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Motivation: absence of New Physics

No New Physics signals at particle physics experiments
(modulo several inconclusive anomalies), except for neutrino masses

New Physics

e very weakly coupled

new degrees of freedom (dofs) below the electroweak (EW) scale v
very likely singlets of the SM gauge group

e present at scales A > v
SMEFT is appropriate description

* pboth
“new dofs + SM” EFT (respecting SM gauge symmetry) required

What are these new dofs:

scalars, fermions, vectors?



Motivation: neutrino masses

In the SM neutrinos are massless

Neutrino oscillations show neutrinos are massive
(hypothesised by B. Pontecorvo in 1957, detected by Super-Kamiokande in 1998)

The minimal way to generate neutrino masses (at renormalisable
level) is via Yukawa interaction (as for all other fermions in the SM)

This requires a new state — right-handed (RH) neutrino, v, = N
Lsyan = Ly + iNy'O,N — [LHY N + h.c.|

H = ic,H*

v = (v;, N)! is Dirac neutrino, lepton number is conserved

m, = YN% ~00l eV v=246GeV = Yy~ 1071
2
(Y, ~ 1 Y, ~ 107° =  flavour problem)

Is lepton number a fundamental symmetry?



Motivation: neutrino masses

If lepton number is not a fundamental symmetry, then

. | 1, — 0 mp\ [vf
— Prmass = LHY N + SN'MN +he. = = (7, N°) + h.c.

\Y%
c

NG

p'=Cyl  C=iy%" mpy=Y,—

mp M N

v= (v, )" and n = (N N)" are Majorana neutrinos

Type | seesaw mechanism: m, < M 10°
m, = —mp M " m} ~0.01 eV 10-3]

s~ 107°

Huge range of values for M, _

including M S v

1072

1071

1




Motivation: neutrino masses

Of course, at non-renormalisable level, the minimal way to generate
Majorana neutrino masses is via WWeinberg dimension-5 operator

6, = (LH) (ALY) + hec.

SMEFT accommodates lepton number-violating neutrino masses

In what follows, we assume
> lepton number conservation (LNC)

or

> lepton number violation (LNV) by M < v

N should be present in the EFT = NSMEFT



NSMEFT: operator basis

Ad—4
d=5

0'¥ are invariant under SU(3). x SU(2), x U(1)y

00 1 n,
— d) ;p(d
L =Lyt ), —— ), a0
l

Dimension 5 (LNV operators)

Oy = (LH) (H'L) Weinberg, PRL 43 (1979) 1566

@NNH = (WN) (HTH) Aguila, Bar-Shalom, Soni, Wudka, 0806.0876
Aparici, Kim, Santamaria, Wudka, 0904.3244

Onng = (WG’“UN) B,
l
Bﬂl/ — aﬂBl/ - avB,u o' = 5 [y'u’ 7U]

Onyg =0 for ng, =1 (n,is # of Ns)



NSMEFT: operator basis

Dimension 6

Initial set of operators (redundant)
Complete set of independent operators (basis)

Higgs-N operators

# (+h.c.) =5 (9)

ONW = ZO‘“VNO'[F]WIL{V

Aguila, Bar-Shalom, Soni, Wudka, 0806.0876
Liao and Ma, 1612.04527

1H | Oxp=Lo"NHB,,
2H | Opy = Ny*N(HUD,H) Opye = Nyte(HiD, H)
3H Oy = LHN(H'H)
4-fermions 11 (16)
~ Onn = (N7, N)(Ny#N)
Z | O = @) (VN)  Ouy = (@) (N4 N)

Oay = (dy,d)(Nv"N)

Odune = (@yuu) (NV “€>

LLRR | Oy = (Z7,L)(N4#N)  Ogy = (@7,Q)(NA*N)
g OLNLe — (ZN)G(ZG) OLNQd — (ZN)E(@OZ)
- Oragn = (Ld)e(QN)

3 (6)

L Onnny = (NN

L& B IR

ne=1(@3): 29 (1614)
operators including h.c.




NSMEFT: operator basis

Dimension 7 (LNV and BNV operators)

Initial set of operators (incomplete) B8hattacharya and Wudka, 1505.05264
Complete set of independent operators (basis)  Liao and Ma, 1612.04527

ne=1(3): 80 (4206) operators including h.c.

