~ ~

= —i(FF) + 1 (FF)? 4+ co(FF)? + 6(FF)(FF)

Let’s scatter more general polarisations (~a superposition)

B 2(1,0,0.1) € =(0,1,0,0) €= (0,cost, siny

= 15— 16s“(cicos“ 0+ ¢ sin” @ + ¢sin 6 cos 0)

31
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BOSONIC BOUNDS: WARMUP

Consider higher order corrections to QED

~

1
= —Z(FF) L e B e ST

Let’s scatter more general polarisations (~a superposition)

B 2(1,0,0.1) € =(0,1,0,0) €= (0,cost, siny

= A(s) = 165%(c; cos? 6 + ¢y sin” 0 + ésin 6 cos §)

o > U co > ()

32

Nick Rodd - The Consistent SMEFT



BOSONIC BOUNDS: WARMUP

Gi—10)
e =0

> O

forbidden
region

allowed
region

o — g
co > ()

0 — = arctanl Vel i

dciecr &

Interplay between CP even and odd will reappear

Nick Rodd - The Consistent SMEFT
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BOSONIC BOUNDS: IN FULL

B* operators

Key ingredient: complete operator basis

B)
e Self-quartics [Morozov 1984] o (oo)oh

e (Cross-quartics [Remmen, NLR 2019]

T | oW’ WIW(WIw/

e Higgs [Hays+ 1808.00442] o )
05" (WIWhH(WW)
oyt (WIWHWIW)

o w4 77 m7J

Result: 64 operators; 39 (25) CP even (odd) o wwwwm)
oY (WIWH(WI W)
oyt (WIWHWIW)

(DH)* operators
oH' (D,H'D,H)(D*H'D*H) G* operators
0" (DuH'D,H)(D*H'D"H) 0@ (DHHIDYH)GE,Ga
of  (DHIDH)(D'H'D,H) O (D*H'D,H)GL,G of' (GGG
O (DHHID,H)G2,Gawe o' (G°GY)(GC"GY)
o§" (G*G*)(G*G")
(DH)?F? cross-quartics 4 ~ ~
d of (G*G*)(G*G")
(9{-[232 (DMHTDVH)BM)B (DH)2F1F2 cross-quartics 05G4 dabedcde(GaGb) (Gch)
05{232 (DMHTD#H)BPUBPU O{IzBW (DﬂHT ID H)BPUWIPG' (26G4 dabedcde(Gagb)(Gch)
Of*#  (D"H'D,H)B,B*" OF*BW  (DrHYT!DYH)(B, Wl — B, W°) of" (G°G*)(G"G")
2 veH NGA a /b a b
- OI*BW  (DrH'IDYH)(B, W1P+Bupwgp) % (G*GGE)
O{{ w (D“HTDVH)WJPWVI‘D 6{-12BW (D,U.HTTID H)B WIpa Ogd dabedCd (GaGb)(Gch)
Oéﬂwz (D“HTD#H)WpIUWIPU 6H"’BW (D“HTTIDUH)(B WI WIP)
H2W?2 . IJK w Iyt I Py J Kp ~2 P[l" V] p[}i V]
03 1€ (D H't D H)W#pW,, OHQBW (D/.AHTTIDI/H)(B WIP-I-B WIP)
AH2W?2 + I Txirloo 3 p(p""v) plp""v)
o1 (D*H'D,H)WL W'*
oW K (DRI DY HY(W) WEe — W WE?)
O*W?  { lJK(DrHITI DY H) (W] WK + W) W)

Nick Rodd - The Consistent SMEFT

F}F2/F,F} cross-quartics

B2W?
O,
O2B2w2
(932W2

3
O4B2w2

AB2W?
O;
62‘32W2

AB2W?2
O3

OIBQGZ
02B2G2
OSB2G2
0432G2
"B2G2
O
62B2G2
OB*G?
3

O}V2G2
(/)WZG2
2
O:‘;V2G2
(/)W2G2
4
6},{/2G2
owG?
2
6:‘;4/2G2

ore’
o8
ore
ope’

o

s

&
SIS

)
(B

oy
o

~

A~ o~ A~ o~ o~ o~ o~
~—

SIS IS SIS

w
N

1S
e

©
QQ
e

oy
Q ~—r ~~—
S}

oy
QY T &
®

S}

@
Q

S}

QD ngQ DINO)

