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\ Higgs Mass Predictions in the CP-Violating High-Scale NMSSM




* SM: fundamental parameter, not predicted by the theory

* Supersymmetry: calculable from input parameters:;
quantum corrections Am2, are important!

MSSM: M

NMSSM: qu ~ M Z) cos? 23 + \%v? sin” 213 +Aqu —

2

* less important loop corrections compared to the MSSM

* solves little hierarchy problem

* indirect constraint on (N)MSSM parameter space

J [ Z) COS : 2 )) —+ A m %‘I — ( 8H
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SUSY Higgs Masses

+ Supersymmetry: requires at least 2 complex Higgs doublets

+ Minimal Supersymmetric extension (MSSM): 2 complex Higgs doublets

5 Higgs bosons:  h, H, A, H*, H—

4 neutralinos: Xp (i=1,...,4)

+ Next-to-MSSM (NMSSM): 2 complex Higgs doublets plus complex singlet field

+ Enlarged Higgs and neutralino sector:
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Spectrum Calculations

* Methods for Higgs mass calculations: fixed-order (FO) - effective field theory (EFT) - hybrid

/ | \

full (N)MSSM perturb. some very heavy combines virtues
series truncated at SUSY masses: of
fixed order large logarithms fixed order
reliable for not too require and EFT
heavy SUSY masses | resummation | calculation |
R —— T

< Fixed-order calculation and large mass scales:
FO contains terms ~ yxIn(Msx2/M,2) with yx Yukawa coupling, Mx (Msx) mass of (SUSY) particle
most important contribution from top/stop sector ~ large hierarchy = large logs! = resummation

needed for reliable results

*EFT calculation: SUSY couplings matched to corresponding couplings in EF T theory such that physics
at matching scale pr is the same; only light SM-like particles & heavy BSM particles: SM = EFT =>
ASM(ur) = ABSM(uR) [receives only BSM contributions]; we have terms like yx In(Msx2/Mx2), respectively
Yx (IN(Msx2/pr?) + In(r2/Mx2)). With tr =Msx => yx In(ur2/Ms2) <= resummed via RGEs for yx
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Spectrum Calculations

< Methods for Higgs mass calculations: fixed-order (FO) - effective field theory (EFT) - hybrid

/ l \

full (N)MSSM perturb.| |some very heavy| |combines virtues
series truncated at SUSY masses: of
fixed order large logarithms fixed order
reliable for not too require and EFT
heavy SUSY masses | | _resummation ‘ calculation |

e —a R

< Status MSSM spectrum calculations:
FO: up to 2-loop in on-shell (OS) and DR scheme, partial 3-loop in DR scheme

EFT: up to N2LL (included in calculators), N3LL
Hybrid: FeynHiggs, FlexibleEFTHiggs, N3LO+N3LL QCD corrections [Harlander Klappert,Voigt,” 19]

< Status NMSSM spectrum calculations:
FO: up to 2-loop in mixed OS-DR scheme and in DR-scheme
EFT: matching to quartic coupling in NMSSM w/ all BSM particles at TeV scale
e.g. [Gabelmann, MM, Staub,” 18,” 19][Bagnaschi eal,” 22]
Hybrid: FlexibleEFTHiggs, SARAH+SPheno
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O dy dy

- FlexibleSUSY : DR, FO & hybrid,
through FlexibleEFTHiggs

- NMSSMCALC:

FO, real & complex NMSSM, DR and mixed OS-DR
- NMSSMTools : FO, DR scheme
- SOFTSUSY : FO, DR scheme ,-
- SPheno : FO, DR scheme, quartic and pole mass matching
e S

Remarks:

- comparison of codes in DR scheme:
FlexibleSUSY,NMSSMCALC,NMSSMTools, SOFTSUSY,SPheno
- comparison of codes in mixed OS-DR scheme:
FeynHiggs, NMSSMCALC "—
- solution of Goldstone boson catastrophe
- advances in FeynHiggs:
real&complex NMSSM, GNMSSM: 1-loop in, 2-loop&resummation of HO log-effects only in
MSSM limit, no public code yet
- OS masses CP-violating NMSSM, consistent description production/decay

e e e R o
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Matching Conditions

