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Energy

Separation of Scales

New Models BSM requires multiscale physics

e Matching of UV theories to low
energy observables

e Process of matching automatized
up to one loop

LEFT

) FIATCHETE |\

[Fuentes-Martin et al-2212.04510]

[Carmona et al-2112.10787]

Observables e Running of the theory via RG
evolution
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Amplitude Matching \

q; < <A Feynman Diagrams

‘CU\/(Zhv Zl) ? {AUV(%)} e \Well-established
e Ansatz: Redundancies,
N redefinitions...
Ma.tc.hlng._ e Explicit break of Gauge
Determining Wilson Symmetry in
Coefficients

INtermediate steps
e Normally uses off-shell

Lrrr(2) — {AppT(2;)} computations
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Functional Matching \

Quantum Effective Action: We are going to “Integrate Out” the heavy fields

eiFUV[QB] _ /[ng] exp /ddx[:UV<¢ =+ &)

Matching Condition [Fuentes-Martin, Palavri¢ , Eller Thomsen-2311.13630]

Wilson Coefficients (Local)

O =0+

hard Integrate
Out

Serr = Duv|éu(oL]




Background Field Method

¢ Classical Configuration: Tree

¢:$_|_¢E ~  Level

¢ Quantum Fluctuation: Loops

Expanding Lagrangian

— FaN _

Luv(¢+ @) = Luv(9)

1
T 5@:@@@‘ T




® One-loop:

it (16 = [1Ddleos ( [ #r60,0))

l Gaussian Integration

FS\), = %STr In Q) /

/ 6
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Evaluatiﬂn Of Traces [Fuentes-Martin, Palavri¢ , Eller Thomsen, AM]

Differential operators under a Gauge Symmetry
b
Q3 (x,y) = Qf (x, P.)d. (x, y)

Locality and gauge invariance of the action:
Functional Traces are dressed loop integrals

0l(x,y) = 6(x — y) U (x, y)

T Qg = / 5" (,y)) In Qlf(, P.)5."(w,y) ~ OPEaround k=A
T,y

= Explicit Gauge
ab . a
_ /Lln QY (x, Po+k)U (x,y) Invariance

=y




Diagrammatically,

&5,

e / *mk#

Operators traced in different points of spacetime remain local
by a momentum shift operation




® Two Loops: More Topologies involved

Cije — Dijki ><

~

9 — b | B 1
F%ﬂ)/ [qb] — §Qileij_ gQileijlektll_i_ Qzl Q]mQL Clmn
4 _.\ /..‘\ - -~
\ 1 / \ 1 ¢ \ 7 S
OTETERTE

_ \
\ 2 12\ z 8\~—/A\~,'

N °



Two Loops Traces

Gss|ha‘rd — // n,m aa’ y P —k— ()C(n m)( )
k.t

[ P +A mee (x P, +A)(P +A)’” Uy (x y)]
X[(Pat0)" Qs (m, Pot-0) (Pat0)" Uod (@, )] o=y

i

Qrn >L’\

o
<
k-

\
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Outlook

e EFTis given by the formalism (not by an ansatz)
e Basis reduction is still needed
e Better for Automation: Matchete

e Future study of applications of interest to the community

o



Functional methods in EFT's
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Introduction

E

® Top-down approach to EFTs
New physics

SMEFT

LEFT

nEHrwEr<Imnwo
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Introduction

E
® Top-down approach to EFTs
New physics
) Matching
SMEFT
]C;',) ) Matching
E
R
v LEFT
A
B
L
E
S
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Introduction

® Top-down approach to EFTs

nEHrwEr<Imnwo

) Matching

) Matching

E
New physics RG
SMEFT RG
LEFT RG
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Introduction

® Top-down approach to EFTs
® Goal: Fully automated two-loop RG
calculations

1. Theoretical precision required
2. Scheme independence of one-loop matching

nEHrwEr<Imnwo

) Matching

) Matching

E
New physics RG
SMEFT RG
LEFT RG
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Introduction

E

® Top-down approach to EFTs .
® Goal: Fully automated two-loop RG New physics e
calculations ) Matching

1. Theoretical precision required

2. Scheme independence of one-loop matching

) SMEFT RG
® Build on Matchete
\ FATCHETE L s
Fuentes-Martin et al [2212.04510] LEFT RG

nErwEr<IdnwO
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Introduction

E

® Top-down approach to EFTs .
® Goal: Fully automated two-loop RG New physics e

calculations ) Matching
1. Theoretical precision required

2. Scheme independence of one-loop matching

) SMEFT RG
® Build on Matchete
\ FATCHETE L s
Fuentes-Martin et al [2212.04510] LEFT RG

® Counterterms give S-functions

nErwEr<IdnwO
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Functional methods

Effective action

Tyl = SO + AS® + 28T {logQ} + K2S® + L Q1B

2 0 _ _ 2 0) ~— _ _ 0
— B D) Q5 Q! + BT QL Qi Cl 4+ O(h?)

Fuentes-Martin, Palavri¢, Thomsen [2311.13630]
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https://arxiv.org/abs/2311.13630

Functional methods

Effective action

Tfy = 8@ + AS® + 28T {logQ} + K2S® + L QLB

2 0 _ _ 2 0) ~— _ _ 0
— B D) Q5 Q! + BT QL Qi Cl 4+ O(h?)

Fuentes-Martin, Palavri¢, Thomsen [2311.13630]
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Functional methods

Effective action

Tyl = 8@ + #SD + BSTr {log Q) | + #25@ + L 1B

2 0 _ _ 2 0) ~— _ _ 0
— B D) Q5 Q! + BT QL Qi Cl 4+ O(h?)

® One-loop

Fuentes-Martin, Palavri¢, Thomsen [2311.13630]
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Functional methods

Effective action

Tyl = 8O + #S® + BT {logQ} | + #*5@ + L 1B

2 (0) o~ 2 (0) e ] 0
_%Dz(jlilQilekll + %Cz(jngillenlka;Cl(m)n +O(R°)

® One-loop

Fuentes-Martin, Palavri¢, Thomsen [2311.13630]
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Two-loop counterterms

F(Q) [77] = hQ le (11) - 7Dz]leU1le QzllQ]ka lmn
i 2 h2 ﬁ2 CZ(;)I?)
— 1252 L _
+ 8 lmn

12/31



Two-loop counterterms: Simple example

¢

A
L= 0,006 —m*¢T6 — 2(819)" — 2= (670)°

B](-ZD : One-loop counterterm insertions

13/31



Two-loop counterterms: Simple example

B C

¢

A
L= 0,006 —m*¢T6 — 2(819)" — 2= (670)°

B](-ZD : One-loop counterterm insertions

© ,_ 0°50] _ ¢ © _ ¢
C¢T¢¢T (z) = W =—-Ap— 5¢¢T¢ ) C¢¢¢ = _6¢T¢T¢T , et

14 /31



Two-loop counterterms: Simple example

B C D

¢

A
L= 0,606 —m*¢T6 — 2(819)" — 2= (670)°

B](-ZD : One-loop counterterm insertions

3*5O[¢] ¢ ¢
;?szzﬁ (z) = 50T 50807 — —\p — §¢¢T¢ , Cé% = _6¢T¢T¢T
'S [g]
Ditoss® = 555055755 = > 690+ Dioss=0

, ete.

etc.

