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1 Introduction

The Standard Model (SM) effective field theory (EFT) [1, 2] is the right tool to describe
physics above the electroweak (EW) scale. Its use has been boosted in the last years [3]
in light of the null results (modulo a few non-conclusive anomalies [4-6]) in the search for
new physics at different facilities, and in particular at the LHC. The necessity of using
this framework across a wide range of energies has also triggered the computation of the
one-loop renormalisation group equations (RGEs) for the dimension-six operators [7—13].
The RGEs in the theory valid at energies below the EW scale where the top quark, the
Higgs and the W and Z gauge bosons are integrated out, usually referred to as LEFT, are
also known [14]; as well as the matching between the SMEFT and the LEFT at up to one
loop [15, 16]. Likewise, the desire of connecting the SMEFT to ultraviolet (UV) models
has stimulated different works on the matching procedure [17-26]; including more recently
the first basis of dimension-six operators suitable for off-shell integration [27].

All the aforementioned works assume that neutrinos are Majorana fermions. Notwith-
standing the good motivation for this option — in particular lepton number (LN) is only an
approximate symmetry of the renormalisable SM Lagrangian — it should not be forgotten
that there is absolutely no experimental evidence that neutrinos are not just Dirac particles



as all the other SM fermions. There is even theoretical support for this.! However, the
SMEFT that includes the right-handed (RH) neutrinos N, also known as NSMEFT [31, 32],
has been explored to a smaller extent; see refs. [33-41] for phenomenological works. The
off-shell basis of the NSMEFT has only recently been worked out in ref. [42], where the
NLEFT and the tree-level matching between the two EFTs are also presented. More im-
portantly, only the gauge dependence of the RGEs of only very small set of operators are
known [43, 44].

Our aim in this paper is to compute the one-loop RGE matrix of the NSMEFT Higgs
operators in full detail and to discuss the phenomenological implications, particularly
in light of the recent XENONI1T observation of an excess of low-energy electron recoil
events [6].

The article is organised as follows. In section 2 we introduce the NSMEFT and discuss
the generic structure of the RGEs. In section 3 we thoroughly discuss the matching of the
UV divergences onto the EFT. We obtain the corresponding counterterms and derive our
main result, namely the 5 x 5 anomalous dimension matrix to one loop, in section 4. In
section 5 we discuss some phenomenological implications. In particular, the aforementioned
XENONIT anomaly might point out to a large neutrino magnetic dipole moment; we
demonstrate that it leads to irreducible Higgs and Z invisible decays and we quantify
their magnitude. We conclude in section 6, while appendix A is dedicated to different
cross-checks of our computation.

2 The lepton number conserving Standard Model effective field theory

We denote by e, u and d the RH leptons and quarks; and by L and @ the left-handed (LH)
counterparts. The gluon and the EW gauge bosons are named by G and W, B, respectively.
We represent the Higgs doublet by H = (H+, Hy)”, and H = iooH*, with o7, I = 1,2,3,
being the Pauli matrices.

Our conventions for the covariant derivative and for the field strength tensors are
1 )\A

o' 1.
7WH - ng?

D‘u = 3# — i91YBu — igz 9

A
Gu , (2.1)
and

Bp,u = 8H,Bl/ - &/Bu ) (22)
Wi, =0, W, — 0,W, + go KW, W),
G, = 0.Gf — 0,G + g, fPCGRGY

where Y stands for the hypercharge and A, A = 1,...,8, are the Gell-Mann matrices;
while e//K and fABC represent the SU(2)z, and SU(3).. structure constants.

'For example, refs. [28, 29] show that the SM with only 3 Majorana neutrinos does satisfy the sharpened
version of the weak gravity conjecture by Ooguri and Vafa [30], presumably implying that such SM cannot
be consistently embedded into a quantum theory of gravity.



0-Higgs 1-Higgs 2-Higgs
Ohy = NO*JN Onp = Lo NHB,,, Onw = Lo* No HW}, | Oyn = Ny*N(H'iD,H)
02\ = iB,, (Ny"9"N) O}y =LND*H , 0 = LO,ND'H 0%y = NigN(HH)
O}y = "B (Ny“N) | O}y =iLo"9,ND,H , O} = L(0°N)H | Ogne = Ny*e(HiD,H)

3-Higgs: Orng = ZI:IN(HTH)

