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Introduction The p'SSM Scalar potential Renormalization Results Conclusion

Why higher-order corrections?
- Accurate predictions (A" < A®P) for precisely measured observables
need to take into account quantum corrections

- Every model has to incorporate a SM-like Higgs boson with the properties
measured at LHC

M;® =125.09 +0.21 (stat.) £ 0.11 (syst.) GeV

Atlas and CMS [hep-ex/1503.07589]
Already a precision observable at the per-mille level!
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M;® =125.09 +0.21 (stat.) £ 0.11 (syst.) GeV
Atlas and CMS [hep-ex/1503.07589]

Already a precision observable at the per-mille level!

While in the SM My is a free parameter, SUSY models predict the Higgs
boson mass dependent on the parameters of the model

Higher-order corrections to scalar masses give substantial contributions, in
some cases of the order of the tree-level mass
= Large theoretical uncertainties: ~ 3 GeV (MSSM)
Degrassi, Heinemeyer, Hollik, Slavich, Weiglein [hep-ph/0212020]
Maybe now ~ 2 GeV?

Allanach, Voigt [hep-ph/1804.09410]
Bahl, Hollik [hep-ph,/1805.00867]
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some cases of the order of the tree-level mass
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Maybe now ~ 2 GeV?
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Any model beyond the MSSM potentially has even larger uncertainty

= We present full one-loop + partial MSSM-like two-loop corrections to scalar

masses in the pSSM.
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Why go beyond MSSM?

No new physics at LHC (so far)

— Big loop-corrections to Higgs mass needed
(fine-tuning)

p-problem (MSSM superpotential has a scale)

v-problem: Neutrino masses Sl .
Why are they so light? from 2013 J. Phys.: Conf. Ser. 408 012015
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No new physics at LHC (so far)

Big loop-corrections to Higgs mass needed

(fine-tuning)

p-problem (MSSM superpotential has a scale)

v-problem: Neutrino masses
Why are they so light?

uvSSM: Simplest

Particle content:

Couplings:

Scalar potential Renormalization Results Conclusion

Why go beyond MSSM?

extension of the MSSM solving the u- and the
v-problem at the same time.

MSSM + 3 (1) gauge singlets 7

Yij.’.‘:lu[,-ﬁf = gauge singlet = right-handed neutrino
— EWSB = Dirac masses for neutrinos (Y = Y{])
Nivf HyHy, 3ki0f 0F 0F (NMSSM-like)

— EWSB = Effective p-term generated at EW scale
— EWSB = Majorana masses for R-handed neutrinos

Lopez-Fogliani, Munoz [hep-ph/0508297]
Escudero, Lopez-Fogliani, Munoz, Ruiz de Austri [hep-ph/0810.1507]

from 2013 J. Phys.: Conf. Ser. 408 012015
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The pvSSM Scalar potential Renormalization Results

Lagrangian and Symmetries
W= e (Y5 A3 L2 & + Y A3 QP dF + Vi AL Q7 1)

o (VY AL L2 05 — of ALRG) + S R0 o6
Z3 symmetry forbids p-term and Majorana masses — no scale in superpotential
R-parity explicitly broken (via £) — more complicated particle mixing
Additinal sources of LFV after EWSB

Baryon Triality Bs to forbid baryon number violation — no proton decay

Conclusion
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Lagrangian and Symmetries
Pb oA v9 2 O g b Aa
W= e (Y5 A3 L2 & + Y A3 QP dF + Vi AL Q7 1)
v [yb fa ac ~c (b ya 1 ACACAC
+ €ab \/’J Hu L,’ VJ' — )\,‘ v Hu Hd + gfﬁ]jjkyi l/j Vi
— Z3 symmetry forbids p-term and Majorana masses — no scale in superpotential

— R-parity explicitly broken (via £) — more complicated particle mixing
Additinal sources of LFV after EWSB

— Baryon Triality Bs to forbid baryon number violation — no proton decay

Lo = eab(TngLf’Lj’HT;-’HZ@,-‘Z%wT“H @ik +he.)
+ € (T H L,LVJR Tl Uip HJ H + 3 uk RN;QD:R +h.c.>
2 ~k ~ 2 Tk T 2 Tax7Ja
+ <m§L)i' Q’L QJL + ( )u Uit (ng)," dirdir + (mzL> Li L
2 * ~ 2 * 2 *
+ (deZL) Hy L+ ( R)r VirVjR + ( R) ERER + miy HI"HG + miy H"H
1 ~ v =0 30
+ E(/\/l3gg+/wzWW+/\//1.‘3B+h.c.)