The basis of operators involving NV should be added
to the basis of SMEFT operators derived in

P DIm5  Weinberg, PRL 43 (1979) 1566

P DIm 6  Buchmiiller and Wyler, NPB 268 (1986) 621
Grzadkowski, Iskrzynski, Misiak, Rosiek, 1008.4884

2 DIm 7  Lehman, 1410.4193
Liao and Ma, 1607.07309



Hierarchy of scales:

A~ O(1=7) TeV

SMEFT

e vV ~ 0(100) GeV

Low-energy EFT (LEFT)
t, H, W, Z integrated out

meeesssssm E ~ O(1) GeV

SM

10



Hierarchy of scales: SM

A~ O(1=7) TeV

Renormalisation of dim-6 operators
at 1 loop Jenkins, Manohar, Trott, 1308.2627

Jenkins, Manohar, Trott, 1310.4838
SMEFT Alonso, Jenkins, Manohar, Trott, 1312.2014

Matching of SMEFT onto LEFT at
memmmmmmmm v ~ 0(100) GeV > tree level

Jenkins, Manohar, Stoffer, 1709.04486
P 11l00p Dekens, Stoffer, 1908.05295

Low-energy EFT (LEFT)

t, H, W, Z integrated out
Renormalisation of dim-6 operators

at 1 loop
Jenkins, Manohar, Stoffer, 1711.05270

meeesssssm E ~ O(1) GeV

10



Hierarchy of scales: SM + N

A~ O(1=7) TeV

NSMEF

e vV ~ 0(100) GeV

NLEF

meeesssssm E ~ O(1) GeV

11



Hierarchy of scales: SM + N

A~ O(1=7) TeV

NSMEF

e vV ~ 0(100) GeV

NLEF

meeesssssm E ~ O(1) GeV

Renormalisation of dim-6 operators
at 1 loop
> Higgs-N including gauge, lambda
and Yukawa dependence
Chala and AT, 2006.14596
» Higgs-N and 4-fermions including

gauge dependence only
Datta, Kumar, Liu, Marfatia, 2010.12109

Matching of NSMEFT onto NLEFT

at tree level Chala and AT, 2001.07732
Li, Ma, Schmidt 2005.01543
Bischer and Rodejohann, 1905.08699

Renormalisation of dim-6 operators
at 1 loop

» partial results
Chala and AT, 2001.07732
Li, Ma, Schmidt, 2005.01543
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Running of dim-6 Higgs-N operators

Green basis: set of operators independent off shell

Chala and AT, 2001.07732

0H 1H 2H
O})N :NE)WN ONB ZZO'/’WNFIBMV, ONW ZZO'“VNO'[}N[WL{V OHN :W’}/“N(HT’LDMH)
0%y = iB,,(Ny"0"N) O}y =LND?H , 0%, = LO,ND*H 0%y = NiN(H'H)

O3y = 0B, (NyN) | O3y =ilo"0,ND,H , O}, = L(0*?N)H Opne = Nyte(H'iD, H)

3H: Opyg = LHN(HH)

The basis is obtained with the help of the package BasisGen Criado, 1901.03501

Operators in gray are redundant when evaluated on shell:

Opn =0

81
@%N - = EGHN
@3DN - = @%N
Oy =0

Oy = (ugLAN + h.c.) — A0, vy

+ 7 81 82 1 A
@2N == @%N
Oy =0

(The equations hold up to Y, suppressed operators and 4-fermions)

12



Running of dim-6 Higgs-N operators

Anomalous dimension matrix

, da  _,
lor“‘y—=ya
du
ySMEET g o Shen 1505 o1
X X 0 0 0 aNB
- X X 0 0) ) Anw
/= 6(Y) 6(Y) x O) O6(Y) AUy
o, o, o, x 0(,) AGNe
X X 0, 0, X X NH

We set Y,y = 0 = no mixing between Higgs-N and pure SMEFT operators

ForY, ,, =0, ZLg,.yisinvariant under N — e"N, e — e'%e, H — e""H

i(0,—0y+20,,) O
e

13

i(0y—0,)
Onpywing = €N " Ong ywings Ounv = Opy> Opyne — €



Running of dim-6 Higgs-N operators

Technicalities of the computation
> Background field method: V, =V + 6V,
» Feynman gauge
> To order 0 (1/A?) any divergence
can be mapped onto EFT’s Green basis

> (Off-shell) 1Pl amplitudes
> Dimreg:d =4 — 2¢e

(Semi-)automatic computation using

FeynRules + FeynArts + FormCalc
Alloul et al., Hahn, Hahn and Perez-Victoria
1310.1921 hep-ph/0012260 hep-ph/9807565

