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Beyond the SM & elementary particle mass puzzle

1. Standard Model (SM): renormalizable QFT, highly successful
in describing electroweak (EW) and strong interaction physics ...
2. ... needs be extended anyway to account for observed

* heutrino masses and mixings

* dark matter

* baryogenesis (larger CP violation needed)

* dark energy & quantum aspects of gravity

3

. SM can describe the masses of elementary particles via SSB

SU@2). x U(1)y 2B U(1)em, has nothing to say about their magnitude

* My z~ My~ V~10""3Agyr ~ 10718 Apjanek

no extra symmetry when my ~ v gets small = un—naturalness
*x my~10°my, m; ~10*me, me>10"m,,

(even for equal quantum numbers) = huge fermion mass hierarchy
or flavour mixing (e.g. CKM matrix for quarks). Key to New Physics?
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Non-Perturbative (NP) dynamics at few TeV scale

e New superstrong forces and particles accessible to experiments
e Possible deeper understanding of elementary particle masses

Hypothesis receiving renewed attention as (if) many SUSY scenarios are
ruled out (further) by LHC experiments (testing mgjino < 1.5 TeV in run2)
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... or in case TeV-scale resonances with large widths are found at the LHC
Simplest theory of EW SSB: Technicolor (TC) Weinberg, Susskind - 79
fermion mass via extended-TC interactions problematic: (f, b)-mass
& small FCNC not easy together: walking TC, partial compositeness
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A mechanism for dynamical elementary particle mass

... will be shortly discussed — based on the following key features:

e a new superstrong interaction at the TeV scale + SM forces

in a basic UV-regulated model with a dimensionful UV cutoff

e exact chiral symmetry (y) acting on fermions, EW-bosons and
scalars — corresponding (in a realistic setting) to SU(2), x U(1)y
e a chiral “symmetry” acting only on fermions + EW-bosons (¥):
broken at the UV cutoff scale, recovered at low energy with certain
NP “defects” <+ mass of elementary fermions & weak bosons!

e NP “defects”: NP operator mixings due to d > 4 action terms =-
(NP) universality to be reinterpreted, predictivity preserved

e Higgs resonance: WW + ZZ bound state due to superstrongly
interacting d.o.f’s
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New NP mechanism vs. possible realistic models

Masses o« A+ = O(1) TeV times appropriate gauge coupling powers

= naturalness & framework suitable for fermion mass hierarchy
+ compatibility with FCNC and S-parameter bounds ... not for free

< new QFT feature conjectured: under test by lattice simulation

A possible realistic model Lagrangian should look like

LBSMM  — 1T (FBFB L FWFW | FAFA L FOGFC) 4

Zf [E]{DBWAC][—FE]/fquDBAq/fqu—FalfquBAq,gd+Z£DBW€£+Z%UDB€%U+ZfRdDBf,{qd +
Q.DB"AGQ, + Q4DBAC QY + QEDBACQE + L, DBWEL + L4, DBCLY, + [ DBC LG+
+ x-breaking terms of d = 4,6, 8, 10 with y-critical or free/adjusted coeff.s

Gauge coupling unification at .~ 10'8GeV (Garofalo’s talk - May 26)
with non-standard Y-charge assignments for Q, L (arXiv:1602.03684)
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Introduction: see above!

Mechanism in toy model at gy = gy =0

Mechanism in toy model at gy # 0 (and gy = 0: custodial limit)

Higgs resonance origin and I'; g for E < 1 TeV

Conclusions

Frezzotti (Roma - Tor Vergata) Dynamical Mass May 23, 2016 - Valencia 6/30



A new NP mechanism for elementary particle masses

.. is discussed here by means of a toy basic (renormalizable) model
£my(Qe A7 CD) = £km(o A ¢) + V(¢) + ﬁw,'/(Q7 A, ¢) + Eyuk(o, 43)
- - 1
o Lk[n(o A ¢) 7Fa Fa + QL’YILDMOL+ QR/.YNIDH OR +§Tr|:8u¢1lau¢:|

pv' py
b - -
o Lun(Q,A @) = 7 p(Q. D, D, Qp + QrD oD, Q)

o Lyk(Q,®) =1 (QueQr+ QrOTQ,)

L2 (mlolo])?, o =[p] - i)