We put soft masses mixing different fields to zero at tree-level, explained by diagonal Kahler metric

in certain SUgra models Brignole, Ibanez, Munoz [hep-ph/9707209]
Ghosh, Lara, Lopez-Fogliani, Munoz, Ruiz de Austri [hep-ph/1707.02471]
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Scalar potentia Renormalization Results Conclusion

Particle Spectrum and Phenomenology

8 (6) CP-even neutral scalars:

8 (6) CP-odd neutral scalars: o' =

8 charged sleptons:

5 charginos:

10 (8) Majorana fermions:

‘PT = (Hd 7HR ~/7I%7 ~J7L2)

Left and right sneutrinos can be lighter than 125GeV
Mixing of left sneutrinos to H suppressed by Y and v,
(Hg, H . ok, o)

Includes the neutral Goldstone boson

Mixing of left sneutrinos to H suppressed by Y and v,
C (H7 /Hu7 iL> jR)

Includes the charged Goldstone boson

Mixing of sleptons to H suppressed by Y and v,

_ * =~ T ~
()T =((ew)” W, Hy ), (") = ((er), WH, HY)
Three light states corresponding to e, © and T
Mixing of leptons to gauginos suppressed by Y" and v,

* =0 =0 =0
(XO)T = ((vi)* Bov Wov Hd7 Hu? VJR)
Type-l seesaw at EW scale
Mass matrix of rank 10 (6) => 0 (2) massless states at tree-level
3 (1) neutrino masses of O(< eV) at tree-level

3 (1) heavy right-handed neutrinos of O(< TeV)
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Particle Spectrum and Phenomenology

Collider: MSSM-bounds from Atlas/CMS usually do not hold in the pvSSM
The LSP! can be charged or colored

— Opens distinct regions of parameter space
— Different decay channels
Displaced vertices: Sneutrino: < O(mm), Singlino: < O(m)
Ghosh, Lara, Lopez-Fogliani, Munoz, Ruiz de Austri [hep-ph/1707.02471]
Lara, Lopez-Fogliani, Munoz, Nagata, Otono, Ruiz de Austri [hep-ph/1804.00067]
Novel signals: FS with multi-/leptons/jets, vy + leptons/f£

Ghosh, Lara, Lopez-Fogliani, Munoz, Ruiz de Austri [hep-ph/1707.02471]
Ghosh, Lopez-Fogliani, Mitsou, Munoz, Ruiz de Austri [hep-ph/1410.2070]
Ghosh, Lopez-Fogliani, Mitsou, Munoz, Ruiz de Austri [hep-ph/1211.3177]

Ghosh, Lopez-Fogliani, Munoz, Ruiz de Austri [hep-ph/1107.4614]

!Forgetting about the gravitino because it is not relevant for colliders
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Dark Matter: Gravitino (one possiblity) with lifetime longer than age of universe

Searches: v-ray lines in Fermi-LAT or smooth ~ background

Choi, Lopez-Fogliani, Munoz, Ruiz de Austri [hep-ph,/0906.3681

Gomez-Vargas, Fornasa, Zandanel, Cuesta, Munoz, Prada, Yepes [hep-ph/1110.3305

Albert, Gomez-Vargas, Grefe, Munoz, Weniger, Bloom, Charles, Mazziotta, Morselli [hep-ph/1406.3430
Gomez-Vargas, Lopez-Fogliani, Munoz, Perez, Ruiz de Austri [hep-ph/1608.08640

!Forgetting about the gravitino because it is not relevant for colliders
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Neutrinos: §m?,, Am?; and and s%, s%, s% can be reproduced (NO and 10)

Electroweak seesaw with Y ~ Y€ ~ 107% = vy ~ 1074

!Forgetting about the gravitino because it is not relevant for colliders
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Neutrino physics

