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Why higher order trilinear Higgs couplings?

o Hints for the Higgs potential
o SM: Vey = —p2hth + A(hth)2,
2

. . 3M2 3M
Higgs self couplings: Ayyy = TH7 AHHHH = v2H
See also F. Brieuc's talk

o MSSM:
Vissu = (w* + miy, ) Hg iHai + (1* + mﬁu)Hﬁ,,—Hu,i + el (miyHy,iHg j + H.c)
2 2
+
+8 8 &2 (Hy i H Hd,Hd/)2+ \H Ha,il?
Decoupling limit: (My+ > Mp) then A\ppp — —2, h is the lightest Higgs boson, also at
higher order
o NMSSM:
Vimssu = (IASI> + miy, Y H; iHai + (IAS® + miy YH i Hui + m3| S|
1
+g(g22 + &1)(Hj iHa,i — Hy Hui)* + §g22|H; iHu,il?
| — ¥ NHg i Hy j 4 kS?)? + [— INANSHy i Hy j + 3KA S*+ Hd],
Decoupling limit: (M,_,i > M) then Appp ;é , his the SM-like Higgs boson

depend on the mixing with singlet component
@ Match the accuracy of Higgs mass calculation
@ Increase the accuracy of Higgs to Higgs decays
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What have been done?

@ MSSM Trilinear Higgs Self-Couplings

o Full one-loop correction in Feynman diagram approach (complex MSSM)
[Williams, Rzehak, Weiglein]

o Two-loop correction in effective potential approach (real MSSM)
[Brucherseifer, Gavin, Spira]

o (complex) NMSSM Trilinear Higgs Self-Couplings

o Full one-loop correction in Feynman diagram approach
[Mihlleitner, DTN, Streicher, Walz]

e Two-loop O(atas) correction in Feynman diagram approach
[Miihlleitner, DTN, Ziesche]
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What is the complex NMSSM?

© Superpotential

@ Two complex Higgs doublets and one complex Higgs singlet

1 . N »
_ 5 (Va + ha + iaq) i hi _ e '
e ( hy M= TNy by a0 ST g (e bt iae)

@ Soft SUSY breaking terms
1
Lsort = Lsofe, mssm — m3|S|> 4 (e AA\SHLHY, — gKAms?’ + h.c.)

A, K, Ax, A, are in general complex.

@ dynamic p term ‘
Avse'#s

V2

© CP-odd and CP-even Higgs bosons can already mix at tree-level.

(hd, hu, hs, ad, au, 35) — (hl, hz, /'I37 h4, I'I_r,7 G)

/lfeffHd-Hu with Leff =

one CP-violating phase: ¢, = ¢, — 2¢s — dw + P2
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The loop-corected Higgs masses and trilinear couplings

@ Loop-corrected Higgs mass matrices

my, - Shihy 2—ih1Ah2 —)::h1h3 —)::h1h4 —f:hlh5
Y, —)Ehzhl Mhy, — Lhyhy Z—thjg —);h2h4 —ZAhz,h5
M(p") = —Xhghy —Xhghy My, — Lhyhy ~Yhahy —2hghg ;
~Shyhy ~S iy W m§4 — Siyhy — b
—S by —S ey —S = mis — S

ih,.hj(pZ) is renormalized self-energy of h; — h; transition
S (P7) = £ioa (P7) + £4727(0)
loop-corrected Higgs mass eigenstates
(h1, h2, h3, ha, hs) — (Hy1, Hz, Hs, Ha, Hs),  Hi = Z;jh;

Z: wave function renormalization factor
@ Loop-corrected trilinear Higgs couplings

5
My shH, = Z Zi Zy Zig (A by + A(a)/\hi/hj,hk/ + A(asat)Ah,/hj/hk/)

i k=1
(@) ppG,Z
+A Mh;—»hjhk .
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The full one-loop correction to the trilinear couplings
[Miihlleitner, DTN, Streicher, Walz]

h

-

i

a hi
A( )>\h,-/ hjrhyr '

e O(a) including full momentum dependence
@ Renormalization scheme:

thd7 thu? ths’ tad7 t«?sv MZa MW7 MHi7e7

on-shell scheme

Higgs fields are renormalized in DR scheme
complex phases do not need to be renormalized

