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New Physics From the Bottom-Up

+ The Standard Model EFT:

L=—m3|H|? »  dim-2
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For reviews see e.g. [S.Willenbrock, C.Zhang, 1401.0470] [B.Henning, X.Lu, H.Murayama,
1412.1837] [A.Falkowski, 1505.00046]
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£ and /. Violation

Look for violation of (approximate) symmetries of the SM
e.g. Baryon number (B) and lepton number (L)

B, L violation beyond the SM may provide ingredient for baryogenesis.

Pattern of B, L violation in the SM EFT [A Kobach 1604.05726]

L = fsm + dim-5 + dim-6 + dim-7 + dim-8 + dim-9 + ...
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Neutron-Antineutron (nnbar) Oscillation

1 _ _
o Example Operator: L D) Cq 5 Ez'jkei’j’k’ (ﬂgPRdj>(’L_LZG/PRdj/)(dzPde/) —|— h.C. Wlth C1 = (Agblr_z) 5

. . . _ —1
# Free neutron oscillation time 7,5 = |(7|Hegn)|  [M.Buchoff, M.Wagman,1506.00647].

Current best limit from Super-K (after correcting for nuclear effects).

Will be greatly improved at the European Spallation Source (ESS).
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Baryogenesis via nnbar Mediators

7/

*  One of the simplest possibilities for generating the nnbar operator:

u u
X B
d > < d
d d

# Can the nnbar mediator X be responsible for baryogenesis?

7
L 4

With just one mediator, no (unitarity relations). Need at least 2 mediators X1, X>.

7
L 4

A minimal EFT for nnbar oscillation + baryogenesis:

L Dy " (u$Prd;)(ds PrX1) + g €75 (@S Prd; ) (ds PrX2) + €y (7' Pr, X1) (X2 Pru;) + h.c.
with | = ./\1_2 . m2| = A2_2 N =08

X1, X2 are SM singlet Majorana fermions with masses M1, M.

M1 < M2 << A1,2 (B-violating), Ax (B-conserving, needed to evade unitarity rel. constraints).
1 1 1

Integrate out X1,2 at tree level => ¢ = 7 C 172)5 — T 4 TE
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Baryogenesis via nnbar Mediators

»  Relevant processes for baryogenesis:

violating
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Baryogenesis via nnbar Mediators

L DOm Eijk(ngPRdj)(CizPRXl) + 7M2 Eijk(’L_LgPRdj)(CizPRXg) + Cy (’L_LiPLX1>(X2PRui) + h.c.,

with |n] EAl_Z, 72| EA2_2, |Cu | EA,JQ.

# If Ay ~As ~ A, =>unable to achieve the observed Yz = 8.6 x 107" while
producing an nnbar oscillation signal at the ESS.

Intuition: single interaction strength, either too strong (insufficient departure
from equilibrium) or too weak (insufficient CP violation).

» We identify 2 viable baryogenesis scenarios with hierarchical A’s.

1) Ay ~ A, > A; => late decay scenario.

2) Ay > Ay > A, =>early decay scenario.
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Baryogenesis via nnbar Mediators

L Dm Eijk(ngPRdj)(CizPRXl) + 7M2 Eijk(’L_LfPRdj)(szPRXz) + Ccy (’aiPLXl)(XQPR'U,i) + h.c.,

with |7 EAl_Z, |72 EA2_2, |Cu | EA;2.

Late decay scenario Early decay scenario

AQNAU>>A]_ A1>>A22Au
X2 interacts very weakly => freezes out with X1,2 both kept close to equilibrium, but small
significant abundance Y,°. departures due to Hubble expansion.
e O
Later when H ~ I, X2 decays out of equilibrium [ washout ™~ A14 + A24 < T'apzo when T just falls
1 2
=> Yp ~ Yi%cp ~ YOMZ /A2, below M2 => short period of efficient baryogenesis.
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Baryogenesis via nnbar Mediators

L Dm Eijk(ngPRdj)(CizPRXl) + 7M2 Eijk(’L_LfPRdj)(szPRXz) + Ccy (’aiPLXl)(XQPR'U,i) + h.c.,

with |7 EAl_Z, |72 EA2_2, |Cu | EA;2.

Late decay scenario Early decay scenario
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Yp = 8.6 x 107" achievable in the ESS sensitivity
region for Mi2 ~10*7°GeV, A; ~10Az, Ay ! 3 M,
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Concluding Remarks

7/

+  Exciting experimental prospect for nnbar oscillation search at the ESS.

3 orders of magnitude improvement on nnbar oscillation time.

Probing B-violating new physics scales of O(1076 GeV).

O

*  We have identified viable baryogenesis scenarios via nnbar mediators
within ESS sensitivity, in a minimal EFT setup.

Our minimal EFT study sets a useful template to identify viable baryogenesis
scenarios in more complex and realistic theories (e.g. RPV SUSY can realize an

analog of the late decay scenario, with late decays of the bino). [FRompineve,
1310.0840] [Y.Cui, 1309.2952] [G.Arcadi, L.Covi, M.Nardecchia, 1507.05584]
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Back-up slides



nnbar Oscillation Search at the ESS

Cold Magnetic Vacuum
Neutron shield tube
Moderator Detector

D~2-3m

Supermirror
focusing
reflector

Annihilation
target

L=300m

[D.Phillips II et al, 1410.1100]
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nnbar Operators

+ 12 independent operators contributing to nnbar oscillation at tree level.

