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https://arxiv.org/abs/2105.11462

thank you for the invitation!
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two experimental motivations for new physics
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Anomalous magnetic moment of the /i at the LHC?

FNAL's (g, — 2) expt. confirms a, = (g, — 2)/2 is *a bit* large  [2104.03281]
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2Perhaps less compelling in light of recent updates from the lattice community
Bern, Mainz, et al [2206.06582], and Cyprus, Bonn, et al [2206.15084]
R. Ruiz - IFJ PAN A vg solution to (g — 2) — ECFA WGL (July 2022) 5/23



https://arxiv.org/abs/2104.03281
https://arxiv.org/abs/2206.06582
https://arxiv.org/abs/2206.15084

my,

A vg solution to (g — 2) — ECFA WGL (July 2022) 6 /23



Problem: according to the SM, m, = 0. (The data disagree, obviously.)
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Neutrino masses 3(’15) = many open questions:
@ 1 have mass. What is generating m,?
@ v masses are tiny. What sets the scale of m,?
@ m, are nearly degenerate. What sets the pattern of m,?
e v carry no QCD/QED charge. v, U

Neutrino mass models give some answers to these questions
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Core ideas can be realized in many ways!3

Minkowski ('77); Yanagida ('79); Glashow & Levy ('80); Gell-Mann et al., ('80); Mohapatra & Senjanovi¢ ('82); + many others

Colored SE/3 L P QL ZB@An loo
Weinberg d = 5 2 ZBa1 loop

3For a reviews, see Cai, et al [1706.08524]; Cai, RR, et al [1711.02180]
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what is and why v'SMEFT?
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vSMEFT: the what

vSMEFT (or sometimes Heavy N EFT) is the Standard Model Effective
Field Theory extended by right-handed (RH) neutrinos vz

del Aguila, Bar-Shalom, Soni, Wudka [0806.0876]; Liao, et al [1612.04527]; + others + more recent activity

Start with Lagrangian for Type | Seesaw at d = 4:

1 1 .
Lrype 1= Lsm + EWI Pvg — |:2Vf?,URVR +wldvg + H.c.]
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vSMEFT: the why

— Absence of N (mass eigenstatesty in high- and low-energy searches may be
suggesting picture is richer than low-scale Type | Seesaw model(s)

— Conceivable that mass hierarchies also exist in UV model (easy in somet)

— collider-scale and LFV still accessible in semi-decoupled limits
e.g., RR [1703.04669)]

_ () B (n)
LsMEFT = LType 1+ 22 ae=2O; 1 where at d = 6, the new O} are:

i

V2 H? Y*H?D Y HX(+H.c.)
Opn(+He) | (Lvg)H(H'H) Ou (Fry"vr)(HYDLH) | O, (Lo vg)HB"
Omve(+Hec.) | (rpy'e)HYDH) | Ouw (Loyvp)r HWm
(RR)(RR) (LL)(RR) (LR)(LR)(+H.c.)
O (VRY"vR) (VR R) Or, (Ly"L)(rYuvr) | OLure (Lvg)e(Le)
Oev (ev"e)(ryuvr) Oqu (" Q)Frvuvr) | OLuga (Lvr)e(Qd)
Ouw (@ u)(Pryav) OLagv (Ld)e(Qur)
Oav (dy*d)(PrYuvR)
Ouuwe(+Hc.) | (dy*u)(ryue)
(LR)(RL) (LN B)(+H.c.) (LN B)(+H.c)
Oquur(+H.c.) (Qu)(7rL) [ (Ppvr)(PgvR) 0QqQav | €ij€ass(QaCQ%)(dsCrr)
Ouddy | €apo(uaCdg)(dsCrr)

Table 1. The complete basis of dimension-six operators involving vz, taken from Ref. [47]. Operators
are expressed in terms of a column vector of n gauge singlet fields, v, and SM fields, i.e., the lepton and
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connecting g-2 and neutrino masses
VR
i I
‘LL = 1'/-{_&_)_‘
vSMEFT
Con G
SMEFT
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Active-sterile mixing for the non-experts (1 slide)

Generically paramerize active-sterile mixing via Ace, et 21 [0001.3589], Han, et al [1211.6447]

3 3
Vel ~ 5 UpmVm + ViaNa R ~ E XomVm + YeaNg
=1 =1
flavor basis m= flavor basis m=
mass basis mass basis

The SM W coupling to leptons in the flavor basis is

Lint. = _% Wi [(4* Py + H.c., where P = %(1 —7°)
= W coupling to N in the mass basis is

Elm;. = —% W/: E;:e |:7’}“U’PL (Z?ﬂ:l Ulmif/m + VU\/N):| + H.c.

= N is accessible through W /Z/h bosons
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g — 2 in YSMEFT
. . _ _Expt. Thry.
Parameterize corrections to g — 2 by Aa, = 3, — 4, and
o —
L —dipole— Lpf (Lp ot lp, F,uz/ +H.c

in this language, C; = (V2C;) = (c,.(6)v2//\2) is the Wilson coeff., and

o 4Amy Iyl _ 4myg [ 2 ]
Do = o g [1g]] = 22 R [y v2C
Y2 H? y?H°D Y HX (+H.c)
Opn(+He) | (Lvp)H(H'H) Ony (rry*vr)(HYD,H) | Oup | (Lowvp) B
Onve(+He) | (yte)(HDH) | Ow | (Loyvr)r HW
(RR)(RR) (LL)(RR) (LR)(LR)(+Hc.)
[ (VR vR) (VR YWV R) Opy (Ly"L)(Ryurr) | Opwte (Lvg)e(Le)
Ocy (&y"e)(Vryuvr) Oqv (" Q)(7ryvr) | OLvou (Lvr)e(Qd)
Ouy (ay"u)(Pryuvr) OLaqv (Ld)e(Qur)
Ouy (ljj“d)(ﬁu”xpl’u)
Ouuve(+H.c.) | (dy"u)(Zrue)
(LR)(RL) (LN B)(+H.c.) (LN B)(+H.c.)
Oquur(+H.c.) (Qu)(7rL) [ (FvR) (Pvr) 000 | €ijtaps(QLCQL)(drCrr)
Ouddv | €apo(uaCds)(deCrr)