() ppG.Z hy <
A Mh;—»hjhk -

using tree-level masses to maintain gauge invariance G,Z\Q

@ Using FeynArt, FormCalc (D=4), LoopTools
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The two-loop correction to the trilinear couplings
[Miihlleitner, DTN, Ziesche]

UR cTIL oy CT2L
A(asat)Ah,»hjhk = Ae}‘h;hjhk + AQ)\h,vhjhk + ANy

@ Zero external momentum approximation
@ Dimensional reduction (DRED)

o SUSY is preserved in two-loop Yukawa corrections to Higgs Masses
Stoekinger, Hollik’ 2005

o In practice: Tr[1] = 4, [vs,7*] = 0, (g*)L ()} = (g7)
Loop momentum in d dimension — tensor deduction in d dimension

o Tensor reduction: TARCER using Tarasov's Algorithm
aA?(m?)AY(m?) 4 el (mi, m3, m3)

A: one-loop tadpole integral, /: two-loop tadpole integral
@ Using FeynArt, SARAH (model file), FeynCalc
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Renormalization

@ The following parameters need to be renormalized

ty — tp + (Sa)t¢ + 5®t¢ with (Z) = hd, hu, hs, ad, as ,

M — Mis + 6°Mz s + 6°Mp .
v — v+ 6%+ 6%
tan 8 — tan 8 + 6%tan 8 + 6%tan 8,
IAl = [A] + %Al + 69| .
@ Chose the renormalization scheme as

thd th,, thes tay, tag, MHi v,

on-shell scheme

o Higgs wave function need also to be renormalized. Chose the DR scheme
1 1
H, — (1 + Eaa)zHu + §5®ZHU> Hy, 082y, =06Zn, =0
For DR scheme of top mass:

2\DR
o) _ as(mt) 1 1 ) _ ) 0
(5 ZHu = m <*2 — E N 6 tan,B tanﬁé ZH 6 |>\|
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Renormalization of (s)top sector

The parameters need to be renormalized at O(as)

@ On-shell renomalization scheme.
6XOS 76Xpo|e + 5Xf|n 5

Note: the terms which are proportional to € are not taken into account

@ DR renomalization scheme

SXPR = 1csxpo.e.
€

@ Translation of the parameters from two schemes if needed
Rough treatment

AEOS) _ A(tﬁ) . 5Aft;n Delicate treatment for top mass
M, — m)’ (Mt) — mp"®(Msysy)

2 (0S 2 (DR 2 \fin
QL)( ):(moL)( )_5(mQL) , _>mDRS (MSUSY)%mDRNMSSM

() = (1 ) = 5(m? )"

(m
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Checks

@ Check UV finite
@ Two independent calculations are in agreement

o Compared to the real MSSM, found a good agreement (Thanks Spira for this
comparison)
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Numerical analysis: constrains

@ Using NMSSMCALC to compute effective couplings of the Higgs bosons, normalized to the
corresponding SM values, as well as the masses, the widths and the branching ratios of
the Higgs bosons.

@ We chose the scenarios which are accordance with the LHC Higgs data by using the
programs HiggsBounds and HiggsSignals

@ The resulting supersymmetric particle spectrum is in accordance with present LHC
searches for SUSY particles
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NMSSMProg
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NMSSMCALC
Calculator of One-Loop and O(alpha_t alpha_s) Two-Loop Higgs Mass Corrections
and of Higgs Decay Widths
the CP-conserving and the CP-violating NMSSM
Now with the computation of the EDMs in the complex NMSSM

The program package NMSSMCALC calculates the one-loop and O(alpha_t alpha_s) corrected Higgs boson masses and the Higgs decay widths and
branching ratios within the CP-conserving and the CP-violating NMSSM.
The decay calculator is based on an extension of the program HDECAY 6.10 now.