Table 1. Relevant CP-even bosonic operators. The h.c. is implied when needed. For example,
OLy = NO?@IN + h.c. So all Wilson coefficients are hermitian. The CP-odd operators include
Z'BW,(N’}/“(?VN), iONB, iONw, ’iOIlJ712\,’3747 iOLNH7 iOHN and iOHNe [42}

Onn = (N7 N)(Nv#N)
Oen = (EVMG)(N'Y“N) Oun = (H’Yuu) (NVMN)
Oan = (alwid) (W’YMN) Ogune = (E’YMU (leue)

)
LLRR Opn = (L, L)(Ny“N)  Ogn = (Q7,Q)(Ny*N)
~ Ornre = (LN)e(Le) Orngd = (LN )e(Qd)

RRRR

= OLion = (Ld)e(QN)
LRRL Ogunt, = (Qu)(NL)

Table 2. CP-even four-fermion operators. The CP-odd ones carry an extra imaginary unit.

We denote by N the RH component of the neutrino. The renormalisable Lagrangian
of the NSMEFT reads

1 1 1
Ly= —ZG,j‘VGA“” — ZWJVWIW — BB

2
+ (D H) (DMH) + p2 HTH — %)\H (HT H)
+i (QPQ +ulpu + dipd + LIPL +elpe + NIPN)
_ [@Ydﬂd +QY,Hu+TLY,He + LYNHN + h.c.] . (2.5)

The dimension-six interactions,
1
Le = 2 Z ;0 (2.6)
7

can be expressed in terms of a basis of effective operators. We choose the latter to consist of
the SMEFT operators in ref. [2] (which do not contain N) plus those in tables 1 and 2. The
«; represent Wilson coefficients. As we enforce LN conservation, there are no dimension-five
operators.

In this work we are only interested in the CP-even sector of the theory. Therefore, in
good approximation we can assume that Y, = diag(yu, e, y¢), while Yy = diag(yq, ys, y»)
and Y, = diag(ye, yu, y-) without loss of generality.



In good approximation we can also assume that there is no huge fine-tuning between
the operators entering into the expression for the neutrino mass, m, ~ Yyv —apygv3 /A2,
so in particular Yy can be neglected.? This also implies that lepton flavour is conserved in
L4. For simplicity we focus on the regime in which lepton flavour is also conserved in the
N sector of Lg. As a consequence, the three lepton families factorise (in particular they
evolve independently under the RGEs). We can therefore ignore flavour indices for clarity.

The operators in grey in tables 1 and 2 are redundant when evaluated on shell; the
redundancies due to algebraic or Fierz identities or ensuing from integration by parts have
been removed. We refer to this basis as off-shell or Green basis; see ref. [27] for a Green
basis of the sector with no N.

The relevant equations of motion of £4 for the fermions read:

iDL =Y.He + YNHN , (2.7)
idN =Y HIL, (2.8)
ipe=Y HL, (2.9)
iDQ =Y, Hu+ Y Hd, (2.10)
iPu=YHQ, (2.11)
ipd =Y HQ; (2.12)

while for the bosons we have instead:

(D*H)' = p3 H — A\g(HTH)H' — ¢,;QiYyd — 0Y, Q" — ¢;;LiY,e — NYyL',  (2.13)

9" B,, = —%(iHTDMH the)— g Y Fyf . (2.14)
v g2 . . - Y

D'Wl, = —E(HTle{H —iD H'H + Ly,0'L + Q,0'Q) , (2.15)

D’/Gfu = _%(@yu)\AQ + Ty N+ dygAid) ; (2.16)

where f runs over all fermions. As a consequence, the following relations hold on shell for
the operators in grey in table 1:

Opy=0+"--, (2.17)
Ohy = *%OHN toe (2.18)
OPn = —Ohn +-+ (2.19)
oly = (M%ZHN + h.c.) —AgOrng + -, (2.20)
02\ = _%}/;(’)HN - <M2%1LﬁN + h.c.) + )\7HOLNH — %ONB + %ONW oo, (2.21)
Oy =-Oln+-, (2.22)

2Even if, as we show below, arn is generated radiatively and therefore Yy ~ gQ'UZ/(16772A2) to keep
m, small, Yy is of order < 1074 for A=1 TeV, and hence much smaller than even the muon Yukawa.



