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Probes of New Physics Complementary to Colliders

v
tA e cosmic Gravitational wave:
* CMB e solar ® primordial
* 2L em e atm ® topological defects
* Lya .
. L};S e neutron star ® phase transition
* Supernovae ® binary mergers
° Sl ® beam ¢
® Cepheids ® reactor
(]
(]

Chen Sun (Brown U./ CAS-ITP) Vector Form NSI at Borexino (UMass Amherst) 04/26/2019 2 /29



Probes of New Physics Complementary to Colliders

%
i e cosmic Gravitational wave:

* CMB e solar ® primordial

*2lem ® atm ® topological defects

° Lya -

. L}éS e neutron star ® phase transition

. SN * Supernovae ® binary mergers

© ® beam °
® Cepheids ® reactor
°
[ ]

Solar v:

® one of the most intense (free) v beams
® environment that is hard to achieve on Earth
® unique energy range
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Probes of New Physics Complementary to Colliders

V.
fy: e cosmic Gravitational wave:
* CMB e solar ® primordial
* 21cm ® atm ¢ topological defects
° Lya ..
. L}SZS e neutron star ® phase transition
. SN e Supernovae ® binary mergers
N ) ® beam °
e Cepheids . reactor
. e
[ )
Solar v:

® one of the most intense (free) v beams
® environment that is hard to achieve on Earth
® unique energy range
Probes:
® Inner workings of the Sun (high- vs low-metallicity)
® bounding neutrino magnetic moment
® rejecting v from GW150914, GW151226, GW170104 (1706.10176)
e Constraining new physics model independently < this talk
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Vector Interaction in EFT — Standard Model W/ Z

ve _ GF

L= [Zev,. (1 — 7s)e] [ (1 — vs)ve]
= 2V2GF [Terypver] [E7" 1]
Vo€ G - - ve ve
—Ls = 7’; [7a (1 — 75)val [E7"(80° — 85%5)el]
= 2V2GF [TarVuVad] gt *(BL7" L) + g% (8rY"€R)]

combines to

—L"*¢ = 2v/2GF [Parypval] [8aL (817" eL) + Bar(ErVeR)]
with
_ [sin®Ow + : a=e
gal'_{sinzﬂwé o=p,T
Zar =sin Oy a=eurT

~ larger coupling for v, in addition to the Pe_,e/Pe_x > 1
~ more events
~ better sensitivity of g.; than ger than g..
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Vector Interaction in EFT — NSI

— L7 = 2V2GF [FatVuVal [gar(E17" €L) + gar(ErY" €R)]
— L8 = 2V2GF [TarYpvar] [aL(B7" eL) + car(8rY" €R)]

combines to give

8ol = Bal t+ Eal,
8aR — BaR T EaR
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NSI in Effective Operator Picture

Requirement:
® SU(2)w x U(1)y invariant,
® contains (71y,v) (7" e)
Ingredients:

R P E
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NSI in Effective Operator Picture — cont’'d

(ParYuvar)(ErY" er) type:

a(1)
%(ZMML(X)(@RW“SR)
(DaL’YuVaL)(éL’Y“eL) type:
o B e
W(La'YHLa)(LE'Y“LE) W(Lao(’YuLa)(Leol’YuLe)
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NSI in Effective Operator Picture — cont’'d

(Parvuvar)(ErY" er) type:

a(1)
R T _
o (LatuLa)(Er7" er)
heR) (HTH)
1.R - _
i (LauLa) (@ er)
) H]‘ iH
R o _
,1\42 (Lao'uLa)(ErY" er)
(Parvpvar)(@v*el) type:
a(3)
g(Ll) B ~ La)(LeO'l“/MLE)
T(La'\/MLO‘)(LeV“Le) a(3
(HIH)(L L) (Leo'~*L
A2V (HTH) _ VAR G G
) (LavuLa)(Len*Le) ho@®)
M 1L (HTU H) T
h@ HTo'H . o v (Leatnla)(Leo'y L)
L, Lo )(Ley™L
M2 M2 (Lao'vuLla)(Ley"Le) h()(HTaH) e
SljkWT(LaOJ’Yu a)(l-eo' Yy Le)
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—Lgr =2V26p(av" Prva) [eqr(EVuPRE) + cqL(EVuPLe)] s v—e

