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| SMEFT approach

Expansion into higher dimensional operators:
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This talk

Compute the renormalization group equations
(RGESs) of = eO.
£5—|—S £6 4 ¢
LSMEFT = LSM+s - A | A2 FO(1/A%)  [o]=4d

SMEFT+ALP up to dimension-5 SMEFT at dimension-8
2012.09017 2106.05291
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Do we need dim-8?

= May give the main contribution to certain observables
« Vector boson scattering
* Light by light scattering

= For small values of A allowed by data, NLO corrections are
important

= To keep up with the precision at the LHC, higher
dimension contributions are needed too

G. Guedes @ Mainz Seminar 4/54



4 )

Towards the renormalisation of the Standard Model effective
field theory to dimension eight: Bosonic interactions I

* ; 1 : ., 2
\_ M. Chala!®, G. Guedes!?, M. Ramos!?2, J. Santiago!, )

= Loop-generated operators could be renormalised by tree-level
 RGEs would be one of the main contributions

= First time we have co-leading contributions

(

I OETVIRORC

= No non-renormalization theorems for double dim-6 insertions
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Computation

= Off-shell calculations: compute one-loop divergent
amplitudes generated by 1P1 diagrams up to 1/A*

m Construct and match to the Green/off-shell basis:
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Equations of motion

Equations of motion (EOM) equivalent to field redefinitions up to O(r?)

4 O ). Criado, M. Pérez-Victori
_ . Criaao, M. Ferez-victoria
¢— o+ A2 1811.09413

These (9(7“2) terms correspond to a 2-loop effect.

Use SMEFT EOMs up to O(1/A?):

2

C
Oppy = 92—1 Oy0 +404p — %CCbDqu] + %% [ — 20045 + 30((;6) + 2(’);26) + -
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Setup to renormalize bosonic dim-8

H6 + HAD2 + ¢ DH2 + ¢ H3)

All free—level generated
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Results where () is a zero only in the physical basis
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Results

where () is a zero only in the physical basis.
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‘ Results

= S and U parameters are not renormalized, at one-loop, by
tree-level dimension six interactions
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| Results

= Renormalized operators arise
at tree-level in UV
completions, in contrast with
what is expected from the
running triggered by
dimension-eight
interactions

C. Murphy
2005.00059
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Results

= Important corrections to the EW phase transition

C 108 A 126 A
Vm—u2|¢|2+).|q5|4+—¢(1— llog;)lqb|6+ log;C§,|¢|8

A2 1672 16m2A4
This work
EWPT is strong and first order 1.7TeV 2 < ce < 3.7 TeV 2
for: ~ ~
C.Caprini et al 1910.13125 (2020) 1.5TeV ™ < ¢y $2.6TeV 2

30% correction




Results - positivity bounds

From fundamental principles such as unitarity and analiticity we can
constrain the parameter space of Wilson coefficients

parameter space

experimental

dQM(S, t = O) bounds

e Remmen and Rodd
11\‘31’3 consistency 1908.09845

Dimension 6 operators can impact positivity bounds through RGEs




Positivity
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| Positivity
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Positivity
Singlet neutral scalar: »CUV — /€58¢T¢

tree ,{2
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POSItIVIty M.Chala,).Santiago 2110.01624

Considering a perturbative expansion for the couplings,

W) e = gclliee 4 g2 clloop
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If nothing is generated (2) loop 8% (2), loop
at tree-level 200 o A4 Craps = 0
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Considering a perturbative expansion for the couplings,

s = 9D + g PP+

3 A2
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Non-renormalization directions?
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Constructing the off-shell basis

M. Chala, A. Diaz-

. . Carmona, G.G.
Contribution of operator O; 2111.XXXX

SM gauge couplings
: T_, Kinematic structures
Ala = b) = Z cif' (ke 7

acl

If operator i and j are independent, there must be an amplitude such that
f(?;z — ( 62:1417 (7;{27'“) and fgl{ — ( gq? g‘;{27 )

are non-collinear vectors




Constructing the off-shell basis
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Constructing the off-shell basis
)

§ M. Chala, A. Diaz-
K T v v Carmona, G.G.
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QI =ty 1 v v v
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= 1 L
T X*XY, = JTEX"X,,,