Oy =0+, (2.23)
Oy =0+---. (2.24)

The ellipses represent Yy suppressed operators (which might include CP-odd ones) and /or
four-fermions, which we ignore.3
Under RG running the Wilson coefficients evolve as

- da
F= 167r2,u£ —nd, (2.25)

where @ is a vector that collects the Wilson coefficients of the EFT basis and « is the
so-called anomalous dimension matrix.
Given the previous discussion, we can anticipate the global structure of v:

,}/SMEFT
x 0 0 0 ang
y = x x 0 0 0 oW (2.26)
x x  x O O(e) | ann
X X O(Y;) X O(YS) QHNe
x x O(Ye) O(Ye) x QLNH

where ySMEFT stands for the 59 x 59 matrix (ignoring flavour indices) accounting for the RG
evolution of purely SMEFT operators [10-12]. Because we neglect Yy, N does not interact
with any other field at the renormalisable level. Therefore, operators involving N cannot
renormalise purely SMEFT operators, and vice versa. This explains the block-diagonal
form of the matrix in eq. (2.26).

The almost diagonal structure in the block of {Onn, Onne, Ornm}, only broken by
Y., can be explained as follows. Let us define the symmetries L, : ¢ — exp (if.)e, Ly :
N — exp(ify)N and Ly : H — exp (ifg)H. In the limit Y, — 0, £4 is completely
invariant under the simultaneous action of L., Ly and Lz, therefore dimension-four loop
corrections to dimension-six operators cannot modify the e, N and Higgs numbers; not
even by equations of motion. However, Ogn, Ogne and O g differ among themselves
in at least one of these quantum numbers.

The main result of this paper is the exact one-loop expression for the 5 x 5 lower block
in v, the calculation of which we discuss in detail in the next sections.

3 Computation of the divergences

We use the background field method. Each of the gauge bosons is thus split into a back-
ground field and a quantum fluctuation that can only appear in loops in Feynman diagrams.

3While loops of bosonic operators can generate contact interactions, the latter cannot contribute back
to bosonic operators via equations of motion and they can therefore be consistently ignored.



We work in the Feynman gauge. The latter is fixed only with respect to the quantum fluc-
tuations, therefore even non-physical quantities such as counterterms are manifestly gauge
invariant. Consequently, to order O(1/A?), any one-loop amplitude (and the divergences
themselves) can be unambiguously mapped onto the EFT basis of table 1. Note also that
because this Green basis contains operators related by field redefinitions, we can restrict
our calculations to (off-shell) one-particle-irreducible amplitudes.

Let us first consider the amplitude for N(p1)N(p2) — B(ps). Hereafter we work in
dimensional regularisation with space-time dimension d = 4 — 2¢ and absorb 1/A? in the
Wilson coefficients in the expressions for amplitudes. Using FeynArts [45] together with
FormCalc [46] we obtain the following one-loop divergence to order O(p?):

iMioop = ﬁglafmﬁ (P%’Y” - péwf}?fg) Pruse), . (3.1)
Here and in what follows v1 = v(p1), ua = u(p2) and €, = €;,(p3). The most generic
divergence in the EFT depends only on 0% and O% . It reads

iMaiy = P01 [&%N (pf)f}% - p§7“> + 265 5 (7“p2p3 — Vo, + D3P, — P@I’g)} Pruse;, .

(3.2)
Upon equating Moo, and Mgy, we obtain:
apy =0, (3.3)
1
~3 .
ADN = T g2 JICHN - (3.4)

For the amplitude for 7 (p1)N(p2) — Ho(ps) at O(p?) we obtain:

: i
iMigop = 3972¢ VL [(39104NB —9g2anw + 2Yeanne) pi + KOéHNez/ﬁl;;ﬁQ} Prug,  (3.5)

and

, a1 2, (a1 ~9 ~4 2
iMagiy = 107 [QLNM + (@pn — ain +ary) P

+(2aLy —aily +aly) pip2 — &%Np%} Prug, (3.6)
which implies
~ 1 oy
ALN = 355 (3g10nB — 9g2anw + 2Yeanne) (3.7)
~ 3
aiy = 392 (2g1anp — 6g2anw + Yeanne) , (3.8)
&y = — Y, aHN (3.9)
LN 39712¢ e e .