Quartic Coupling Matching (unbroken EW symmetry; vy, vai—0, tanf=v./v4=const., vsz0):

[Bagnaschi eal,” 22] for real NMSSM
our work: complex NMSSM

SM, MS NMSSM, MS
)‘H (Qmatch) = A H (Qmatch)

effective quartic coupling after subtracting the SM contributions:

= = = = = heavy scalars

tree
NMSSM(Qmatch) ARRe oM + AdNmssm + AMFissm
\ /7 ( \ / \ .
N N )/ m (M) light
A 4 + v +t+u (heavy) mass
£ N s m—0 |
// \\ \ scCale
/7 N\ \
\ )
( \ [
4 \ / \ /
,’ \ / \ /
/ \ / \ /
+ /\.____/ +t4+ul| + /‘:::::’\ +t+u
Sa s m—0 /M
N / / \
\ / / \
\ J \
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Matching Conditions

Quartic Coupling Matching (unbroken EW symmetry. vy, va—0, tanf=v./v4=const., vsz0):

[Bagnaschi eal,” 22] for real NMSSM
our work: complex NMSSM

SM, MS NMSSM, MS
)‘H (Qmatch) = A H (Qmatch)

effective quartic coupling after subtracting the SM contributions:

tree
NMSSM(Qmatch) ARee oM + Admssm + AAdrssm

1 1 :
ANMSSM = Z(g% + g5) cos” 2 + 5| sin” 23

N

MSSMB-terms NMSSI\TF—terms

1
- 24|k2ME(BMZ + M3)

<3|/s:|2M?Ii — 3|k|*M7,4 cos 48

2
+(3MZ + Mﬁs) (15| |A| cos @y sin 28 — 2|A[?) )

. >

s/t/u-channel S

3
8M2

IAI*(3M§ + M3,) sin® 2B sin” ¢,

s

s/t/u-channel Ag
- —
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Matching Conditions

Quartic Coupling Matching (unbroken EW symmetry; vu,vai—0, tanf=v./v4=const., vsz0):

[Bagnaschi eal,” 22] for real NMSSM
our work: complex NMSSM

SM, MS NMSSM, MS
)‘H (Qmatch) = A H (Qmatch)

effective quartic coupling after subtracting the SM contributions:

DR ___ \tree 11 21
ANMSSM (@mateh) = ANMssm + AANMssm + AAissm

Remark: shift due to NMSSM calc. done in DR and discarded SM contribution done in MS
taken into account

Loop corrected NMSSM masses and couplings from NMSSMCALC

NMSSMCALC

[Baglio,Borschensky ,Dao,Gabelmann,Grober, Krause Le, MM Rzehak,Spira,
Calculator of One-Loop and STr'eiCher',WGI Z]

O(a; ag + (a; + ay, + a,)?) Two-Loop
Higgs Mass Corrections
and of Higgs Decay Widths
in the CP-conserving and the CP-violating NMSSM

Computation of the Loop-Corrected Effective Higgs Self-Couplings
and the Loop-Corrected Higgs-to-Higgs Decays

up to O(a; ag + a;2)
Computation of the muon anomalous magnetic moment and the electric dipole moment

New: Computation of the @ parameter up to O(a + o o + (0 + 0y + ax)z)); W-mass prediction in the SM, at 1-loop
NMSSM, 2-loop QCD NMSSM, 2-loop EW NMSSM

The program package NMSSMCALC calculates the one-loop and O(oy o + (0 + 0 + an)z) 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.

The effective loop-corrected trilinear Higgs self-couplings and loop-corrected Higgs-to-Higgs decays are provided up to O(oy o + atz)‘
The program also provides the options to calculate the electron and muon anomalous magnetic moments and, in the CP-violating case, the electric dipole moments.
The program provides the @ parameter up to O(a. + o, O, + (0 + 0y, + au)z); the W-mass prediction in the SM, at 1-loop NMSSM, 2-loop QCD NMSSM, 2-loop EW 9
NMSSM.