S

AN N N N N N N
Sy Sy
sy

8 ~r

@
Q
@

33979
QN @ ngQ chg

S}

1S

S) S)

e
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BOSONIC BOUNDS: IN FULL

Calculated 27 independent bounds (2°" ~ 10°)

30?4 + 30:?4 + c5G4 >0 C;»?QWz > 0
30§rwl + 20?4 >0 szwz > 0
38" +35 +c8' >0 >0 (3¢ + 385" +26")2 < 4(3¢F" +3¢S" + ¢€")(3¢S" + 3¢5 + &)
G4 G4 B2G?
3§ +2¢§ >0 ¢ C >0 (385" +25") < 4(3¢5" + 2¢5") (3¢5 + 2¢§")
w4 wi W2G?
¢ +eg >0 ¢g 7 >0 @+ <4 + ) + el
Csz + 0?14 > 0 C};V2G2 > O (~B‘1)2 < 401B462B4
cfA’ >0 0{1232 > 0 (E§2W2)2 < 4CB2W2 B2W2
czB4 >0 c{ﬂwz > 0 (fcvf?c:?)z < 4CB2G2 32G2
'y Byl s TG S0 (GV2C*N2 < 4 VPP W2G2
c{“ +c" >0
0514 >0

Can determine more by considering superpositions of H, B, W, G

35
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FERMIONIC BOUNDS: WARMUP

Consider four-fermion scattering mediated by

0 — Cmnpqa,u (ém’%/en)a'u (ép/yVGQ)

37
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FERMIONIC BOUNDS: WARMUP

Consider four-fermion scattering mediated by

O = CrnpgOu(€mYven)0" (€7 eq)

ASIDE: HOW MANY OPERATORS?

Two conditions:
1. Hermiticity:

ik
Cmnpq G Cnmqp
2. Symmetrization:

Cmnpg = Cpgmn
Result:

N7 (N7 +1)/2

Nick Rodd - The Consistent SMEFT o8



FERMIONIC BOUNDS: WARMUP

Consider four-fermion scattering mediated by

O = CrnpgOu(€mYven)0" (€7 eq)

ASIDE: HOW MANY OPERATORS?

Two conditions: 2, 84, 30, 993, 560, 15456, 11962, 261485,.. .:

o d, Higher dimension operators in the SM EFT
1. Hermiticity: 5 g

i *
Cmnpg = Cnmqp
2. Symmetrization: Brian Henning,® Xiaochuan Lu,® Tom Melia®¢ and Hitoshi Murayama®

Class ¢*D?:
Self conjugate:

d,e

Cmnpqg — Cpgmn

Result: PR
AN}Ad'QQID*§ L (N} + N?

N]% (N]% + 1) /2 2Nfec QQID?, NTE N N buu! LLTD?, ANt uu! QQID?,

(N7 + N7)L?LT?D?, AN}QQ'LLID?, 2 (N} + N7) Q*Q'*D? (A.16)

$2NjecuuD?, 2Njee' LLTD?,

Nick Rodd - The Consistent SMEFT P



FERMIONIC BOUNDS: WARMUP

Consider four-fermion scattering mediated by
O = CrnpgOu(€mYven)0" (€7 eq)

Scatter flavour superpositions: |¥1) = am|ém)  |2) = Bmlem)

Al = B ;azsz

> Cat = Crmpablaghly > 0

40
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FERMIONIC BOUNDS: WARMUP

A few simple examples

1. N — 51m 5m e 52m

&= iy > 0

2. Xy, — 51m ﬁm s 53m
— Ci1331 > 0

0. O, = 09y, Cc088 + 03, SIN He'?

2
= C1991C1331 > 101231|

41
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FERMIONIC BOUNDS: WARMUP

A few simple examples

13 Ctrn — 51m 5m ey 52m = X
WE — [LE

= Cioo1 > 0
2. Ny — 51m 5m e 53m &) o
JB Y Dty i e

= (C1331 > 0

0. O, = 09y, Cc088 + 03, SIN (967:(’5_ s &

2
= C1991C1331 > |C1231|

Flavour violating effects bounded by flavour conserving!