At tree-level in basis (v, B W0 Hd, Hu, Vir):

v v
0 0 o _ 0 vir Y1 Y} vuYis vuYi3
2 V2, V2, V2,
o o 0o _& V2L & Vz 0 ViR Yaj. vuYp) vuYop vuYp3
V2 2 V2, V2, V2, 2,
0 0 0 _E3L &2V ViRY3i vuYsy vu¥sp vuYs3
V2 V2 V2 V2 V2 V2
_&1vil g%y 1V3z My 0 81Yd 5122 0 0 0
0i 23 8 V3L 0 M, % - % 0 0 0
m, = o o 0 _&avd &Y% _ ViR _ v _ 2w _ 3%
. . y 2 2 V2 V2o 2 N
ViRYI; ViRY2i ViRY3i &1vu _ &vu _ AiviR o —VdA1tvig iy —vaAo+vie Yip —va A3+ Vi3
V2, 2 2, 2 2 V2 V2 V2 V2
vuYH v Y wY. vyA] —vdA1HviL
\/211 \/;1 721 0 0o - [:@l T’ V2r11jvR V2r12ivR V2r13ivR
vu Y v Y wY. vudp —vgA2t+vip
v s SR 0 MR EETLR2 Vinpive  V2kpiR  VZeosivR
vuY¥ v Y% v Y vurg —vdA3t+viL
LR R h o 0o P VEkggivg  VEeaivg V2R
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Results Conclusion
Neutrino physics
At tree-level in basis (vi, B°, WP, HS, HS, Vir):
v v
0 0 0 _&vL v ViR Y1 vuYiy vuYip Y13
V2 V2 2, V2, V2, V2,
0 o 0 _82L &9 | ViR Yai vuYo1 vuYyy uYo3
V2 V2 V2 V2, 2, V2,
o o 0 _ELL ®vL ViR Y3j. VuY3] vuYsy VuYs3
givi gLve, 8w V2 V2 v 2 V2 V2 V2
_%LL}ZL_L&L My o _vad &lVu 0 o o
82ViL &Y2L &YL 0 M- 82Vd £2Vu 0 0 0
2 2 2 2
m, = o 0 o Sfd @y ,% = k\1fVu — 2 7&%
2 2 2 2
ViRY1U,‘ V/'RYQV,' v,vRY'j gvu &V AiViR o —vd)\1+v,-LY,-’{ —Vd>\2+viLYi’5 —vdA3+v,-LY,-L:,:
oy oy D e A A A
Y] vu¥3) vu¥3 o _whiTvdMtvaYp o s, N1 N
R ) vl R/ 11iVR 12iYR 13iYR
uYis Yy vuYdh o o vyAp —VdA2+Vi Yis V3 V2
—j2 22 232 = —=r 12iVR 2rg0ivR  V2K3iVR
W W W iy v VY
Vv w0 Y TRAE T Veik Ve VaRaivk
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Neutrino physics

At tree-level in basis (v, go, we, I:IB, ﬁg, ViR):

0 0 0 _&iL_&vL g ViR Y1 vu Y] vuYis vuYiy
V2 V2 V2 V2, V2, V2,
0 o o _E2L_8vL | ViR Yj Yoy vuYo2 uYp3
V2 V2 V2, V2, V2, V2,
0 o o &L @ VRYY vuYH v Y% Y2
V2 V2 V2 V2 V2 V2
_ Q;u_ g1l EL3L g 0 _8&vYd E]z‘/u 0 0 o
2 & ;%L 23 o g22‘721 _&uw 0 o 0
my, = 0 0 0 81vd 8Yd _AiViR AV _Aow _ 23w
v v 2 V2 Ve o 2 V2o
ViRY{: ViRYsi ViRY3: &ivu _ &vu_ AiviR o —vg AVl YT —vaXotvi Yis —vg A3t Vi3
7 2 2 2 2 2 - V2 V2 V2
vy Y vy Y- vy Y- V] —VgA1tviLY;
\/%1 \/gl —Lﬁl 0 0 ——1‘% 4LL\/§' Vak11ivR  V2R12ivVR V2r13iVR
Y5 7 YL —vgAotvy YY
Vux/%z Vu\/%z Vux/zéz ° ' B V[://\iz < 3/5 L2 Bny YR V252ivR V2ro3ivR
vuYi3 vuYyy vuY3j vurz —vd 3 tviL Y3
A3 PCAEL I ] 0o - ZYdATYLT3 oy Bring: Brmn:
V2 V2 2 V2 75 V2rigivR  V2r3ivR  V2R33ivR
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The pvSSM
Neutrino physics