~ 1
apy = 3977 (Bgrans — 9g2anw + Yearne) - (3.10)



For the amplitude for 77 (p1)N(p2) — B(ps)Ho(ps) at linear order in the external
momenta we get:

iMioop = 647r26v1{2 (3gians — 9g1g2anw + 201 Yeamne) P
+2[ (395 — 2¢7 +4Y7?) anp + 9g1920nw ] Ph + gYeanney"p,
+ [(g5 — 695 — 8Y?) anp — 9g192anw — 291 Yearne] ’y“pg}PRuQeZ , (3.11)
as well as
iMaiv = ig101 [&lLNPIf + (&1LN - %a%N + ;~%N> ph + (25[;\713 - ;&iN) P
- %aimﬂpz - 2&;1 B ’y“pg] Pruse),. (3.12)

Upon equating both quantities, we obtain the same values of &t ;, a2 \, and & ,, as before
(what provides a strong cross-check of the computation), as well as

aNB = [(695 — g7 + 8Y.2) anp + 9g192anw + 291 YeamNe] - (3.13)

12872¢

The divergences at one loop and in the EFT for ez (p1)N(p2) — W3(p3s)H™T (ps) at
O(p) read respectively:

) T
iMigop = 647T2€U1{292 (9g2anw —3g1anB—2Y.anNe) Pl

+2 [3g1920n B+ (91 —695—4Y2) anw| P4

—g2Yeanney'p,

—[Bgrg2anB+ (297 —395—8Y?) anw —2g2Yearrne] P, }PRUZEZ ;

(3.14)
and
. N ~ 1. 1. anw 1.
iMaiv = 19201 [ —apnpl - (aiN T LN T QO‘%N> Py + <292 + 2a1LN> P
1_ aNw *
+ Qa%N’y"pZ -2 . ”y"pzs} Pruge, . (3.15)
This cross-checks again a? v, &% 5 and &3 5 and also leads to
~o 2 2 2
aANW = 123-2¢ [3glg2aNB + (291 — 395 — 8Y; ) ANW — 292YeOéHNe] . (3.16)
For N(p1)N(p2) = H(p3s)Ho(ps) to O(p) in the external momenta, we have:
. l 2 2 _
lMloop = m (g1 + 392) ANV (pl +?2 — 2?3) us , (317)



and
. | (~2 ~ ~9 ~ ~
iMgiy = 101 (OZNN_OéHN)p1 - (OZNN—FOLHN) ]Z)Q+2O‘HN¢3 Prus . (3.18)

From equating these two amplitudes, we obtain the conditions:

~ 1 9 9
The one-loop divergence for 7p(p1)N (p2)Hi(p3) — H{(pa)Ho(ps) at zero momentum
reads
. T
iMioop = T2t (12)\H — g% — 395 — 2Ye2) arnm — 391(91 + g3)ans

+ 3992 (g% + 393 + 4Y€2) anw + Ye (393 —2\g — 2Y62) agne| Prus ,

(3.21)
while in the EFT at tree level we have
iMaiv = —2iarNgU1 PrUs . (3.22)
This fixes
QLNH = 39.%c 391 (97 + 95) anp — 392 (91 + 393 + 4Y7) anw

+Y. (2>\H — 392 + QYf) apgNe + (g% + 395 — 12\ + 2Ye2) OZLNH:| .
(3.23)

Finally, upon computing the divergent part of N(p1)er(p2) — H ™ (p3)H (p4) at order
O(p), we obtain:

iMioop = % [g1Yeanp — 3g2Yeanw + (95 — 93) amne| U1 <p3 - p4) Prug, (3.24)
and
iMaiv = IQENUT (}Jfg - ]ﬁ4> Prua, (3.25)
which leads to
arrNe = ﬁ [91Yeans = 3g2Yeanw + (91 — 63) arne] - (3.26)

We provide a completely independent cross-check of these results in appendix A.



To conclude, for the Z factors of the fields we have:

Zy =1+ ﬁ [9f +3g5 —6Tr (Y2 +Y7) —2Tr (V2)], (3.27)
Zp=1- (91 + 395 +2Y72) , (3.28)
Ze=1- ﬁ (g1 +Y2). (3.29)
Zp=1- 946152%6 : (3.30)
Zw =1+ 91695236 . (3.31)

Note that we use Y. to refer both to a particular entry of the Yukawa matrix and to this
matrix itself (when it comes inside the trace).