Reminiscent of our conical boson bounds

e For these operators CP and flavour violation linked, so again CP conserving > CP violating
e Orthogonal to other flavour structures such as MFV

e But there is more structure!

42
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FERMIONIC BOUNDS: WARMUP

Visualising the bounds in a simple case with Ny = 2, assuming

g - R (CP conservation)
B e=—Co009 — C122]
e Cl1122

e C1 112, — C1222

ALl SR L b L ey

E="C1212

Nick Rodd - The Consistent SMEFT =



FERMIONIC BOUNDS: WARMUP

Visualising the bounds in a simple case with N; = 2, assuming

. = R (CP conservation)

2. C=cC1111 = C2222 = C1221 BOUNDS

D, Cp = C1122

4. ¢ = c1112 = Cc1220 e> O U Ci/c
5.

e ="C1912

Forbidden

Nick Rodd - The Consistent SMEFT i



FERMIONIC BOUNDS: IN FULL

Operators relevant for scattering definite SM representations™

SELF-QUARTIC
O 1[0, X] =03 50g O T[] mg T [X]np 1, x =any
O1[] = i pgOu o [W]mn O T" [lpg ¢ = any O 12[Q, L1 =b3 5 04 [Ql 10T [ Ly,
O[] = it pg@udu [Vl T (W]}, ¥ = L,Q O 53[0 X1 =050 0T [ O TY Xy ©ox € {dyu,Q}
O3] = ¢ 0o [W] 0 0T []%, ¥ = du,Q Or1 [t x]=—=a% 0 K [V mg K [X]np 1, x =any
O4lQ] = €m0 [QL, 0T [Q]18 Ok2[Q,L]=—a2 K Ql, K L],
O3, X] = =3 pa Ky [V K X0y 05x € {du,Q},

where we define

A [w]mn = sz%iwn J* [w]mn i mea’VMwn KLW[w]mn == @m%ﬂu% KWW]?M = &mTa/YMauwn
e [w]vj’nn T &mTI%ﬂpn i W] = ¢m7_ %ﬂ% pr[w]fnn > &mTI'Y,uauwn

*More operators enter if scatter superpositions of
representations - relevant for e.g. baryon/lepton
number violation 45

Nick Rodd - The Consistent SMEFT



FERMIONIC BOUNDS: IN FULL

... and we derive that the following must be positive

e, 1l

CoB

L1, 1 L2 L2

Caﬁ anﬁ af

u,1 1 u,3 Q,1 1 Q.2 1 Q.3 1 Q.4
Cap T 3CB  Cap T 26 T 3C3 T 12Cas
u,3 Q,2 1 Q.4

Caf Cap T 3Cap

d,1 1 .d,3 Q,3 1 Q.4

Cozﬁ + §Coz5 Cozﬁ + anﬁ

d,3 Q.4

Co3 Cop
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de,1

Claﬁ

el,1

o

ul,1

CLSBL’l 4 1,002

47 af

adQ,l 143 dQ,3

apf ﬁﬁr&aﬁ

ue,1
&aﬁ
dL,1
aaﬁ
e@,1
aaﬁ
du,l

143 du,3
aaﬁ _+']2 aaﬁ

u@,1 | 14£3 uQ,3
aaﬁ 12 aaﬁ
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UV COMPLETIONS

STRATEGY

Any BSM theory adding field content to the SM
should satisfy our bounds - non-trivial cross check

48
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UV COMPLETIONS: FERMIONS

Consider a KK graviton coupled to the field strength of ey

e R i

UFO LEVITATING ABOVE SURFACE of EARTH

49
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UV COMPLETIONS: FERMIONS

Consider a KK graviton coupled to the field strength of ey

e R i

Integrating out ¢"* generates O |e], with coefficient
2

e,l Mg K
Comnpqg = 2—777/2(457“(]5”]9 =) 5mn5pq)

UFO LEVITATING ABOVE SURFACE of EARTH

.

