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RECENT ISSUES IN LEPTOGENESIS 

ENRICO NARDI 
JNP/\1, Lo6orot.ori h1ozionali di F'rascnti, C.P. 13, 10004-1 Fh'Ucati, Italy, and 
Jn4tiJ.1Jto de Pisim, Uniiierlidod de Atatioquia, A.A .1226, Aledellln, Colombia 

:B:u yogcneciJ vi:i. lcplogmecis provides a n a ppe1:1ling rn~h:iuimi l o ccpl:iin l hc olllll':rved l:oryon 
:iJymmc:L1y or the Univel'lle. Ro:e11t 1c6neinmla in 1hc undcrs1andiug or the dy-11:unia: or 
lq>lqr,Cn""i' include det:iiled s tudie, or the dl~t' o r lepton A:1vo1' :ind or the role pQllillibly 
:played by the lepton ~ymn1cl1ics gcnl'f':atcd in t he d ccayis or lhc he:1vic1 Jinglel UCllLlinOJ 
Ni.;i . A 1eviev.· or t heie 1cceut devclop mc:nta in t he t heory o f leptogcneciJ is p1ecentcd. 

1 lt1troduction 

T he pos.-sib'1r1 t:r· that the Baryon Asymmetry or t he Universe (BAU) could or'1ginate rrom a lei> 
ton number asymmetry generated '1n t he CP v'1olaf1ng decays or the heavy Sees&\\' l\'laj orana 
neut rinos was put rort h abou t h\'enty years a.go by Fukugita and Yanagida., 1 T heir proposal 
came sho rtly after Kuzmin , Rubakov 8.Jld Shaposhnikov po'1ntad out that above theele<:tl'O\\'aak 
p hase t.ra ns '1 t'1on B+L is " iolated by rast. a lectro\\'aak anomalo us inte ract'1ons, 2 This '1mplie.s that 
any lepton asymmetry generated '1n the unbroken phase would be una\'Oidably convs rtad in part. 
into a. baryon asymmetry, HO\\'awr, the di~ovary t hat. at. T?:,. tOOGaV electroweak interactions 
do not conseuva baiyon number , also s uggested the exciting possibility that baryoganesis could 
be a p urely standard modal (~1) p henomenon , 8.Jld opened the way to e lact ro\\'aak baryogan~ 
sis, 3 Evan ir rather soon it be<:ame clear that '" ithin the S~·I electroweak baryoganas'is ra ils to 
reproduce the oorrect B . .\U by many orders of magn '1 tuda, 4 wit h'1n the m'1nimal s uparsymmetric 
s tandard modal (P1.'~1) the chances or s ucooss \\'61'1 much batter , a nd th ·is t r'1ggarad an intense 
research activity '1n t hat. d irection. Indeed, in the ea rly 90~s ale<:troweak ba1yogenesis attracted 
more interest than laptoganesis, but s till a. rew remarkable papers appeared that put the Arst bar 
s'is ror qua.11tilotive stud'1as o f laptogenesis . Hara 1 "·ill just ment'1on two important oontributioos 
t hat. established t he s tructure o f the two main ingredients or lapt.ogenesis : the rates ror several 
washout prooo;sas ralavant ror the laptoganas·is Boltzmann equations, that ware presented b)· 



Rencontres de Moriond 2007

Luty in his 1992 paper, 5 and the correct rucprl1$·1on ror the CP " iolating asymmetry in the 
decays of the lightest P.'1.a.jorana neutr·1no, A rst g iven in the 1996 paper or CO\•i, Roulet and 
Vissan·1. & 

.4 round year 2000 a Aou rishing or deta.1led stud·1as or leptogenesis bag·1ns, '" ith a correspond­
ing burst ·1n t he number or papers dealing ":1th this s ubject . 1 T his raise or interest ·1n laptogenesis 
c.a.n be traced back to two main reasons: firstly, the experimental confirmation (hu m oscilla­
t .1on rucpar·1mants) that neut rinos have nonvanis hing masses strengthenOO t he case ror t heseese."· 
mechanis m, that ·1n t urn ·implies t.he existence, at .some large energy &:ala, o f lepton number 
·vio lating(,£) interactions. Second ly, the ract that t he various analysis o f s uparsymmetric elec­
tro\\•eak ba1yogenesis cornered this possib·1r1ty in a quite restricted rag·1on of parameter s pace, 
le.a.ving ror example ror the Higgs mass j ust a 5 GaV '" indow (11.5 - 1'.!1 Ce\i). s 