7L$’2 = 2‘/EGF(;"YMPL"') [KTR(éWMPRe) + NTL(E’Y;LPLE)] +(r = p)+(r —e), charged lepton scattering
2 . =

—£8) = 2VBGE (Bt PLve) [Cr1(EruPLT) +hec] + (= ), LFV
3 _ - —

752}')2 = 2V26E(ZevuPLve) [ﬁrL(T"V“PLT) + §VTL(V7’Y“PLV7)} + (T = p) unobservable

+ 2\/§GF§VEL('7e"m Prve)(ZevuPrve),
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—Lgr = 2V26E(Pav! Prva) [eqr(EYuPRE) + eqrEvuPLe)] v—e

—L(l) = 2V2Gg(7y " P T) [rrR(EVuPRE) + krp(EvpPLe)] + (T — p) + (T — e), charged lepton scattering
2 = =

—£8) = 2VBGE (oAt PLve) [Cr1(EruPLT) +hec] + (7 = ), LFV
3 _ - _

7[’<f,2 = 2V26E(ZevuPLve) [§7L(77HPLT) + EVTL(VT’Y’—LPLVT)} + (T = p) unobservable

+2V26EE,, | (PevpuPLre)(PevuPLre),

where the dimensionless parameters such as SaR(L) FaR(L) etc. are to be identified as follows (o« = e, u, 7; 8 = p, 7):

2V26pE,, =

2V26rear = #[ ()+5ha(1)+'rhﬁ(,§)+...]1

2V26prgr = # [hg‘(Rl) + Shﬁg) - Thi(g) 4 } )

wiGrep = o [060 —ifP) S0P P TP O+

2V36pey = % [”S(P s ] ,

2 = o [0 PSR ) T ],
2V26ERey = # [hgﬂ) w5 e ] )

o = [N - e mi ],

2VrGrepL = # [(hg(f) ARG R R G R A LR }
2V26rEy 1 = 1 [(hgg)+hﬂ(2))+s(,,ﬁ( ) D)4 TR 4 PP 4 ]

[

D 4 5t e ]
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where the dimensionless parameters such as SaR(L) ®aR(L) etc. are to be identified as follows (o« = e, p, 7; 8 = p, 7):

2V26reqr = #[ho‘ + She )+Th() ]

VT # [h 7( +5h® )7”?,(*3)*’“} i

Nagreps = [0 s g ],

2V2Gpey = % [h ( +$h ] ,

2ViGerg = Mi (T3 +h§(2))+5(n O D) TP O]
2V26png = # [h R R LU ] :

236rCs = % [h RS Sh"(z) +imp® 4 ] i

2aGres, = # [(ho, B(1) hB @)+ S(hm ) “f,(f)) _ T“’f,(f) B hf,‘[”) . }
NI # [,, D 448Dy 4 PP+ 42D) 4 TP 1 ) 4 ]
2V2GEE,, = Mi [h e(1) +She(1 N The(z) ) ]

c.f. hep-ph/0111137
For other types of NS e.g. scalar, light mediator induced, c.f. Tatsu Takeuchi’s talk tomorrow
For realizing model building and light mediators, c.f. Bhaskar Dutta’s talk yesterday
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Constraints on ¢,

v,, CHARM 1l (strong)
vy LEP
ve LSND

Ue TEXONO c.f. Muhammed Deniz’s talk

We will focus on ¢ for v, and v;.
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How NSI manifests at Borexino

R~ Neo, (0,)

® Detection
do
dT."
® Propagation
P.e ~ @, , small effect

dominant effect

® Production
~ve — evw, irrelevant E, < 50 keV
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How NSI manifests at Borexino — Detection

doo(E, T) 2 5 meT
—— = — GEme —
dT T

E2

)

7\ 2
8oL+ 8ar <1 - E> — 8al8aR

with the recoil kinetic energy

Chen Sun (Brown U./ CAS-ITP) Vector Form NSI at Borexino (UMass Amherst)

04/26/2019



How NSI manifests at Borexino — Detection

dga(Ev T)
dT

)

7\ 2
gaL T &R <1 - > — Bal8aR 5

2
= Z G%m,
7 FT E E

Zol — Gal + €aL leads to a shift in normalization.
gaR — gaRr 1 €ar leads to a shift in T dependence, i.e. spectrum distortion.