= Ui
.
oV ~ 0 o s
v"® T ..'o 2 LA
® - . L
/ .
MICRO-BLACK
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UV COMPLETIONS: FERMIONS

Consider a KK graviton coupled to the field strength of ey

e R i

Integrating out ¢"* generates O |e], with coefficient

2
e.l K

Covnpg = 75 (40mgOnp — Omndpg)

Consistent with our bounds as
Lo B K2 Alo2z2 2 0
CozB S Cmnpqpmqpnp 2m2 ( |&| |5| le : 5’ ) =

UFO LEVITATING ABOVE SURFACE of EARTH

Nick Rodd - The Consistent SMEFT EARTH



UV COMPLETIONS: BOSONS

Imagine a scalar, fermion, or vector in an arbitrary rep of the SM

B/W/G B/W/G

b

.

B/W/G B/W/G

What if we get if we integrate it out?

52
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UV COMPLETIONS: BOSONS

scalar fermion vector
cf 391Q* 291Q4 3 910"
g 291Q" 591Q" 2 91Q"
| g [SZAR2) + 12 (R2)] | 5 [5AMR2) + 52(R2)] | g2 [F3AR:) — 512(Ry)]
| o AR + 5 (R2>] 93 [JAR:) + 55 o(Ra)] | 53 [%“—z“(R)—m 2(Ra)
& g [EARY) — £LR2)] | gi [ARy) - FL(R2)] | gi [BEA(R,) + 5 1(Ry)]
" | o [{AR) — 5 < D] | ot AR ~ 0] | ot (AR + Fh(R)
S| g [ZAMRs) + L1 R3] 95 [3A(Rs) + g 12(Rs)] | g5 [55ARs) — 53 12(Rs)]
§ 93 [5A(Rs) + 672 (Rs)] 95 [§ARa) + g5 (Ra)] | g5 [5ARs) — 5 1(Rs)]
& gt [ZA(R3) — R;)] 95 [ARs3) — 512(Rs)] 93 [T3 A(Rs) + {5 1>(Ra)]
Cf4 93 [ A(R3) — 336]2(R3)] 95 [%A(R3) 33612(R3)] g3 [%A(Rii) 112]2(R3)]
6" L g4T,(Rs) 594D(Rs) ~ 595 12(Ra)
c§’ 55195 2(R3) 2195 12(R3) ~2219312(Ra)
P 593 93Q > (Ra) 9293Q°Lo(Ry) 16 919:@°12(R2)
B L9203Q* I>(R») T9293Q%I(R.) 16 9193Q"1(R)
g 193 53Q°>(Ry) 20195Q°2(R.) s 919" (Ro)
g 192 53Q° 1(Ry) 1953Q°L(R,) 5 9195Q° (R,
P 169193Q212(R3) 9193Q°>(R3) 216619193Q212(R3)
05202 169193Q2IZ(R3) 1919§Q212(R3) 214639195Q212(R3)
g 19293Q° L (Ry) 20793Q° 1o (Ry) s 9195Q° 1o (Rs)
e’ 10262Q°I,(Ry) 1g293Q°Ir(Rs) 4 9193Q 1 (Ry)
e’ =93931>(R2) > (R3) 959512 (R2)I2(Rs) 16 9393 2(R2) I>(Rs)
e +939315(Rs) I(R3) 19393 1,(R2) ,(R3) 16993 (Ry) [h(Rs)
cfe? 702021,(Ra) I(Rs) 29393 1(R2) I2(R.3) %5 9393 1>(Ro) L (Ry)
T BBLR)L(Rs) 19393 12(R2) Io(Re) s 9393 12(R2) Iz (Ra)
C?Gg 329193Q13(R3) 9193QI3(R3) 236219193QI3(R3)
cbe? 359195Q13(Rs) 19195QL(R3) % 9193Q15(Ra)