15/31



Two-loop counterterms: Simple example

B C D Q

¢

A
L= 0,606 —m*¢6 — 2(819)" — 2= (670)°

_ 1 +8 —2zk: o+
Ql(x’k):(k;ﬂa)?— (2) k22< >

16 /31



Two-loop counterterms: Simple example

B C D Q

¢

A
L= 0,006 —m*¢6 — 2(819)" — 2= (670)°

1 _ 1 +a2—2maﬂ
@k = e =X () k?z( >

thTa 82 Xad) - X¢Ta82Xa¢
= ——7

Q;Tld)(xa k) =

17 /31



Two-loop counterterms: Simple example

B C D Q

¢

A
L= 0,006 —m*¢6 — 2(819)" — 2= (670)°

1 _ 1 +a2—2maﬂ
@k = e =X () k?z( >

X¢>Ta o2 Xaqi) _ X¢Ta82X‘1¢
= %0

(679)?

Q;Tld)(xa k) =

Xyig(z) =m +>\¢T¢+C

18 /31



Two-loop counterterms: Simple example

B C D Q

¢
%(

G = :/ | D) Qi 1) Q' (2,

£= 0,01 96— mPslo — 3(819)? —

19/31



Two-loop counterterms: Simple example

B C D Q

¢
36¢

G = :/ | D) Qi 1) Q' (2,

Gis D /x/kl Dg?ww(x) ((k: +i8); _ X(x)>¢T¢ ((l +Z’3)21 X(JU))¢T¢>

L=0,6" "¢ —m2ete - %(¢T¢)2 =

20/ 31



Two-loop counterterms: Integrals

/7; uDﬁW(ﬂ”) <(/~c+i8);—X(x)>¢f¢ <(l—|—z’6)21—X(:L‘)>¢T¢

® Subdivergences

® Spurious IR divergences

21/31



Two-loop counterterms: Integrals

/7; uDgRW(x) <(/~c+i8);—X(x)>¢w <(l—|—z’6)21—X(:v)>¢T¢

® Subdivergences

® Spurious IR divergences

Solution: R*-method

22/31



Two-loop counterterms: Integrals

R*-method:

Aypy(G) = —KR*T™@G

R =) AR(S) * Auy(S) * G/S\ S

Herzog, Ruijl [1703.03776)

23 /31
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Two-loop counterterms: Integrals

R*-method:

Herzog, Ruijl [1703.03776)

Aypy(G) = —KR*T™@G

R =) AR(S) * Auy(S) * G/S\ S’

()

ONG

@

(X0

24 /31
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Two-loop counterterms: Integrals

Auy(Gis) O —KR*TW /x /kl Dot () <(k + i@); - X(x)>¢f¢ <(l + 2'3)21— X(@)w

_ Xyro(x) Xyig(T)
. sto(2) Xoto
> —KR /x | Dotoote(t) =43 I

25 /31



Two-loop counterterms: Integrals

Auy(Gis) O —KR*TW /x /kl Dot () <(k + i@); - X(x)>¢f¢ <(l + 2'3)21— X($)>¢T¢

_ X i) Xyio(x) 1 1
* oto oto
-K D
0 RE /33 ki o010 (") s THE /kl (k* —a)? (I — a)?

® [R rearrangement removes spurious IR divergences

26 /31



Two-loop counterterms: Integrals

Auy(Gis) O —KR*TW /x /kl Dot () <(k + i@); - X(x)>¢f¢ <(l + 2'3)21— X($)>¢T¢

_ X i) Xyio(x) 1 1
% pto ¢t
—-K D
- . /33 Kl #1as16(2) k4 . /kl (k%2 —a)? (I — a)*

® [R rearrangement removes spurious IR divergences

® UV subdivergences: [, W and |, ﬁ

27 /31



Two-loop counterterms: Integrals

Auy(Gis) O —KR*TW /x /kl Dot () <(k + i@); - X(x)>¢f¢ <(l + 2'3)21— X($)>¢T¢

_ X i) Xyio(x) 1 1
% pto ¢t
—-K D
- . /33 Kl #1as16(2) k4 . /kl (k%2 —a)? (I — a)*

® [R rearrangement removes spurious IR divergences

® UV subdivergences: [, W and |, ﬁ

()
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Two-loop counterterms: Bosonic SMEFT

15 effective operators in the bosonic SMEFT:

X2[2 X3
Cuyp | HYHB" B, Cw | fUIRwlvw/ewie
Cupw | HIHW!I™ W], Ce | fABCGAvGlrag”
Cne | H'HGA™ G4, Cw | —LfEWIvw e w)r
C,z | LH'HB"™ B, Cx | —sfAPCGivalray”
Cpv | SHIHWIW WL H*D? and HS
Cpa | SHIHGA™ G, Cu (HTH)’
Cuwp | 2H'H 7' B W/, Cun H'HO (H'H)
Cpivg | HIHTT B W], Cup | (H'D,H)" (H'DrH)