Matching Conditions

Pole Mass Matching/, Hybrid" (broken EW symmetry, v<«Msusy): e.g. [Athron eal, “ 16]

2 LYy,
My, sm = My nvssm

MEy=mix—Spx(Mfy)  with X =SM,NMSSM
mp sm and my, Nvssm denote the running MS and DR masses of the SM(-like) Higgs states

2
! m
Tree Level:  m} gy = 2A0véym = Mj xmssM ~ yeff. _ h.NMSSM

2
20\ MssM

ov . ov? A .
use vy = vimssm + V% = VRmssm (1 + —) with P [ hMssm(0) — ;L,SM(O)] + O(v*/Mgysy)

1
One-Loop Level: Ay = -5

2 S 2 S 2
202 [mh,NMSSM — Zh,NMSSM(’mh,NMSSM) + Xp8M (mh,SM)]
SM

with  Zax(mi x) = 35,x(0) + mj x 3, x(0) + O(mj, x)  and vsm—Vnmssm So that

1 : : | 0 :
Ao = 207 [m%,NMSSM — A¥p — 2m%z,NMSSMAE;1:| with A = Eg,)NMSSM(O) - Zg,)SM(O)
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Schematic Procedure implemented in NMSSMCALC

la) SM input parameters:

GF/Q(MZ), aS(MZ), Mt, Mba M‘r’ MW)
Mz, Mg

j OS — MS conversion

full one-loop and partial two-loop

2) SM MS parameters:
SM, MS SM, MS
g; (Mt)a Yl (Mt)7

ASMMS(p ) oSM VS (7,

SM RGE:s at full two-loop
+ partial three- and four-loop [2L: Sarah; 3L Chetyrkin Zoller]

3) SM+EMSSM paramet_ers at Cmatch? 1b) NMSSM high-scale input:
SM, MS SM, MS
gt YY" \ NMSSM
;SM,M_S(QmatCh), 1,SM M_S(Qmatch) _two-loop RGEs /\(Qinp.)’ /‘&(Qinp.), A)\(Qinp.),
H (Qmatch)a v (Qmatch)a MS—DR AK(Qinp_), At(Qinp.), in (Qinp.),
A(@match), K(@match), Ax(@match), conversion gNMSSM,ﬁ y NMSSM, DR
An(Qmatch)a At(Qmatch)a e ! . >
\

4) Matching:
NMSSM, MS
Ay (

obtain Qmatch) uSing
effective quartic Higgs coupling (Sec.3) or

hy-like Higgs pole mass (Sec.3)

A 6a) MPS: 6b) MMS pole,
5) Compare: .
— ) : ::MSSM — (equal) ,| OS Higgs mass |_, compute
A (Qmateh) = Ay " (Qmatch) equal to the MIS,M’MS(QEW)
SM input M.
l (not equal) inpu H at two-loop

la) New iteration

varying My until converged using

bisection method




Resu I s [Borschensky ,Dao,Gabelmann, MM Rzehak]
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Results

[Borschensky,Dao,Gabelmann, MM ,Rzehak]

l

singlet-type ﬂ- m];'O'

Higgs mass
T 1251
120 ) blue band: —
;‘ I uncertainty %
b - estimate
P 8
I w
S 110 - S
contains terms
i ~v/Msusy
1057
hybrid: pole hybrid F.O.O((at(as+ay
mass matching 1 00 | mp, my,
[ - EFT F.O.0 s )2
EFT: quartic : mp, — m, (O‘to‘ (e tartag) -
coupling - - A S L T S S S S S
matching 0.4 0.5 0.6 0.7 0.8 0.9
. l “ A
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Blue uncertainty band:

= scheme uncertainty using either Gr or agep(mz) as input (estimates missing 2-loop EW

corrections in the relation between Lagrangian MSbar and physical OS parameters)
— scheme and scale uncertainty: MyOS-MMSbar.pole(p,..) (estimates missing corrections

in the relation ASMMsbar gnd M,SM.0S)