(Semi-)manual check using

FeynRules + QGRAPH
Nogueira,
JCP 105 (1993) 279

14



Running of dim-6 Higgs-N operators

Example: NN — B amplitude

N(p1) N(p1) N(p1) N(p1)
N
o AR
- B(p2) A~ B(p2) i~~~ B o~ B(p2)
v D v N ~=-7 N
_/ oo/ Hy HT
N (ps) Ho N (ps) HY N (p3) N(ps)
(1) (2) (3) (4)
. ( _ . o .
iMioop = 1S 2 N2 JIQHN I (p%vu—pg%) Pruse, Oyn = N’WN(HTZDMH)

. T [~ ~ .
iMaiy = Azt {a%N (p’g% — p%v“) — 20}y (7“]?3102 — VPP, + Do, — p;%ﬂ Pruse,,

0%y = iB,, (Ny*0”N)

O3y = 0" B, (N+"N)

6 more amplitudes to fix all &, 15



Running of dim-6 Higgs-N operators

After removing the redundant (on shell) operators

—

T —> - "
. = € a ¢ contains SM couplings
dv " 39 12A 2 PINS
1 . —
36=F T°@+°<Zc.t. 3c.t.=_°<zdiv
y =—6 —Kp Ky =32n% (Zz—1) Zcontains wave-function

renormalisation factors

16



Running of dim-6 Higgs-N operators

After removing the redundant (on shell) operators

—

T —> - "
e € - a € contains SM couplings
dv " 39 12A 2 PINS
1 . -
36=F T°@+°<Zc.t. gc.t.z_‘gzdiv
y =—6 —Kp Ky =32n% (Zz—1) Zcontains wave-function

renormalisation factors

Anomalous dimension matrix Chala and AT, 2006.14596

(91 9 3 9
—8i— 78 —5Ye+Tr’ -381% 0 0

0
0

3 3 11 5
2018 g —me +3Ye+ T 0 0
38,7, -9g,Y, %glz + 2Tr? 2Y? 0
—3g,Y, 9g,Y, 0 —3g7 + Y2+ 2Tr? 0
—3g; (g12 + g22) 38, (glz + 3g22 + 4Y62) 0 Y (3g22 — 2y — ZYZ) —28i— &+ 1244 — EYe + 3Tr )

\ s—

Tr> =3Tr (Y7 +Y;) + Tr (Y7)

16



Running of dim-6 Higgs-N operators

After removing the redundant (on shell) operators

—

T —> - "
e € - a € contains SM couplings
dv " 39 12A 2 PINS
1 . -
36=F T°@+°<Zc.t. gc.t.z_‘gzdiv
y =—6 —Kp Ky =32n% (Zz—1) Zcontains wave-function

renormalisation factors

Anomalous dimension matrix Chala and AT, 2006.14596

0

0

1
S8i +2Tr iﬁ
0 —3g7 + Y2+ 2Tr?
0 Y, (3g2 — 24 — 2Y2) E%g% - ma- Y2+ 3T

o

Tr> =3Tr (Y7 +Y;) + Tr (Y7)

Gauge and lambda dependence of RGEs for ayg, ayw, @y Bell et al., hep-ph/0504134 16



Applications

Dirac neutrino magnetic dipole moment and neutrino mass

M| 4\/5 m,v
Hp B C A2

aNA(V) Bell et Cll., hep—ph/0504134 @NA — CW @NB + SW @NW

(c) Neutrino magnetic moment XENONIT, 2006.09721

T T 10710 ¢ T T T T T T
140 -—— Ho: By e=ese Hy 7 :
A].ZO—— Hi: Bo + 1y |
> T T
Q | _ _
= 100 I I v Lax107!
>§ T - L —_la
% 80 I _}_ EIO'“- -
=1 a2
e IR
> sl l | T
20 [o-... 7 RS
0 [ reeesae. | qrerancnnnnnn enesnnmnnnnnn fescccnnnnnss .12 \ 1 1 1 1 |
0 5 10 15 20 25 30 10 Borexino Gemma Globular White S2-only S1+S2
Energy [keV] clusters dwarfs (This work)

ayy ~ 107 (107')  for A =1 Tev (100 TeV)

3
—  ~ a \"

om, ~ 10% eV (103 eV) to be cancelled by Y, — considerable fine-tuning

17



Applications

O v, @nd neutrino mass

Opye = (Nyte) <HTiDﬂH> also renormalises O, vy

For# =1, Y, ~ 1072 and
aHNe
A2

om,Slev = < 1070 Tev—2

Bound from W — v

AT(W = 1) w2
V) = a

4872'«4 HNe
AT(W — 1)

a
e < 2% 1073 = fzv < 4.5 Tev2
%%

PDG, RPP 2020

6 orders of magnitude stronger bound from RGE!