Coefficients from [Quevillon, Smith, Touati 1810.06994]
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UV COMPLETIONS: BOSONS

scalar fermion vector
0?4 3291Q4 291Q4 2362191L K
o’ $91Q 19iQ* gt
o | g [HAR) + —12 Ro)] | 92 [5AR2) + 5h(Ra)] | g2 [F5AR:) — {5 12(R2)]
o 95 [35AR2) + 336 L(R2)] | g5 [§AR2) + 555 L(Ra)] | 92 [55AR2) — 11512(R2)]
' [7A(R w=(Ro)] 9%1 [A(R,) — 12(R2)] 93 [ZA(R,) + £ 1(Ry)]
CZV4 R») — 336 IR 2)] [gA(R2) 336 IR 2)] g% [%A(R )+ 12172]2(R2)]
&’ A LAR;) + &1(Rs)] g;; [AA(R;) + L(Rs)] | g3 [BA(Rs) — 2 1L(Rs)]
5" 5 [3ARs) + 672 (R3)] g3 [FARs) + 67212(R3)] g3 G5 AR;) — 224 ( 3)]
- = “TIRs) — 5 L(Rs)] 95 [35 A(Rs) + 5 12(Rs)]
19 4 [243 7
GROUP THEORY INVARIANTS gijj;]zgijf(w Al A_(;_lj;;IQ(;izfQ(R3)]
(arb) " =-9312(R3) —5539312(Rs)
Tr(Tx 1R ) = [2(R)d 293Q%]>(R) g3 Q* L(R,)
(@b o) 1 ) 195Q°I>(R2) 2 9195Q°I(R>)
Tr(TR TRIR ) = Zlg(R)da ¢ 202Q21>(R.) 291 93Q* Io(Ro)
(i e nd) o LIW 2B7292Q°L(R,)
TI‘(TR TRTRTR ) = [4(R)d L2932,2QQ2212((R3)) \‘gg\;gghERB;
1935Q°12(Rs 169197% I2(Rs
+ A(R)(6%°6°Y 4 696" 4 6°76")  Lporrcmy 1 20021, (Ry)
T AR KA Ay s9193Q*>(R3) 2339%9§Q212(R3)
i 169393k (R2) [>(R3) 9593 1>(R2)I2(Rs) & 593 (Re) b(Rs)
e 169593 14 Ro) I>(R3) 19593 1(Ro) I,(R3) %9393 (Ro) ,(R3)
e 193931, (R2)2(R3) 2959512(R2) I>(R3) BLg59512(Ra) I2(Rs)
A 929312 (R2)I2(Rs) 195931 (R2) 2(Rs) 229595 12(Ra) I2(Rs)
C?GS %9193 (Rs) 29193Q13(R3) 236219 93 I3(R3)
B 359195Q13(Rs) 19195QL(R3) 25 9195QL3(R3)

Coefficients from [Quevillon, Smith, Touati 1810.06994]

Nick Rodd - The Consistent SMEFT
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UV COMPLETIONS: BOSONS

scalar fermion vector
o 591Q" 291Q4 Q!
ez’ 391Q" tgt L gt
v 93 [ZAR,) + —12 Ro)| | g5[PAR2) + 2LMRy)] | g8 [BAR,) — 2L(R,)]
g 95 [33A(R2) + 336 L(Rs)] | g5 [fAR2) + 355 2(R2)] | 95 [55AR:) — 5 0(R2)]
o [7 A(R3) — 1(Ry)] 95 [AR2) — 5 L(Ry)] 95 [BFA(Rs) + £ 1(Ry)]
o | g [MRe) - séafz( 2)] | g3 [TA(R2) — 33612(R2)] 95 G5 AR2) + 1217212(R2)]
& A ZARs) + £1(Rs)] gg [AA(R;) + L(Rs)] | g3 [BA(Rs) - 12(R3)]
05;4 [32A(R3) 6%212(R3)] g§ [%A(R3) 61792]2(R3)] [243A(R) 224 L(R 3)]

=3

R;3) — :12(Rs)]
R.) 19 /el

95 [ZARs) + 215(Rs)]
A4 [243 A (MR .\ L 27 T /no)]

GROUP THEOF

Tr(TYTY) = L(R
1

FINAL RESULT

(T TRTR) = 715( Bounds satisfied for any
To(TCTLRTETY) = I(R representation!