- Estimate missing corrections in the relation between mMSbar(M;) and M+9S by

i n / exc l u d i ﬂg correct i ons Of O (“53 ) & h ig h er |mr t Kniehl, Veretin; SMDR b y Martin,Ro bertso

— scale uncertainty by varying Qmatch: estimates missing 2-loop corrections in the
matching condition

= for the quartic coupling matching: difference between the quartic-coupling and
pole-mass matching as an estimate of the v/Msusy terms that are not included in the
quartic-coupling matching

nj

M. Mahlleitner (KIT), 11 March 2024 CRC TRR 257

14



tan 3

A

K

l\[l

M,

M3

Ag

A\

A,

Heff.

Mo,

mi,

BP1

1.27

0.73

0.62

0.14

1.18

2.3

-0.39

0.06

-1.44

0.49

1.79

1.51

All parameters with mass dimension are given in units of TeV. All soft SUSY breaking
trilinear couplings are set equal to Ao, all soft SUSY breaking left-handed doublet and
Right-handed singlet masses are set equal to m@L and mir, respectively.
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+ . . l . . I . L8
SM Higgs potential in physical gauge VIR - 42.”; HE o Miye My I
L

\-\fa&s mass : M“ = m v | v vE
filinear Hige Slf-coupling = A = IME/M; T
quodilineac Higas elf-oupling: = 3My/MY b4

Cunits A = 33.2GeV )

+ Masses M;=(02V/¢i $;)|+-0 and Higgs self-couplings Aij=(93Vi/¢i ¢ ¢i)|4-0 related through Higgs
potential Vi => catch up in precision w/ masses

+ Importance of the trilinear Higgs self-coupling: v,
- determines shape of the Higgs potential
- sensitive to beyond-Standard Model physics
- important input for Higgs pair production
- important input for Higgs-to-Higgs decays - "%
- important input for electroweak phase transitions —_—

+ Previous work: full 1-loop [Dao,MM,Streicher,Walz,13]
2-|00p at (9(0&065) [Dao, MM Ziesche,'15]

Present work: 2-Ioop O(ai2) [Borschensky,Dao,Gabelmann, MM ,Rzehak,22]
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[

Couplings at 2L U(Q

+ New corrections at O(a+2): all 2-loop diagrams with top/stops and at most one Higgs/Higgsino field, e.g.

proportional o top mass m: and soft SUSY-breaking trilinear stop mass parameter A;

+ Approximations:
- gaugeless limit g1,g2—0 (keeping tanBw=g2/g: fixed)
- vanishing external momenta — effective coupling
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Loop Corrected Trilinear Higgs Self-Couplings at Q(a+(as+xt))

Corrections to hu-like Higgs (éSM-Iike Higgs) [Borschensky,Dao,Gabelmann, MM ,Rzehak,” 22]
. 230 ‘ 90 - e one-loop .
x — + Ofasas) -

O, 220 S o O(ai(as +ay)

—~~ 7 b

3 < 301 e T2
S E ] R =
1, 210 =% ] .80

< =

S € 200 5

S <200 ;

== <

T <

“< 190 4
5\eff

“be - renormalized loop-corrected Higgs self-coupling at vanishing external momentum

/\mt(ﬁ) _ )\mt(OS)‘

Estimate of theor. uncertainty via renorm. scheme dependence: A, = i

3M?,

v

Results comply w/ SM value )3, =

= 191 GeV within theoretical uncertainty
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Loop Corrected Trilinear Higgs Self-Couplings at Q(ctt(cts+at))

Corrections to hy-like Higgs (= SM-like Hiags) [Borschensky,Dao Gabelmann, MM Rzehak,” 22]
Parameter

_ 230 - Scan pofn‘rs 950 4 « oneloop .

> . Compatible j o O(azas) .

CB ‘ w/ applied * 40 A ‘

P 220 - constraints ?