29 /31



Two-loop counterterms: Bosonic SMEFT

Lag // NiceForm
1

JF Hy HHD 4 cH Ry iy P HY R HE

11, 1,1 s o ) 183 ,1 . 55 1 . 1 ,1 P
n-gl- i (3g”gv v gy |8 o st e [T a gl 5 (77l g’ gY)
‘24 SO Belereer) 16" e YR ST ELrElE
11 31 11
ZnZ(3gl2 g) m? | = (29gl 4gligy? gv?) . —— - ([ 1179gl®  5agl2gy? 31 gY* 144 22) ‘D‘HwDH‘w
‘2 . g’ g 16 208 gligv’ g 102 [ gl’g) g || o0,
1 (31 L1 \ \
h-u?(3gl?-gy?-12a) +n? | — =% (5gL% 4+ 7gyt 4 322gY2 - 48 —2ng\ng¢48,\J‘c7—”1f1®5gL°c]9gV°*6gL1]7gV2—48M—QGLng']AA13A1¢8(H,A‘,‘IHH‘H‘*
- 132 ¢ 32
1,1 4 a 2 (gy? 2 2 a1 1 6 6. g4 2 4 2052 3 2 2 a 2 2 )
|- 2= (-ogL*-3gv' - 68l (¥ -22) +40gY? - 48 (22 ~4cH 7)) 2 S (22581° -5 gY0 - gL" (57"~ 336.1) - 76.gY" - 240 g¥7 (47~ 4 cHy?) - 1152 (A7« 140 cHu?) + gL (-17gY" - 1681 gY" - 720 (17 4 cH?]]) +
16 64 <
1 "
(-1449 gL® + 59 gY® + 3gL* (37gY? - 102 ) - 198 A gY* - 144 gY? (327 + 16 cH 2] +288 (7% + 48 A cH +gl? (239 gY* - 180 A gY? - 432 (327 + 16 cHu?) ) | s Fy HRT
192 & )
3 e ev? bon2 (2L g 4 n 2 (70y2 2 2,91 . n 2 2 2 2 ) A i K
‘ ShlcH(3gl? gyt o362) n? S cH (778l 19gY* 1 6gL? (Tg¥? - 721) - 144 1g¥? 1 1584 0%) « — = cH (29gL% - 15gY* - 64 18V - 8164 - 6.gL? (3gY qzmHm Fiy H I H
a4 132 ¢ 32

1 . o
64" = xcH (H; D°F; H WD - Ay Fy D% HI)
e

*So far without ghosts
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Conclusion & outlook

® Functional formalism works well for computers
® Also suitable for matching calculations

® Next: Fermions

31/31
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Why do we need effective field theories?

EFT’s are perturbative (Taylor) expansions of a full theory

In QFT’s :
Aal@

Operators of mass dimensiond > 4

( )
EFT Lagrangian: [ = L(4) 4 Z‘ Ad — O(d)

d>4 1

EFT | 2024 2



Green’s basis and redundant operators

~ Valid operators -~ 0y (Pt ) = 0,P" P + po*¢

t

2 N Finite number ‘ Intestation by part .
Preserve the of operators ntegration Dy parts Green’s basis

symmetries
. ofthe Lagrangian

Local operators

X* X-H-= HZDA
Osc | FBOGIGEGSH | Ong | GALG™(HTH) | Opn | (D,D*H)'(D,D"H)
O | fABOGIGEGSH | O,z | GAGY(HIH) H'D?
Oaw | TXWIWSeWSe | Opw | WILW(HIH) | Ouo (HTH)O(HTH)
D e DTV ) O | VRGP s ARSI R D I
X 2D* Oup B, B*(H'H) Oyp (HfH)(D#H)’f%)“H)
Oz | —3(D.GH)(DPGa) | Oyg B, B (HH) Ohp | HTH)D,(H'i D" H) V. Gherardi, D.
Oow | —3(D W) (DPWL) | Opwp %{UB#”(H to! H) H°® Marzocca y E.
O | —3(0.B")(0By) | Opiwg | Wi, B*(H'c'H) | Oy (HTH)? Venturini (2021)
H*X D~ [2003.12525v5]

Ow by Dyﬂf'I“V(HTi‘ﬁiH)
Oy ﬁyB””(HT‘i(BMH:]
EFT | 2024 3




Matching: Off-Shell vs On-shell

‘ Construction of EFTs with the Top- down approach

Off-Shell matching

- Small number of diagrams (1 LPI) >—< = >—+ 4<

- Local contribution of heavy o) 4
. 1 1
bridges ~ (1—|- N )

TNV AV M2 MR

p? K M?

- Gives effective Lagrangians efectivos containing redundant operators

EFT | 2024 4



Identification of Field redefinitions ¢ — f(¢)

redundant operators EOMs

Non-trivial process

(only valid up to linear order) Hard to program it in a

— systematic way

On-Shell matching

- Huge number of diagrams > <

- There is delicate cancellation of non-local 1

1
contributions between between UV and EFT p? — m? B

————| = Pol jal(p?
P m? olynomial(p~)

EFT




Field redefinitions

Identification of Non-trivial process

redundant operators : :
EOMs (onlyvalid up to linear order) Hard to program it in a
— systematic way
Substitution of randomly generated

On-Shell matching physical momenta

- Huge number of diagrams >—< M. Accettulli [2304.01589]

) : : : ) 1 1

Ther.e |s.del|cate cancellation of non-local . A . = Polynomial(p?)
contributions between between UV and EFT p—m=|yy P°— Mg




On-Shell matching approach

Find the Green’s basis up to dimension d ) LGreen

. . ) R. Fonseca [1907.12584]
Find the physical basis | ¢ criado[1901.03501] | ) Lphys

Compute n-points amplitudes withn < d on-shell By the substitution of randomly
>
generated physical momenta

Solve the system Mi,Green — Mi,phys

EFT | 2024 7



Some results in the SMEFT .

[ Lonys = LD+ L8+ L)

phys phys

£G'r’een — £(4) + E(G)

Green

LW = % (D H)' (D*H) — m2H'H — \ (H'H)” £l .
!
6 - | -
£ — ey (H'H) +eyn (H'H)O(H'H) + cup (H'D*H)' (H'D,H) +
+rpu (D*H)' (D*H)
Linye = cns (HUH) + ¢ o (H'H)' (D HI D' H) + i o (H'H) (H'o" H) (D, H'o! D' H) +

& . (D,HID,H) (D"HIDFH) + &%) . (D, H'D,H) (D*H' D" H) +

¢ (D*H'D,H) (D'H'D,H)

EFT | 2024 8



Some results in the SMEFT

a Compute the n-point amplitudes

Ta
Hp "~
HpHOHO - Hp M ln.
Hp
-7 HO
M; roq = -lmbd -2 aHDD (2mH?* - Pair[k[1], k[4]] +Pair[k[2], k[3]])

_aHD (Pair[k[1l], k[3]] - Pair[k[2], k[4]])

Mi,phys = _1mbd - aHD (Pair[k[1], k[3]] -Pair[k[2], k[4]])
-2 (aH43 Pair[k([1], k[4]] - Pair[k([2], k[3]]
+aHDD (2 mH* - Pair[k[1], k[4]] +Pair[k[2], k[3]])
+aH41 Pair[k[1], k[3]] -Pair[k([2], k[4]]

+aH42 Pair[k([1], k([2]] «Pair[k[3], k[4]])

EFT | 2024



Some results in the SMEFT

e Replace random generated momenta

(51162714566983?2418158791252659188226358aHD+5667343519855991567834436843GTISEITSBEZBTaHDD)mH2
289386244 266 659475135585493 547163 196 896