+A(R)\v © o v T i L(Rs) *s 91950 L,(R3)
or R 1 5QL(Rs) % 9i93Q L(Rs)
e’ 9595k (R2) I>(Ras) 959512 (R2)I2(Rs) 16 9393 2(R2) I>(Rs)
e L g2G2TYR,)I,(Rs) 19393 1,(Ro) I (Rs3) 169393 1o(R2) I2(R3)
A 5959312 (Ro) 2(R) 2995 1>(R2) Ir(Rs) s 93031>(R2) r(Rs)
A 5959312 (Re) I>(Rs) 59595 1>(R2) I>(R3) % 9293 2(Ro) 2 (Rs)
cBG* ~9195 3@ (R3) 59195Q13(R3) 52 9195Q15(Ra)
CzBG3 329193@13(R3) 89193QI3(R3) 234239193QI?’(R:)‘)

Coefficients from [Quevillon, Smith, Touati 1810.06994]
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PHENOMENOLOGY: STRATEGY

Two types of bounds®

*Caveat: all bounds are on
dim-8 operators; generically

Nick Rodd - The Consistent SMEFT harder to probe than dim-6 2



PHENOMENOLOGY: STRATEGY

—

I'wo types of bounds

> ()

e Establish priors on the SMEFT
e [f sigh measured: test unitarity, analyticity of UV theory

parameter space

experimental
bounds

N\

region forbidden
by IR consistency

58

Nick Rodd - The Consistent SMEFT



PHENOMENOLOGY: STRATEGY

—

I'wo types of bounds

e ()

e Establish priors on the SMEFT

e [f sigh measured: test unitarity, analyticity of UV theory
8 oo > \6\2

e Connects disparate experiments (CP & flavour)

$ ATLAS

P EXPERIMENT =

L
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PHENOMENOLOGY: AQGCS

Ongoing search for dim-8 ops is aQGCs (e.g. WWWW, WW Z Z)

W/Z

.~

i e \W/ A

q

See for example [ATLAS 1906.03203], [CMS 1901.04060], [Green, Meade, Pleier 1610.07572]

60
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PHENOMENOLOGY: AQGCS

Start with basis of CP-even operators [Eboli+ hep-ph/0606118]

Oso = [(D,@)'D,®] x [(D'®)! D ®) 10 TENSOR

Os1 = [(D,®)'D"®] x [(D,®)'D"®]
Oro ="Tr _/WWW’“’] x Tr [Waﬂwaﬂ |
Ory = Tr [Wa, WH| x Tx [W,sWe| |
Org =Tr "Wwﬁ/\w x Tr [Ws, W |

Oro = Tr [W W x [(Ds2)1 D] Ops = Tt [, W57 x By,

Oua = Tr WMW\B (Dp®)' D" Ora =Tt :WaMW‘)‘“Wﬁ” x Bg,,

Orz = [BuB™] x [(Ds2) D] , Ors = T W, 7] x BusB.

Ous = |BuwB”| x [(Ds0)'D 0] | Org = Te [Wo W8] x B, pB™

Oua=|(D,2 )TW@/D“@ x B, Or7=Tr :WWWW x Bg, B"*

Ous = |(D, )TWB,,D”(I) x BPr . Ors :EM,JEWEME_%

Ors = [(D,®)1TWa ¥ W prol Ory = Boy B Bs, B,

Our= (D, )TW5,,WB“D”<I> .

61
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PHENOMENOLOGY: AQGCS

Corrected over time, see e.g. [Rauch 1610.08420]

Oso = [(D,®)'D,®] x [(D*®)'D"®
Os1 = [(D,®)'D*®] x [(D,®)'D"®]
Os2 = [(D,®)'D,®] x [(D*®) D]

Ono = Tr W, W | x [(Ds®) D3]

Owa = Tr |W,, W8 | x [(Ds@) D]

Owa = | B B™| x [(Ds®) DP®] |

Ows = |BBY| x [(Ds®) D @] |

Opra = |(D,®) W, D'®| x B,

Ous = [(D,®)Ws,D'®| x B,

Orin = [(DNCI))T/W&,W\B“D”@} .