18



Running of 4-fermions

Gauge dependence of anomalous dimension matrix
Datta, Kumar, Liu, Marfatia, 2010.12109

() Ul Yy U1 Yo Y1 Yo

X e XX

WYy U3 Uy vy Yy (d) 3 Yy (e)

yNSMEFT _ V5x5  Vsx11 | Higgs-N
1016 Y11x5 711x11 /) 4-fermions

The strong gauge coupling constant is in play
Sizeable mixing between certain 4-fermion operators, e.g.,

Ornoa= (LN) € (0d) and 0,,,y = (Ld) € (ON)
19



NLEFT: operator basis

NLEFT is the EFT below the EW scale invariant under SU(3),. x U(1),,,

LNC operators Chala and AT, 2001.07732
Dipole Ony = VLo N A, Dipole: 1
y OFER = (N7, V) (Ny“N)
S OR™ = (Emnen) nN) O = (@yar) (N9 N)
Ogn'" = (dryudr)(NY'N) O35 = @ryudr) (@ry" N)
= O =) (NyN) O = (eryuer) (N N)
= U — (@) (VrN) O = (@dn) (V)
V.LR
O“ddSVRR (L) ey ) 4-fermions: 23
Oxn = (WLN)(VLN)
. O =(eer)mN) O = (€zouwen) (Lot N)
= 0N = ) (TN) 05 = (@) (7o)
Oin" = (dpdp)(WEN) O™ = (droyudr) (vrot” N)
Opien = (@Wrdp)@N)  Oiiy = (Wodg) (o™ N)
g O = (ereL) (L N) Oy = (uruL)(7LN)
- Oan™ = (drdy)(7LN) Oy = (Wrdy) (FLN)

20



Matching NSMEFT onto NLEFT

Tree-level matching at EW scale (w/o Yukawas)

N~ (%
= (anpew + anwsw)
v V2A2

V.RR 2

QN _ QeN 97 Zen LN
v2 A2 my

agl’fR . AN . Q%ZdRZN
v2 A2 my
V.LR 2

QN  _ QLN 97 2v, 4N
v? A2 m%
V.LR 2

N~ _ QN 97Zu, LN
v2 A2 myz
V.LR 2

aan 9 Wy
'U2 2777.,‘24; '
S.RR

a_y 3QLNLe
v? 2A2
S.RR _

auN — Y
S.RR

QgN  _ QLNQd _ ALIQN
v2 A2 2A2
S,RR

QugeN _ XLAQN _ QLNQd
v2 2A2 A2
S.LR 2

a sy g Wy

2 2

v mgyy
SLR _

agy =0,

(D.1)

(D.3)

(D.5)
(D.7)
(D.9)
(D.11)

(D.13)
(D.15)

(D.17)
(D.19)

(D.21)

(D.23)

V.RR
NN _ QNN
v2 A2
V.RR 2
auN _ QyN . gzzURZN
v? A2 m%
V.RR
QXydeN _ YduNe
v2 A2
V.L 2
QeN  _ QLN 9zZer, ZN
v? A? m%
V.LR 2
QN _ QN . gdeLZN
v?2 A2 m2
S,RR _
NN — 0 ?
T.R
Q_y QLNLe
v2 8A2
T,RR
‘ulN =0 ’
T.RR
XgN QALdQN
2 8A2
T.RR
Qo deN QLIQN
v2 8A2
S.LR
a,N AQuNL
v2 A2
S.LR
udeN aQUNL
v2 A2

(D.2)

(D.4)

(D.6)
(D.8)
(D.10)
(D.12)

(D.14)
(D.16)

(D.18)
(D.20)

(D.22)

(D.24)

Chala and AT, 2001.07732

NN><

c 7z
SwCw Ysm
2A2

\I.:

_Q




NLEFT: operator basis

There are also LNV operators

LNV operators Chala and AT, 2001.07732
Dipole ONN*y = NO'/WNCAIW
L O = )TN O = (@en) (Try N°)
S O — (@) TG O = (dds) (70N
OvitNe = (Wp,dL)(FyN°)
S OB = Enen) N O = () (0N
S O = (dryudr) (LY Ne) - Oiine = (WRyudr) (€27 N°)
- 0! = (Frer)(NNY) 0! = (WRuL)(NN°)
~ —_ — _ _
= Oine = (drdp)(NN) Oniine = (Wrdy) (RN®)
Oyiene = (R0 d1)(@ro" N°)
. Opie = (7pvf)(NN°) Oxne = (N)(NN°)
= O% = (ezen)(NN°) O = (Tpur)(NN¢)
O = (dpdr)(NN°) Ot = (Wrdg) (@&N°)

See also Li, Ma, Schmidt, 2005.01543, in particular, for tree-level matching

22



Phenomenology: Dirac neutrino

» What are the constraints on the NSMEFT operators involving N?