M req = -lnbd-

(5110271456608 372 418158 791 262659 188 226 358 aHD + 5667 343519 855 001 567 834436 843 671307 395 297 aHDD) mH?
M; ppys = -lmbd - +
PRy 289 386 244 266 659475 135 585493 547 103 196 896
( (104459 497 440 905 625 370 557 004 516 941 086 685 779240 167 863 979 569 761 544 341444 023383 776 656 aH41 +
252 424935310 185 260931 291 954 350 757 582 753 759 781 162 189 652 241672 962 750 585 818 884 048 169 aH42 +

2@338282896536@4839926@84233294551764552766@495@9252355273655T451352292159@9@359aH43}mH4)/
5599551869661@16315528333329324@64@42592546@654993633476289894@8785867522T8528}

( - -7 -7~ \I
' l
: M ired — M, I,phys |
| )
\ ______________ -

EFT | 2024 10



Some results in the SMEFT

e Solve the system

|

lmbd (—1 +4me? rDH (1 _4me? rDH}} +

mo2 (1302951136961 359158193 395783 076 458 713 aHD (-1 + 5 m0? rDH) - 5460929492 434672 006 242912 459 802 600 180 (-aHDD + cHDD + (5 aHDD - cHDD) me? rDH) )

A=
58147936542 012 895949 308641 578673120 *
((16976816653@389351146838891755647748831656786@81464398234146@492793616369cH41+

2037795104611025740512901972773488115167 800811930872605116111581211256129 cH42 +
8104@46@236@507294135941@11441839402424@77868248444@344738753972@224689@@CH43}m@4]/

1302951136961359158193395783076458713cHDm@z(—1+n@2rDH}
6762365048187917326896191289 7T66646271391026071 420935191444 839621068 800 +
58 147936 542012895949308641578673 120

e Sistema algebraico de ecuaciones lineales!!

2 = lmbd - 4 1mbd me? rl}l-[+ 16 lmbd m0* rDH*

J. Aebischer, M. Fael and J. Fuentes-Martin|2023
cHD - aHD - 4 aHD m@* rDH, cHDD - aHDD - 4 aHDD m@* rDH [2307.08745v1]
V. Gherardi, D. Marzocca and E. Venturini |2021
cH41l -0, cH42 -0, cH43 - 0 [2003.12525v5]
\ EFT | 2024 11 /




X° X“H* H*D*
e[ o Onc G,G*(H'H) | Opy (DﬂD*‘H);(DuD”H )
O | f[ABCGAGBrGCH 0,5 GA G4 (H'H) HD:
G g g HG v
Oaw | /5WIWIPWEr | Ouw | WLW™(H'H) | Oun (HTH)O(HTH)
Onp | V“Wpwlews | O, | WoW'(H'H) |Oup | (H'D*H)\(H'D,H)
X?2D? [ Oyp B, B*(H'H) | O}y (HfH)(DpH)f%)“H}
O | —3(DGH)(DPG) | Oyp B, B (H'H) | O, | (HTH)D,(H'i D'H)
Oay | =D W) (DPWL) " Taws W, BT H o H) H®
mé — mj O | —3(0,B")(Bp) | Opp ijc;;;(B;gﬁa'H) On (H'H)*
2 o
A= A— 2m0r}{D Owpy DL,WI””(H*‘('%D{,H)
1 @) 9, B (HYi D H
CET)l pe — 27'123 DH =2 ( 1)
(2) 2
c — —2r
H4D4 BDH DPL — ap‘ . ing”
i =0 /
c
H4DA4 / /
1 g —4g
/ /
CHD) —>CHD+§Q TBDH T 5"HD CHB — CHB

/
cgp — cgp +29TBpH

EFT | 2024




X* X“H* H*D*
Osq i e Ong G,GY(HH) | Opy | (D,D"H)'(D,D"H)
Og | fAECGIGEeGS* | 0,z | GAG*(H'H) H1D?
Oaw | TXWIWIPWEr | Ouw | WLW*(H'H) | Oun (HTH)O(HTH)
Oz | 95 WiWlewker | Op | WLW!(HIH) | Oup | (HID*H)!(H!D,H)
X?2D? [ Oyp B, B*(H'H) Oy | (H'H)(D,H)!(D'H)
O | —3(DGH)(DPG) | Oyp B, B*(H'H) | Oy | (HH)D,(HTi D*H)
O | —5(D W) (DPWL) | O i e H®
mg — mg Oop | —30:B*)(0"Bp) | Opip | W, B"(H'o'H) | Og (H'H)?
2 2
) H*XD?
A= A=2mgryp Owpi DM'“”(H*%E TH)
(1) 2 OBDH SUB#”(HT-:Z pH)
(;EI41)4 "?‘:2?°£3I)II
(2) 2
c — —2r :
HAD! BDH D, =9, —ig'B, Fermions
(3)
Craps — 0 / /
g —9
Ll Ll Evanescent
C — C —GTBDH =7
HO HO 29 o' HD CHB — CHB operators
!/
CHp = Ccyp + 29 TBpH
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Notice that ...

gm—

Non-systematic
Field redefinitions and EOMs

Highly non-trivial
Reduction of the

Green’s basis \ Systematic

On-Shell matching approach ~| Algebraic system of linear

equations

o
gu—

The reduction of ANY theory to ANY physical basis will be completely AUTOMATIC

EFT | 2024 14
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Generation of random momenta .

r ™

A€ SU(2 A% = g9F
SL(2,C) = SU(2), X SU2), . *E°VE | ST

1€ SUQ), lo = e3P

-

= po+Dp3 P11 — P2
Massless momenta: P.,, = A, A ‘ P =9, o' = ( ) )
e rara Pu p1+ip2  po — P3

2
m
Massive momenta: P! := g/ + K+ ¢,k =0
2q -k Gos = Aada

ko = Mol

ICTP-SAIFR | 2024 16



Evanescent operators

R=a O

IR® + IRMW = gy©® 4+ gpyD

Additional finite local
contributions in loop

1
' - - — =
| We take the hard region \ f R—-0= € (bRE bO 6) b
1 1
jO:E(a+b06) fR=E(a+bR€)

ICTP-SAIFR | 2024 17



TP -T2 pom,

phys

p°—m —TI(p°) =0

2

2
P mphys

(p) = D) + 1 (23 ) (97 = 1345) .

; i

promt T g (T, ) + TV (2 ) (p2 — ) + )
i

— . : (1 B Hf(mihys)) B
(Pz - mihys) (1 — T () + ) (pz N mf’}%’s)

ICTP-SAIFR | 2024



The gradient flow formalism: nEDM and operator
renormalization

Oscar Lara Crosas

UZH and PSI

July 15th, 2024

Peter Stoffer’s group

Oscar Lara Crosas (UZH and PSI) EFT School Ziirich July 15th, 2024 1/11



CP Violation Beyond the Standard Model

@ CP violation present in the Standard Model (CKM phase and a
possible theta term) is not enough to explain matter antimatter
asymmetry.