A fermion doublet Q is coupled to a non-Abelian SU(N) gauge field

u
o V(P) = 20 Tr[oTo] +

and via Yukawa & Wilson-like (d = 6) terms to a scalar doublet ¢
* UV cutoff ~ b~ ; fermion chiral symm. broken if (p,7) # (0, 0)
* exact chiral symmetry acting on Q and ¢: Wigner and NG phases
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Lioy: renormalizability & y—symmetry enhancement

o Ly invariant under: x global SU(2), x SU(2)p transformations
XL XL@xy and YR : XR®XH with
FoQ—-UQ, -, xP:o-Qo, Q eSuQ@),
>~(R : QR%QRQH,QR% ORQTH, X;g : ¢—>¢Q;rq, Q,A:,vESU(Z)H7

and gauge, Poincaré, P, T, C, Dy ... = power counting renormalizable,

X = no power-like UV divergencies ... besides /12 = Z, . [u2 — 7b~2]

O(b?) cutoff effects. Neither {, g nor X(ZH are symmetries in general due to

terms %Zp(é/_%#CDDHQH + QrD, 1D, QL) + 17 (QLOQr + QrOTQL) N Lioy
* at n = 1¢r(p) these terms cancel at all orders in PT up to O(b?)

XL,R recovery = no Yukawa couplingin[';£, no mg ~ (®)

in NG ph ~ . .
« strong forces " =3 {,.r-SSB & possibly a NP mass term in I,z

e Take model with maximal X, g—symmetry (charge algebra closure)
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YL X Xr broken & renormalized WTI’s

0, (J51(x) 0(0)) = (A 0(0))d(x) — 1 (Dy;(x) O(0)) — (O (x) O(0))

It = Q5 Q- Sp(Q59D,Qn — QrD,0T5Q))

Dy = [@30Qn—he|,  Ofjj=4|QD,5®D, Qs he|

e Operator Mixing

POy = (Z3=1)0udi" — 71 Dyl + C1As[QLG UQR — hel + b2 Ogly, + ...

only in NG phase peculiar NP term possible, with Cy = O(g$), due to
U=o/Void =[v+o+i77]/\/(v+0)2+ 77

e Renormalized ¥; WTI's @ ¢ = 77(ner) , NG phase & x #0
0u(Z33" (x) O(0)) = CiAs([Q1 5 UQr — he](x)O(0)) + O(b?)

= in TNG amassterm CiAg[Q UQg+ hc] # Yukawa term !

loc
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NP vertex corrections = fermion mass generation

@ NG phase (= v + o + i7®): b?[d> 6 {—operator] terms in L
Lo = £ p(Q.D,0D,Qr + he) "X £SO — _ar (@ D?Qp + ho)
polarize the vacuum under ¥—SSB due to strong interactions =
expect NP O(b?) contributions to {—invariant vertices QP Qo, FFo, ...
Al pp0,000,... = b?AsO(es) Wanatyiic (mom) FAA¢,QQ¢7,..($I§HQ
NP fermion self-energy contributions (e.g. central panel)

) =

oo OO v — —@—— —E——ow—
R L L L R L L R

Vb gtk k, (VP Y (k4 0)
eff 2 O KRy Yo v
Mg gSO‘S(AS)/ k2 k2| ErmE (k+ip
bPy(k +0), PAsia (2K + O ~ gEas(Ns)As

[b* factor compensated by the two-loop quartic divergency]
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Remarks & analogous evidence in Lattice QCD

* Goldstones interaction effects < (y, x xg)—invariant NP mass term
NG S CiAs[QLUQR + QrUTQL], U =exp{%T}, (128 = GB’s

loc
U transforms as ¢ under x, r; GB’s couplings different from o ones
*|Cy| = O(p?g%) « controlled by d = 6 § terms « universality?