T he number or important papers and the lis t or people t hat contributed to the development 
o f leptogenesis stud·1as and to understand the var·1ous ·implicatio ns ror t he low energy neutr·1no 
para1neters is too large to be recalled hara. However, lat ma mentio n the remarkable paper 
o f Giudice et al. 9 that appeared at t he and or 2000: in this paper a "·ho le set o r thermal 
oorrections ror the relevant leptogenesis processes were cararully computed, a. couple or mistakes 
oommon to previous s tudies "'are point«! ou t and corrected, and a deta.1led numar·1cal arwJysis 
was presented both for t he Sl"'I a nd the ~·ISS~·I cases. Evan tu ally, it "·as claimed that the resid uni 
11umar·1cal uncer tainties would probably not exceed t he 10%-20% level. A couple or years later, 
N·1r, Roulet, Racker and myselr to carriOO out a detailOO study or addif1onaJ effects that were 
11ot accounted ror ·1n the analysis o r reL. 9 '['his ·included electro,veak and QCD sphaleron affects, 
t he effects or t he asymmetry in the Higgi> number density, as "·ell as the constraints on the 
particles asymmetry-densities ·implied by t he s pectator reactions thatare ·1n thermal equilib rium 
in d ifferent temperature ranges relevant ror laptoganesis. IO indeed, we found that the la rgest or 
t hases new effects \\•ould barely reach the level of 8. raw tens or percent. 

However, two importan t ing roclients had been overlooked ·1n practically all previous studies, 
and had still to be aa:ou nted for. T hese war~ the role o f the lig ht lepto n Aavors, a nd the 
1·ole o f the he.a.vier seesaw ~·lajorana. neutrinos. One re1narkable ruccaption was the 1999 paper 
by Barb·1ar·1 el al. 11 t hat, besides addressing as the main top·1c the issue o r A.a.vor effects in 
leptogenesis, also po·1nted out t hat the lepton number asymmet ries ge:narated ·1n the d~ays or 
t he heavier see..sa\\· neut rinos can contr.1bute to the Anal value of the B.4U.u Ho"•ever, these 
impor t.ant results d·1d not have much impact on s ubsequent a nalyses. The reason mig ht be that 
t hese "'el\l t houg ht to be jus t order one affects on t he Anal value or the lepton asymmetry, ":1th 
no other majo r consequences ro r leptogenasis. As I 'viii d iscuss ·1n the following, the s·1ze or 
t he effects could easily reach the one order o r magn.1tude level and, most ·1mpo11antly, they can 
s po.11 t he leptq;enesis constraints on the neutrino low energy parameters, and in particular the 
lim.1t on the .a.bsoluta &:ale of neut rino masses. 13 T his ·IS important, s ince ·1 t \\'US thoug ht that 
t h.IS limit was a Arm predictio n of leptoganas·IS "·ith hierarchical seesaw neutr·1nos, and that the 
d ·1SCovery o r a. neutrino mass mv ;:::. 0.2 e\i "·ould have strong ly d·1Sravored laptoganes·IS, or hinted 
to d ifferent scenar·1~ (as e.g. resonant leptogenesis 14). 

2 The stru1daJ'd scenario 

Let us star t by wr·1f1ng the fi rst rll\,. terms or the leptoganesis Lagrangia n, negl~ting ror the 
moment the heavier neutrinos JV2,3 (except for their virtual affects in t he CP violating asym­
metries): 

(I) 

" [.cplon A:1\'0I elf~ta were :iko con~idc1cd by E:nd:>h, }.fo11X11un1i :ind Xio11g in t hci1 20.13 pa.pct", 1 ~ in 1he 
oontcct. or the minimal ~w modd wiLh ju.S"I w.·o 1ight. ha nded ne11trin'*. 
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Hara JVt is the lig htest right-handed ~·l a.jora.na. neutr·1no "·ith mass J\f 1, H is the H·1ggs Aeld, and 
ft is the lepton doublet to which JV1 couples, that "·hsn expressed on a complete o rthogonal 
basis { t,} reads 

(2) 