» What are the signatures of the unconstrained operators?

. Onn = (N7.N)(N*N)

= | O = @) (Ny"N)  Oux = (@) (Ny"N)

Oan = (dyud)(NYN)  Ogune = (dyuu)(Nv"e)

LLRR | Oy = (L7, L)(NY*N) - Ogn = (Q.Q)(Ny"N)
= Ornre = (LN)e(Le)  Ornga = (LN)e(Qd)
- Origy = (Ld)e(QN)

LRRL Ovunt = (Ou) (VL)




Phenomenology: Dirac neutrino

» What are the constraints on the NSMEFT operators involving N?

» What are the signatures of the unconstrained operators?

Alcaide, Banerjee, Chala, AT, 1905.11375 P ET

Onn = (N7 N)(Ny#N) X

Ocn = (87,)(NY*N)  Oun = (@y,u)(N*N) p /
Oun = (dy,d)(N¥N)  (Ogunve = (dy,u)(NA*e))
LLRR | Ory = (L7, L)(NY*N)  Ogn = (Q.Q)(N7*N) N
E Ornze = (LN)e(Le) C Ornga = (LN )E(@d)) '“ :‘<
. (Oragy = (LA)(@N) ) [,
LRRL (Ogunt = (Qu)(NL) )

RRRR




Phenomenology: Dirac neutrino

» What are the constraints on the NSMEFT operators involving N?

» What are the signatures of the unconstrained operators?

Alcaide, Banerjee, Chala, AT, 1905.11375

05157 p E:
Onn = (N7uN)(NY*N) X
Ocn = (@7,€)(NY*N)  (Ouy = (uy,u)(N~*N)) p /
COdN = (dvy,d)(Nv*N) ) @duN = (dry,u)( 7“6)
LLRR | Opy = (L7, L) (N N) Ogn = (@1,Q)(NY*N)) N
5 Ornze = (LN)e(Le) C Ornga = (LN )E(@d)) '“ :‘<
- (Origy = (Ld)e(QN) )
LRRL (Ogunvt = (Qu)(NL) )

RRRR
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Phenomenology: Dirac neutrino

» What are the constraints on the NSMEFT operators involving N?

» What are the signatures of the unconstrained operators?

Alcaide, Banerjee, Chala, AT, 1905.11375

’ ’ ’ — - F A
Onn = (N7uN)(NY*N)
CC’)eN = (ey,e)(Ny*N ) COUN = ﬂ%u)(NW/“‘N)) P Z

COdN = (dvy,d)(Nv*N) ) @duN = (dry,u)( 7“6)

LLRR @LN = (I’YML) N’WN) @QN — Q%Q NWMN) N
= COLNLe = (LN)e(Le) )( OrLNod = (ZN)E(@CZD T ;<

RRRR

5 (OLdQN = (Ld)e(QN ))
LRRL (Ogunt = (Qu)(NL) )

F%N ”,\’
t—éy
p N

4
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Phenomenology: Dirac neutrino

» What are the constraints on the NSMEFT operators involving N?

» What are the signatures of the unconstrained operators?

Alcaide, Banerjee, Chala, AT, 1905.11375

’ ’ ’ — - F A
Onn = (N7uN)(NY*N)
CC’)eN = (ey,e)(Ny*N ) COUN = ﬂ%u)(NW/“‘N)) P Z

COdN = (dvy,d)(Nv*N) ) @duN = (dry,u)( 7“6)

LLRR @LN = (I’YML) N’WN) @QN — Q%Q NWMN) N
= COLNLe = (LN)e(Le) )( OrLNod = (ZN)E(@CZD T ;<

RRRR

= ——
— (OLdQN = (Ld)E(QN))
LRRL (OQuNL = (@’@(WL) ) New 1-OP decay

P N N, v N
Dl
i N L

4
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LLLL  RRRR

LRRL and LRLR

Constraints on

4-fermions

OduNe

0

OiNfe
131
OtN fe
Oth'e
3ii
O[Nt'e
313
O[Nfe
33i
OtN fe
O 11

Bounds on amer for A =1 TeV

Bounds on Apin [TeV] for a =1

Oy
Ok
Oun
11
113

-\

G2 _____________«EEE =D

N

11
Oq N
113

T — {+inv
monojet

monojet
E+ FE

T+ Episs

miss

T — £41Inv
I]l()ll«»j«‘t
T — £41nv

T — {4+Inv

T — {4+Inv

T — {4+Inv

T — {41Inv

T — f4+Inv

{+ F

miss

iy I | W i

O
O

il
133
O}qu

OquN £

£dgN

114
113

gy e

331

N | W i

BRI

T+ Emiss

T — f4+inv

T + Epniss

£+ E

miss
T + Epniss

10° 10!