4 Anomalous dimensions

We remove the redundant operators (those in grey in table 1) using the relations in
egs. (2.17)—(2.24). This shifts the Wilson coefficients ayp, anw and agy:

I 1

dvp > ans - 5 (ay — aly) = = [(303 — 207 +4Y2) ans + 9gigeanw] . (4.1)
avw = v + 2 (@~ dx) = oo Bogans + (o — 66— 42 anw], (12)
QHN —> QN — % (apy — dby) — % (@in —diy)

= _9671T26 [991Yeans — 2Tg2Yeanw + (465 +993) ann + 6Y2anne];  (4.3)

agne and apyyg (accidentally) remain unchanged.
This way, we fully determine the divergent Lagrangian
1

- .
327r2A260 ¢-g, 44

‘Cdiv =

where the vector O encodes the relevant operators, and the matrix C contains only SM
couplings. We use the latter to fix the counterterms in the NSMEFT Lagrangian

Lo = F&T .0+ 0" (Zrz-1)-a (4.5)
L& oy L o (kpiK)a (4.6)
— Az 3272\ 2% F “ '

where Zp contains the wave-function renormalisation factors, and we have introduced
Z =1+ K/(32r%) and Zp = 1 + K /(327%€). We obtain

K=—(C+Kp). (4.7)

4Explicitly,

Zr = diag (\/ZLZHZB, VZLZuZw,Zu N ZeZy, v ZL(ZH)S/Q) .



Following e.g. ref. [47], it can be seen that the anomalous dimension matrix + is simply
given by K. Thus, we finally get

59— 1955V + T 39192 0 0 0 oaNB
-39192 3@ U2y 0 0 0 anw
y= 30:Y, —9gaY, 124212 22 0 enn |
—3q1Ye 9g2Ye 0 —3g2+Y24+2Tr? 0 anNe

—301 (63 +93) 392 (g7 +3g3+4Y2) 0 Y.(3¢3-22n—2Y2) —9¢3 - 24120y —3Y24+3Tv? | arvn
(4.8)

where we have defined

T? =3Tr (Y2 +Y7) + Tr (Y2). (4.9)

We notice that, as anticipated in section 2, the operators Ogn, Ogne and Opnyg do
not mix in the limit of vanishing Y.. Also, these operators, which can be generated at tree
level in UV completions of the SM, do not renormalise Oy and Oypg, which can only
arise at one loop. We also stress that some entries, e.g. the renormalisation of Oy by
Onw, are enhanced with respect to the naive dimensional analysis estimation by up to an
order of magnitude.

5 Some phenomenological implications

Among the variety of phenomenological implications, we would like to explore the possibil-
ity that the excess of low-energy electron recoil events recently observed by XENONI1T [6],
which has triggered a lot of attention [48-71], is due to a relatively large neutrino magnetic
dipole moment. Following ref. [72] (see also ref. [52]), one can take p, ~ 2x 107 up, where
pp stands for the Bohr magneton. (This explanation necessarily assumes that the strong
astrophysical bounds [73], which are subject to a number of uncontrollable uncertainties,
can not be taken at face value.)
The neutrino magnetic moment can also be expressed as [43]

_4\@mev
e A2

Hv
UB

ana(v), (5.1)

where ay 4 = cwanp + swanw, me represents the electron mass and e = \/% with
aqep the electromagnetic fine-structure constant. The non detection of new particles at
the LHC most likely implies that oy 4 is generated at a scale A 2> TeV. In what follows we
assume two benchmark values of A = 1TeV and 100 TeV. We obtain

ana~9x107% (9x107%) for A=1TeV (100TeV). (5.2)

Even if this is the only non-vanishing Wilson coefficient at the high scale, running down
from A = 1TeV (100 TeV) to the EW scale, we obtain:

larna (V)| ~6x107% (2 x 107%), (5.3)
lagn(v)| ~ 1077 (6 x 107°) ,
lanz(v)] ~2x 1078 (7x107%) ,

~10 -



where ayz = ecwanw — swanp. (We have assumed that all neutrinos have similar mag-
netic moment, so ay is only suppressed by the tau Yukawa.)

An immediate consequence of this result is that the neutrino masses get a radiative
contribution of order dm, = |arnm|v?/(2v/2A%) ~ 3 x 102eV (103 eV) for the new physics
scale A = 1TeV (100 TeV). Most of this correction must be cancelled by the bare Yy, im-
plying a fine-tuning of order O(10% — 10%). This observation was already made in ref. [43].
The authors of this article obtain the RGEs of ayp, ayw and ap g neglecting the Yukawa
terms. The equivalent block in our v matches their result up to a factor of 2 in the mixing
of anp and aynw into arypg, which (slightly) weakens the amount of fine-tuning. Unfor-
tunately, we do not find enough details about the computation in ref. [43] to disentangle
the root of this discrepancy.