@ Electric Dipole Moments violate T = CP violation (CPT
theorem).

Oscar Lara Crosas (UZH and PSI) EFT School Ziirich July 15th, 2024 2/11



Neutron Electric Dipole Moment

109 A ORNL, Harvard TWO pOSSibﬂities:
A MIT, BNL

2100 - . e RALILL @ Detecting a signal in the
o A ® nEDM at PS| .
g0 s, B n2EDM at PSI unexplored reglon — CP
L < . . .
8 o ] *% e s . , violating New Physics.
£ ¢ . . .
g 1077 . @ Not detecting a signal,
2 10| lowering the bound. Still
" o] very interesting! Constrains

- — the shape of New Physics

1950 1960 1970 1980 1990 2000 20‘10 20‘20 20‘30

Year of publication Models.

Oscar Lara Cros (UZH and PSI) EFT School Ziirich July 15th, 2024 3/11



Effective Field Theories

energy / GeV o Effective Field Theories
'y contain only the relevant
b, ? degrees of freedom at a
Pl 2 certain energy scale.
o'k SMEFT @ Model independent way to
i encode the effects of all
10° b heavy particles (both BSM
i LEFT and SM).
(N
100 & . E E
LEFT = LQCD+QED
i Q . +Q
-2 L d d
10 ‘ @ +ZZL1( )Oz()
i d>5i=1
10t L

Oscar Lara Crosas (UZH and PSI) EFT School Ziirich July 15th, 2024 4/11



Effective Field Theories

dy ~ ) Li (N|O;|N7) (1)
dy = —(15+07)-10"%fefm — (0.20 +0.01)d,
+(0.78 +0.03)dy + (0.0027 & 0.0016)ds — (0.55 + 0.28)ed,,
— (114 055)ed; + (50 + 40) MeVedg . )

where d; denotes the EDM of a quark g, d~q denotes its chromo EDM,
and dg denotes the gluon-chromo EDM. Lessons learned:

@ We need to measure multiple EDMs.

@ Uncertainties in matrix elements are too big, we should aim for at
most 25% uncertainty.

o Lattice is key!

Oscar Lara Crosas (UZH and PSI) EFT School Ziirich July 15th, 2024 5/11



Lattice Field Theory and scheme translations

dy ~ Y LM (N|OMS|Ny) = D =4-2¢ 3)

1

However, lattice is tied to integer dimensions! We require a scheme
translation:

(NJOYS|N7) = Y Cyi (N|OFF|N7) 4)
]
Why the gradient flow?

@ No need for renormalization, the gradient flow renders all Green’s
Functions finite. (!)

o It is widely used for scale setting.

@ It smears statistical noise in the lattice.

Oscar Lara Crosas (UZH and PSI)

EFT School Ziirich July 15th, 2024 6/11



The gradient flow

We extend D-dimensional Euclidean QCD by introducing an extra
artificial dimension called flow-time t. The flowed field satisfies the
flow equation

0B, (x,t) = DyByy(x,t) )

together with the boundary condition that implies agreement with
QCDatt=0
B, (x,t =0) = Gy(x) (6)

The flow equation is turned into an integral equation and solved
perturbatively, which we express in terms of Feynman diagrams.

Oscar Lara Crosas (UZH and PSI) EFT School Ziirich July 15th, 2024 7/11



Short flow-time expansion

@ Goal: express renormalized flowed operators in terms of
renormalized MS operators through a Short Flow-Time Expansion
(SFTE):

OR(x,) = Y.Cy(t, 1)OMS (x, 1) + O(1 %
J

with the hard scale being A = t~1/2.

@ To extract the matching coefficients C;; we consider insertions of
the flowed operators OX(t) in suitable Green’s functions.

Oscar Lara Crosas (UZH and PSI) EFT School Ziirich July 15th, 2024 8/11



LEFT Renormalization

The Short-Flow Time expansion reads:

=L6y0" (8)

But finite = finite is boring, let’s switch to bare quantities

Zexternal O Z Cz ] ]k O (9)

What we compute for the matching are Green’s functions of the UV
side (gradient flow) < OR(t) >, allowing us to extract the LEFT
renormalization matrix Z!

Oscar Lara Crosas (UZH and PSI) EFT School Ziirich July 15th, 2024 9/11



Generalized Loop Integrals

The integrals that we have to compute are

fﬁtkz k2 o
e @)
/tdtl/eﬁtk27t1k2 (k2)*

0 k

/tdtz /tdtl /e_ﬁtk2_7t1 ke —thk? (kz)“
0 0 k

t tr
/O dt /O dty /k e PIE T i (2

We can make use of normal IBPs and flowed-IBPs:

(10)

/kaiyfﬂ =0, /OIf dhoy f (t,...) = f(t,..) = f(0,..)  (11)

Oscar Lara Crosas (UZH and PSI) EFT School Ziirich July 15th, 2024 10/11



Summary

@ Electric Dipole Moments are excellent places to look for CP
violating New Physics.

o Effective Field Theories parametrize New Physics in a model
independent way.

@ We require matrix elements from Lattice Field Theory, and a
corresponding translation to Minimal Subtraction.

@ At one-loop, the SFTE of all operators contributing to the nEDM is
now known: (2111.11449), (2304.00985), (2308.16221)

@ Precision is key if we want to disentangle the different sources of
CP violation = we need to compute higher orders.

@ The gradient flow allows us to extract the LEFT renormalization!

Oscar Lara Crosas (UZH and PSI) EFT School Ziirich July 15th, 2024 11/11



Back up slides
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Perturbative solution of the flow equation
Full solution:

Bi(t3) = [ Kt x—)Gil) + [ [ dsKonlt=sx=y)Ri(s.1)

(12)
Gluon two point function at LO: You just get an extra exponential due
to the heat kernel:

$,V,b “wrrren ta — g%(sﬂblz%ve*(sﬂ)lﬂz

At higher orders, you can take the R, part, what will give additional
vertices. We view the heat kernel that brings you to the vertex as a
generalized propagator (flow line):

— ,25ab _ —(t—s)p?
s,v,b ~wrwwree tu,a = 50" 0(t —5)dye

which will always connect to a flow vertex.