Qmazx

101

Alcaide, Banerjee, Chala, AT,
1905.11375
Figure from Alcaides PhD thesis

pp > €+ EITIllSS
ATLAS, 1706.04786

pp = ]+ Ejrfliss (monojet)
CMS, 1712.02345

r =310+ 1) x 1072 Gev

T—e+inv

I = (4.03 £0.02) x 10713 Gev

T—e+inv

PDG, RPP 2018

Obtained with
a novel analysis

designed for HL-LHC




Novel LHC analysis fort — bl + inv

Alcaide, Banerjee, Chala, AT, 1905.11375

NSMEFT

u

SM

do not reconstruct my,

1/N (# events/6 GeV)
© o 9

2 8 8 2

T | T T | T T | T

o

o

N
I

| T T T | T T T | T T T | T T T | T T T | T T T
- SM R

-BSM

o_

reconstruct myy,

b 20 40 60 80

100 120 140 160 180
my; [GeV]

A multivariate analysis based on a BDT classifier (p? , pJT My, ARZ.J-)

1/o do/dx

2.5

2L

1.5 ¢

1L

0.9

0

. . : .
' ) —
N :
""" g7 T BSM ——
0 5 10 15 20 25 30 35 .

BDT score (x)

AN

N, +N_

A<(
A>0

in SM
in NSMEFT

Bt - bEN) ~2x 1074
@ HL-LHC with & =3 apb™!
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Phenomenology: Majorana N

_ . 1
— % mass = LHYyN + ENCmNN+ hc. = N is Majorana

3.2
myve
F(N —> V}/) — MCINA aNA — CWCINB + SWCINW
Butterworth, Chala, Englert,
Duarte, Peressutti, Sampayo, 1508.01588 Spannowsky, AT, 1909.04665
AL L L 1 ;
b . 10 CONTUR exclusion
- \\; N % Dy A .
oel- I\ B(BA) e B - 10°
[ LN I
n:o's:_ i ; 1
: N—3f - § 1073

0.4 :_ Zi(liuidi)
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Let’s restrict to Higgs-N operators

For the analysis including 4-fermions in this regime see
Biekotter, Chala, Spannowsky, arXiv:2007.00673
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Higgs-N operators

Owny = (N°N) (H'H)

1H
2H
SH

Ong = Lo NHB,,  Onw = Lo""No HW],
Ouy = Nv*N(HD.H) Oy = Nyte(H1iD, H)
Orvy = LHN(H'H)
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Higgs-N operators

(O = (N°N) (H'H))

1H
2H
SH

Ong = Lo NHB,,  Onw = Lo""No HW],
Ouy = Nv*N(HD.H) Oy = Nyte(H1iD, H)
Orvy = LHN(H'H)
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Higgs-N operators

(Oawy = (N°N) (H'H)) N

1H (ONBZZO"W/N[N{BMV ONW:ZO'MVNU[[?W/{V) h---
2H | Opy = Ny*N(HND,H) Oyye = Nyte(HYiD, H)

3H Orvy = LHN(H'H)

, v
N—{E zm~<N k---é;x
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Higgs-N operators

(Oawy = (N°N) (H'H)) N

1H
2H
SH

(Ong =Lo"NHB,, |Oyw = Lo" NoHW},) W---
Ouy = Ny*N(H'D,H) Oy = Nyte(H'D,H) N

Orvy = LHN(H'H)

, v
N—{E z-<N k---é;x

4
WW<N
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Higgs-N operators

(Oawy = (N°N) (H'H)) N
1H (ONBZEOMVNﬁBMV rONW:ZO"UVNO'[ﬁW/{Vj h---
2H Oy = Ny*N(H'iD,H)) Oy = Nyte(H'D, H) N

3H Orvy = LHN(H'H)

vy v v
N{E z-<~ k---é;x




Higgs-N operators

(Oawy = (N°N) (H'H)) N
1H (ONBZEO"LWNﬁBuy rONW:ZO"UVNO'[ﬁWl{Vj h_--
2H |(Oun = Ny*N(H'iD,H)) \Oune = Nye(H'iD,H) N
3H (Opnw = LHN(H'H))
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Higgs-N operators

(Oawy = (N°N) (H'H)) N

1H (ONBZZOMVNﬁBMV ONW:ZO'MVNU[[?W/{V) h---
2H Oy = Ny*N(H'iD,H)) Oy = Nyte(H'D, H)

3H (Ornw = LHN(H'H))