At tree-level in basis (v, EO, we, I:IB, ﬁg, Vir):

v v vV v
0 o 0 &L &ML iR V1] vu¥yy Y1) vu¥i3
V2 V2 V2, V2, V2, V2,
o o 0 _&vL_&v ViR Ypi vuYp1 vu¥ vu¥o3
V2 2 V2, V2, V2, V2,
0 0 o 8L ®YL ViR VY, vu Y} Y% vu Y%
2 V2 V2 V2 V2 V2
—aw e 8% g o -8 g o o o
241 2 ;%L 25 My 322"2‘1 1 0 o o
m, = 0 0 0 o g12vd g22vd 0 _ )\:ﬁR C A\lfvu _ Aovu — >‘f3'/“
2 2 2 2
virYl: ViRYs: ViRY3: eva | &vu AViR o —vgA1+vi Vi —vaAotvi Vi3 —vg A3t Y5
B o s
vu¥yy vuYp vu3y oo 0w ZVdAitviLY; o i Bia:
v > V3 B V2k11ivR  V2m1ivR  V2R13iVR
vuYis vu¥3y vuY3) vurp —vdA2+viL Yo
0 [ —d72 R 3k Dkoni Dro3;
v R R} Vel o Vak1ivR  V2mppivR  V2rp3ivR
vuYis vuY33 vuY33 vurz —vdA3t+viL Vi3
0 o s d3 LT3 ok 2K03i 2r33;
Roh an v 7 7 V2rizivR  V2m3ivR  V2k33ivR
Simplified formula for the effective neutrino mixing matrix: (Y" diagonal
p g g
v v
YV YV V2 ViLVi 1 Vd (Yf viL +Y; V/‘L) YYYY 2
effy i 'j Yu 1 35 iLVjL i 'y Vd
(m,)i =~ (1 —365) — off off + >
6v2k VR aM 4M 3\ 9\
Fidalgo, Lopez-Fogliani, Munoz, Ruiz de Austri [hep-ph/0904.3112]
with
2 Av? My M.
eff _ v 2 VuVd v L M,
M~ =M — 2 KVR— 3 5 ] = 22 Mo + 22 Mo
2v2 (K,VR + )\vuvd) 3Avg v 2 g"2M, + g2M;

n
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Neutrino physics

At tree-level in basis (v, EO, we, I:IB, ﬁg, Vir):

v vV v
o 0 o 8V &Y iR Y1 vuYiy vu¥ip vu¥y3
V2 V2 2 V2 V2 V2
g1vo &2v1 ViR Vi vuYy Y5> Y3
0 0 [V — 0 =
V2 2 V2, V2, V2, V2,
. . o _8iL_&v1 ViRY3i VuY3y vuYsp VuYs3
2 V2 A V2 V2 V2
_g1;]¢_m_ 51;31 My 0o &Y% 512Lu 0 0 0
04 2% 23 o o 2% 2 _Hw 0 0 0
2 2 2 2 2 2
my, = o 0 o &Y &Y% _AViR 2 17 — 2
. . y 2 2 V2 V2o 2 Ve o
ViRY1; ViRY2; ViRY3 &1vu | &vu_ ViR 0 —VdA1+Vig Yi§ —VdAa+vig Yio —vgA3+vi Vi3
D R N
W W Ay —va 1Y
on v ol " o -7l 7 V2r11ivR  V2R12iVR  V2R13iVR
WYY Y vaYh Varo —Vgrotvi Y5
Cl2 L2 o2 o 0o -2 LR Vikpive  VingivR  V2RsivR
Y vaYY v Y vudz VA3 Vi Vi3
11— 0o -—WB AR Vikggive  Vingsive  V2hasivR

Simplified formula for the effective neutrino mixing matrix: (Y diagonal)

(), o [ Y (1— 36— [7EL_ L | % (v +via) vy
v 62k v AMeF] 4Meff 3\ 9\2
Fidalgo, Lopez-Fogliani, Munoz, Ruiz de Austri [hep-ph/0904.3112]
with
M = v2 2RV,2? Vy Vg Av? 7 _ M M,
24/2 (KV§+)\Vqu) 3Avg v2 2 g"2M; + g2M,
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Parts of £ contributing: Higgs potential

Higgs v yb fa ~c ~C AC A c C
W — ey (Y L L oF — X of HPFG) + 7/%”;(1/ of

i

soft i

i 1 . o
cHiees — ¢, (T HY Lo — T Ulg HyHD + 3 U RURViR + h.c.>

+(m%L) Ly LL+( HZL)/.H L,L+( VR) VRVR+deH *HG + miy, Ho " H;

Conclusion

8/20
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Parts of £ contributing: Higgs potential