= Imply the existence of evanescent bosonic operators
Only at 4d they vanish or become dependent of others in the basis

Entforce them at the amplifude level by considering that
no more than 4 veclors can be linearly independent




This talk

Compute the renormalization group equations
(RGESs) of = eO.
£5—|—S £6 4 ¢
LSMEFT = LSM+s - A | A2 FO(1/A%)  [o]=4d

SMEFT+ALP up to dimension-5 SMEFT at dimension-8
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Motivation: ALPs

Axion-like particles = CP-odd singlet scalars

Theoretically well motivated:

* Strong CP-problem 4 ™\

* Composite Higgs Models Lsm D ?GWGW

 Dark Matter \
<8> cancels

* Anomalies \_

Peccei, Quinn PRL3g (1977) 1440
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Motivation: ALPs

Axion-like particles = CP-odd singlet scalars

Theoretically well motivated:

* Strong CP-problem
 Composite Higgs Models
* Dark Matter

* Anomalies

G. Guedes @ Mainz Seminar

(s

\_

U3) x U(l) = SU(2) x U(l)\

SO(n)/SO(n—1), n>5
SU(4) — Sp(4)

J

Brando Bellazzini, Csaba Csaki and Tavi Serra, 1401,2457
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Motivation: ALPs

Axion-like particles = CP-odd singlet scalars

Theoretically well motivated: e ~
* Strong CP-problem S L2
* Composite Higgs Models S %
* Dark Matter
_ 2p/—\w )

* Anomalies
M. 7. Dolan, F, Kahlhoefer, C, McCabe and K. Schmidt—Hoberg, 1412,5174

M. Ramos, 1912 ,11061
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Motivation: ALPs

Axion-like particles = CP-odd singlet scalars

Theoretically well motivated:

* Strong CP-problem

* Composite Higgs Models
* Dark Matter

* Anomalies \_

J. Liu, C, Wagner and X, Wang, 1g10,1102¢
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Motivation: ALPs

103 _
| romey S * Experiments span a
- rodl B huge range of energies
2 10 * Wilson coefficients run,
%—} SN1987a and mix, following the
r corresponding RGEs
SN
Decay
Cosmqlogy.
107° ]
o R S i a2 1 P M. Bauer, M. Neubert,

A, Thamm, 1108,00443




SMEFT+ALP

1 1 As
L= Lgm + 55@38"5 — §m232 — ZS — X557 | P

0§5)invariant under SM gauge groups

Assume only new physics is CP-even




SMEFT+ALP

Non-redundant basis =

EOM

» Redundant ops

O, = is(qf puly, — uhdtad)
0% = is(qiedl, — d5dq?)
0%, = is(IFpel — B ollg)

0,5 = sGip, G

Oy = sWo,Wh

O = 5By, B

Repr = is(¢T D¢ — (D2¢) P)
ReP = s(qf Dq + qg_lD q%)

R = s(I5 1y + 1 wza)

R = s(uBPuy + u%ﬁu%)

R — s(@Dd’, + &b P
s = S(ARDdy + dp Dd7)

RS = s(eZ el + ep Pes)

Complete Green basis of operators




‘ SMEFT+ALP

Approximate shift symmetry: s — s+ o0

LB = Z(@MS)\TJCKIJW“\IJ + Cxs X, XM
v




| SMEFT+ALP

Approximate shift symmetry: s — s+ o0

L5 = (8,8)VCyy" ¥ + Cx sX,,, X1
v
Lepton sector:
9 + 9 independent parameters: Cy + C,

9 + 9 independent parameters: Qse¢ T a;;gs
Ose¢ 4/) M 0‘;—%
CP—even CP—odd




| SMEFT+ALP

Approximate shift symmetry: s — s+ o0

LB = Z(ﬁus)\TJC\py“\If + Cxs X, XM
v

Lepton sector: S, 4,
. ] 7 4{}

9 + 9 independent parameters: S

‘o

9 + 9 independent parameters: Qse¢ T a;;gs
Ose¢ 4/) M 0‘;—%
CP—even CP—odd




SMEFT+ALP

See also M, Bauer, M. Neubert, S, Renner,
M.Schinubel, A, Thamm 2012.12272

Performing the appropriate chiral rotations, the necessary
conditions to ensure shift-symmetry are:

asep = Re(Hpy® +y°H,)

sy = —Im(Hpy° + y°H,)