[L.N.Chang, N.P.Chang, “1980] [T.K.Kuo, S.T.Love, “1980] [S.Rao, R.Shrock, “1982]
[W.Caswell, ].Milutinovic, G.Senjanovic, ‘1983] [M.Buchoff, M.Wagman, 1506.00647]

6
Leg D Z c;O; + Ei@i + h.c.

=

O and Obar are parity conjugates.

1 _
O = 5 €ijk€il §' k! (ﬂgPRdj)(ﬂg/PRdj/)(dzPde/) ;
Oy = Gijkéi/j/k;/(ﬂgPLdj)(ﬂg/PRdj/)(CZZPde/) ;

1 _
O3 = 5 €ijk€il §' k! (ﬂ,fPLd])(ﬂf/PLdjl)(dZPdel) ;

O = €ijneiryi (U5 Prug ) (dSPrdy ) (d5 Prdyr),
Os = (€&ijuirjrir + qufjkéz'j'k')(ﬂprdif)(’EL;PLdj')(JZPLdk') ,
Os = €jk€irj i (U5 Prugyr ) (d5 Prd; ) (dj, Prd)

+ (€ijncirjrn + € jr€ijn ) (@5 Prdir) (S Prdy ) (di Prdi:) -
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Calculation of the nnbar Oscillation Time

L @0l f [ol imy) ] [o mi) | ¥
=S % {[ ] [(5) ]

6
i=1 AQCD 04534) (1o)

—10.760(94) (r} ey + 7 T61) — 4.77(55) (5 7 Tea 4+ 75 /" E2) + 1.08(10) (c3 + &)

— 0.0498(61) (ry/ ey + 75 7E4) 4 0.0249(30) (1S "5 4 72/ 25 ) — 0.0249(31) (13 T e + 70! ) |

(1|O;(uo)|n) calculated from lattice QCD [S. Syritsyn et al, “2016].
0
’77;( ; from [W.Caswell, J.Milutinovic, G.Senjanovic, ‘1983] [M.Buchoff, M.Wagman, 1506.00647].

ri = o (i) /s (10° GeV), 7 = a(ji;)/as(10° GeV)
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Sensitvity to the New Physics Scale

A,z | GeV
3x10° 1x10°
3x105F —— T
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+  Widths: lattice uncertainty + new physics scale variation (10"3 - 1076 GeV).
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Unitarity Relations

Wi im—fiofn E/(dﬂil . dl, ) (dIdy, ... dly, ) (2%)454(21% — prﬁ) (F23 . Fi ) My i fronf
a 5

:/(dﬂle CdIL, ) (dIDy, . odlg,) 1) () pi. — > prs) (FE2 5 My i g
a B
#  Unitarity + CPT =>

D Wing =) Wisi=) Wri=) Wif
f f f F

« If there is only one nnbar mediator X:

X decays cannot generate a baryon asymmetry at leading order in the B violating
coupling (Nanopoulos-Weinberg theorem “1979).

2->2 processes don’t work either (W, x_, 75 = Wax—aa )-

=> No baryon asymmetry can be generated.
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Unitarity Relations

Wi im—fiofn E/(dﬂil . dl, ) (dIdy, ... dly, ) (2%)454(21% — prﬁ) (F23 . Fi ) My i fronf
a 5

:/(dﬂle CdIL, ) (dIDy, . odlg,) 1) () pi. — > prs) (FE2 5 My i g
a B
#  Unitarity + CPT =>

D Wiy =D Wimi=23 Wiyi=2 Wi
f f f f
+  With two nnbar mediators X1,2:
X2 has a B conserving decay channel => Nanopoulos-Weinberg theorem evaded.

WuX1—>JJ + Wux, sux, = Wax, —dd + Wax, sax, => can have W, x_ o9 #* Wax _dd

: I . : :
The B conserving operator vl (@' PrX1)(X2Pru;) + h.c. is essential.
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Boltzmann Equations

dn,

dt
n3 =ns-L (T > 140GeV), n3 =ns (T < 140GeV) .