Irrespectively of this tuning, given the aforementioned numbers for the Wilson coef-
ficients and taking into account the three lepton families, we predict the following Higgs
and Z decays for A = 1TeV (100 TeV):

['(h — inv) = ??% afng ~9x 107 MeV (2 x 10712 MeV), (5.6)
3 2
L(Z = inv) = 3 Zj& (0% +20% ) ~ 1078 GeV (2 x 10717 GeV) . (5.7)

The expected Higgs and Z branching ratios are therefore

B(h — inv) ~ 2 x 107 (4 x 10713) | (5.8)
B(Z — inv) ~5x 1071 (8 x 1071%) | (5.9)

where we have used I'i°*al ~ 4MeV and I'P% ~ 2.49GeV [74]. Unfortunately, these
numbers are so small that it is not feasible that they will be tested at any current or future
facilities [75].

On a different front, from eq. (4.8) it is also clear that Oy, generates a contribution
dm,, to the neutrino mass too. For the tau flavour, requiring dm, < 1€V, it can be shown
that agye S 2 X 1076 for A = 1TeV. If appe is rather generated at A = 100 TeV, we
obtain agne < 2 X 1072. These bounds surpass by orders of magnitude the best bound
that can be set on apgye using measurements of W branching ratios, which is (’)(1).5

6 Conclusions

We have computed the RGEs of all dimension-six Higgs operators in the NSMEFT at one
loop, thereby extending previous partial computations which did not include all the oper-
ators nor the Yukawa dependence. Thus, this work comprises a substantial step forward

5Note that assuming ayw = 0,
2

v
AT (W*)ZV) 48WA4 ?—INea

while experimentally this quantity is bounded to AT(W — £v)/T%%! < 2 x 1072 at the 95% CL [74], with
F%,?/tal ~ 2.09 GeV. Altogether this implies \aHNE/A2| <4.5TeV™ 2.

- 11 -



towards the description of new physics in terms of EFTs in the regime in which neutrinos
are Dirac particles.

In our basis, the only operators that do not mix among themselves under running are
Opn and Opnpg, while the three operators Oy, Opne and Op v renormalise indepen-
dently in the limit of vanishing Yukawas (even at higher orders).

The operators Onyp and Onw, which together contribute to the neutrino magnetic
dipole moment, renormalise Opypy via gauge interactions; all the others are Yukawa
suppressed. With this in mind, we have also analysed the consequences of the recent
XENONIT excess [6] being due to an anomalous Dirac neutrino magnetic dipole moment
Py ~ 2 X 10*11/13. We observe that:

1. A contribution to the neutrino mass of order 102103 eV would be generated, requiring
a sensible cancellation between this and the bare mass to account for the tiny observed
m, ~ 0.1eV. This was already pointed out in ref. [43]. We however find a small
discrepancy with the result in this reference; see section 5.

2. Irrespectively of whether neutrino masses are tuned, Oy would be induced radia-
tively triggering the Higgs decay to invisible A — inv with branching ratio of order
~2x 1071 (4 x 10713) for A = 1 TeV (100 TeV).

3. If the dipole moment of the electron and tau neutrinos are equally large, then one also
expects a new contribution to the invisible Z decay with branching ratio 5 x 10719
(8 x 10718) for A = 1 TeV (100 TeV).

Unfortunately, even if the XENONI1T excess survives in the long term, these numbers are
too small to be explored at current and near future facilities.

On a different note, we have shown that Ogy. also renormalises the neutrino mass
term by dm,. Despite being Yukawa suppressed, we find that requiring om, < 1eV sets
a bound on apye orders of magnitude stronger than the current bound based on limits
from W — fv.
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A Cross-checks

Our partial yet thorough cross-check consists in computing the gauge dependence of UV
divergences in the sector of agn, agne and arypg, evaluating by hand (with the help of
FeynRules [76]) each of the diagrams generated with QGRAF [77].
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Figure 1. Relevant Feynman diagrams for NN — B.

We will make use of the following identities [42]:

d
/ ((217r];d (k2 —1M2)n = An, (A1)
d v
/ ((Qiﬂljd (k2 kulng)n = ¢"B,, (A.2)
/ (;ljrl;d (Z;‘k_”ljc\zg;’n = (9""9"" + g"" 9" + g"7¢g"") Cy, (A.3)
that lead to
T (A.4)
Bo= gt (A.5)
A (A.6)

where the ellipses encode finite terms.

