LABORATORIO DE INSTRUMENTACAQ
E FISICA EXPERIMENTAL DE PARTICULAS

particulas e tecnologia

Running in the ALPs

Based on 2012.09017

M. Chala, G. Guedes, M. Ramos, ). Santiago

gguedes@lip.pt




‘ Motivation: EFT approach

a A

EFT
fin = Gy
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e.g. Fermi theory




Motivation: EFT approach

Expansion into higher dimensional operators:

L L L L
LsyvErFT = LM /\5 | Ag | A; | AiJr...

La = ¢;0; 0;] =d

If new states exist below electroweak scale, the
SMEFT must be extended




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
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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




Running in the ALPs

Some partial results in the literature:

M. Bauer, M. Neubert, A, Thamm, 1708.,00443
M., Bauer, C., Horner and M. Neubert, 1603,0597¢

K. Choi, et, al, 1708,00021

What’s new:
* Full anomalous dimension matrix calculation
 Comparison between shift-invariant/breaking basis

 Matching and running below the electroweak scale




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

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: RGEs

bare coupling

L = 9,500" s A0k

In DR, (L1 = 4—2e

50— \/Zas N0 s 27,
L=0,80"s+ u*N\s* +(Zy —1)0,80"s + (Z2Zy, — 1)pp* Ngs”

Calculate Z-factors in order to cancel generated divergences




SMEFT+ALP: RGEs

bare coupling

L = 9,500" s A0k

In DR, (L1 = 4—2e

50— \/Zas N0 s 27,
L=0,80"s+ u*N\s* +(Zy —1)0,80"s + (Z2Zy, — 1)pp* Ngs”
d d
RGE:  0=p—A) = pu——(Asp®Z,)

d,u d,u




SMEFT+ALP

* Computation of divergences generated by 1Pl diagrams
at one-loop

* Up to O(1/A) divergences are absorbed by operators of
off-shell basis

Computation: Feynrules + FeynArts + FormCalc

T. Hahn, T. Hahn and M. Perez—Victoria
hep—ph/0012260 hep—ph/ag0o7565

Manual check: Feynrules + QGRAF

A, Alloul, N, D, Christensen,
C. Degrande,
C. Duhr, B, Fuks, 1310,1921

P. Nogueira, JCP
105 (1993) 219




SMEFT+ALP: removing redundancies
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| SMEFT+ALP: removing redundancies

. 1 u
’LMloop — {167T2€Tr[y a’seqb] + STT[y a’qub — Qsueply T]} (p% o pg)

iIMEpFT =p§ — p3) [R3¢D = zsngD gb]
'

re¢aRsen = Tsgn (Re(¥™) Osup + Re(y?)Osap + Re(y?) Oseq)




| SMEFT+ALP: mixing

S¢T — QLﬂR [Osuqb — isﬁLéuR + hC]




SMEFT+ALP: RGEs

C . |
Ldiv — Ona% — On%_\d'm 4 coup\mqs
=€

5 dap, _——anomalous dimension
/Ba'n = 167 P :@am matrix (AD matrix)

7 F 1+ K, Wave function

" 327m2¢ renormalization




| SMEFT+ALP: RGEs

e.g: SW \/ [Osu¢ = 15q; QuR + h.c. ]
) s -
L 2 2 o
2= b 3272 lgl 392 = 27 ] e i
¢
|
1 4 -7 |
_ . ut, u ¥ d
ZuR =1 A872¢ [391 + 493 i) Sy ] -7 ¢ = e

9672%€ | 6 2

1 1 9
Zgp =1— l g7 + =05 + 8¢5 + 3y"y" T + 3y’y ‘”]




| SMEFT+ALP: AD matrix

(5a?u¢\

Asde
/Ba'?eqb j—

Ba
Ba,
\ 5./

( Yin vive —6usvs  —2uhwl 3203y —9ghut  —Fgtul
Yayd — 6YqyL Yoz + 6y Y 2y3ye —3205y5  —993y5  —391Y4
—6y2yl 6yeya V33 + 2Y2 YL 0 —9g3ye  —15g7y¢
0 o o a0 0
0 0 0 0 —-3 0
K 0 0 0 0 0 297




| SMEFT+ALP: AD matrix

[ vave —6yiva  —2Gve  —3205us —9g3us  —Faiun 0P
(8%
(/Basuqb\ A GOy 612" 20/%P — 394212 —9g2q2 BT ( S’U,Qb
YuYa — OYq Yy Y22 + 6Y5 Y, YaYe 93Y4 92Y4 391Y4 CLp
agae sde
—6y2yl 6yC Y, Y3 + 2y0Y? 0 —9g3y¢  —15giy2 | | P
/BCLa qb T | TESEaSEaEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE .S E. .. ... ... EE .- - 8€¢
se —
_ 2 -
3, B 0 0 0 142 0 0 aa
S 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