B CHEPS

1 210 - ?,e =3

g Nor| |2

é" 0o ‘ :

~— = o * c

S < 200 | ek =

£ 3 N <

L =

“< 190 A -

_ 3.5
A renormalized loop-corrected Higgs self-coupling at vanishing external momentum

A\t (DR) __ PR (OS) |

Estimate of theor. uncertainty via renorm. scheme dependence: A, = e

302
Results comply w/ SM value )7, = —12

= 191 GeV within theoretical uncertainty
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Size of the Corrections at Q(a+(ats+cxt))

Corrections to hu-like HiggS (éSM-Iike nggS) [Borschensky,Dao,Gabelmann, MM ,Rzehak,” 22]
at(as+ar) 0§ at(as+ar) DR
Aoy [%] Ao, "my " [%0]
8 1 0.4 0.6

= Correlation with size of mass corrections

Q41 |’\ai+1 T ’\ail . . .
Ag;" = o = Smaller corrections in the DRbar than in the OS scheme
 —————————————— due to PCII‘"HOI resummation of of higher-order terms
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Impact on Higgs Pair Production

Benchmark Point BP10: [Borschensky,Dao,Gabelmann,MM ,Rzehak,” 22]

Parameter Point BP10: All complex phases are set to zero and the remaining input parameters
are given by

IA| = 0.65, |k| =0.65, Re(Ax) = —432 GeV, |ueg| = 225 GeV, tan = 2.6,
My+: = 611 GeV, mg, = 1304 GeV, m;, = 1576 GeV, MR 2Osin = 3 TeV,
Ay = 46 GeV, Ay = —1790 GeV, A, = —93 GeV, A, = 267 GeV ,

As = —618GeV, A, =1851 GeV, A, = =59 GeV, A; = —175 GeV,
Ae = 1600 GeV, | M| = 810 GeV, |My| = 642 GeV, Mz = 2 TeV . (38)
E————
h1 [hu] hz [hs] h3 [hd] an [as] a9 [ad]
tree-level 97.21 307.80 626.13 556.71 617.22
one-loop 131.46 299.65 625.96 543.58 615.82
(114.81) | (299.28) | (625.52) | (543.69) | (616.01)
two-loop O(ayas) 118.90 299.40 625.78 543.73 615.90
(120.36) | (299.38) | (625.58) | (543.60) | (615.96)
two-loop O(ay(as + ay)) 123.53 299.44 625.89 543.73 615.90
(120.14) | (299.38) | (625.57) | (543.60) | (615.96)
two-loop O(ain) 122.36 300.27 625.94 543.34 615.91
(119.97) | (299.90) | (625.65) | (543.47) | (616.01)
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Impact on Higgs Pair Production

Benchmark Point BP10:

[Borschensky,Dao,Gabelmann,MM ,Rzehak,” 22]

Parameter Point BP10: All complex phases are set to zero and the remaining input parameters