A1 NN —> B

The relevant diagrams are given in figure 1. The different contributions to the amplitude

read:
iMi = grapn A1o1y" Pruse), (A7)
M2 = Ml ) (AS)
IMs = _%@HNFI 4B2’yﬂ + (1604 — 4Bg)p%")/“ + (A2 —8B3 + 3204) pgp2:| PRUBGZ ,
(A.9)
My = Ms. (A.10)
Here and in what follows v; = v(p1), us = u(ps) and €, = 6;(—]?2).
Summing over the four diagrams we obtain
. i —_— 2 *
iMioop = mglaHNvl (pQ’YM - p’é%) PRU3€M . (A.11)
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7L(p1) 7L(p1)

Figure 2. Relevant Feynman diagrams for 7p N — Hj.

The FeynArts/FormCalc convention for momenta differs from our setup involving QGRAF
and FeynRules. In the former, the momenta of incoming particles point in and outgoing
particles point out, while in the second all momenta point in. The momentum associated

to each particle also differs.

Thus, we have pgc = —ng, pfc = p?G and pgc = p?C;ZG' Having this in mind, it is

evident that this result agrees with eq. (3.1) in the limit Y, anp, ayw — 0.

A.2 TN — Hy

The relevant diagrams are shown in figure 2.5 We have:

Obviously, within our approximation this result agrees with eq. (3.5), which only depends
on ayp and ayw (and on agy, through Ye).

A3 vrN — BH,

The two relevant diagrams are those in figure 3. We obtain trivially

M1 =0, (A.14)
My =0. (A.15)

This again matches eq. (3.11) given our approximations.

A4 e N — W3HT

In this case we have the two diagrams of figure 4, which lead to

M3 =0, (A.16)
My=0, (A.17)

in agreement (within our approximation) with eq. (3.14).

In what follows the “missing” diagrams are either of order O(anp,yw) or O(1/A*). This is why we do
not display them.
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N(p3) Ho(ps) N(p3) Ho(ps)

Figure 3. Relevant Feynman diagrams for oy N — BHj.

er(p1) W3 (p2) er(p1) W3 (p2)
H, +
0/_\ (J,./" f§ V‘J./"
! v
< \{o < \{+
N(ps) H* (ps) N(ps) H(py)
(3) 4)

Figure 4. Relevant Feynman diagrams for eg N — W3H ™.

A5 NN — H}Hy

We have eleven relevant Feynman diagrams for this amplitude. They are depicted in
figure 5. The different contributions read:

iMy = gi (A2 — B3)anvip,Prus, (A.18)
iMy = g3(As — Bs)aynvip,Prus (A.19)
iMs = g5(As + 2B3)agnUip, Prus , (A.20)

2
iMy = —%(Az + 2B3)apnvip, Prus , (A.21)

2
IMs = —%(Ag =+ QBg)aHNﬁ¢4PRU3 , (A.22)
iMes = —g5(Az + 2B3)annvip, Prus (A.23)
iM7 =2 g(Ag — 4Bg)OéHN1}71(}Z§2 —+—p4)PRuS , (A.24)
iMs = A (Az — 4B3)agnvi(p, + p,) Prus (A.25)

2
My = —%AQOZHNW(Z% — ]Z§4)PRU3 , (A26)

2
iMig = —%AWHNUT(}/)Z —p)Prus, (A.27)

2
iMir = —%AQO&HNUT(% —p)Prus . (A.28)

Summing over all them we arrive at
. 1 2 2 __

ZMloop = % (gl + 392) QOFNV] (1232 — %4) Prus . (A29)
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N(p3) Ho(pa) N(ps)
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N(p1) H;(p2)
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Hy ™
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(16)

(4)
N(p1) Hg(p2)
Ht
a0 //
A
>\
HY
N(ps) Ho(pa)
®)
H;(p2)
o
/EW
N
Ho(pa)
17

Figure 5. Relevant Feynman diagrams for NN — H H.

G
= p¢, phC =

we match precisely eq. (3.17).

In this case, plfc

A.6 wNH; — H;Hp

G
p3e, pEC = —p

G
(2Q and p}fc =—p

?G. Using this information,

21 diagrams need to be computed in this case. They are all shown in figure 6. We have:

iMg = 4 g AsarNngv1 Prus,

1
My = ZMQ’
1
My = 5-/‘/19,
Miz = My,
My = 1./\/1
14 4 9,
.
iMys = —ElAQOéLNHUTPRU:a,
9
iMig = _?AQOZLNHiTlPRuii ,
M7 = Mag,
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(A.30)
(A.31)
(A.32)
(A.33)

(A.34)
(A.35)

(A.36)

(A.37)