Table 1. The complete basis of dimension-six operators involving vg, taken from Ref. [47]. Operators
are expressed in terms of a column vector of n gauge singlet fields, vy, and SM fields, i.e., the lepton and
Higgs doublets, L and H, left-handed quark doublet Q = (ur,,d;)”, and right-handed fields e, u, and d.
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operators that fail
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operators that do not immediately fail
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class G 2H?D (RR)(RR)
C: =v2C; Cron Chy *CHue Coww Cuvdy Cev *Cauve
b LYY, L%, LY, |IPY.Y)Y, LYYVY).L} LYY, LYY,
Aay/(CAG") 107%Y, 1072 3-100Y, | 107y, 1073y vi 1072} 1072 0.4
Aay/(CiAaS) 10-3Y,, 1073 110y, | 1075YY, 1073y, Y}, 1072} 10-3 6Y;
class GPHX (+H.c.) (LL)(RR) (LR)(LR) (LR)(RL)
C =v%C; Cou CLy Cruqa Craqv CQuuL
b LYAY,YLL} L. yjvly,  vjviv. | vivly,
Aay/(CiAap™) 2y 1072y, v}, 10 1072 1071y, 1074y 1072y,
Aa,/(CiAaS™) 0.1y 1073y, v}, 1072} 1073 300Y; 1075, 1075y, 1073y,

Table 2. Estimates of the contributions of the dimension-six Wilson coefficients to the coefficients b;
(defined in Eq. (3.3)), where Aay = (4mg/v)b;C;. The third (fourth) row is the ratio Aa,/Aaf™" for
¢ = p (e) in units of C; = v2C;. L stands for a loop factor and Y; are the different Yukawa couplings.

The cases with ¢;, ¢} > 1 are highlighted (in green) with an asterisk.

Many operators just do not work (iiny vukawas, ic) and some almost work

OHVG) OyB; Oz/W ) OLZ/LG and Odul/e
Y, ' v ﬁ L " .
Chye i Ye I Cupow CrLuLe Cauve :Y,,
R A vg solution to (g — 2) — ECFA WG1 (July 2022) 17 /23




but one operator seems to work
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VPH? V> H?D Y?HX (+H.c.)
Opyu(+He) | (Lvg)H(HTH) Opy (vgytvp)(HTiD,H) | O, (Lo vr)HBM
Omve(+Hee) | (7ryte)(H'iDH))| Ouw (Loywvg)r HW !
(RR)(RR) LLRR) (LR)(LR)(+H.c.)
Oy (vrY"vR)(VRYuVR) O, (I:A”'L)(DR"“LVR) OrvLe @VR)F@U)
Ocr (ev*e) (R uvR) Oqv (@Q)(wrYuvr) | OLuga (Lvr)e(Qd)
Ouws (ay"u)(VrYvR) OLaqu (Ld)e(Qvr)
Ouy (dy*d)(7rY.VR)
O guve(+H.c.) (dy"u)(Rpue)
(LR)(RL) (LN B)(+Hc.) (LN B)(+H.c.)
Oquur(+H.c.) (Qu)(vrL) Oviww (VjvR)(PRVR) 0Qquv | €ijeaps(Q6CQY)(dsCrr)
Ouddv €apo(uaCds)(d,CrR)

Table 1: The complete basis of dimension-six operators involving vg taken from Ref. [24]. The
operators are expressed in terms of a column vector of n gauge singlet fields, v, and of SM
fields, the lepton and Higgs doublets, L and H, the quark left-handed doublet Q = (ur,dr)”,
and the right-handed fields e, u. and d.

Unexpectedly, only one operator at d = 6 can generate “right” Aa,

, i} _ 2
Lhve ® 3050 ket [Crve] g (Niv*Pr{R) Wi (14 3)” + Hee,

v

This generates Aaj, of the form

2 —
Aaﬂ ~ — (ZT‘L;Z\AZI Re (VN’N [CHVe] NH) (see [2105.11462] for exact formulal)
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can we have fun with this operator? yes!
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Anomalous magnetic moment of the ;/ at the LHC

Plotted: oi371ev vs mass for d = 4,6 (L) separated and (R) combined
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UFO with some ©®) at NLO in QCD publicly available [feynrules.irmp.ucl.ac.be/wiki/HeavyN]

Take away: Even with realistic active-sterile mixing, o131eyv_not terrible
A vg solution to (g — 2) — ECFA WG1 (July 2022) 21 /23


https://feynrules.irmp.ucl.ac.be/wiki/HeavyN

Anomalous magnetic moment of the ;/ at the LHC

3000 ; 20000
/ U,4=0.01 =
N U001
2500 5
=~ ! S
L/ 150001 f
N ) S
2000 I/ -
N i N
[o) (o)
Q 1500 e
< <
1000
500
600 800 1000
my (GeV)

200 400
my (GeV)
Punchline: If V are involved in generating Aa,,, then expect something in

pp — Ny~ +Xand H— 1
22/ 23

during Run Ill data and at the HL-LHC cirigiiano, de vries, RR, et al (JHEP21)
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Thank you.
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Backup

A vg solution to (g — 2) — ECFA WG1 (July 2022) 1/2



Validity of EFT at the LHC

Are Ny light enough to justify using an EFT?
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