* Similar NP “mass” phenomenon seen in Wilson quark Lattice QCD

XLE,n, =0: blue; ETMC.n, =2 red, ETMC.n =4 black
ALPHA, n;=2: green
T T T

o
ZZzZ

| = 2 (clover)

=0
=2
=2
=4

z

¥

am
er
B

0.30 0.40

0, 0.10 - 0.20
alr alry

ame = w(g3) = o + cralqep + 0(&%): ¢y < 0, but just one § operator:
gq = NP mass entangled with a~', neither well defined nor natural
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Toy model with weak interactions: symmetries

Add weak interactions (gw > 0; still gy = 0):

Lioy(Q, A, &, W) = Liin(Q, A, &, W) + V() + Lwi(Q, A, &, W) + Ly (Q, D)
1 1
4 4

= AW = A 1 T%W w
+QL7MD;/ Q + QH’YMDH Qr + ETr[CD . Dy, CD]

° £kin(0, A b, W) = F;:\z;/aF,ﬁ;ja‘f' F:Z;iF}%;i_,'_

2 AW _
o Lwi(Q, A &, W)= %P(QL%M' CDD;?QR + QR%ﬁCDTDﬁ’WQL)
SU(2), gauge symmetry: W,1’2’3 bosons & covariant derivatives, e.g.
, , i vayi A . . iy asi
DAW=0,— igsA2A2— igu Wi DAW="T9, 1 ig:\2A2+ igu 3 W

Global SU(2), x SU(2)g invariance, if W’s transform under {;:

XL SXL® X‘f_ a_nd XR I XR® xg with
)ZLIQL%QLQL,Q[_—)Q/_QZ, Xf:¢—>QL¢, QLESU(z)L,
W, - QW,.Qi,

fR:Qr— QRQR,Qr — QrQL, xR ® - 0QL, Qg eSU@2)s,
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Weak interactions & Y—symmetry restoring:

* X1.p and XCLD,R are not symmetries: e.g. ¥, broken by Tr [ch%ZVD,KVcb}

* YL ® ¥R is recovered in PT at p = per, 7 = 1¢r — up to O(b?)

o If V(®) has a single minimum (/i3 > 0, Wigner phase of x; x xgr) ,

operator mixings are as in PT and the local effective Lagrangian is
Mo = L(FAFA) + (FWFY)] + Qu P, + QrP"Qr + Ver[¢]

= Determine pe,~ O(1/,/NgY) in the Wigner phase from

o If V(@) has Mexican hat shape (13 < 0, NG phase of y, x xr)
= per Kills the O(v?) W-mass term in the NG phase
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X—charge algebra closure = NP masses o As

e If V(®) has Mexican hat shape (fig, < 0, NG phase of x; x xg)

o2 [ WWWWWW -+

= dynamical ¥SB is triggered by residual O(b?v) ¥-breaking terms
= %SB leads to NP vertices and new operator mixings so that

ING — Y0 0 Ag[Q UQR + QrUT Q] + CoA2Tr [U?%ZV DU

loc loc

hence M3, = g7 CoA\2 and mq = CiAs from a common mechanism

* Symmetry principle: y—charge algebra closure — preserved by the
w
NP terms o Ci  (but not by As|®| Tr[UTD,, DY U] )
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Superstrong & strong interactions: mass hierarchy (l)

e Q feel super-strong & strong interactions, L super-strong ones
e g — Ny = 3 generations - feel gauge force SU(N, = 3)
e Q,L — 1,v, generations - gauge forces SU(N,; = 3) x SU(Nr = 3)

INT—4(Netv) _ 7 _ 4
/ﬂoco TIN,—4N,—4N; — 3~ 9/L = Nt > Nqep

L
:
L R

e LO RG-improved estimates at i, ~ few times At [s.t. ar(u) ~1/2]

ma(n) =~ K@) ar(w)Ar mg(n) ~ KD g2(n) as(p) Ar
)

Mg=top
maq

2
ag(p) 1
~ ~— = m ~3TeV, At~
W a2(u) 20 arle T
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Strong & EW interactions: mass hierarchy (example)

_ BWA > _ .
B oo (@D, ¢DPta+hc) Lo o (I(DBWE)DErR + he)
L L R
% (0
Lo W»AW’ R TB M"‘T Iy T Bé‘—V“T

mi(p) ~ kDg2(u) as(u)Ar  my(u) ~ KD g2 (1) oy (1) A

_ . _ < BW
%pbvcf(qL(,DEWDEWQS)bH + h-C-) %Pu,cr (EL%M $Ouvp + h.C.)
P | yas
b/ b v
it i B — (b —
- W2 \Jﬁ(ﬁ,/ g R = whe - S

Mo(1) = KOGy (1) awy (W) At my (i) =0 [O(A2/Aur) 7]

* leptonic ¥ terms invariant under vg — vg + const. [Goltermann-Petcher]
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125 GeV Higgs resonance as WW + ZZ bound state