Nick Rodd - The Consistent SMEFT

8 TENSOR
Oro ="Tr -/WW/WW] x Tr [Waﬂwaﬂ |
Or, ="Tr —/Wa,,ﬁ/\“ﬁ - x Tr —/WMB/WO‘V-
Ona = Tr [ T799) x Te [, 70
Ors ="Tr -I//V\WW‘“’] X Eagﬁaﬁ :
Oreg ="Tr _Wayﬁ/\“ﬁ- X B\uﬁéa”,
Ory = Tr |Wa,W*| x Bs, B,

Org = B B" Bapg B,

AN

AN

Org = Bo,B"’ B, B**
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PHENOMENOLOGY: AQGCS

Compared to our basis, still missing operators!

Opra = |(D,®) Wy, D D

Os = |(D.®)W;,D"®|

W, W] x [(Ds®)' DPO] |
W, W] x [(Ds®)' D*a] |
| x [(Ds®)TD?9] ,

: x [(Ds®)'D"®] ,

x BPY

x Bﬁu’

Orin = [(D#CD)T/WB,,WB“D”@} .

Nick Rodd - The Consistent SMEFT

10 X TENSOR

OT,O =Tr
OT,l =Tr
OT,Q =Tr

OT,5 =Tr
OT,(; =Tr
OT,7 =Tr

Wou/W“ﬁ

ﬁ/\a#ﬁ/\uﬁ

_/\ ~

WQVW“B ]

Wauww

[~

7,77 x BB,

7,77 x T [Wogi¥o

X Tr —Wuﬁﬁ/\ay-

_/\

x Tr Wﬁ,,/W\Va_

X B\Mﬁéau7

X BﬁVBVa ,

Org = B,,B" B,z B** |

AN

AN

Org = Bo,B"’ B, B**
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PHENOMENOLOGY

Map our bounds onto the aQGC basis

100

50

!
%
%%

CT,7/1\44 [Te\/‘4]

—50

Bounds from [CMS 1901.04060]
cs1/M* [TeV™]

Forbidden Allowed
—100

—100 —50 0 50 100
cso/M 4 [TeV ]

G 0

Qo =D D, H ) (DY HID” H)
Ogi= (D*H'D, H)(D'H'D, H)

Nick Rodd - The Consistent SMEFT

: AQGCS

100
Allowed

50

—50

Forbidden

—100
—100 —50 0 50 100

cre/ M HTeV]

4CT,6 e Sl 0
CLir= 0

re)
g g 2 2
OT,G Wi 18 2 O3B %4

22
Op7 = 9532 (OlB2w2 S ioenD OEQW) 64



CONCLUSION

Bedrock field theory principles constrain the SMEFT

parameter space

e Many open directions

 Superposition of representations experimental
(connection to B/ L violation) bounds

e Detailed pheno studies
e BSM extensions to the SMEFT
e The story at dimension 6

 Connection between causality and
unitarity / analyticity

region forbidden
by IR consistency

Nick Rodd - The Consistent SMEFT 03
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OF  (FeFe)(F'FY)
OF'  (FuFe)(FFY)
OF' (FUFY)(FFY
OF'  (FeFY)(FeFY)
05F4 Jabe Jede ( Fa Fb) ( e Fd)
(r)é?‘* Jabe Jede ( Fa,fb) ( Fcfd)
05‘4 dacedbde(Fan) (FCFd)
054 dace qbde ( Faﬁb) ( Fc]}?d)
OF'  (FeFo)(F*FY)
Of'  (FeFY)(FF?)
654 Jabe dcde( Fa Fb) Fcﬁd)
05‘4 dace qbde (Fe Fb) ( Fcﬁd)

[Morozov 1984]
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DIM-6 OPERATORS