; b~ ~b 1
Wnggs = €ab (Y: Hub L‘/‘a ﬁ; —Ai ﬁ/‘c HSHZ) + gmUkﬁcﬁc lf

; 1
Hi b 7 5% ~% b ~* ~* ~%
i _ ¢, (T H; aL T’ U HIH, + 3 fk RUIRVKR +h.c.>

#(mt, ) T (i, ) T () ke -+ i ™ G o iy A,

1

Absent in tree-level Lagrangian because it spoils the EW seesaw mechanism
= vjt — 0 when Y/-%) —0

— Justified if one assumes diagonal Kahler metric in certain supergravity models
Brignole, banez, Munoz [hep-ph/9707209]
Ghosh, Lara, Lopez-Fogliani, Munoz, Ruiz de Austri [hep-ph/1707.02471]
— Included here because needed for renormalization already at one-loop
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Parts of £ contributing: Higgs potential

Higes v [yb fa ac ¢ pybpya 1 e
W — ey (Y L L oF — X of HPFG) + SR

Higgs
L oft

3
2\ FaxTa 2 arTa 2
+ (mZL)ij b b+ (deLL)/ Ha L+ (m’jR)

1

— Absent in tree-level Lagrangian because it spoils the EW seesaw mechanism
= vjt — 0 when Y/-f —0

g New papgh L Lk e ok
€ab (Tij H, iLYiR — T7 vig HyH, + ik ViRViRVkR T h-c->

Ju 2 jgaxgga 2 ax g a
UVRVR{»deHd Hd+mHuHu H;

— Justified if one assumes diagonal Kahler metric in certain supergravity models

Brignole, banez, Munoz [hep-ph/9707209]
Ghosh, Lara, Lopez-Fogliani, Munoz, Ruiz de Austri [hep-ph/1707.02471]
— Included here because needed for renormalization already at one-loop

Assuming CP-conservation:

1 . 1 .
HS:E(HZ{+V(1+|H‘,I), HS:E(H;R+VU+|HHI)
- 1/ .~ ~ 1/ L~
VI'RZE(V;’;+VfR+|V£)7 ViL:z(Vf+ViL+|V;%)<<Vu,d,R
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Parts of £ contributing: Higgs potential

Higes v [yb fa ac ¢ pybpya 1 cicnc
w = €ap (YU H,; L; 0y — A D Hqu) + gfﬁ),‘jkl// R

Higgs
Leofe

3
2\ Jax7 2 ax T2 2
+ (mZL)ij L L;L - (deLL), Wi (m’jR)

1

— Absent in tree-level Lagrangian because it spoils the EW seesaw mechanism
= vjt — 0 when Y/-f —0

v b Ta ~x New papgh L Lk e ok
€ab (Tij H, iLYiR — T7 vig HyH, + ik ViRViRVkR T h-c->

Ju 2 jgaxgga 2 ax g a
UVRVR+deHd Hd+mHuHu H;

— Justified if one assumes diagonal Kahler metric in certain supergravity models

Brignole, banez, Munoz [hep-ph/9707209]
Ghosh, Lara, Lopez-Fogliani, Munoz, Ruiz de Austri [hep-ph/1707.02471]
— Included here because needed for renormalization already at one-loop

Assuming CP-conservation:

1 . 1 .
HS:E(HZ{+vd+|HdI), HS:E(H;R+VU+|HHI)
- 1/ .~ ~ 1/ L~
V:'R:ﬁ(V,"’;‘FVfRJF'V,%)y ViL:z(V;IILa+ViL+|V;%)<<Vu,d,R

Parameter counting:

Total: 69 needed for renormalization

In practice: 26 needed for phenomenology (avoiding large flavour-mixing)
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Higgs potential

Replacements:
2 2 2 2 Tadpole eq.
Meys MH, (mZL)ﬁ’ (m~ )u - THZIQV THZL TlN’?LQ' Tg?f%
Vy 2

— V4, Vy — tan B, v with tan g = vt = vf + v§ + ViLvi

- g1, & — My, M7 with Mj, = 1g5v*, M7 = %(gf + g )v*
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Higgs potential

Replacements:
2 2 2 2 Tadpole eq.
Meys MH, (mZL)ii' (mDR)ii - THT' THJ%' TT’?LQ' Tg?f%
- vg, vy — tan B, v with tan 8 = %, vi= vf + v§ + ViLvi

- g1, & — My, M7 with Mj, = 1g5v*, M7 = %(gf + g )v*

The effective p-term gets three contributions:

_ AiVir

V2




Scalar potential

Higgs potential

Replacements:
Tadpole eq.
)y T

2 2 2
Mgy My, (mZL)ﬁ' (mDR i
— V4, Vy — tan B, v with tan g = :—Z, vi= vf + v§ + ViLvi

- g1, & — M2y, M2 with M2, = %g22v2v M2 = %(gl2 —i—g22)v2

Tyr, Tyr, Tor, Tor
Hg=r THyE Topse T

The effective p-term gets three contributions:

_ AiVir

V2

Tree-level upper bound on the lightest Higgs mass:

mi < M3 (cos2 268 + M sin? 25) T M3 (cos2 283 + 1.77sin’ 26)

&
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Renormalization scheme

Calculations in DR schemes have the disadvantage that parameters cannot
directly be related to physical observables.

= Mixed On-Shell/DR scheme
(N)MSSM-pieces treated as in (N)MSSM (FeynHiggs)
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Renormalization scheme

Calculations in DR schemes have the disadvantage that parameters cannot
directly be related to physical observables.

= Mixed On-Shell/DR scheme
(N)MSSM-pieces treated as in (N)MSSM (FeynHiggs)

On-shell parameters: Q %
TR = Tyr +6Tyr , Tr = T-r +0T-r , + 0 =0

d d d Vit viL Vit | i

Tir = Tyr +0Tyr M2, — M2, + M2, | ‘ ‘

2 2 2 w\@w
TDI% — TD?}% +6T‘77/% s M5 — Mz + M7 . M2 = RexT (M%/)
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Renormalization scheme

Calculations in DR schemes have the disadvantage that parameters cannot
directly be related to physical observables.

= Mixed On-Shell/DR scheme
(N)MSSM-pieces treated as in (N)MSSM (FeynHiggs)

On-shell parameters: Q %
TR = Tyr +6Tyr , Tr = T-r +0T-r , + 0 =0

d d d Vit viL Vit | i

Tir = Tyr +0Tyr M2, — M2, + M2, | ‘ ‘

2 2 2 w\@w
T;I% — TD?’% +6T‘77/% s M5 — Mz + M7 . M2 = RexT (M%/)

DR parameters:

2 2 2 2 2 2
m> — m- +om> vi— v+ 6v, v v v ( )
Liiy Liiy Lijg’ ) i ;Y 2 Yy oYy,
2 2 2 Vip = Vig +0V; N N N
my g, ML, T Mg, ik ViR RO TH 5 TN 46T, .
i i i 2 2 2 y
v, = vy +6V; o " " Q,,,
L L L
my = mh o 4 dm5 ' ' BT = T+ 6T )
Ri#j Ri#j Rij Ai = AN+ 0N, v M v L
Ty = Ty +6T5 .
tanB —tanfB +dtan 3, Rijk = Kijk + 0Kk ,

Details in: TB, Heinemeyer, Munoz [hep-ph/1712.07475]
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Loop-correction to scalar masses

fr=i [p2 1- (mf, — %, (p2))] , 3 Renormalized self-energies

det (fh(pz))],ﬂ:p2 =0 then mp = Re(p?) G
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Loop-correction to scalar masses

fr=i [p2 1-— (mfY - (pz))} s $: Renormalized self-energies

a2 2 2
det (r,,(p )) )inPz =0 then mj = Re(p;) - G o

Fixed-order Feynman-diagrammatic calculation:

Advantages: All contribution of the order included
Full control of scalar self-energies (momentum-dependence)
Many scales included
Disadvantages: Large logs of higher orders missing

Cannot be extended to very large scales
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Loop-correction to scalar masses

fr=i [p2 1-— (mfY - (pz))} s $: Renormalized self-energies

a2 2 2
det (r,,(p )) )inPz =0 then mj = Re(p;) - G o

Fixed-order Feynman-diagrammatic calculation:

Advantages: All contribution of the order included
Full control of scalar self-energies (momentum-dependence)
Many scales included
Disadvantages: Large logs of higher orders missing

Cannot be extended to very large scales

= Full one-loop corrections supplemented by partial (MSSM-like) two-loop
corrections and resummed large logs

A A A / A
s, (p2) _ 2571) (p2) + 2572 ) + z;esum
ff): Full uvSSM one-loop
PN ’
2512 ): Partial two-loop O(asar, asap, af, acop) from FeynHiggs v. 2.13

)if,es“m: Resummation of large logs from FeynHiggs v. 2.13

11/20
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1600
800
100

>

)