Chen Sun (Brown U./ CAS-ITP) Vector Form NSI at Borexino (UMass Amherst) 04/26/2019 10 / 29



How NSI manifests at Borexino — Detection

doo(E, T) 2 2 2 T\’ me T
—d7 ;GFme 8oL 1+ 8ar 1_E T 8al8aRT 5 |

Zol — Gal + €aL leads to a shift in normalization.
gaR — gar 1 €ar leads to a shift in T dependence, i.e. spectrum distortion.

1400 T T T T . . .
Tges B Krs 20B; ® positive correlation (partial
1200 § cancellation) in €, and eg
1000 & 2 2 T max 3
UNgaLTmaxfgaRE(lf )
800 E
2
max
600 — BaL8aR E2 Mme
400
== e stronger correlation due to ®Kr
200
background
0 1
03 04 05 06 07 08 er change shape
T, [MeV] ~ ®Kr compensate the shape

~ g, compensate the normalization
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How NSI manifests at Borexino

R~ Neo, (0,)

® Detection
do
dT.’
® Propagation
P.e ~ @, , small effect

dominant effect

® Production
~ve — evw, irrelevant E, < 50 keV
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How NSI manifests at Borexino — Propagation

E.O.M.:
d Ve Ve
i— |vu| =_H |v,
dx LT s

H is not diagonal, b/c propagate in mass eigenstates.

0 1
_1 2 i
H=o>p U L N +V2GgNo(x) l 0 0}
rot. back m31 | fom
N————

Ve,V rSCatter at

ism2 /2E ! 3
propagate as e diff. rate, refraction
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How NSI manifests at Borexino — Propagation

E.O.M.:
d Ve Ve
— |V H (v,
dx LT L

H is not diagonal, b/c propagate in mass eigenstates.

1 0 . 1+ 5;/
_ 2
H=5p WU sm RY +V2Gg N (x) 0 .
rot. back m3; | f—om Er

Ve,V rSCatter at

ism2
ropagate as e/om</2E ! 2
propag diff. rate, refraction

€V:6L+6R

Chen Sun (Brown U./ CAS-ITP) Vector Form NSI at Borexino (UMass Amherst) 04/26/2019 12 /29



How NSI manifests at Borexino — Propagation

E.O.M.:
d [ve Ve
= vy H (v,
dX [VT VT

H is not diagonal, b/c propagate in mass eigenstates.

0
1
H=ozU om3, Ut + (1 — £Ysin 03 + £/ )V2GE N (x)
2
m3y

1
O ]
O
14

€V =€ +eER
Note that ¢ shows up in propagation only on top of MSW effect.
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0
1
H=ozU om3, Ut + (1 — €Y sin 03 + £/)V2GE N (x)
2
m3y

1
‘|
O

Note that ¢ shows up in propagation only on top of MSW effect.

Therefore, we need to look at where MSW is the strongest.
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0 1
1
H=_—U| ém3 Ut + (1 —eYsin® O + e )V2GeNe(x) | 0
2E 2 0
M3y
Note that ¢ shows up in propagation only on top of MSW effect.

Therefore, we need to look at where MSW is the strongest.

1 0 0 C13 0 513e_i6 C12 512 0
u = 0 o3 53 o 1 0 —s12 a2 0 | = RxaRiz,
0 —s3 o3 —s13e® 0 a3 0 0 1
[ S — [ S —
Ros Ris Ri2
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0 1