X 151 yate L B T V2 H3
1) O¢ e L@ G | 5) Oy CEREE 8) Oer (HTH)(l,e,H)
2) Og e SC 2 6) O (HTH)3?(H'H) 9) Oun (HYH)(Qpu, H)
3) Ow IKWI'WIeWEr || 7) Ogp | (H'D*H)" (H'D,H) | 10) Ogn (H'H)(Qpd, H)
4) O KW I Jow Ke
Pz VX H V2H?D
i A YAuv TR I I (1) o =4 T
11) One H'H G4,G INEO e (o ey I Dl S (HYiD, H)(L,y*L,)
12) O, G G [20) 0.5 (L,o*e,)HB,, 28) 0¥) | (H'iD! H)(L,r'y*L,)
23 ~ <>
13) OHW HTH W/{VWIMV 21) OuG (QPO'MVTA”LLT)H Gﬁy 29) OHe (HTZDN H)(épv“er)
14) Oy | HIHWLW® | 22) Ouw | (@po*u.)r'HWL, | 30) O%) (H'iD, H)(Q,1"Q,)
iy ~ <> i
b} Orr = HiH B,,B" DR, (@po*u)H B, || 31) O | (HisDEE(@ e aO
e o <>
GO H'H B,, B" 20 (O T d ) HG et B0 (H'i D, H)(u,y"u,)
17) OHWB HTTIH W/fVB'LW 25) OdW (QpO'w/dr)TIH W[Lj 33) OHd (HTZBM H) (Cip’}/udr)
18) Oyivp | HITTHWLB* | 26) O4p (Q,0"d,)H B, 34) Opug | (H'iD, H)(Gyy*d,)

|Grzadkowski, Iskrzynski, Misiak, Rosiek 1008.4884]
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DIM-6 OPERATORS

EEL)(EL) (RR)(RR) (LL)(RR)
35) Oy (LpYuLe)(Lsy*Ly) 40) Oe (€pvuer)(EsvPer) 47) Ope (LpvuLr)(Esv7er)
36) 0kd | (@@ @:7Q0) | 41) Ows | @ruw) (@ ue) || 48) On | (LpuLe)(@eyPuse)
81) 0k | (@' Q)@ 7'Q0) || 42) Oua | (dpmude)(dov?dy) || 49) O | (Tpypln)(dePdy)
B0 (D00 Q"Q) | 43) O | (Evuer) @y ) || 50) Ope | (Qpyu@rllcsgiics)
B0 0 7T L) (0T Q) || 44) Oa | Gmuer)(dev?dy) || 51 Okl | (Qpryu@r)iEcata
15) 0 | @pyur)(dovd) || 52) OR) | (@QpvTAQ,) (T T ue)
16) OF) | (@ T4u,)(dsy*T4dy) || 53) O | (@p1u@r)(dsdy)
54) 0%y | (@p1uTAQy) (dey*Tdy)

(LR)(RL) and (LR)(LR)

55) Oledq (Lie,)(dsQ7)
56) Oéi)qd (Qhur)en(QYdy)
57) Ol | (QITur)eju( Q5T 4dy)
58) O, (Lier)esn(QFuy)
59) O, | (Liouwer)em(@Eo u,)

|Grzadkowski, Iskrzynski, Misiak, Rosiek 1008.4884]
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UV COMPLETIONS: BOSONS

Revisit our simple U(1) theory

1 ~ . )
AL = — |c1(FF)? + oy (FF)? + {FF)(FF)|
Bounds imply we can rewrite this as a sum of squares («, 8,7 € R)
2

o 5 :
— ——— |[(FF) + B(FE) + *[(FF) - BEF)]?]
Suggests we can complete with a mixed axion & dilaton

1% e M? g Y

B (0ta) - ——(9—0a) :
+2M&¢(FF) : 2](\)‘45 7a(Fﬁ) :;1 A <

2 0
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UV COMPLETIONS: BOSONS

Revisit our simple U(1) theory

i 8
N — W {Cl(FF)Q —|—C2(FF)2

Bounds imply we can rewrite this as a sum of squares («, 8,7 € R)
2

@7 ~ Ls
— ——— |[(FF) + B(FE) + *[(FF) - BEF)]?]
Suggests we can complete with a mixed axion & dilaton
M2
L dm (6 +a)’ MIXING CONTROLS

; CP VIOLATION
i)

M ~ 2

¢ o (1 —~7)
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