are given by
Al = 0.65, |k| =0.65, Re(Ax) = —432 GeV, |ueg| = 225 GeV, tanf = 2.6,
My+ = 611 GeV, mg, = 1304 GeV, m;, = 1576 GeV, MR 2sin = 3 TeV,
Ay = 46 GeV, Ay = —1790 GeV, A, = —93 GeV, A. = 267 GeV,
A; = —618 GeV, A, =1851 GeV, A, = —59 GeV, Ay = —175 GeV,
A, = 1600 GeV, |M;| =810 GeV, |My| =642 GeV, M3 =2 TeV . (38)
I ——————————————
hi [hu] | h2 [hs] | hg[ha] | a1as] | a2 [ad]
tree-level 97.21 307.80 626.13 5956.71 617.22
one-loop 131.46 299.65 625.96 543.58 615.82
(114.81) | (299.28) | (625.52) | (543.69) | (616.01)
di-H.iggs exn -loop O(ayas) 118.90 299.40 625.78 543.73 615.90
f:s":::::f‘ by (120.36) | (299.38) | (625.58) | (543.60) | (615.96)
oroduction w/ -100p O(au(as + o)) || 12353 | 299.44 | 625.89 | 543.73 | 615.90
hz->hehe (120.14) | (299.38) | (625.57) | (543.60) | (615.96)
‘ o-loop 0(0&;) 122.36 300.27 625.94 543.34 615.91
(119.97) | (299.90) | (625.65) | (543.47) | (616.01)
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loop 0"46'” [Borschensky,Dao,Gabelmann, MM Rzehak,” 22]
mass tril.cplg.
1LIL || 0% (] | oP* ] | K m, | K m, | BHaa, | Kb, | Drend
‘inp’ 63.72 62.14 0.54 0.71 -0.25 -0.30 2.5%
‘proc’ 76.83 61.48 1.01 1.04 -0.30 -0.31 25%
‘at2at2’ | o [fb] | oP* [b] | Kty gy | KEnEen | SEomm, | K, | Orend
‘inp’ 68.98 61.25 0.61 0.65 -0.27 -0.28 12.6%
‘proc’ 71.69 62.57 1.03 1.02 -0.30 -0.31 14.6%
= “inp”: loop-corrected masses and mixing angles (->Yukawa & trilinear couplings) in
tree-level-like formula: HO corrections to input parameters
= “proc”: additionally including loop-corrected trilinear Higgs self-coupling -> HO
corrections to observable included (though only partially)
- “inp”: scheme dependence of input parameters uncanceled by scheme dependence
of process-dependent corrections (at the same loop order)
= “proc”: remaining large uncertainty (14.6%): remaining missing EW corrections
might be important
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Ultimate Test of the Higgs Mechanism

VU= 4wy ey e V& - Mg vy
Higgs mass M= Ty | V= 246 Gey A
: 1 [0 e b
liocac Higg @i-coupling  + A= M A §- L (w) ~
uﬁdﬂumm' -“ sdf - ng : m = /b \,:"
q ms C“'P\lﬂg HHRH SMH/M%' 7N Slides from LCWS, Fermilab, 10/2000

Cunits .1: 1326V /1:) [Djouadi Kilian, MM,Zerwas,03/99,04/99]

\6) 4eilineas coupli 9 vio. Higas poic produckion
s : T Dominant process
(b) _quadcilinear cou.phrﬂ . Vio. Ariple. Higas pduckion at the LchD: gg -> HH

mneasucernent of’dtkmsse\f-mpljtﬁs ' estaldlish the scaloc
ond = seclorof the.iggs Mechanism
xconskuckion of he. Higas potential ) expesimmeniolly
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Higher-Order Corrections to Higgs Pair Production in Gluon Fusion

*2-loop QCD corrections: = 70% [HTL, p=Mnn/2] [Dawson,Dittmaier,Spira]

*2-loop QCD corrections: @ = Go + O1/mi2 + ... + O4/m;8
[refinement: full LO at differential level] [Grigo,Hoff ,Melnikov,Steinhauser]

+ Mass effects @ NLO in real corrections: ~ - 10%
[Frederix,Frixione ,Hirschi,Maltoni,Mattelaer, Torrielli,Vryonidou,Zaro]

+NLO QCD w/ full top mass dependence: ~15% mass effects on top of LO,20-30% for
distributions [Borowka,Greiner,Heinrich,Jones,Kerner,Schlenk,Schubert,Zirke], [Baglio,Campanario,
Glaus,MM Ronca,Spira,Streicher]
Combined uncertainties [Baglio,Campanario,Glaus, MM Ronca,Spiral

+NNLO QCD corrections: ~ 20% [HTL] [de Florian,Mazzitelli; Grigo,Melnikov,Steinhauser]
+Light fermion three-loop corrections [Davies,Schonwald,Steinhauser]
+N3LO QCD corrections: ~ 5% [HTL] [Chen,Li,Shao,Wang]

+NNLO Monte Carlo: inclusion of full top-mass effects @ NLO [partly at NNLO]

[Grazzini Heinrich,Jones Kallweit,Kerner Lindert Mazzitelli]