1 .
H=opU smé, Ut + (1 —eYsin® O + e )V2GeNe(x) | 0
ms; 0
Note that ¢ shows up in propagation only on top of MSW effect.
Therefore, we need to look at where MSW is the strongest.
1 0 0 C13 0 S]_?,e_"‘S C12 S12 0
U = 0 €23 523 0 ) 1 0 —s;p c2 O ~ Rx3R12,
0 —s3 o3 —5136”s 0 c13 0 0 1
—_—
Ros Ri3 Ri2
1 0 0 0 1+eY 0 0
RiHR:s ~ —— Rip |0 6m3, 0 |RL+vV2GeNe(x)Rl; | © 0 0 |Rys
2E 0 0 smd 0 54
1 6m§15122 §m§ S12C12 0
= 3F émglslzclg oms, ¢, 0
6m§1
L+ey —eVs2, 0 0
1V2GENe(x) ‘o 0 Ofe) }
0 O(e) Ofe)

13/ 29
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0

1
H=_—U| ém3 UT + (1 — ¥ sin? O3 + £¥ ) V2Gg Ne(x)
2E m§1

1
]
0

Note that ¢ shows up in propagation only on top of MSW effect.

Therefore, we need to look at where MSW is the strongest.
Need a further 12 rotation Ry2(¢) on top of the vacuum Rys.

Resonance conversion: 61, + ¢ = /4, (level crossing if 61, = 0.)
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0

1
H=_—_U om3, Ut + (1 — €Y sin® a3 + €Y )V2GE Ne(x)
2E m§1

1
]
0

Note that ¢ shows up in propagation only on top of MSW effect.

Therefore, we need to look at where MSW is the strongest.
Need a further 12 rotation Ry>(¢) on top of the vacuum Rys.

Resonance conversion: 612 + ¢ = /4, (level crossing if 612 = 0.)

§m3; cos 261,

Eres X) =
%)= - + eV 2v2Ge M)
2 MeV 30 MeV
EC(0)~ ——r EL(0)~ ———r
=0~ azvg ey RO aovg v
————— —————
for E, ~ MeV, not relevant

relevant if e ~ O(1)
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How NSI manifests at Borexino — Propagation

o
©

pp

0.2 P |
! Energy [MeV] 10
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How NSI manifests at Borexino

R ~ N.®, (o,)

® Detection
do
dT.'
® Propagation
Pee ~ ®,, , small effect

dominant effect

® Production
~ve — evw, irrelevant E, < 50 keV
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How NSI manifests at Borexino

R ~ N.®, (o,)

® Detection
do
dT.'
® Propagation
Pee ~ ®,, , small effect

dominant effect

® Production
~ve — evw, irrelevant E, < 50 keV
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Borexino @ Laboratori Nazionali del Gran Sasso

Borexino Detector

Stainless Steel Sphere

Nylon Outer Vessel

Nylon Inner Vessel
Fiducial volume

External water tank —

Ropes—___

Internal
PMTs —

I Seintillator |

| Y

Steel plates
for extra
shielding

N

N

+ 3800 m.w.e shielding against cosmic rays at LNGS
+ active volume ~300 ton of liquid scintillator

+ ~900 ton of ultra-pure buffer liquid

+ 2212 PMTs detecting the scintillation light

- water Cherenkov veto equipped with 208 PMTs
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Borexino Timeline

® Phase |: 05/16/2007 - 05/08/2010, 740.7 live days, yielding 153.6 ton-
year of fiducial exposure

Lowest energy threshold B neutrino detection

Phys. Rev. D82, 033006 (2010)

First Precision Measurement of “Be Solar Neutrino Flux
Phys. Rev. Lett. 107, 141302 (2011)

First direct detection of pep solar neutrinos

Phys. Rev. Lett. 108, 051302 (2012)

¢ Following Phase I, scintillator purification was conducted.

significant reduction of radioactive contaminants
Uranium-238 < 9.4 x 1020

Thorium-232 < 5.7 x 1019

85Kr reduced by ~ 4.6

e 210Bj reduced by ~ 2.3

® Phase Il: 2011-, wider range energy range, 0.19MeV < T < 2.93MeV

First realtime detection of pp solar neutrinos

Nature 512, 383-386 (2014)

Improved measurement of 8B neutrino with Phase | and Phase |l data
1709.00756

this analysis: 12/14/2011 — 05/21/2016, 1291.51 days x 71.3 t (252.1 ton-
years) of fiducial exposure
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Solar v Source

pp chain
Ppr

CNO cycle

preomier] [prevpom]