Oscar Lara Crosas (UZH and PSI) EFT School Ziirich July 15th, 2024 2/10



Perturbative solution of the flow equation

non-linear

Solution to the linear part:
Bi(tx) = [ Kultx—1)Giy), Rultp)=e " (14
Yy
Full solution:

t
B (t,x) = /yKW(t,x —y)Gi(y) + /y/O ds Kyy(t —s,x — y)R}(s,y)
(15)

Oscar Lara Crosas (UZH and PSI) EFT School Ziirich July 15th, 2024 3/10



Flow vertices and Feynman diagrams

P1,H1,a1

+oo
B — ifa1a2a3 /O dt (5#2]43(p2 - p3)y1

+ 20,13 P3,50 — 2011 PLm)

(a) Linear part: “QCD” (b) Non-linear part: Ry

Oscar Lara Crosas (UZH and PSI) EFT School Ziirich July 15th, 2024 4/10




Flow lines

s, v,b v tpn,a — goyb; Suve” (s+t)p?

S,p—>—ta — 5aﬁ_l?+m (s+t)p?
p?+m?

s,v,b ~wrrrTey tu,a = g%&”b()(t — s)dwe_(t_s)pz
sBp—— tx =8Ot — S)e_(t_s)f"2

sp— < tx = 0%PO(t — S)ef(tfs)p2

Oscar Lara Crosas (UZH and PSI) EFT School Ziirich July 15th, 2024
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Flow vertices and Feynman diagrams

P1,H1,a1

+oo
B — ifa1a2a3 /O dt (5#2]43(p2 - p3)y1

+ 20,13 P3,50 — 2011 PLm)

(a) Linear part: “QCD” (b) Non-linear part: Ry

Oscar Lara Crosas (UZH and PSI) EFT School Ziirich July 15th, 2024 6/10




CP-odd Three-gluon operator

Short Flow-Time Expansion of the CP-odd three-gluon operator: (PLB
847 (2023) 138301)

Os(x,t) = glzTr[cW(x,t)GM(x,M;AH(x,t)] (16)
which reads
(’)th ZC (t, 1) OMS(x, 1) —I—ZCN (t, WNMS (x, 1)
+ chi L) E (x, 1) (17)
i
The physical operators are

09 ~ Tr [Gyvéyv] P Oé/ OCE =m (Q&WT“q) GZV’

Oac ~ 0T [ (DuGya) Ga |, O ~ OTr [ GG (18)

Oscar Lara Crosas (UZH and PSI) EFT School Ziirich July 15th, 2024 7 /10



Sample diagrams to be computed

o e o Ym X 4
249

Oscar Lara Crosas (UZH and PSI) EFT School Ziirich July 15th, 2024 8/10




Results

Co = 167t
3Caaslog (8mut) Cans
- 1—
Ce 27 +(1-9) 1277
Co 3iCanslog (87y?t)  31iCaas  iCans
CE 327 1927 967
. 179CADCS CAIXS
Coc = "6 O an
Coe =0

(19)

With a perturbative uncertainty of ~40%!

Oscar Lara Crosas (UZH and PSI) EFT School Ziirich July 15th, 2024 9/10



Evanescent operators

1 ~ _
Og() = 5 TGusGyr Gl = C'O™ 4 cLeMs

In the D-dimensional scheme, we get a tree level contribution to
1 ~
Renormalized by imposing

(£x) . =0 = counterterm from OM5!l — C' =C (21)
G/ phys

Oscar Lara Crosas (UZH and PSI) EFT School Ziirich July 15th, 2024 10/10
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THE FLAVOUR STRUCTURE OF THE LEFT

..and how to simplify running from W scale to b scale

Ben Smith
(based on WIP w/ S. Renner, D. Sutherland)

151 July 2024, EFT 2024, Zurich

University of Glasgow



THE LOW-ENERGY EFFECTIVE FIELD THEORY

Effective field theory valid below the electroweak scale.

Lierr = Loep+qQED + Z C,(?D)OED)»
k,D>4

1
D—%-
Agw

where CgD) have an implicit suppression of

Theory contains n, =2,nqg =3,n., =3 and n,, =3.



RUNNING AT ONE LOOP IN THE LEFT

Running first calculated at one-loop in (Jenkins, Manohar,
and Stoffer )

Focus on vectorial operators

(E’YMPL/R @Zj) (Y'YMPL/R X) ¢7X € {dae’ U}

Consider effects of dipole operators

(0" Yr) Fuw @ € {d, e, u}
(Yo" T) Gy, 1 € {d,u}




RUNNING AT ONE LOOP IN THE LEFT

,,,,,,,,,,,,,,,,,,,,,,,,

DSixTools basis (Fuentes-Martin, Ruiz-Femenia, Vicente, and Virto 2021) ;



DIAGRAMMATIC INTERPRETATION

(P Satt) =GO +s00 (=)

Jatia!

(+identical diagrams with gluons)




THE LEFT HAS A LARGE (BROKEN) FLAVOUR SYMMETRY

(U3, x UB)de X Zo,g) x (U(3)e, x U(3)ey % Zoe)
X (U(2)y, x U(2)u, ¥ Z7y) x U@3),

Kinetic terms invariant under d; — Uy dj, dy — U} dk,
dL — dR,

Masses and other operators break this — their
components are charged under the flavour group.

L= iaiDdi + ia;Ddﬁ; + [sim. for u,, ug, e, eg, 1]
- [Md]ijaidjé + h.c. + [sim. for M¥, M?]
+ Cijr (aIL“/C’jL) (af"/eﬁ) + [other ops]

(Neglecting purely gluonic operators)




WE USE A SMALLER LARGE (BROKEN) FLAVOUR SYMMETRY

SU3)g x SU(3)e x SU2)y X Z

Kinetic terms invariant under d} — UZdjL, dh, — Ugd{?,
(dLa eL7 UL) — (dR7 eR7 UR)-

Masses and other operators break this — their
components are charged under the flavour group.

L= iaiLDdi + iH;Ddg + [sim. for uy, ug, e, er, 1]
— [M7;d,d} + h.c. + [sim. for MY, M¢]
+ Cijk (abd{) <éf7ei) + [other ops]

(Neglecting purely gluonic operators)




FLAVOUR DECOMPOSITION

SU@3)q x SU(3)e x SU(2),

Following (Machado, Renner, and Sutherland ) we
Clebsch-Gordan decompose under this flavour symmetry.



PARITY DECOMPOSITION (FOR VECTORIAL OPERATORS)

(VvuPLRY) (XY*PLjr X) Y, x € {d,e, u}

|+ | -
‘A'type || LL+RR | LL—RR
‘B’ type | LR+RL | LR—RL
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SOLVING RUNNING

(4 Sclt) = 10D +5t) (= 1np)

Solve running with integrating factor U

Cu(ty) = U(ty, t)Cu(tw) + Ulty, tw) / " AUt D)so(0)

tw

U is given by exponentiating v with SM couplings taking
average values between My, and my,

U(ty, tw) = eion to=t0)

1



SOLVING RUNNING

Diagonalise U to understand RG flow basis-independently

(S_1US),'/‘ = <m—b) 5,‘1‘

w

No mixing, directions with +ve 4 shrink, -ve 4 grow.