J LY
N_<' 7 7‘*/< MR N
¥ / N N

RBZ - vwy(y) S3X107° = set ay; = oy = 0 (for simplicity)
LEP, 905%; PDG, RPP 2018 2r




Higgs-N operators

New Higgs decays

(Oawy = (N°N) (H'H)) N

1H (ONBZZO"W/N[N{BMV ONW:ZO'MVNU[[?W/{V) h---
2H Oy = Ny*N(H'iD,H)) Oy = Nyte(H'D, H)

3H (Ornw = LHN(H'H))

, Y
N—{H Z%N - Nx

RBZ - vwy(y) S3X107° = set ay; = oy = 0 (for simplicity)
LEP, 905%; PDG, RPP 2018 2r



Higgs searches in h — y(y) + inv

Shape analysis: small signal on top of large background

0.1

0.01

normalised number of events

0.001

Butterworth, Chala, Englert, Spannowsky, AT, 1909.04665
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for A=1TeV| fora=1
OLNH 42 X ].0_3 ]_5 h — ,.y _|_pmlss
OnNEH 5.3 X 10_4 1900 h — vy _|_pmlss
Ona 0.21 2.2 h — vy + meSS
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Further probes of NSMEFT / NLEFT

» CEVNS, beta and meson decays

Bischer and Rodejohann, 1905.08699
Han, Liao, Liu, Marfatia, 2004.13869 -> also collider constraints
Li, Ma, Schmidt, 2005.01543, 2007.15408

> Displaced vertices from long-lived sterile neutrinos
de Vries et al., 2010.07305

» Neutrinoless double beta decay
Dekens et al., 2002.07182

» Long-range neutrino interactions
Bolton, Deppisch, Hati, 2004.08328
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https://arxiv.org/abs/2010.07305

Conclusions

A\

\4

If massive neutrinos are Dirac particles, or light sterile Majorana
neutrinos exist, SM should be extended with RH neutrino N

If New Physics exists at A > v, EFT is the appropriate description
SMEFT = NSMEFT, LEFT — NLEFT

Renormalisation of dim-6 NSMEFT operators at 1 loop
Matching NSMEFT onto NLEFT at tree level

Phenomenological consequences of new operators:
new rare top and Higgs decays to be probed at HL-LHC
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Further directions

» GCompleting RGEs in NSMEFT and NLEFT taking into account
dependence on all Yukawas and full flavour structure

» Matching NSMEFT onto NLEFT at 1 loop

» Phenomenological studies of NSMEFT / NLEFT in different regimes
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Backup slides
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Running of some operators in NLEFT

Chala and AT, 2001.07732

& = 167°u—

. 4
aNy=§ (Sc]e +3qu +2Nqu) e“ay,
A i _
.V.RR _ 2 V.RR V.LR V.RR V.LR V.RR V.LR
QN —3equcqu<uN +ay )+qu< +a )+qe< +ay )

A i i
. V,.LR 2 V.RR | VLR V.RR | VLR V.RR | VLR
a'’ =§equcqu(auN +ay >+qu( +oa >+qe< +ay )

w=v,N,e,u,d
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Amplitudes for RGEs in NSMEFT

N — H,

e;N - WHY

Chala and AT, 2006.14596

N(p3) H*
(3)
vL(p1) B(p2)
+
po”
7
i+
N (ps3) Ho(p4)
(2)
ez(p1) W3(p2)
+
po”
<<H )
N (ps3) H™"(p4)
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Amplitudes for RGEs in NSMEFT

N(p1) H (p2)
N (ps3) Ho(ps4)
(1) (4)
H(p2) N(p1) Hi(p2)
H+
,7 /,
X
‘o \\
H+
Hoy(pa) N (ps) Ho(pa)
(5) (6) (7) (8)
N(p1) H (p2) N(p1) H (p2) N(p1) Hg(p2)
HO’, // HO,/ // H+ //
g gB g §W3 ~ gw
Hy Hy ~C_ N .
N(ps3) Ho(p4) N(p3) Ho(p4) N(p3) Ho(p4)
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Amplitudes for RGEs in NSMEFT