—
|‘2C¢p~>‘JN¢'( ‘
T

99.6% 0.4%
2H+p - He +y

85% 2x109% ep,
S P——1

|3He+3He - “He+2p

[re+p > e vervs]

BN - BC +e* +

BC+p— N+

ppl__15%
SHe + “He > "B + 1
T80y 99.87% 0.13%
[fBe+e=uivv] ‘7Be+p—»38¢7 ‘

“N+p 104y H"O+p~>"‘N+"He‘
]

150 > 5N +e* + TF 5170 +et+

f ¥
'SN’p—»‘He»'QC‘ | 0 4+p - TF 4y

r
| TLi+p - 2%He ]:a,, [ Beversr]

pp-ll
Be” +p — 2'He

pp-ll

N+p 0 +y
9996%  0.04%

Padort. 5~ (R0I8)

pp [+0.6%]

"Be [+6%]

Solar neutrino flux (cm2s-)

Credit: Johys Bahcart

8B [+12%]

hep [+30%]

1077 1

Neutrino energy (MeV)

Chen Sun (Bro

ctor Form NSI at B

pp chain: pp-v, pep-v, "Be-v,
8B-v

CNO cycle: CNO-v

many-body decay/ fusion =
continuous spectrum: pp, B,
CNO

two body process =
monochromatic spectrum: "Be,
pep

c.f. Strigari's talk yesterday
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Electron response to 'Be v

"Be solar neutrinos are produced via K-shell e~ capture

TLi+ ve (89.6%)
Li*(0.48) + vo (10.4%)

yieIding mono—energetic v of 0.862 MeV and 0.384 MeV.
|:dae

"Be+ e~ —>{

doy , dor
o |G Peer+ (B + 357 ) - Pute))].

Tmax = E/(1 + me/2E) = 0.665 MeV and 0.231 MeV

—Ne

0161 ey

oe[ —S

e e =01

012f e&=-01
I —eR=01

Enents / (day x 100 tons x 1 keV)

Sl b b b b b b b
S

ool Lo Lo Lo L 1 |
100 200 300 400 500 600 700
Energy [keV]
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Integrated Effect of NSI

1,5:9»\\\\\\‘\\\\‘\\\\\\\\HHHHHHHH\H: 1 BT T T
L SR : ek :
16 e . 1.6 —& 4
r L R [ ]
A s = <
oL EEER S s
a2 1 & ]
e | ] r ]
r ] o
D1.27 ] NRES ]
[m] L ] ~ + ]
1= B . o ]
8T 1 8 = ]
s I 1 o T 1
o8- B ~ o8l ]
0.6/ . o6l J
b b b b b b b b b Lo "“H"H“H‘H“H“H“H“‘;
-0.2 -0.15 -0.1-0.05 0 0.05 0.1 0.15 0.2 04 02

gRL ek
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Backgrounds at Borexino

dt,
Np
100 200 300 400 500 600 700 800 900

10?2 gr—— T T T T T T
‘ _14C _11C
> 100 210po  ---External background
% 210Bj — Total fit
= pp 85Ky
8 1E 7
; N\ . Be
& o1l 2 prep CNO
E 10 1 E r ‘\\
<] - ki i { ‘
§ 107 \\ '[ MWMWHI Ml"' L e i !|
- Vi »"“z','Wn T
B e o
107 g | ol N
500 1 000 1 500 2000 2500
Energy [keV]
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Backgrounds at Borexino

100 200 300 400 500 600 700 800 900 L L . .
107 g AR ® Liquid scintillator has isotropic
i —14c —1c . ..
> 10} ggPp --- External background llght emission
x p _35KE:' — Total fit ® no directional information,
% 1 7Be ® low energy sensitivity (~ 50
I, PP GNO times larger yield than Water
S Cherenkov) 1308.0443
El L . . .
gl ® need to distinguish v induced
ok " events from 3 or «y induced
E. M N
500 1060 1500~ 2000 2500 events
Energy [keV]

Chen Sun (Brown U./ CAS-ITP) Vector Form NSI at Borexino (UMass Amherst) /2019 21 /29