In pract·1ce it ·IS a. l\\·ays convenient to use the basis that d iagonalizes t he charged lepton Yukti.,va 
couplings (the Aa.vor basis) t hat. also has well daA nad C P conjugaf1on properf1es C P( {£1}) = {~} 
wit h i = e, µ ., T . Note that in t he Arst and third term in ( I) a lepton number can be as~i1gned to 
JV1, t hat ·IS however violated by two units b.r t he mass term. T hen aq. ( I ) ·implies proaJSSes that 
vio late l, like inve:rs~deca.ys ro llowed by JVt d ecays l1 - JVt - i1, off-shell ill = 2 scatterings 
l 1H - i,ii, ill = l ...cattar·1ngs involving the top-quark like JV1l1 - Q3l or involv·1ng the g.auga 
bosons r1ke JV1l 1 - Afl ("·ith A = ~tr,, B). The temperature range in wh·1ch /I, processes can 
be impor tant ror laptoganes·IS is around T -v J\f1. T his ·1s because ir the ..\1 couplingi> \Vere large 
enough that. these processes "'are already relevant at T > J\f1 (\\•hen t he u n·1verse expansion ·IS 
rs.st) t han t hey would come into complete t hermal aquilibr·1um at IO\\•er temperatures (when the 
expansion s lo\\'S down) thus rorb.1dding t he s urvival or any macroscopic l asymmetry. On the 
other ha nd at T < J\f 1 decays, inverse decays and a l = I scatteringi> a re Boltzmann suppra.""ed, 
al = 2 scatterings a.re power suppressed, and therarore: l violating p rocesses become q uite 
inefficient. as the temperature d rops \\'all below J\f1. 

T he pnssibilit.r of generating an asymmet1y between the number o r leptons 1lf1 and antilei> 
tons n.1

1 
is due to a non-vanis hing C P asymmetry in JV1 decays: 

,, 5 r(N1 - l1H )- r(N1 - i1 il) # O. 
r(N1 -t,H )+ r(N1- l1 H) 

(3) 

ln order that a. macroscopic l asymmetry can build up, the condif1on that t reacf1ons a.re 
(at least s lightly) out of equilibrium at T - J\f1 mllSt also be satisfied. T h.IS condif1on CIUl be 
expressed in terms or ti\•o d imens·1onru II parameters, defined in terms or the Bigg:s vav t1 s: {II} 
and or the Plank ma.es J\fp as: 

(4) 

T he fi rst para.meter (t1tt) is 1\lla.tOO to the rates or JV1 processes ( like decays and inverse decays) 
while t he second o ne (m.) is related to the expansio n rate or t he Universe at. T ~ J\f1 . \tVhen 
lil1 ;S. m., fl processes are slower than the Universe expansion rate a nd leptogenesis CAn occur . 
. 48 mt increases to values larger than m., /I, reactions a pproach therma l equilibrium thus ran­
dar·1ng leptogenasis inefficient because or the back-reactions that tend to erase any macroscopic 
asymmetry. 80\\'aver, even ror lilt as large as -v 100 m .• a. lepton a.symmetry s uffic ient to explain 
t he B.4U can be generated. It is cus tomary to rarer to the condif1on m1 > m .• as to the strong 
washout regirrie. since \Va.shout reactions a 1\l rather rast. T his regime is cons·1de1\ld mo1\l likely 
t han the weak u:whout regime m.1 < m .• in vim,· o f t he experimenta l values of the lig ht neutr·1no 
ma.es~quared d ifferences (that a l\l both > m~) and or the t heoretical IO\\'er bound m., 2: mv1: 
where mv1 is the mass of the lightESt neut rino. T he strong \Va.shout regime is a lso thooraf1cally 
more a ppealing si nee t he final value o r the lepton asymmetry is independ ent or the par ticular 
value or the JV1 inif1a.I abundance, and also o r a possible asymmetry Y11 = (nt, - nr,)/s f: 0 
(wheres is the entropy d ens·11y) preexis ting the JVt decay era. T his last ract has bean often used 
to argue that ror ffl1 > m.,. only t he dynamics of t he r1ghtESt ~·l a.jora.n.a. neutr·1no JVt .IS impor­
tant., since asymmetries ganara.ted in the decays o r the heav·1ar JV2,i) would be affic·1antly erased 
by the strong JVt-relatad washou ts . . 4s we "'ill see belO\,., the effects or JV1 interactions on the 
Yt,,_, asymmetries are s ubtle, a nd the previous a.rgumant. is incorrect. T he 1\lsult or numar·1ca.I 
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int.eg raf1on or t he Boltzmann equatio ns ror Yt, can be oonw n '1ant.ly expreesad 1n terms or an 

efficiency racto r 711, t hat. ranges between 0 and 1: 