+NLO: matching to parton showers [Heinrich,Jones,Kerner Luisoni,Vryonidou]
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Higher-Order Corrections to Higgs Pair Production in Gluon Fusion

+ New expansion/extrapolation methods:

(i) 1/m+2 expansion + conformal mapping + Padé approximants [6réber Maier Rauh]
(ii) pt2 expansion [Bonciani,Degassi,Giardino,Graber]
+ NLO: small mass expansion [Q2 » m42] [Davies,Mishima,Steinhauser,Wellmann]

+ Combination of full NLO and small mass expansion
[Davies,Heinrich,Jones,Kerner,Mishima, Steinhauser,Wellmann]

Complete list, see e.g. twiki of LHC Higgs Working Subgroup HH
and recent reviews

-> recommendations for cross sections to be used given for
- different c.m. energies
- different coupling modifiers ka

-> uncertainties on di-Higgs cross sections

g 70000 o H g 0000 y—>—T """~ H
tb 4 - - tb
KA
9 9900 “H g 0o}« L . H
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Higher-Order Corrections in the CP-Conserving 2HDM

+ 2HDM Higgs potential w/ softly broken Z, symmetry:

Vireo = m2,®] @1 + m2,0 @, — [m%2<1>’{<1>2 +he.

+ A3(D1 D) (BLB2) + Ay (D] B,) (D1 D1) +

1 1
A (BTP )2 =
+ 2)\1( 191)“ + 5

1
5,\5(<1>1;<1>2)2 +h.c.

+Higgs spectrum after EWSE: 2 CP-even h,H with my,
1 CP-odd A,

charged Higgs pair H+

< mH,

[Lee,' 73], [Branco eal,'11]

Ao (D) ®5)?
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Gluon Fusion into ¢1¢2 with $ip2=hH, AA

+ Contributing diagrams at leading order:

9 r50000)

6 9 (00000 oo ,
b=hH
=== =& Moo, t A Y

Y4 9.000000)—=——------ 4,

+ 2HDM type 1 benchmark point (compatible w/ theor. & exp. constraints):

m, = 125.09GeV, my = 134.817 GeV,
my = 134.711 GeV, my+ = 161.5 GeV,
m?, =4305GeV?, a = —0.102,
tanf = 3.759, v =246.22GeV .

[taken from Abouabid et al.,22]
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NLO Top Mass Effects in Invariant Mass Distributions

g9 — hH at NLO QCD | \/_ =13 TeV | PDF4LHC15

10" £ QDM type 1 do / dth [fb/ GeV]
1 O PR =HF=T0g/2
10_2 B NLO scale uncertainty
10°
10"
—— HTL
10° F HTL + full reals
—— HTL + full virtuals
108 | —— Full NLO
1.3 [~ i f f f i i
— B
=
E 10 e
+ ‘ ]
0.9 - ‘
2 i ‘
£ 0s 1 Wiliiusasee e
m g.'g ] L 1 | L ‘ 1 ‘ L 1 L ‘ | ‘ ;
' 400 600 800 1000 1200 1400
m,; [GeV]

107 ¢

[Baglio,Campanario,Glaus, MM Ronca,Spira,23]

g9 — AA at NLO QCD | \/_ = 13 TeV | PDF4LHC15

L m, =134.711 GeV

2HDM type I da/dmAA [fb/GeV]
[ = fip = Miyy/2
NLO scale uncertainty

—— HTL

HTL + full reals
—— HTL + full virtuals
—— Full NLO

400 600 800 1000 1200 1400
m,, [GeV]