LEPTON UNIVERSAL OPERATORS MEDIATING b — S

14
0.081 0.053 0.03 0.027 0.025 0.005 -0.001-0.084 -0.102 -0.177 -0.204 -0.206

[egit 2y 1033 018 0.07 003 000 001 000 003 000 -0.01 000 0.00
legs iy 1007 002 -001 020 0.10 0.01 0.00 -0.18 -0.01 046 042 -0.24 0.75
legis 1is.2) 1048 012 0.09 . 0.40 0.05 -0.02 0.16 0.02 [-0.60 -0.58 0.33

r 0.50

[efia lis.2) 1-0.04 0.00 0.01 0.01 0.00 0.00 000 022 -036 0.04 0.00 0.00

[efis 182y 1003 001 0.00 0.09 -022 0.01 0.00 -0.08 -0.01 020 0.19 0.53 F0.25

[efip 182y 17022 0.05 0.04 0.39 0.02 -0.01 0.07 0.01 -027 -0.26

r 0.00

4002 0.12 -0.14 0.08 -0.35 0.01 0.02 0.00 0.00 0.00

[edaalinnn s

Wilson coefficients

[ gl sy 002 011 012 007 000 001 002 000 000 000 || F-o02s

[t 8.2y 1 053 . 0.01 0.09 0.00 -0.02 0.01 -0.13 -0.18 -0.06 0.00 0.00

r —0.50
[l 82 1046 042 004 -0.03 0.00 002 -0.01-0,18 001 0.00

[t sl 1 004 -0.03 022 -002 0.00 -001 000 -0.12 -0.01 032 -036 0.00 | [\ -075

[efimlin. 8.2y 17033 -0.08.-0.03 0.00 -0.06 0.02 0.10 0.00 -0.42 0.51 0.00 .
-1.00




LEPTON UNIVERSAL OPERATORS MEDIATING b — S

14
0.081 0.053 0.03 0.027 0.025 0.005 -0.001-0.084 -0.102 -0.177 -0.204 -0.206

[egit 2y 1033 018 0.07 003 000 001 000 003 000 -0.01 000 0.00
legs iy 1007 002 -001 020 0.10 0.01 0.00 -0.18 -0.01 046 042 -0.24 0.75
legis 1is.2) 1048 012 0.09 . 0.40 0.05 -0.02 0.16 0.02 [-0.60 -0.58 0.33

r 0.50
[efia lis.2) 1-0.04 0.00 0.01 0.01 0.00 0.00 000 022 -036 0.04 0.00 0.00

£ lejiy Iy {003 001 000 009 022 001 000 -0.08 -001 020 019 053/ fozs
Q
2 leiilea {022 005 004 039 0.02 007 001 -027 026
§ F0.00
S [calinama 002 012 014 008 001 002 000 000 0.00
3
B (et s {002 011 002 007 001 002 000 000 000 || |-02s
8En = <n)Fl1‘n>
<k‘ﬁl1’n> 0(10—4) higher loop corrections only a

5lny =2 EF [R) ~ —~— 2 |k) = large effect for nearly degenerate

ketn " R kn 10Tk eigenvectors "




PHENO EXAMPLE

b T b T b M€
s T s T s 1, e

7 only at My scale = 7, and some e and p, at m,, scale

15



PHENO EXAMPLE

bsuu (teal bars) can be better than current/projected
bst7 (solid/dashed lines)

Y = . — e !
[Cial?e o = - seten H 7 pelen 1
Gienz Gigaz
[} . 1
[Cpul? {7712 : { =z !
! ; 1 ] 1 I
[Ceal 1 ! 11! !
w 1 1 1 1
3 ]| 1 11 1
[C1% 94 1 1 1
1 i 1 1
[C 1291 I 11 I
1 | 1 |
BB*—K*ttz7) BB°—Kt*t77)
ez — o !
[Clal? o == renz o = etlen 1
i Ty — |
[Coel? : 1= :

w | 1 4 i 1
[Cealy H 1 1
(P . | I

g Jes
1 1 1
[c1Eq 1 I ]
! b T T T T e i T
0% 10t 102 10°  10* 10 10" 102 10°  10*
BBy—prtro) BB,—»t17)

Also (Cornella, Faroughy, Fuentes-Martin, Isidori, and Neubert 2021) 1



SUMMARY

- Flavour and parity simplify running in the LEFT
-~ can be block diagonalised to all orders

- The map My, — my is fully understandable in terms of
eigenvalues and eigenvectors

- Many possible pheno applications!
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BACKUP SLIDES




RUNNING AT ONE LOOP IN THE LEFT

Schematically (Jenkins, Manohar, and Stoffer 2018)

masses — (41)2 M = (€2 + g°)M + (e + g)dM’ + csM® + cyM® + d*M°
QED — (4m)? e =€ +e’dM + d’M?,
QCD — (47)? g = g° + g°dM + d*M?
dipoles — (47)2d = (€% + g* + eg)d + eM(cs + c7) + (e + g)d’ M,
4f scalar — (4m)% ¢s = (€2 + g2)(cs + 1) + (€% + g° + eg)d?,
4f tensor — (4m)? ér = (€% + g%)(cs + ¢7),
4f vector — (4m)? ¢y = (€2 + g?)cy + (€2 + g% + eg)d?,

Neglect operators in grey at 0(0.1%) accuracy.

{cs,cr} and ¢y do not mix due to helicity selection rules.
(Cheung and Shen 2015)

19



ACCIDENTAL ZERO

For each parity structure, zero due to contributions from
d e e
cancelling with contributions from

DaED-GPeIp- 4

(Only occurs for this combination of charges.)

20



SOLVING RUNNING

(8) = €(6)% + g (1)q-

In U(tb, tw) =

1 1
e RORPracy ORI

: (Iy(t), [v(82), v (B)1] + Dv(t), Iv(R), v (0)I) + -+ -,

6 (477)6 t>tHh>t

1
= — 4 x 1.803x 107 — 44 x 3.783 x 1072 — E[&e,&g] x 7.379 x 1070 4 .

Neglecting higher order terms matches fully numerical

solution to 0(0.0001%) accuracy for lepton universal b — s
block.