Released by: Julien Baglio, Ramona Gréber, Margarete Mithlleitner, Dao Thi Nhung, Heidi Rzehak, Michael Spira, Juraj Streicher and Kathrin Walz
Program:  NMSSMCALC version 2.00 NEW! Computation of the EDMs in the complex NMSSM

When you use this program, please cite the following referen

NMSSMCALC: Julien Baglio, Ramona Gréber, Margarete Miihlleitner, Dao Thi Nhung, Heidi Rzehak, Michael Spira, Juraj Streicher and Kathrin Walz, in
Comput. Phys. Commun. 185 (2014) 12

K. Ender, T. Graf, M. Mithlleitner, H. Rzehak. in Phys. Rev. D85 (2012)075024

T Graf, R. Grober, M. Mihlleitner, H. Rzehak, K. Walz, in JHEP 1210 (2012) 122

. Mithilei DIN H.R Ky in JHEP 1505 (2015

One-Loop Masses:

O(alpha_t alpha_s) Mass
Corrections:
Computation of the EDMs in the

S.E. King, M. Miihlleitner, R. Nevzorov, K. Walz, in arXiv:1508.03255
cNMSSM:

HDECAY: A. Djouadi, ]. Kalinowski, M. Spira, Comput.Phys.Commun. 108 (1998) 56

An update of HDECAY: A. Djouadi, J. Kalinowski, Margarete Muhlleitner, M. Spira, in arXiv:1003.1643

Informations on the Program:
« Short explanations on the program are given here.

* To be advised about future updates or important modifications, send an E-mail to nmssmcalc@itp.kit.edu.
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The SM-like trilinear coupling: OS vs DR schemes

[Miihlleitner, DTN, Ziesche]

0Os DR
— /\/z/zh? 1 - )‘hhlﬂ 1

0s < DR
180 — A2l A2

@ h is dominated by h,

o Including O(a: + azas), p2 =0

@ In OS scheme: one-loop correction
140%, two-loop correction —24%

ob——— JTmmmeesees @ In DR scheme: one-loop correction
60 74%, two-loop correction 9%
$40 .
. o Difference between O(a;) and O(a)
0 less then 4%
—3000 —2000 —1000 0 1000 2000 3000 me(OR) mi(05)
APT[GeV) o A — P Ny |
Amt(DR)
HHH

@ Theoretical uncertainty decreases
substantially
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The SM-like trilinear coupling: DR scheme, scale uncertainty

[Miihlleitner, DTN, Ziesche]

120 11 1 L ——t 5 B @ his dominated by h,
55 o Including O(a: + aras), p2 =0
%““ o In DR scheme: one-loop correction
<105 74%, two-loop correction 9%
v o A = [Amn(pr) — Anvn(1i0)]/ Xnnn(pt0)
10 o = 2097 GeV
s E . o DR parameters at different scales are
aa estimated roughly by
f 1 2 3
2 DR DR
¢ P +0p%% (1) = p~ () +dp (1)

tan ,BpureDR(ul) o tanﬂp”mDR(,ug) _ a1(m )In l/jl
2

+2ax(m®, PR (1)) In 23 — 2 a2(m$, aB% (p2)) In 413
+2 ba(m?®, 2% (111)) In? 1 — 2 ba(m®®, a2 (12)) In? 433

a; coef of 1-loop UV part. a2, by coef of double pole and single pole of 2-loop UV part
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The Higgs to Higgs decays

[Miihlleitner, DTN, Ziesche]

Hy — HoH>
Hy is mainly hy, H> is dominated by h,
>>>>>>>> 0.033
0.205 — 0821 — DR oopl=--. — 08,2l — DR2  _.--"
= --- 08,11 --- DR, 1l S 0Sl -~ DRL-S
i | < 0.031
"2 0.200 = M h .-
3 T 0.030
B - =
¢ ST e = 0.020
= 0.195F o A 0.0
| 0.028
0.190 0.027
S.AF - - 5AF----- -
—5.2 A b —
S50 T £50
T4 T46
4.6 4.2
-7 —7/2 0 +m/2 +m r —m/2 0 +m/2 +7
Pu Pu

o Include O(a + aras), O(a) with full momemtum dependence
@ tree-level CP violating phase ¢, =0

@ 0OS: 21% at one-loop, -7% at two-loop

e DR: 6.5% at one-loop, 2% at two-loop
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Effect of trilinear Higgs self-coupling in Higgs boson pair production

[Miihlleitner, DTN, Streicher, Walz]