Yt, = 3.9 x 10- 3 'f/t f t, 
m, 

111 ~ -. -. 
m1 

(5) 

T he ia:ond rela f1on gives a rough approximation ror 111 in t he s trong washou t regime, t hat. "' ill 
become usaf ul '1n a na lyzing the impact or flavor effech;. Cleas ly, too strong washouts (tht > m.4) 
can put in jeopardy the s uccess or leptogenesis by s uppte$·1ng too much t he efficiency. Ho"'evar , 
it s hou Id also beslres.sed that washo uts constitute a rundamental ingred·1ent to generate a. lepton 
asymmetry. T his is parf1cu la rly true in t hermal leptogenesis, with ze1\'l inif1al JV1 abundance, and 
is illus trated in fig. 1 where the evolution or the lepto n asymmetry ror a l'1presentaf1ve model is 
p lotted against decreasing values or the temperature. '['he d·1ffemnt curves correspond to d·1ffe rent 
level o f (artificial) r~duction in t he st1'1ngth or t he "·a.sho ut rat.es (but no t in the JV1 product.ion 
rat.es) rrom the modal value (sor1d red r1ne), to 10% (dashed blue line), 1% (dot-dashOO pink line) 
and 0.1 % (dotted green line). T he solid black line oor1w pond.s to S\\' it<:hing o ff a ll back-reactions. 
(Or course the last rour curves correspo nd to unphysical conditions.) It is a pparent. t hat. "·hile 
a par tia l red uction in t he washou t rates is beneficial to leptogenesi.s, an excess·1ve reduction 
.suppresses the Anal a.symmetry and awntually, \\'hen \Va.sho uts a 1\l S\\' itchad off oompletely, no 
asymmetry su rv·1ves. T his behavio r can be understood as rollo\\'s: a ll leptogenesis p rocesse.s 
can be seen as scatte rings bet\\'een standard model par ticle states X , Y involving intermediate 

on-shell and o ff-shell unstable JVt ~.s : X - ,vf•> - Y . Since the CP a.symmetry or any X - Y 
p rocess is at most of 0(>..'15 , ir the lepton a.symmetr·1es generated in the d·1ffe rent processes were 
exactly oonsarved, the overall amount that cou Id s urvive would noL exceed t his 0 1t:le r. l\tloreowr, 
.s·1nce O(>..f) asymmetr·1es are systematically neglected in the Boltzmann equations, the numer·1cal 
result "'ould be exactly ze1\'l. However, the on-shell and off~hell oom ponents of each process have 
much larger CP a.symmetr·1es or O(..\i), and the canoallat·1on to O(>..f) ocx:urs because they are 
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or opposite s ign and (at leading order ·1n the couplings) of the same magnitude. ~'lot\'lovar, since 
t he long range and .shor t range componanl$ or each pl\')Cass have d·1ffe rent time sca le.s, at each 
instant during leptogenesis a lepton asymmetry up to O(Af) can be present . \Vashout proces.sia.s 
by de~nition d o not conser ve the lepton asymmatrie.s, and most ·1mporla nt ly they act unevenly 
over the d ifferent proces':ies as "'ell as over their short and long range components, erasing more 
efficiently the asymmetr·1es generated in JVt produc tion proces':ies and off-shall scatterings that on 
average occur at ea rlier times, and washing out less effic iently the asymmetries of processe.s that 
destroy JV1~s (on~hell scatterings and decays). It is than ks to t he \\·ashout.s that an unbalanced 
lepton a.symmetry up to O(Af) can event ua lly s urvive. In the nruct section we will sea that "·hen 
Aa.vor effects a.re important , washouts can p lay a n even mo re d ramatic role ·1n laptoganesis . 