Assume binding force from T-hadron exchange to form h: M, < 2My,

Qr

L
2 S L + = Ty + =
g L
) (b) (c)

L
(a

G(B,0, %) = [ dBxe~PXM3, [ dBz(W(X, x0)W(Z + X, xo) WT(0,0)WT(0,0))

in free theory has a cut starting at p? = —4M§V; in interaction due to
gw > 0 and superstrong force

% [op ,analyt (p2 ) eipg 0

2m p2+4M§V_A27 Aéz#gﬁ.AMﬁ,, #=0(1=10)
0

G(:aa 6’ XO) ~ f
apole appears at p?=—M2 =—4M2, + A2 M, =2My(1 —#g%,)"/2

Likely just one bound state ... In non-rel. approx. binding given by a
potential well with height Vy o« My, width a « /\;1, 8Myeg Voa® < 1
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Predictivity of models based on NP y-breaking

Renormalizable model at the maximal restored { symmetry point:
6,;]5” =0, (Wigner phase)

0,Jb = ¥, ¢i ArDH + %Wcz/\%tr(w[g, w,]D"ey — h.c.) , (NG phase)
* RGl of Lh.s. = RGI (& UV-finite) NP {-breaking terms on the r.h.s.
with D =[Q5UQr—he] and ¢ r=0(p?,)anp[l +O(a. )]

. . dyn 2 A2 dyny2
x effective masses|y,e p-1: C1 /AT < M, Gy < (My)

UV cutoff b~ '— oo at fixed Mrgiuebats Mprotons GF, sin® Ow (&t sw,y)

- Ntut s
X-symmetry = fo‘rlm p?,cr“ + O(p?,cr)) = 0(1) bounds the Pt.crS

dyn dyn

— PQ,crs PL,cr control mQ , mL dyn dyn

,aswellas my,", m;

— pt.or controls m;jy”, .. pr.cr CONtrols my" .
Assuming similar p; ., for all fermions f (GUT?) = mass hierarchy
from relevant gauge couplings and dim./type of ¥-breaking terms
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NP dynamics and low energy effective theory

At E < 1 TeV realistic models based on NP y-breaking should admit
1 1 - -
Tie = g FaFa+ g (FwFw + FsFe) + Y _(fal "t + 1D 21)+
f
’
+%auh6uh + Ver(h) + [cAT + ¢/Arh + ¢ ]S Tr DB UT D P U] +
< - 1
+> XAt + yihl(Fuyfa + Truj f1) + O(A—T) . Ar=0(1)Tev
f#v

U=exp[iC-7/v/chr] = {u,:% =ulu__ 1= —iTgU*} GB's fields

e my < At and h-couplings as (to be) measured in experiments
xr = mg/N1 ~ y; follows from NP vertex corrections analysis

e flavour changing currents as in the SM (suppressed FCNC)

e loop effects consistent with precise EW data (S-parameter)

e O(1/A7) eff. terms include hFaFa, hFyw Fyw and hFgFpg operators
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Conclusions & Outlook

* A dynamical mechanism for "naturally small" elementary particle masses:

expected to occur in models with “gluons”, fermions & scalars in NG phase

once hardly broken fermionic ¥ symmetries are maximally restored (up to

UV-cutoff effects), yields fermion mass O(A7) and scalar-vev independent

* Numerical check of NP mass mechanism (& “universality”): ongoing

e appropriate dr = 6,8, 10 y—breaking terms in the basic Lagrangian

= fermion mass hierarchy in T}¢:  mg ~ a1s7+v(vd/f;4)/2/\T

e m p-values = superstrong interactions with Ar ~ few TeV range and
superstrongly interacting T-fermions (having masses ~ A7) expected

e x-invariance (x. gauged) exact in the presence of EW interactions: same
mechanism as for fermion masses gives natural mass to W /Z bosons too

e h+ WW/ZZ bound (by EWly & superstrongly interacting fermions) state

e T-hadron resonances at Egoy ~ 1 to few TeV: clear experimental feature
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Backup slides
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XL.r—WTTI’s in the Wigner phase [theorem]