O
200
125
100

The puvSSM Scalar potential

Renormalization

uvSSM with 1 right-handed sneutrino

viL/V2 =10"* Gev tanB =8
Y/ =10"° w =125 GeV
AV = —1000 GeV r =02

Results
A" = —300 GeV
A" = —2000 GeV
AP = —1500 GeV

—— H-like

— Up-like
Dig-like
= = Tree-level

— Two-loop

140

110

GeV

100

90

80

-+ Tree-level
- = One-loop

— Two-loop

L
0.04

L L L L A
0.08 0.12 0.16 0.2 0.24 0.28

= MSSM-like 2-loop corrections are crucial for reproducing the correct value of
the SM-like Higgs boson mass

Conclusion
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Introduction The pvSSM

Scalar potential Renormalization

Results Conclusion
uvSSM with 1 right-handed sneutrino
\74 2 V2=10"° GeV -
”712772,772 ~ LR —V2AY — kvg + V2 = v/ N tan 3 = 10
i, 2vi tan 3 vl /V2 = 410" GeV 1 = 270 GeV
Y’ =5.10"" k=03
AY = —400 GeV A" = —1000 GeV

Benchmark point studied in:
Ghosh, Lara, Lopez-Fogliani, Munoz, Ruiz de Austri
[hep-ph/1707.02471]

1600

800

400

= 200
O
125 S Tﬁn
100 5 2fin Vi
I pROR — T
it Vil Vit
50 .
- - Treelevel N
N
— Two-loop \
. . . . . . . . . .
0.19 0.2 0.21 022 023 024 0.25 026 027 028 0.29 0.3

= Light left-handed sneutrinos get huge loop corrections
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1vSSM with 1 right-handed sneutrino

Can we explain an excess at ~ 96 GeV of LEP and CMS?

19.7 10" (8 TeV) from [hep-ex/0306033]
oreoe W,
= LEP
£ 91210 Gev
£
=
Q E
210
in
ES
2
L Feil 10 S e s 100 ia
0005110 20 40 60 80 100 120
m, (GeV)

my(GeV/c®)
npep (efe™ — Zh — 2bb) = 0.117 £ 0.057
Value from [arXiv:1612.08522]

_
) = Simultaneously
i explained at 1o by a
: right-handed sneutrino
with mgz, ~ 96 GeV

13 4135 414 4145 415 4155 416 4165 417 417, 413 4135 414 4145 415 4155 416 4165 417 4175
"

from [CMS PAS HIG-17-013]
noms (g8 — h — vvy) =0.6 £0.2

"
Details in: TB, Heinemeyer, Munoz [hep-ph/1712.07475]
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1vSSM with 1 right-handed sneutrino

Can we explain an excess at ~ 96 GeV of LEP and CMS?

197 6" (8 TeV) 35.9 15" (13 Tev) from [hep-ex/0306033]
T ST T W,
= LEP
§ o0Gey
£
A
<
210
i
2
g bk D w @ s 10 B0
06 o5 o
m, (GeV)

my(GeV/c®)
npep (efe™ — Zh — 2bb) = 0.117 £ 0.057
Value from [arXiv:1612.08522]

_ X
) = Simultaneously
i explained at 1o by a
o right-handed sneutrino
with mgz, ~ 96 GeV
i However: Atlas update from
ICHEP = no excess in
. diphoton channel
Int. Conf. on HEP, 5. July 2018

13 4135 414 1145 415 4155 416 4165 417 417 034135 414 4115 415 u',‘» 16 4165 417 4175 [ATLAS-CONF-2018-025]
"
Details in: TB, Heinemeyer, Munoz [hep-ph/1712.07475]

from [CMS PAS HIG-17-013]
noms (g8 — h — vvy) =0.6 £0.2
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Renormalization

Results Conclusion

uvSSM with 3 right-handed sneutrinos

Fitting the SM-like Higgs mass and the neutrino properties:

GeV

10%

10t Two-loop

vg (GeV)

tanf =11 A}
ViR = VR Ai =0.08 Al
ki = 0.3 A

1200 1225 1250 1275 1300 1325 1350 1375 1400

Ter,
VL
Vir

Dur,

160

140

100 p~
%
&)
80 F b
60F . q
40F Tree-level 4
————— One-loop
—— Two-loop
2[’200 lZ‘ZU 12‘40 1‘1‘00 12‘80 13;00 1320
v (GeV)
t
1000 GeV A" = —2000 GeV