500 ey GO0 T e
45 + pp—>HH,case 1 |3 £ ~ pp— HH, case 1 3
0 pp—> H,H,, case 2 |3 £ pp—> HyH,, case 2 & ]
p— E 500F *x  pp— H,H,, scen1&2 o =
400E B * pp—>HH,, E E| o pp>HH,case3 !
o pp—>HH,case3 |3 g pp— HH,, case 3 o E|
350F pp— HH,, case 3 |3 400k ¢ pp— HH, case 3 i n =
El E o |
— H,H,, case 3 |7 £ oF |
5 300F =l E- R ]
2 E N o® 1
8os50F E T 85 e
5" 200 ER 1
+ 3 £ ol 1
150 . 200 . |
e ! £ L
100 x'XS; £ o s 1
E - El E . 1
g ik o 3 100F =t . =
508 x e E i 1
Pl o £ " - + El
,,,,,,,, R —— % E - ]
I T A L T B T - W PR SN TE | Torrvrea b bervreres b b besennn il
O0 0.2 0.4 0.6 0.8 1 1.2 100 200 300 400 500 600

o ssm(100p)/ A% (Ioop)| Oyt (ree 0]

@ Using HPAIR which include NLO QCD k-factor in the infinite top mass limit
[Spira]

@ Here Loop means using O(a) effective Higgs Self-Coupling

@ possible enhancement or detraction in the NMSSM
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Conclusions

For the (c)NMSSM

Full one-loop with full momentum dependence has been computed.
Correction at one-loop level is of 75% in DR scheme, and 140% in OS scheme.

The Leading two-loop correction of O(atas) in zero momentum approximation has been
done

The two-loop correction is of 9% in DR scheme and of —24% in OS scheme
Theoretical uncertainty is significantly reduced for the SM-like trilinear couplings.

Loop corrections to Higgs Self-coupling affect significantly the Higgs to Higgs bosons
decay width and the total crossection of Higgs pair production
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Conclusions

For the (c)NMSSM

Full one-loop with full momentum dependence has been computed.
Correction at one-loop level is of 75% in DR scheme, and 140% in OS scheme.

The Leading two-loop correction of O(atas) in zero momentum approximation has been
done

The two-loop correction is of 9% in DR scheme and of —24% in OS scheme
Theoretical uncertainty is significantly reduced for the SM-like trilinear couplings.

Loop corrections to Higgs Self-coupling affect significantly the Higgs to Higgs bosons
decay width and the total crossection of Higgs pair production

THANK YOU FOR YOUR ATTENTION
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The one-loop top Yukawa (O(a:)) correction to the trilinear couplings

A(Dét)>\hl-/ hj/ hyr
@ Only one-loop diagrams with top/stop in loops
@ Zero external momentum approximation is used

@ This is the main contribution of the one-loop order, especially for SM-like trilinear
coupling

o Useful computation to understand the two-loop O(aais) correction

@ Renormalization of parameters (like the O(a:as) case)

2
thys thys thes tay, tag, Myt , v,

on-shell scheme

. Z . . . .
@ Do not include A(“)MG] +, violate gauge invariance with zero momentum
hi—>hjhy
approximation
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Effective coupling at decoupling Limit

[Miihlleitner, DTN, Streicher, Walz]

-0.5
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AN/
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>

MH‘=125 GeV, Tanf=3.4

M,.=640 GeV, 1=0.65

=183 GeV, =0.23

Decoupling Limit: My+ > M,
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Loop: O(«)

R{: mixing with singlet component
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Parameters - Scenario 1

The SM input parameters

a(Mz) = 1/128.962,  aMS(My) =o0.1184, Mz = 91.1876 GeV,
My = 80.385 GeV me=173.5GeV,  myS(mi®) = 4.18GeV .
Using aS'TR
Senario 1:

Mig,eg = My, 50 = My, , = M[, , = Meg jip = 3 TeV, my, = 1909 GeV,
mg, = 2764GeV, my = 1108 GeV, mp, = 472GeV, mz, = 1855 GeV,
|Auce| = 1283 GeV, |Ag.s.s| = 1020 GeV, |Ae .| = 751 GeV,

|Mi| = 908 GeV, |Ms| = 237 GeV, |Ms| = 1966 GeV,

PAgsp = Phepr = PhAyce = Ty PMy = PMy = Pm; =0

Al =0.374, || =0.162, |A.| =178GeV, || = 184GeV ,
PA =P =Qug =9u=0, pa, =7, tanf=752, My+r =1491GeV.
Renormalization scale = SUSY scale

Ms = m@

3m;R .
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Senario 1: Mass spectrum