Limit of 1 lepton family: Gsep VS Ce -+ Cg parameters




| SMEFT+ALP: mixing

S¢T — QLﬂR [Osuqb — isﬁLéuR + hC]




SMEFT+ALP: AD matrix

See also M, Bauer, M. Neubert, S, Renner,
M.Schinubel, A, Thamm 2012.12272

( 1 vive —6vive  —2vavl 32030 O9gus —Feiwl\ , p
( 50,0‘ (CLS’U@\
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sud y2yg — 6ygyh Yoz + 6Y515 2y5y? 3203y —995y5 —34%u5 a? s
a S
sdao
B0 —6y2yl 6yC Y, Y3 + 2y0Y? 0 —9g3ye  —15g7y2 ag e
Qa S
sep |—
_ 2 -
B, - 0 0 0 142 0 0 a.a
sG

ﬁasw 0 0 0 0 _Lg2 0 \asW)
\6as~) K i B

0 0 0 0 0 g




| SMEFT+ALP: AD matrix

See also M, Bauer, M. Neubert, S, Renner,
M.Schinubel, A, Thamm 2012.12272

( Y vive — iy —2uave 32050 9gus  —Fgiun\ , p
Bae a
asuqb Q, o a,,p a, P a,,p 2, 2.0 5 2.« S’U,Qb
YulYd — 6Yq Yy, Yoz + 6y Yy 2939t —3293y7  —993Ya  —3591Yd af
agae sde
—6y2yl 6yC Y, Y3 + 2y0Y? 0 —9g3y¢  —15giy2 | | P
Bao‘ N seq
seop — 1402 K
B, . 0 0 0 —14g? 0 0 a5
sG a -
19
\ﬁ%w} 0 0 0 0 —1g2 0 \aswj')
Bazs/ \ o 0 0 0 0 agz | \7sB

Nonrenormalization theorems
C. Cheung and C.—H, Shen, 1505,01844




SMEFT+ALP: AD matrix

See also M, Bauer, M. Neubert, S, Renner,
M.Schnubel, A, Thamm 2012.12272

(m vive — iy —2uave 32050 9gus  —Fgiun\ , p
Bae a

asuqb Q, o a,,p a, P a,,p 2, 2.0 5 2.« S’U,Qb

Yu¥a — 6Y3Y, Yoz + 6y Yy 2939t —3293y7  —993Ya  —3591Yd af
agdqb sdo

3 —6y2yl 6yC Y, Y3 + 2y0Y? 0 —9g3y¢  —15giy2 | | P
a® N seq
sed | — R S mees e =smsmmaconas .
B, 0 0 0 i —14g3 0 0 a
SG : : a ~

\ﬁ%w} 0 0 0 0 —1g2 0 \aswj')

Bas/ \ 0 0 1 0 0 g i N 7sB

Nonrenormalization theorems 5
C. Cheung and C,—H, Shen, 1505,01844 g3cgéosgé




‘ LEFT - below EW scale

UV scale
Below the electroweak scale:

SMEFT+ALP « Write most general LEFT+ALP
5 (without W, Z, H and top quark)

e Match to SMEFT+ALP

LEFT+ALP - Integrate out fermions as mass

) thresholds are passed
Fermions mass

G. Guedes @ Mainz Seminar
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‘ LEFT: independent basis

Lrerr = 1(8#3)(6#3) - %mQSQ i\ll - _A,u.uA'”’V 4GﬁuGAMv C. d‘m—4‘
+ Z {U)allmb - { )aﬁdf ?/JR—Sl( )aﬁwLwR-l-hc]} a. ollm—s

=u,d,e

~ A ~Auv |~ A pv
+a,qs G, Gt a8 A LA

+ {(&wA)aﬁw_EG’W 1w A + (@p6)ap 0" TatpGh, + 5% (@) asf g + hic. }
Y=u.,d,e

dim—s purely SMEFT




| LEFT: masses

Effective operators can renormalize lower dimension operators:

Be, = 662 Ce + SCeC + 2[ T) + GTI(Edél} -|- 61r 5u5T }C dim—4
contributions

2~ | = ~ (~f~ ~tx ~ f =~ T\ 5
—38 {36 a, A] me + 2 [ae (¢lme — 2mle,) + (Mmecl — 2¢.m)) ae] dimms
contributions

—~

—12¢ [meég&eA + AepCliNe — Gl en — aemgée] :




LEFT: masses

Effective operators can renormalize lower dimension operators:

[ C~L¢82@¢ ] . Al A1 [&wAE(TWiPAW]
f,’ ‘\ e e
\ ,' e e
— i i
1 )
5, = — 662, + §(meélée + GoClmm, + 46,1 E,) dim—4
- contributions
+ Tr(Eernf + &l + 3E,0] + 3¢, 4 3mac + 3mléq)é. |

—~

\ dim—>s
~ contributions




LEFT: matching to SMEFT+ALP

The SMEFT+ALP alone does not generate all couplings, for example:

\\\ ¢
. Y
e peLawe

e b higher order in the low energy
power counting

Different completions above EW could generate them




Phenomenological applications

Photophobic ALP: N, Craig, A, Hook and S, Kasko, 1805,0653¢
1 I 1 A a,7 2 A7 v 2 oIy
L= Lopii - 5@38 s+omis + 758 LN Y L 5 B
Co — Su
- . . N, o
irect constraints from mono-Z: 1. Brivio, M. Gavela,

. L. Merlo, K. Mimasu,
a. .z < 0.2 TeV 1 aLHC Run 11 7. No, B, del ey

and V, Sanz,

a.; <0.04TeV™'  @LHC—HL

\_




| Phenomenological applications

The ALP-Z coupling generates the electron coupling
through running:

Strong constraints on the ALP-electron coupling
through Red Giant cooling eKeV




Phenomenological applications

Translate the ALP-ee bound into an ALP-ZZ bound:

* Run LEFT coupling to electron up to EW scale
(plus, match at fermion masses)

* Match at eletroweak scale to get bound on Qe

* Compute ALP-Z coupling at high energy whose running
generates the bound on Qseg

G. Guedes @ Mainz Seminar
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| Phenomenological applications

[ a,; < 4.8 X 107% TeV™! s a,z < 0.04 TeV_lJ

>4 orders of magnitude better than direct bounds

 Effect of LEFT running is ~6%

* Could just be taken as a systematic error when only
using SMEFT + ALP




Phenomenological applications

Top-philic ALP:

1 1 -
L =Ly + 5(9“38"3 + 5777,232 + a;s|ig ptr + h.c.|

The ALP-top coupling generates the electron coupling:

150 Goz 11 5 .
/Bﬁ'..seqf) =2 |:a‘88¢ (/\sqf) — ] L — 82 i 5’755Y) 21 Zy Yy Ta'seqﬁ + Aseply er

1597 9g5
T ( 291 a;B + %CLSW —Tr [yealegf) -+ Bydaquﬁ _UT)] )ye]




Phenomenological applications

Top-philic ALP:

1 1 -
L =Ly + 5(9“8(9”8 + 5777,232 + a;s|ig ptr + h.c.|

ﬂf. Ebadi, S. Khatibi and M. M., Najafabadi, 1901,03061 \

ap S TeV ™! indirect bound

VS
a; < 4.3 X 1OTeV_1 RGE constraint

\_

J




‘ Conclusions

UV scale

* Important to use RGEs to

; correctly interpret experimental
 SMEFT+ALP bounds

« Mixing effects can have
significant contributions

LEFT+ALP  LEFT running can lead to

Fermions mass interesting new pheno results
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Positivity

S~ (1,1)o
E~ (173)0
B~ (151)0
By~ (1,1);
If no dim-6 @ tree-level, W ~ (1.3)o
2 4 2 .2
q 3 t 92 A T (i) tree A s
A(S) ™~ E F(A I'EE) E - ’Y?’/\ TEBCH4D4 ]Og @]F

dominates when m?-0

So RGE of dim-8 doesn’t need to be negative

M.Chala,).Santiago 2110.01624
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