T he pas.sibility or deriv·1ng a n upper lim ·1 t ror the the lig ht neutr·1no rrw.s;es 13 rollows fro1n 
t he exis tence or a. theoretica l bound on the maximum value or the CP asymmetry f J (that ho lds 
when JVt,2,.3 are s ufficiently hiera rchica l, and mv,,'l,:1 q uasi degenerate) and re lates Af1, ml':I and 
t he washout parameter m, : 

(6) 

T he te rm ·1n square brackets is the so called Da.vid&>n- lba rra. limit IC wh.1le the correctio n in the 
square root '"as Ar.st giw n in rar.. 1• \Vhan ~ ;z:, 0.1 eV, the lig ht neutrinos a.re q uasi-degenerate 
and mV) - mv1 -v tim!,m/2mV) - 0 so that, to keep £1 An .1 te, J\f1 is pus hed to la rge values 

;:::, 1013 GaV. Since at the same time fflt must remain la rger tha n ff4,
1 

t he washoul$ a lso increase, 
until t he s u1v iv·1ng asymmetry is too small to expla in the BAU~ '['he f1 mit m"l ~ 0.15 e \i resu Its. 

3 Le pton 6avot· effects 

ln t he Lagrangia n (1) the te rms involv·1ng the charged lepton Yuke.\\·a couplings have not bean 
included . Since all these couplingi> are rather s ma ll, if leptogenesis occurs at tamperatu res 
T ;z:, t012 Ge\i, "·hen the Universe is sl ill ve1y young, not many of the related (slow) p roces.sia.s 
oould have ocx:urred d uring ·i ts s hort f1 retime, and leptogenesis has essentia lly no kno"'ledge 
of lepton Aavors . At T ~ 10 12 Ge\i the reactions med·1a.ted by the tau Yukawa coupling 1,., 
become important, and at T ~ 1a9 GeV a lso hµ-reactions have to be acoounted ror. lnclud·1ng 
t he Yuk»."·a te rms for the leptons y ie lds t.he Lagrangian : 

(7) 

where ( in the Aavor basis) the matr ix h of the Yukawa. coupf1 ngs ·IS diagonal. T he Aavor content 
of the (ru1ti) lepton doublal$ f 1 (f1) to which JV1 d~a.y.s ·IS no\\' ·1mpo 11ant, s ·1nce these s tates do 
not remain coherent., but areeflEct ivaly resolvocl into the ir Aavor oompo nanl$ by the fast Yuke.,va 
interactions h, . 11118>19 Note that because of CP violating loop eff~ts, in genera l CP(i'1) f: £1, 
t hat is the ant.1leptons produced in JV1 decays a re not the CP conjugatocl o f the leptons, ·1mply·1ng 
t hat t he fla.~\') r projecf1ons K, =: l(l,ll 1}12 and K, := l(l,lli.}12 d iffer: aK, = K, - K, f: 0. 'l'ha 
Aa.vor CP a.symmetries can be defined as: l9 

, _ r(Nt - t.H ) - r(Nt - f.fl) _ X' •'K 12 <t - f - jEf + .u. t • ... (8) 

T he ractor aK, ·1n the second ociua lit.r accounts ror the flavor mis match be tween leptons and 
antileptons. 1'he [actor K, ··n rront or El acoounts ror the rocluct.ion in the strength or the JVt-f, 

"t::.L = :? w:uho11t. proCC$~ tha t depe11d 0 11 ;. d ilfere11t p:>r :irnete1 th::in ffl.1, "'nd th::it. c :..11 become import::int. 
whc:11 ,\./ 1 i.s la1ge, :illlO pl:iy:. 1olc in cst.:.bliJhi11g the limit. 
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ooupling \\;1th 1'1Spect. to JV1-£1 , and thus red uces also the s trength o r t he \\·a.sho uts ror t.he i­
Aavor , y ield ing an effic iency ra.ctor 11l_ = min(111/K,, 1) . Assuming ro r illustration 'TJt/K, < t the 
resulting asymmatry is 

v " , , v " tl.K, m, 
IL 1::: L.., EJ1111:::f1/l l 1 + L.., 2/(' ---· 

, , ' m i 
(9) 

ln the Arst term on the r.h.s. n1 represents the number o r Aavors effectively resolved by the 
charged lepton Yuka.\\·a int.e:racf1ons (n1 = 2 or 3) wh.1le Yt, ·IS the a.symmet1y that wou ld have 
been obta·1ned by neglecting the decoherenoa or £1. T he second term, t hat. is controllocl by the 
'Aavor m·1Smatch~ ractor 6-K,, can baoome par ticular ly large in tha cases \\'hen the fla..-o r i ·IS 

a lmost decoupled from JV1 (K, <t: 1) . T his s ·1 tuation is depic ted in fig. 2 ror the two-Aavor case 
and ror t\\'O d ifferent. temperature reg·1mes. T he l.\\'O flat. curva.s g ive IY B-LI as a function of the 
Aavor projector K T assuming aKT = 0, and s ho\\· ra.ther clearly the tlnhancement. of a. ract.or 1::: 2 
wit h 1\'lspecl to the one Aavor case (the poinU; at K T = 0, 1) . T he other t.\\•ocurva.sare peakocl at 
values close to the boundaries, when tT or A comb·1nation orthogonal to lT are almost. decoupled 
rrom JV1, and s hm,· ho\\· t he f1- li Aavor mis match can produce muC:h lru'ger enha ncements. 