DAO Thi Nhung

05 T FH | F [ H | H | Fs ]
mass tree [GeV] 71.14 | 117.49 | 211.12 | 1491 | 1492
main component hy hs as a hy
mass one-loop [GeV] || 98.65 | 139.17 | 217.27 | 1490 | 1491
main component hs hy as a hy
mass two-loop [GeV] 94.68 | 125.06 | 217.32 | 1490 | 1491
main component hs hy as a hy
DR [ H H, Hi | Hi | Hs
mass tree [GeV] 71.14 | 117.49 | 211.12 | 1491 | 1492
main component hy hs as a hg
mass one-loop [GeV] || 91.60 | 120.00 | 217.36 | 1491 | 1491
main component hs hy as a hy
mass two-loop [GeV] || 94.41 | 124.24 | 217.33 | 1490 | 1491
main component hs hy as a hg
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Higgs Masses: OS scheme vs DR scheme

M, [GeV]

A (%]

110 I I I I

-3000 -2000 -1000 0 1000
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[Miihlleitner, DTN, Rzehak, Walz]

o hn(p?) = Eirh (P) + £7:0(0)

o A — |Mmt (DR) Zﬂ;fos)|/M;’n:5ﬁ)
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Scenario 2
mg, = 1170 GeV mg, = 1336 GeV, mg, = 1029 GeV, mj, = 2465 GeV, mz, = 301 GeV
|Auc,t| = 1824 GeV , |Ads,u| = 1539 GeV, |Ac -] = 1503 GeV, [My| = 862.4 GeV, |x| = 0.208
|Ma| = 201.5GeV, |[M3| = 2285 GeV, |A| = 0.629 , |A| = 179.7 GeV , |uerr| = 173.7 GeV ,
tan3 =4.02, M+ =788GeV ,pa, ., = OM = PM, = PM; = P = Qugg = Pu = @A, =0,

PAgsp — PhAepr — Pr =T .

OS H1 H2 H3 H4 HS
mass tree [GeV] 79.15 | 103.55 | 146.78 | 796.62 | 803.86
main component hs hy as hg a
mass one-loop [GeV] || 103.45 | 129.15 | 139.83 | 796.53 | 802.94
main component hs as hy hqg a
mass two-loop [GeV] || 102.99 | 126.09 | 128.94 | 796.45 | 803.07
main component hs hy as hg a
DR Hy H, Hs Hy Hs
mass tree [GeV] 79.15 | 103.55 | 146.78 | 796.62 | 803.86
main component hs hy as hqg a
mass one-loop [GeV] || 102.80 | 120.52 | 128.80 | 796.36 | 803.09
main component hs hy as hy a
mass two-loop [GeV] || 103.09 | 124.55 | 128.91 | 796.36 | 803.03
main component hs hy as hq a
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Scenario 3
mg, = 1940 GeV mg, = 2480 GeV, mg, = 1979 GeV, my, = 2667 GeV, mz, = 1689 GeV ,
|Avce| = 1192GeV, |Ag.cs| = 685GeV, |Acpur| = 778GeV, |My| = 517 GeV, |M,| = 239 Ge
|Ms| = 1544 GeV, |\| = 0.267 , |x| = 0.539 , |A.| = 810 GeV , |uesr| = 104 GeV , tan 8 = 8.97,
My = 613GeV , 0, ., = PhAc e = PM = PMy = PMz = PA = Pr = Puge = pu =0,

PAuc,e = PA =T -

OS H1 H2 H3 H4 H5
mass tree [GeV] 49.17 | 99.83 | 609.21 | 611.77 | 715.92
main component hs hy a hy as
mass one-loop [GeV] || 87.36 | 139.10 | 608.71 | 611.37 | 694.73
main component hs hy a hq as
mass two-loop [GeV] || 83.66 | 124.95 | 608.73 | 611.37 | 694.76
main component hs hy a hy as
DR Hy H> Hs H, Hs
mass tree [GeV] 49.17 | 99.83 | 609.21 | 611.77 | 715.92
main component hs hy a hq as
mass one-loop [GeV] || 80.66 | 119.68 | 608.72 | 611.37 | 694.79
main component hs hy a hy as
mass two-loop [GeV] || 83.03 | 124.34 | 608.71 | 611.36 | 694.78
main component hs hy a ha as
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