—1000 GeV
—1000 GeV

AP = —1500 GeV
A" = —1000 GeV
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uvSSM with 3 right-handed sneutrinos
Fitting the SM-like Higgs mass and the neutrino properties:

0.025

d Sm’y = (7.41 4 0.61) - 10 ° eV’
Am?, = (2.4655 & 0.0965) - 10~ eV’
sin® ©13 = 0.022085 =+ 0.002275

Tree-level 10x10
~== Semi-analytical appr 0.024

023

m, (eV)

1072 7 0.022
- -
oon sin” @1, = 0.309 + 0.037
] o y sin? ©23 = 0.5155 + 0.0975
80 from NuFIT '18 results
0.34
75 3 74
T - Vi =2.45-107% GeV
g o 3o "@2 0.31

var =9.73-10"* GeV
EGV, ()KOMWMNW%MW

vse =7.71-107* GeV

Y{; =3.52.10""
o Y3 =193-107"

.

00 o T Y3V3 =5.06- 1077
0475
. 0.450
i 1 My =3011 GeV
1200 1225 1250 1275 1300 1335 1350 1375 1400 1200 1235 1250 1275 1300 1325 1350 1375 1400

g (GeV) vn (GeV) M2 = 6000 GGV
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The 11/SSM

Scalar potential

Renormalization

How restrictive are neutrino limits?

Best-fit

H
108F ¢ 4
: oL
B Vi
8 Dur,
2 h
107
Tree-level
--=== One-loop
1200 1225 1250 1275 1300 1325 1350 1375 1400

vk (GeV)

point: vg ~ 1210 GeV

Results

Conclusion

wre— ]

0.025

Tree-level 10x10

= Semi-amalytical appr 0024

0023

% 002

0021

0.020

031

033
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01

00 PR AN A A AN MM

029

60
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260 01
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3 0425
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1275 1300 Ta00 1200

g (GeV)

0 1235 1230 1325

1275

1300
vr (GeV)

1325
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1375

1100
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How restrictive are neutrino limits?

Best-fit point: vg ~ 1210 GeV

1. Vary vy = How much does mass of 7/,,; change?

Results Conclusion

1500
0.023 1775
T 22f 175.0
s
o % 1mo

Tree-level
rrrrr One-loop

™ 160.0
B 0 . 0.95 0.96

0600

200 0575

0450
240 b
! 0425 -
0.95 3 007 T8 000 100 0.95 006 007 T8 000 00

v (GeV 109) v, (GeV 1077

0.97 098 099 1.00
var (GeV -107%)

1.: 160 GeV < my,, < 165 GeV
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The puvSSM

Scalar potential

Renormalization

Results

How restrictive are neutrino limits?

Best-fit point: vg ~ 1210 GeV

m, (V)

02

— Treedevel 10x10
~== Semi-analytical appr

0021

0023

0.021

0020 3

031

ES

030

08

0.600
0575

0550

0525

0.450

0425

oG [ [
i (1079)

020

(e

[ U T T
i (10°9)

180

160

2. Vary Yy, = How much does mass of 7,,; change?

Conclusion

Tree-level

017 018 019 0.20
Y (107%)

1.: 160 GeV < my,, < 165 GeV
2.: 150 GeV < my,, < 170 GeV
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Conclusion

Conclusions

Neutral scalar potential is renormalized at 1-loop

SM-like Higgs mass is reproduced when MSSM-like 2-loop corrections are
taken into account (crucial)

In the prSSM the 96 GeV LEP+CMS excess could be explained by a
right-handed sneuntrino

Simultaneously, neutrino physics and SM-like Higgs can be reproduced

Neutrino measurements can (in principle) be used to constrain mass range
of sneutrinos

Interesting collider signals when sneutrinos are light (when loop corrections
are important)

THANKS
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Tadpole equations

% (g12 + gf) vd (V§ FiLvie = VS)
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Renormalization scheme

DR field renormalization:

DR conditions: 0Z; = — #Zqu

Not diagonal in gauge eigenstate

basis (£, LFV)

Hq Hq Hq
1
Hal vz [ He) = (]1+—6Z> Hy
ViR Vir 2 ViR
it it it
VZ: 8 (6) x 8 (6) matrix, equal sign valid in 1L
A v
aiv 021515 = @NYQ;
A v v
0Z2ta2tb = — o3 (Rajfoni + XaXs + Y5 Yip)
A e e v v
0Zs1asib = ———— (Y Yy + Yo Vi)

T 1672

2
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