21



TWO-LOOP ESTIMATION

22
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Cutting off SMIEFT and HEFT

Konstantin Schmid

EFT School 2024 in Zurich

based on arXiv: 24>xx.oooxoxx with Hlaria Brivio and Ramona Grober

Istituto Nazionale di Fisica Nucleare




The obligatory SMEFT slide

Gauge invariance

, , hysical Higes part of
Lorentz invariance SU(3)e x SU(2)1 x U(1)y pLay ggs p

doublet under SU(2)[,

removing power counting in

redundancies canonical dimension
[Henning et al. 2015, 2017]

(d=6) (d=8)

_ Ci (d=6); % (d=8):
LSMEFT = ESMXJr Z A2 % (X)—F Z It % d{r
L A A SR AR
LO NLO 5 NNLO E
|Grzadkowski et al. 2010)] [Murphy 2020]

2 Konstantin Schmid, University of Padova



But is SMIEFT really the full story?

assumption can be relaxed

physical Higgs part of ' treat physical Higgs

doublet under SU(2)p, resolves correlations (v + h)" and GBs separately

LO Higgs Effective Field Theory (HEFT) Lagrangian

R e B L
. + %(’Lh(‘)“h - ?rr (V,VH) Fo(h) — V(h)
Higgs singlet =% F;(h) = Z Cin (%) +iQ PQL 4+ iQrIPQr +iLPLy 4+ iLrIPLg
" T % (Q,UYq(h)Qr + h.c.) % (LLUYy(h)Lg + h.c.)

tunable to SM
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How to construct HEFT at NLO?

o defining NLO is related to power counting

e HEFT: mixture of xPT (scalar sector) and SMEFT (gauge and fermion sector)

1 1

derivatives canonical dimension

|
O

e common approaches: Naive Dimensional Analysis (NDA) and chiral dimensions d,,

Manohar, Georgi 1984] [Gavela et al. 2016] [Buchalla, Cata 2012| [Buchalla, Cata, Krause 2014]
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NLO in HEFT

NV NS (e
/TUT\ /T\ define NLO (d,, = 4)

vertices from LO (d, = 2) Lagrangian counterterm (d, = 4) operators carry
loop order

£HEFT—£2§‘|‘ (167‘(’ )ZO (1677 ) ZO

&%

LO NLO NNLO

[Sun, Xiao, Yu 2022] [Sun, Xiao, Yu 2022]
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Power counting on amplitude level

1 n/2—1
MHugrT = Z (167?2) M"
ne2N~ g

mn,m
g 00000000 ——<——¢ — - - - - h g 00000000 @ * - ---- h \_/ dX — 2L _|_ 2
Y 0 Y A (QLj:ItR—l—h.C) |H|2
/ g _-h g -h
g 706000000 —> > - - - - - h g 500000000 —>— - — — — — h PR ///
. 11 r > ;7?5?‘3 Gl G F(h)
1672 A? 1672 g e g N
1 1

1672

m\ _-h

:4— (a,uh)2 tr Utp + h.c.
1 2
(16W2>

Combine loop order of topology and operators

N
N

~h

UV assumption:

[scale]?

A2

§ and additional loop factors

[Arzt, Einhorn, Wudka 1994] |[Einhorn, Wudka 2013]

1672

N K
mw
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/ \
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Ny Ny
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T e
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—_
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| (\V)
|
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Ny Ny
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Truncation in the squared amplitude

e squared amplitude enters observables (e.g. cross-sections)

SMEFT: max. order in loops and scale suppressions HEFT: max. chiral dimension (loop order)
1 1 m—+m’ . E , 1 (n+n')/2—2 \
2 ~ m m’ 1 AU n n
Msmerr|” = Z A (167r2> Mo (M”)  Muserl” > 2. (16w2> M (M )
n,n’ ,m,m ' n,n’ €2N~ g
netn/ SN, : nn' —2< N

m—l—m/SNznaX

L dy +d5 =2(L1 + L) + 4

e truncation error can be estimated by next higher order

e Oour application of these power counting insights: Higgs pair production
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Application: Di-Higgs Production

[Plehn et al. 1998] [Grober, Miihlleitner 2010] [Gillioz et al. 2012] [Hespel et al. 2014] [Goertz et al. 2015]

I I [Haisch, Koole 2022]

[Heinrich, Lang 2023]
1988 BSM 2016 _ [De Curtis et al. 2023]
LO 111 SM NLO QCD 111 SM [Haisch et al. 2024|
e MSSM /2HDM
9
9/ C000000Ty——— ==~~~ | 9:::> b e Composite Higgs g hg L
g rOOEO0OTT—>—— — -~~~} g \\\h e SMEFT g \\\\h ; \\\‘h
[Glover, van der Bij 1988] o nggs POrtals [Borowka et al. 2016]

From an experimental point of view: e advances in reconstruction of final states

e increase in luminosity at HL-LHC
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Di-Higgs Production in HEF'T

e bottom-up EFT: manageable amount of states to include {g,t,h}

I—> discussion up to NNLO (d, = 6 on amplitude level)
2

1 1 \° )
Mugrr|” > (16772) M+ (167r2> 2Re{M* (M®)"}




Conclusions and Outlook

e heavy BSM Physics can be treated with bottom-up EFTs: SMEFT and HEFT

e SMEFT bases: canonical dimension, HEFT bases: loop orders within EFT

e application of consistent power counting: Di-Higgs production
— theoretically /phenomenologically well-stablished, experimentally viable

e outlook: comprehensive review and comparison of NDA and d,, further consistency
discussion of loop counting, Di-Higgs production (SMEFT vs. HEFT)
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Backup
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NDA formula and chiral dimension assignments

N, N, N Ny, Nx N, Ny
o (2 (2" () () () (2)" ()" w500
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Di-Higgs Production in the SM

o general amplitude decomposition: M(gagy — hh) = 5% (M1 AY + Moy ALY) €6,

Observations

(L approx. cancellation at threshold (exact in HTL)

@ peak at mpp >~ 2my

@ NLO QCD important ONLO 20‘LQ ~ 0(30) th

13

0.16
. 0.14
0.12
0.10
0.08
0.06
0.04
0.02

0.00
2.0

1.6
< 1.9

fb/GeV

—

dO'/d mpp

factor

T e
- ? @ — NLOHEFT -
:_ == - NLO FTapprox _
_ — NLO :
- = - :
:_ ' Ii%ﬁ — - -
; S L=
300 400 500 600 700 300
M [GGV] [Borowka et al. 2016]
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Di-Higgs Production in EFTs: Cluster Analysis

o classification of deviations from the SM: kinematic clusters (here: for inv. mass)

Cluster 1 Cluster 2 Cluster 3 Cluster 4
N

=446

samples

3000y Nsamples =20 100 Nsamples =36 2000 Nsamples =197

500p

- T e .
400 600 800 1000 1200 | 400 600 800 1000 1200 400 600 800 1000 1200 400 600 800 1000 1200
m.. (GeV/c?) m.. (GeV/c?) m.. (GeV/c?) m.. (GeV/c?)

|Carvalho et al. 2016] [Buchalla et al. 2019]

Benchmark scenarios/clusters in HEFT vs. SMEFT?
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