vL(p1) H§(p2) vL(p1) Hg(p2) vL(p1) Hg(p2)  7(p1) Ho(ps) 7z (p1) Hy(ps)
Hy ,}EL Y >.:/,/ >-:/,/ >'/,,
;77N 7 ~ 7 ~
\/ / \/ \ AN
He(pa) --- f H(pa) --- X N(ps) “f1,y  Ho N(ps) “f1,,  Ho N(ps) H+( Mt
\\ / \\ N\ //\\ AN 4 AN 4 /
f{/ \\ ;' \\ //\\\ //“\\ /><\\
0 // \\ // \\ // \\
N (p3) Hy(ps) N(p3) Hoy(ps) Hg(p4) Ho(ps)  Hg(pa) Hg(p2) H§ (pa) H§(p2)
9) (10) (11) (13) (14)
vr(p1) Ho(ps)  7r(p1) Ho(ps) v (p1) Hy(ps) v (p1) Hg(p2)
B .7 w3 .7 w . B .7
/ / /
N(ps) ~ X /1, N(ps) ~ X/, N(ps) ~SX P N(ps) ~ X /1,
HG§(pa) Hi(p2)  Hg(pa) H§(p2) H§(pa) H§(p2) H§(pa) Ho(ps)
(15) (16) (17) (18)
v (p1) Hg(p2) Hg(p2)
W3 /, //
// //
N(ps) ~*R /' H,
Hg(pa) Hy(ps) Hy(ps)
(19) (20) (21) (22)
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Amplitudes for RGEs in NSMEFT

U NH* — H*H, ()

7z (p1) Hg(p2)
Hy .g°
Hi(ps) --- : EB
Hy © .
N(p3) Hy(ps)
(24)
UL (p1) Hg(p2)
N(p3) /;/O\//'\\HO
TN
,’, W3 e
Hg(pa) Hy(ps)
(28)

v (p1) Hg(p2)
Hy .g°
Hy ™
N(p3) Hy(ps)
(25)
UL (p1) Hy(ps)
N(p3) /}()\/'\\HO
AN
//, B N
H§(pa) Hg(p2)
(30)

vL(p1) Hg (p2)
o4
Hy(p) - ’ZW
HIN
N(ps3) Ho(ps)
(26)
VL (p1) Ho(ps)
N(ps) /Z/()\/':\Ho
S W3 SN
H(pa) H(p2)
(31)

vL(p1) H{(p2)
N(ps) /;/O\I":\HO
\
,fl'\./\./\.\
e B N
H{ (pa) Ho(ps)
(27)
v (p1) Ho(ps)
N(ps) NHT
HYP ¥
,f\./\./\.\\
e W ~
Hg (pa) Hg (p2)
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Amplitudes for RGEs in NSMEFT

NeR — H_Hg)I<

N(p1) H~(p2) N(p1) H~(po)
Y
N
er(p3) H{(pa) er(p3) H{(pa)
(1) (2) (3) (4)
N(p1) H™ (p2) N(p1) H™(p2) N(p1) H™(p2)
Ly B A -
\}I_O/ \\ \‘\ B \\
er(ps3) H(pa) er(ps3) H(pa) er(ps3) H(pa)
(5) (8) (9)
N(p1) H™(p2) N(p1) H™(p2) N(p) H™(p2)
3 3 s
Hy . Ht H*
<3 * i
H+ N HO\\ N HO\\ N
er(ps) Hg(pa) er(ps) Hg(pa) er(ps3) Hg(pa)
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UV complete model

Chala and AT, 2001.07732

L= /:SM—|—N + Lheavy

1 1 1
ESM—I—N — _ZG;XI/GAW/ R ZW;VWIMV R ZB,MVBW/

1
+ (D,H)' (D*H) + p% H'H — S (H'H)®
+i (QPQ +ulpu + dpd + LIPL + elpe + NIPN)
1 _ . _ _ ~
— [2mNNCN + QY Hd + QY Hu+ LY,He + LYNHN + h.c.]

Lheavy = Xg (10 — Mx,) Xp+ Xn (i) — Mx, ) Xn
+ (DMSO)* (DFp) — Misﬁ*@ — Apy (90*90)2 — Aor () (HTH)
+ [QXXE[:IXN + 9. Xpe L + gnXn@*N + h-C-} :

39



UV complete model

] N N % %
Matching at 1 loop .y = mLarey
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UV complete model
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UV complete model

10 Wilson coefficients in terms of 4 couplings of the UV model:

ONB _ €drLgxgn
A2 25672 ey M2 ’

any _ gy(e? — dcjygx)

A? 384m2ci, M?
ary _ gn(e® +2cy97)
A2 384m2cd, M?

aANN _ gn
A2 384m2M2 "’
Oy N 629]2\f

A2 288m2c3, M2’

)

aONW
A2
O, NH
A2
e N
A2
700\
A2
N

A2

€Jrgxgn

T 768m2sy M2

grgxgn m%

T 1920202 | 92
B g%
192m2cs, M2’
gy
1152m2¢3, M2’
g
5767m2c%, M2
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UV complete model

Prospect on a; y;; fromthe h — y +p
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