Backgrounds at Borexino

10° T ® Liquid scintillator has isotropic
| —14c —1C . . .
> 10} Zng --- External background llght emission
x i )24 _ssKE:' — Total fit ® no directional information,
=3 1 ° e
S Be low energy sensitivity (~ 50
X . .
. PP GNO times larger yield than Water
S . Cherenkov) 1308.0443
E .. . .
g ® need to distinguish v induced
o events from 3 or ~ induced
500 160 1500 2000 2500 events
Energy [keV]

® Taggable BG (event-by-event cut)
® radioactive decays from delayed coincidence,
® muon events and those following
® cut off some exposure region (remove detector region for a time interval)
® e.g. cosmic p+ 2C — p+ 1C +n leads to 11C, (coincidence between 1 and n)
HC - B + et +n has 7 ~ 29.4 min (crop out a ball of 1 m for 2 hrs)
® Majority is reconstructed through fitting
® BKr 5 BRb+e™ + e (Q =0.687 MeV, t; , ~ 10.8 yrs)
e 210Bj ; 210pg 4 e~ 4 7 (Q =1.161 MeV, t;,, = 5d)
e 210pg — 205}, 4+ 4He (Q =5.3 MeV, t;» ~ 138 d)
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Fitting w/o NSI

"Be flux: 6% uncertainty (same for LZ and HZ, standard analysis w/o NSI
leads to ~ 2.7% 1707.09279)
Background related without NSI:
Nd|'
100 200 300 400 550 600 700 800 900

10? Background Rate
! —;‘1‘00 —1c [cpd/100t]
Z 10} , oogy L oxtemal background C [Ba/100t]  40.0£20
= PF — 85Ky 85Kr 6.8+ 1.8
3 1 210B;4 175+ 1.9
- e 26.8 + 0.2
< 107! 210
s Po 260.0 + 3.0
Ef Ext. “'K 1.0+£0.6
3 Ext. 2Bi 1.940.3
107 - Ext. *°°TI 3.340.1
500 7000 1500 2000 2500
Energy [keV]
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Fitting w/ NSI

Nd|'

20 w0 0 60 700 800 00 Multi-variate fitting parameters:
| —14C —1"C . .
2 10} 2190 ... External background ® light yield (energy scale)
i Bi — Total fit .
o P e, ® energy resolution
(=3
1 .
= e 219pg 1 central and width
g0 e 1C y starting position
g ® other background
310~ .
8 parameters in the detector
10 N model (8Kr, 219Bi etc.)
500 7000 1500 2000 2500 e /s
Energy [keV]
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| Hz-SsM | LZ-SSM || Phase | 1207.3492 || Global 0711.0698

eR | 222,722 | [222, 772 [-0.21, +0.16 ] [0.004, +0.151 ]
el || [272, 7221 | [272, 722 || [-0.046, +0.053 ] [-0.03, +0.08 |
R || [222, 2221 | [222, 772 [-0.98, +0.73 ] [-0.3, +0.4 ]
eb || 722, 7721 | 772, 777] [-0.23, +0.87 | [-0.5, +0.2 ]
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Preliminary Results
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Preliminary Results

e covers different region
compared to LEP

® second minimum due to
&-L —> —&rL approximate
symmetry, i.e. e, =0, or
_2g‘rL-
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Weak mixing angle

- sin2 0y + % a=e
Bal = sinzﬁw—% o=, T
gar = sin® iy a=e,uT
® Specific direction in e, — e plane
® similar effect for both v, and v,.
sin? 0y =?7777-£7727 (stat+syst) , this work
sin® 6y = 0.251 + 0.031 (stat) & 0.024 (syst) . TEXONO
sin® By = 0.2324 & 0.0058 (stat) + 0.0059 (syst) . CHARM I

Chen Sun (Brown U./ CAS-ITP) Vector Form NSI at Borexino (UMass Amherst) 04/26/2019 28 /29



Searching for new physics in the presence of v — e NSI

NSI phenomenology
® propagation: NSI changes the "Be neutrino flux component, ve relative to
non-vy, -
® detection: NSI changes the recoil electron spectrum

Background
® event-by-event cut
® ‘“space-time” cut
® multi-variate fit

Result of & constraints, and understanding of correlations
® cer - 85Ky
® EeR — €el
® sin26y,
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