e Y. x xg WTls read [Bochicchio et al. 1985]
* 9,(J;"(x) O(0)) = (A[0(0))d(x )f (O3 (%) O(0)) — b*(Oj(x) O(0))
o JLi = OW%IQL v (QL D, Qn — QnD ¢TT—IQL)
o O = [C}L%CDQR—hc] «O4i=2 [QL‘E T D, 0n — he]
e Mixing
o BP0y = (25— 1)0uJ5" = 1(n; G&. p. 20) Oy + -+ O(bP)
o 0,(Z305'(x) 0(0)) = (AL 0(0))3(x) — (1 — (n)) { Oy (%) O0)) + ... . + O(b?)
e Critical theory — 1 — 7(1; 92, p, \o) = 0 = 1¢:(92, p, \o)
o 9,.(Z5J5(x) O(0)),,, = (ALO(0)),,6(x) + ... + O(b?)
e All the same with [L «> R & ¢ > ®]
e ¢ Possible NP effects (arising in NG phase) represented here by dots
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NP O(b?A7) corrections to vertices [conjecture]

Examples of NP corrections: gluon-gluon-scalar, QL/R-C_DL/R-scaIar
& Qu/r-Qy/r-gluon-scalar vertices (p = k, £, ', . ..)

be 2
Arbew (, e))H: b2Asozs(/\S)5—{[k(k + 0)8, — k(K014 10— ]} Fano (%)

/\2
Aroo¢ k Y4 ’ = b /\SOés(As) 2’7#(2k+€) FOO¢(p )

. A2
ArggAcb(k, l, fl) = b*s as(As) igsA®vu Foaae (ITZ)

Like in LQCD, we assume NP effects displayed here persist
up to p? = O(b~2), and conjecture the asymptotic behaviour

/\2

_s

A2 2 /\2 2
14 _ Ns p-—0o0 B _ Ns p~—o0 _
FAA¢(p2) — Haa, FQQ¢(p2) — Haa, FQQA¢<p2) — Hag
with Haa & Hag — O(1) constants
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NG phase: ¥, g~WTI's & conjectured NP term in NG

e Similarly to self-energy diagrams one gets mixing diagrams like

‘/J\H

o son - S
I AW, L

TC/ L @:R
@ — NP mixing terms, “..." — C)L%'UQR —he
. I ) _ A
o K20k = (Z5 — 1), 05— 1(1; 62, p. M) Ol + Cils [QL%U Qr — hc} +O(?)
e same with [L <+ R & U <> U]

@ hence renormalized ¥, x Yg WTIs read [Ci[,0 ~ O(g?)]

* 9,(Z;0;(x) 0(0))| = (ALO(0))

Ner

d(x) +

Ter

+C1 As ( [OLguoﬁ — he](x) ()(0)>\ +O(b?)

7,

e same with [L <+ R & U < U]
@ a mass term is generated (just set U = UT = 1)
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RGI mass terms in WTI’s & running mass

To all orders in g2: 9,(Z3J5(x) O(0))| = (ALO(0))| d(x)+
~ - Ter ~ Mer
+ ko 92(b™1) Zim(bAs)as(As) As ([QL 5 UQR — he](x) O(0) ) ; + O(b?)
with the radiative corrections in NP fermion mass summarized by

Zm(bAs) =1+ g2(b™") (3m log bAs + Em) + ...
accounting for our conventional choice of the scale in g2(b~") & as(As)

NP mass at the UV cutoff scale (see also I'¥¢ in slide 14):

Cils = kio G2(b~ 1) Zm(bAs) as(As)As = mff(b~1)

indeed enters the §.-WTI as the prefactor of ¥’/ = [OL%' UQgr — hc]
Interpretation above & RG-invariance of Zﬂﬁf (at ner) require
me(b=1) 2] = melf(u) £} (1), where

Si(u) = Ze(bu)X,(b~") — renormalized ¥} —density

méf (1) = kio 92(1) Zm(As/ 1) as(As)As — running NP fermion mass

— g2(b~")Zm(bAs)

Note relation Zs(bu) EIY AT

(following from RG-inv. of Z;J%/)
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Lattice test of mass mechanism: toy model @ gw =0

S = b 3, { LIMIU) + £355(9) + V(@) + VDU, 0]V |

LM[U] = plaquette action, & = pofl +ip;/, V= (u,d)!