It \\'US Ar.st noted in ref . 19 that. fla\Ul\'ld-leptogenesis can be v·1able even \\'hen the branch·1ng 
ratios ror decays into leptons and antileptons are equa l, that ·IS in the limit "·hen L is conserved 
in decays and the total asymmetry fJ = 0 vanis hes. T his ·IS a su rpris·1ng possibility, t hat. can 
occur when t he CP asymmetries ror the sing le Aa.vors are non- van.1Sbing, than ks to the ra.ct that 
lepton number ·IS ·1n any case v·1olated by the washout int.e:racf1ons. 

ln conclus·1on, the relevanoa of Aavor effects is at least. t.\\•ofuld : 

1. T he B.4.U 1\'!Sulting from leptogenesis can be severa l times larger than '" hat wou Id be 
obtained neglecf1ng Aavor effects. 

2. If leptogenesis occu rs at tem pera.tures \\'hen flavor effilcts am ·1mpo11ant, t he lim.1t on the 
light neut rino masses does not hold . 1~ T his is because there is no analogous o r the 
Davidson- Ibarra bo und in eq. (6) for the Aavor asymmetries E'1. 
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4 T he e ffects o f t he heavie r IVfajorru1a neutrinos 

\Vha.t. about the possible e ffects or the heavie r ~'lajorana neutr·1nos JV23 that "'a have so rar 
' 

neglected? .4 re"' meant s tudies a na lyzed t he so callocl 11JVt-decouplingt scenario, in which the 
Yuka\\·a oouplings or JVt a re s imply t.oo '"eak to washo ut the asymmetry gene rated in JV2 decays 
(and Et is too s ma ll to expla in tba BAU). 21 T his is a consis te nt .scena rio in w h·1ch JV2 laptogenesis 
oould s uccessfu lly gene rate enough le pton asymme try. 8m,•ever, in the opposit.e sit.ua.t ion "'hen 
t he Yu ka"·a couplings of JV1 a re very la rge, it. \\'US genera lly a.~umed that the asymmelr·1es related 

to JV2,3 a.re irre levant, s ince thG)' "'ould be \\·ashocl out during JV1 lept.oge nesis . Ln contrast to 
t his, in ref . 11 (and more recent ly al&> in rer. 22) it was s tated t hat. part of t he asymmetry from 
JV2,3 decays does ·1n genera.I s urvive, a nd must. be taken ·into account w he n computing the BAU. 
Ln ref. 23 Engelha1t:I, G ross1nan, Nir a nd myself ca rried out. a. detailed st.udy of t he fate or a. 
lepton asymme try Yp preexisting JVt leptq;enesis , a nd we reached conc lusions that agree ":1th 
t hese s tateme nts. I will b rie fly desc1 .. 1be the reasons ror this a nd the ·1mpo 11ance o f the resu lts. 

lnclud·1ng a lso JV2,3 the le ptogeoesis L-agra ngian reads: 

1 - - I C = 'i (N0 (iiJ)N0 - N0 M0 N0 ] - (>.,,,N0 l,H + h,ii,t.,H + h.c.), ( 10) 

where the heavy neut rinos a re \\'ritte n in the ITUISS basis with a: = 1, 2,3. It is convenie nt to 
deAna the t hree (in genera.I no:n-ort hogona l) oombina.Lions or le pton do uble ts le, to "·hich the 
oorrespond·1ng JV0 decay: 

Ila) = (.U1);;,!1' L~ llo). ( II) 