+3Hn, = C, (a=1,2,3)

Define f, =et/Tf=p, f9=(1+A,)f (A= departure from equilibrium).
Collision terms read:

—Ch :(rurl — Tfl) W.x, saqt+ (rﬁrl — 7“627) Wax,—dd + (rdrl — rqu) Wix, saat+ (rgrl — rarg) Wix, sud
+ (rur1 — rar2) Wax, suxs + (ram1 — rur2) Wax, sax, + (112 — rura) Wxi x, - au
+ (7“1 — 'rar%) Wx, —udd + (7“1 — rurfl) Wi sadgqa+ ('rlfru'ra — 7“2) Wx, o x,au
— () z(rurg — r?l) Wix, sqq+ (rﬂrg — T?i) Wax,—dd + (rdrg — rurd) Waix, saqg + (’I“J’I“Q — rarg) Wix, ud
+ (rare — rur1) Wuxysuxs + (Tur2 — 1ar1) Wax,sax, + (1172 — rura) Wx, x,—au
== (7“2 = 'rarfz) Wx,—udd + (’rg = rurfl) Wx, saaqt+ (7“2 = rlrurﬂ) W, X1 au s
—C3 :(rurl — 7}21) Wox, 5dq — (rﬂrl — T?Z) Wax,—dd + (rurg — r?l) Wx, sdd — (7“,,17“2 — 7’3) Wax,—dd
+ (’I“d?“l — rurd) Waix, sad — (?“Jﬁ — rﬁrg) Waix, sua T (rdrg — rurd) Waix, ad — (?“JTQ — rﬂrg) Wix, u
— (7“1 — frafr?z) Wx, —udd + (7“1 — rur?i) Wi adqd — (7“2 — r@rc%) Wx,—udd + (7“2 — rur?l) W, sadd

2 / 2 /
+27uTg Wegasudd — 27a"3 Waddsudd w_

on-shell X1,2 exchange subtracted
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Boltzmann Equations

« CP conserving processes:

WdX1 —ud — WdX1 —ud WdX2—>ud WdX2—>ud ) WXl —udd — WX1 —udd

# CP violating processes: define CP symmetric/asymmetric components

ngl—ni‘ =5 (Wqu —sdd T W’&Xl—>dd) ) Wox, »dd = % (Wqu—nzd_ - WﬂX1—>dd) ;
Wrégé—mi‘ = % (WuX2—>JJ - WﬂX2—>dd) ) Wox,sdd = % (WUX2_>&J - WﬁX2—>dd) ;
Wfﬁ?ﬁu X, = % (Wuxy—uxs + Wax,—axs) s eWux, sux, = % (Wux:suxs — Wax,—axs)
W;((()Q)_)udd = % (Wxy—udd + Wx, add) eWx,sudd = ; (Wx,—udd — Wy, —add) »
W’L/L(cloog—)ﬁcz = (W/dd—>udd + Widd sudd) - W, ddsadd = % (Wodi—adi — Waddsudd) -
+  Unitarity + CPT =>

_GWqu—nH = GWuXQ—nM = eWux, 5ux, s eWx, sudd = GW/dd—mdd
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Boltzmann Equations

R

»  Collision terms reduce to

—C1=(2WY o+ 2Wax, aa + 2WaR, Lux, + Wi Xomsau + 2Wx, sudd + Wiasx,au) A
— WL L x, = Wxixeoau + Wi xau) Az + (26Wx, sux, ) (Ay + 240)
+ (Wx, xa0au) D102 + (2eWux, sux,) A2l
—Cy =(2W.) i+ 2Wax, saa + 2Wek Luxs + Wi Xamsau + 2Wituaa + Wixams Xyau) Ao
— (2 ngl_)uxz — Wxi xo0au + Wxaoxiau) A1 — 2 (€Wux, sux, — EWxyoudd) (A + 2A¢)
+ (Wx, xy—au) D12 — (2eWux, sux,) A1y,

0 0 0
—C3 =2 <WQE)21—>JJ + Wzi)gg—nic? + WXm—%cZ + WdXz—WJ + Wx, suda + W4§(2)—>udd) (Au + 2Ad)
+ (2eWux,5ux, ) (A2 — A1) — (2eWx, udd) Do

+ (2 ngl_)m) A1A, + (2 W$22_>JJ) Aoy + (2Wix, saq) D1la+ (2Wax,aq) D2ld.

Terms beyond linear order in A, 4 ~ p, 4/T are dropped.
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Boltzmann Equations

+ Collision terms are now written in terms of A’s. They are related to

number densities by

e a2 =
10 nNp—_r, 38 np—_r,
- € 79 T3 = 79 T3
. 7 1 _1\ "B 1 —1 -
T <140GeV: A, = l2ﬁ+ (2+N;" + N, )ﬁ] [1+ (2+ N, + 3N, )Nu] ,

Nude = # of relativistic generations of up-type quarks, down-type quarks, leptons

np/T 3 =— ?; n$ ;L frozen at 140GeV.
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Benchmark Solutions

I — Degenerate —— Late decay — Early decay ‘

logy j

FIG. 5. Evolution of A; = (Y1 —Y?)/Y"® (upper-left, dashed), Az = (Y2 —Y5?)/Y;? (upper-left, solid), and Yz (upper-right,
solid) with = M2 /T, in the three benchmark scenarios. Yz follows the adiabatic curve Y3***2%(z) = j(z)/w(z) (upper-right,
dashed) until B violating interaction rates become Boltzmann suppressed. The source and washout functions j(z) and w(z) in
the Boltzmann equation for Yz, Eq. (A.36), are plotted in the lower panels (solid). The source function j(z) is dominated by

Zhengkang “K ¢ contributions from 2 <> 2 processes (lower-left, dashed) at early times, and by contributions from decays at the time of baryon ;burgh M ay 2018
asymmetry generation. ’