£32(0) = § T [01(<0;0,)0], V() = 8 Tr [o1o] + 2 (Tr[076])?
Setting F(x) = [poi + ivs7/¢)](X) , use “naive” lattice Dirac operator
(D[ U, D]W)(X) = 7,V W (x) + nF (X)W (x) = BPp F(X) V.V, W (x)+
~02p} [ FY ) Uu() ¥, (x + ) + (D FY ) UL(x = 1), 0(x — )

as the mechanism can be tested in quenched approximation: 1st MC study!
Check {—WTls by evaluating two-point correlators at few fixed b= > Ag
(0,558 =0 = in Wigner phase determine 7(p)

(Oud ()ZH () = (ZrorArDF ()M (y)) = in NG phase

test NP mass terms —with D-' = Q.5 UQg —h.c., T4 = U, ZoWg — hec.
Unquenched studies needed later: use Domain Wall (or Overlap) fermions
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Toy model at gw > 0: bare y—WTI and y-restoring

The associated non-conserved currents are

I ) Tt b Tt Tt
J;:“ =K, + @L%EQL - Eﬂ(fh.—q’pﬁi% - !fn% :}@TEQL) . (2.18)
- ' b2 T

Tt = quy ngdh = 5 P(QHT‘PTDA W - QL%;‘LW 4’5@;) ; (2.19)

and differ from the conserved ones, J;“ and .Ii_{h, only because in the latter
a contribution bilinear in the scalar field coming from the ®-kinetic term
appears. The transformations v and xp give rise to the (bare) WTIs

3T () O(0) = (A5000)6(x) — 1 {( ;@@‘R 1T 1) () O(0) +
(@D M T D - 1D 10 DM 0, ) (1) O(0) +

+ égw( tr (qﬁ[?_ WDV @+ &1D W, E]qa)(ac)(")(n)) . (2.20)

Bu( T () O(0)) = (ARO(0))3(x) — ((Enag@*m - @Lq%’qn)(x) 00)) +
- gﬂ ((@R%ﬁg@Dﬁ'qu - @L%ﬁ'wq’;Dﬁ%) (z) (5(0)) . (2:21)
(pers nor)-values exist for which {;, ® {g symm. is restored in PT up to O(b?)
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A non-SUSY model with gauge coupling unification (1)

£BSMM % (FBF®+ FWFY + FAFA 4 FOFC) 4
+ Y [alD™™Aqf + ah'D™ah + G Dk +
f=1,2,3
+ TLDV L]+ TR DPUY + T DB +
+[Q.DPeQ, + QEDeY + QRDPCQY +
+ [ZLDBWGLL L [4DBeLY ¢ [gDBGLg] +
Ns
+ mass terms + Z (@hDGwh + mh&hwh)
h=1
SM particles, T-gluons, one generation of T-quarks & T-leptons
Ns = 4 = 6 fermions (feeling only T-gluon vector forces) of mass ~ v

Realistic matter content, inspired to our mechanism + unification
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A non-SUSY model with gauge coupling unification ()

Alternative Y—charges & no gauge anomalies for T-quarks/leptons
(separately), R/L-handed fermions SU(2),-singlets/doublets, and ...

~.Ya = [Qem — T3la

Y= [Qem - TS]L

| | |
’ yUL:% %:0 ‘ yNL:%_%:O ‘
’ YUur = % OZE ‘ yNR:%_OZ% ‘
’ Yo, = %—i—%:O ‘ yu _%_'_%:O ‘
’ yDR:_%_OZ_%‘ Yig _%_0:_%‘

GUT=of =305, di:=dh, G3:=d%,  gi="3"
PDG inputs at © = Mz & SM-evolution for Mz < u < At ~ 5 TeV

1-loop S-functions for At < u < v (with Ny =3, vg =v, =1, no ¢):

3.9 _ 17 12 &
@ Po =3y Po= "3 5Ns (an
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Approximate gauge coupling unification (vs. MSSM)

Excellent strong & EW coupling unification found at 1-loop level

Ted10 Tes12. testd 16416 Te18 1e+20 4 6 8 10 12 14 16 18
Gev) Log,,(Q/GeV)

0 tes  tews

stable under 2-loop corrections, which are numerically similar to GUT
threshold effects (unknown) and TeV-scale threshold discontinuities

Setting o '(1 = 5TeV) = 1, need Ns ~ 4 + 6 for unification of ay ...

Frezzotti (Roma - Tor Vergata) Dynamical Mass May 23, 2016 - Valencia 30/30