Let us d iscuss for deAn .1 te ness tba case "·hen JV2-related "·ashouh; a.re not too strong (rh1 'J> m .. ) 
, so that a s izea ble asymme try proportiona l to E2 is ganera.tocl, w hile JV1- re:lated "·a.shouts a.re: 
so strong that by itself JV1 le ploganesis \\'ould not be s uccessful (m1 > m .• ) . Tu simplify the 
a.rg u me nts, le t us a lso ·1 m pose ti.vo ad d·1 t ion a l co nd i t io ns: t he rmaJ la p toge nesis, t hat is a vanish ·1 ng 

in.1f1a.I JV 1 a.bun dance nft·, (T > j\f1) ~ 0, and a.s trong hie ra rchy Af2/ Af1 > 1. From this it. follows 
t hat. t.hera a re no JV1 related washout. e ffects during JV2 leptogenesis a nd, beca use Tlfi~ (T~ J\f1) 
is Boltz ma nn s uppressed, t he m a.re no JV2 re lated "·a.shouts du ring JVt leptogenesi.s. T hus JV2 a nd 
JV1 dy na mics a re decoupled. Now, the second cond.1 t ion in (??) implies that a lready at T ~ J\f1 
t he ·interactions mediated by t he JV1 Yukawa couplings a re .suffic ie ntly fast to quickly destl'O)' the 

oohe rnnca or £2 producocl in JV2 d ..x:ays. T he n a statist ica l mixture of l t a nd of states 0 1t hogona.I 
to l 1 builds up, a nd it. can be d esc1:1bed by a. suitable diagonal de nsity matrix. For simplicit.y, 
let. us assume that both JV2 a nd JV1 d..x:ay at T ~ 1012 Ge\i \\'he n Aa.vor e ffects are: irre levant. 
Ln this regi ma a convenie nt cho:1ce ror the 01t hogonal le pton basis ·IS (£1, t 1i ) "'he re: l t i denotes 
gene rically the flavor oompo nen h; or thogona l to f1. T he n a ny asymmetry Yp preexist ing the JV1 
leptogenesis phase (as for exam.pie Yt.,) deoomposes as: 

( 12) 

T he c rucia l po.int he re ·IS that i.n genera l \\'a can expect Yt
1 

to be of the sa me orde r tha n Yp, 
and since l1 i is ort hogona l to l1, t h.IS compone nt or the asJ mmetry rema ins prot..x:ted against 
JV1 washouh;. T he re fo re, a. Anita pa.it or a ny preexisting asymmetry (and in pa.1t ·1cular of Yt, 
gena ratocl in JV2 decays) s ur vives through JV1 leptogenes·IS. A mom deta iled study2!; revea ls a lso 

some add if1onaJ features. For example, in s pite of the strong JV1-re:lated washouts Yt1 is not 
d riven to ze ro, rathe r, o nly the sum of Yt, a nd of the H iggi> asymmetry Y11 van.1Shes, but not the 
two sepa rately. (This ca n be t raced back to t he presence of a. oonse1v ed cha rge re lated to Yt,i .) 

F'or 1a9 ~ J\f1 ~ 1012 Ga \i the le pton Aavor str uctures a re only pa r f1a.lly resoJ.,.ed du1:1ng 
JV1 leptogenesis , and a simila r result. ·1s obt<lLlned . Ho"'aver, w hen Af1 ~ tOS Ge \i a nd the rull 
Aa.vor bas.IS (l4i,tµ,4) is rssolved, there a re no d·u'E<:t ions ·1n flavor s pace "·he re: a n asymme try can 
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remain prolected, a nd then Yp can be oomple ta ly era.soc! independent ly o f its Aa.vor composition. 
ln conclusion, t he common assumption that "·hen JV1 laptoganesis occurs ·1n the strong "·a.shout 
regime t he Anal B.t\U ·IS independent or initia l oond.1 t ions, does not hold ·1n genera.I, and ·IS 

justified only in the rollO\Ving cru;e.s:23 i) \ia.nis h·1ng decay asy mmetries and/or effic iency rac tors 
ror JV2~ (Efl1'2 ~ 0 and E:s113 ~ O); ii) JV1- mlatad washou ts a re s till s ·1gniAcant at. T ~ t09 Ge\i; 
ii~) Reheating occu rs at a te1n para.tura in bet.wean J\/2 and J\ft . Ln a ll other cases the inif1a.I 
oond itions for JV1 laptoganesis , and in pa r ticula r those re lated to the possible presence or an 
in.1f1a.I asymmetry rrom JV2

1
3 decays, canno t be ignorOO "·hen ca lculating the B.t\U, and a ny 

oonstra.int inrarrad rrom analyses based o nly o n JV1 laptoganesis are: not reliable. 
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