7L (p1) H;(p2) 7L (p1) H;(p2) 7L(p1) Hg(p2)  7L(p1) Ho(ps) VL (p1) Hy(ps)
Hy ¢ o - - -
LN - - - L
’ \/ ’ N N N N -
Hi(pa) --- . Hi(pa) --- ( Nips) -H,  VHo N(ps) “Hyi M Ho Nis) Ty Mt
~ i N N Y N 7 N 4 4
- > ~L ~1 ><s
H \ o\ e T el e T el PR
N (p3) Hy(ps) N(p3) Ho(ps) H; (pa) Ho(ps)  Hi(pa) Hi(p2) Hi(p1) Hi(p2)
(9) (10) (11) (13) (14)
7L(p1) Ho(ps)  7L(p1) Ho(ps) 7z(p1) Ho(ps) 7L(p1) Hi (p2)
B .7 w3 .7 w7 B .7
/, /, /,
Nips) ~ X 1, N(ps) ~ X /1, N(ps) ~ K fore Nips) ~ X 1,
Hi(pa) Hi(p2)  Hi(ps) Hg(p2) Hg(pa) Hg(p2) Hg(ps) Ho(ps)
(15) (16) (17) (18)
7L(p1) H;(p2)
wh e
7/
N(ps) ~ LR /1,
H;(ps) Hy(ps)
(19) (20) (21) (22)
7L (p1) H;(p2) 7L(p1) H;(p2) 7L(p1) H;(p2) 7L (p1) H;(p2)
’ ’ ’ -7
Ho_.s" Ho,.5" Hy -
H(ps) --- gB H(pa) ---0K gud Hi(ps) === \EW Nps) — g, Ho
-~ < N
Ho ~C Ho ~C H*Y VAN
~ ~ ~ a ~
N(ps) Ho(ps) N(ps) Ho(ps) N (ps) Ho(ps) H; (pa) Hy(ps)
(24) (25) (26) (27)
7L(p1) Hi (p2) 7L(p1) Ho(ps) 7L(p1) Ho(ps) 7L(p1) Ho(ps)
N(ps) Hﬂ/ F \Ho N(ps) HD/ ; \\H o N(ps) H(,/ g \ffo N(ps) ~ g+ ’ \H
WS <7 B~ P IE BN W S
Hi(ps) Ho(ps) H; (pa) H;(p2) H (pa) H; (p2) H; (pa) H;(p2)
(28) (30) (31) (32)

Figure 6. Relevant Feynman diagrams for 7y NH§ — Hg Ho.

Mis
Mg
My
Moy
Mg
Moy
Mas
Mg
Moz
Mg

-Mis,
—Maig,
Mis,
= Mg,
= Mg,
= Ms,
= Mg,
Mg,
-Ms,
-Mg,
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Y B 4 -
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Figure 7. Relevant Feynman diagrams for Negr — H~H.

Mszp = M5,
Mz = Mg,
Masz = Mg .
As a result, we obtain
) 1 _
iMioop = Toa2e (12Xg — g1 — 393) aLnuVT PRus,

in agreement (within our approximation) with eq. (3.21).

A.7 Ner — H H;

Finally, this amplitude splits into the ten diagrams of figure 7. We have
iMi = 2g5 (A2 — Bs) apneUip, Prus ,
1
M2 = 7M1 ’
2
iMsz = —2g5 (Ay — Bs) agneUip, Prus ,

1
M4 = §M37

~ 18 —

(A.48)
(A.49)
(A.50)

(A.51)

(A.52)
(A.53)
(A.54)

(A.55)



iMs = —Ap (As — 4B3) arneTT (pQ + ];54) Prus , (A.56)

. _ 1
iMs = —giapneDl [(AQ + Bs) p, + §A2 ( 37 ?4)} Prus, (A.57)
IMg = gZQHN U1 (Ag + Bg)]ﬁ + 1AQ ( —325 > Prus (A 58)
1 € 4 9 3 12 ’ :
. 14 _
iMio = —5 93 A0 NeTT (}% —]1?4) Prug, (A.59)
M = 1Q%AQCYHNCUT o — P, ) Prus, (A.60)
' 1
1
Mg = 5/\410- (A.61)

Thus, we finally obtain:

; 3i 2 2 __
iMioop = T 3972 (91 — 93) arrnet ( 5~ ¢4) Prug . (A.62)
In this case, prC = p?G, pgc = p3QG, pgc = —pQQG, and pEC = —ng. So we easily see that

we match eq. (3.24).

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.
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