( 'm yive —6ysve  —2vaye 3203y -9gdyl —Fgivh) 0
a
2.0 2 S’U,Qb

Bao‘
( suqb\ y2yg — 6ygyh a2 + 65y~ 2y5y? 3203y —995y5 —34%u5 apd¢
a S
8d¢ ¥ 8} o ¥ Y
3 —6y2yl 6yC Y, Y3 + 2y0Y? 0 —9g3y¢  —15giy2 | | P
a/?eqb | T e e e e e e e e 8€¢
0 0 0 y —1442 0 0 a _~
/BaSG : g3 : SG
\Bas ) ) 0 0 0 L0 _Lg2 0 \%W}
: ) \a,z
Bas/ \ 0 0 0 10 0 g i \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 @ LIP-Lisbon 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: chiral rotation ambiguity

Removing redundant operators: Terms with ALP

Lr=Y" |FuntdED*0f + he. o)

Y

Tgir i net PR v
D=1 + 25 (EQAM + GGy T)

EOM:

iPtha = Mot + M gt] — i (Ey) s S¥R + i(&),)apstf




LEFT: chiral rotation ambiguity

We convenie M\% choose to split the covariant derivative as:

- = 71
ey )l )

.i.

COM Tyl + iyl
x e 1lD’¢L—|—...

— =YL 5

Apparent ambiguity if we had not IBP: disappears after chiral rotation

See Also E. E., Jenkins, A, V., Manohar and P. Stoffer , 1704.044s8s




LEFT: chiral rotation ambiguity

We comvemiemﬂ% choose to split the covariant derivative as:

, 3e /. . - 1 N -
Ze, = (dim-4) — T6m2e (meaiA l) + 5 ( T4 merlm)

3 S

where 7. = 32 ele A e
€ - e S -

Ze, = (dim-4) up to 1/M at 1—loop




| 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¢ [meéi&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: ALP-gauge couplings

| SASAWAW] (oo™ A, )

_ 46T1"[ ceiby + elaen) + (Galy + Ehan) — 2 (Gl + elaus ) ]

+ 2Tr |61 + 3 (¢4¢" + 6,60 ) | a ~+§é2 n +1n —}—%n Q. :
eve d Uy sA 3 12 3d 3'“4 sA >

NEW pheno: ALP-gauge boson couplings no longer run
only proportional to itself. They can be generated by
dipole operator

. Guedes @ LIP-Lisbon Seminar 28/36



‘ LEFT: ALP-gauge couplings

| SASAWAW] (o™ A, )

_ 46T1"[ il +5TaeA) n (&dajm +5gadA) _9 (5 al + “TauA)]

S 1
4Ty [56525 43 (5daj,,+ éué;g)] i+ g€ (et gna+ g,

Result of infegrating out fermions

NEW pheno: ALP-gauge boson couplings no longer run
only proportional to itself. They can be generated by
dipole operator
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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

101l Z—» ee selection | Jb Z— pp selection ] CMS-PAS-EXO-16-010
-e— Data
1001 1 Il Z+jets
[ Nonresonant
3 101} ] O wz- 3w
5 s 12z 2020
*q:-; 10~ n E
m 10-3F i Cw
+* F 1 — 1 x 10
104} _L\_‘—Li ] —ex10
10-5[ =|=‘ I, Brivio, M. Gavela, L.
. . i Merlo, K. Mimasu, 7.
50‘%T [GeV] 1000 1000 No, R, del Rey and V,

2.3 fb—l Sanz, 11701,05314




| 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 @ LIP-Lisbon 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 + 58,“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) -+ Bydaldqﬁ _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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