- Mass effects in distributions: -30% (-15%) at Q~1.5 TeV for hH (AA)
- increases w/ c.m. energy (results provided for 14, 27, 100 TeV)
- Mass effects on total cxn: -12% (-5%) at 13 TeV (increases w/ c.m. energy)
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Top Quark Scale and Scheme Uncertainties

g9 — hH at NLO QCD | /s =13 TeV | PDFALHC15

[Baglio,Campanario,Glaus, MM Ronca,Spira, 23]

g9 — AA at NLO QCD | /s =13 TeV | PDF4LHC15

T T T T T T T T T T T 10-1 T T T T T T T T T T T T
107 £ —— MS scheme with 7, (77,) ; —— MS scheme with 77,(77,)
MS scheme with 72, (mpy/4) 102 b= MS scheme with 77,(1m44/4) ]
102 b —— MS scheme with 7, (myy) | —— MS scheme with 77,(m,4,) 3
: J —— OS scheme, m; = 172.5 GeV ; 3 —— OS scheme, m; = 172.5 GeV 1
; — ] ' 10° £ 3
10 — 2HDM type I 3 : ;
D my, = 125.09 GeV : 4 -_ — 2HDM type 1 __
10! — i = 134817 GeV i 107 — ma = 134711 GeV
— L —
5L — _
105 do/dm, [fb/GeV] 10°F do/dm, , [fb/GeV] -
fp = g = Myp /2 [ g = g = Mg/2
Full NLO results for different top-quark masses 10-6 = Full NLO results for different top-quark masses
10° :
1.4 I } I i % % 1.3 [ I = } I { i I
1.2 + —
0] B | N L
o 12 _ O 11 Q:L .
810 e — g0 e
208 | = | 2 o8’ - 1 T
)= o | T 0.7 L ‘\_‘w
ﬁ 0.6 I~ \—X‘X—\ﬂ_\;— Q’-)q 06 F —;:
0.4 | L | ! | L | L | L 0.5 L | L | L | L | L | L |
400 600 800 1000 1200 1400 400 600 800 1000 1200 1400
my, g [GeV] m 4, [GeV]
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Top Quark Scale and Scheme Uncertainties in Total Cross Section

13 TeV :
14 TeV :
27 TeV :
100 TeV :

13 TeV :
14 TeV :

27 TeV :

100 TeV :
S

[Baglio,Campanario,Glaus, MM Ronca,Spira, 23]

Oy = 1.592(1) 19, 1o,
Cposnr = 1.876(1) 1777, b,
Oposnyy = 7.036(4) 1%, 1b,
Oyosnpr = 60.49(4) 115 b,

Ogesnn = 1.643(1) 55 b,

Ogesnn = 1.927(1) 135 b,

Oyosnn = 7.012(4) 155 b,

Opesan = 38.12(3) 4 fb.
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See also:

- Next-to-leading order electroweak correction to gg->HH and gg->gH in the large mt-limit
[Davies,Schonwald,Steinhauser,Zhang,” 23]

- Higgs boson contribution to the leading two-loop Yukawa corrections to gg->HH
[Davies,Mishima,Schonwald,Steinhauser,Zhang,” 22]

- Complete NLO EW corrections [Bi, Huang, Huang, Ma, Yu,” 23]

- NLO Yukawa and self-coupling corrections to gg->HH (DPG Spring Conference,” 24)

[Heinrich,Jones,Kerner,Stone,Vestner]
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Top-Yukawa-Induced Corrections to Higgs Pair Production

+Part of the electroweak corrections to Higgs pair production

+ Full fop-mass dependence in the triple Higgs vertex and self-energy corrections
HTL in radiative corrections to the effective ggH and ggHH vertices (b-loops neglected)

g _____ H g /H
t - < {t t —-<Z-{ ¥yt
g seoosey” N H g ~H
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Effective Lagrangians

+Effective ggH and ggHH vertices (top-Yukawa induced EW corrections in HTL):

+Effective Higgs self-couplings: from effective Higgs potential

2 4 2
' eff MH 3my N MH l Im
M? 12m
l ’\gIJ;HH = 3—,05 -+ A/\HHHH' ‘ ANgpHg = — 7r2v‘f '
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Relative Top-Yukawa-Induced EW Correction Factor AunH

[MM,Schlenk,Spira,22]

04

0.3

0.1

0
-0.1
_O 2 | 1 1 | 1 1 1 | 1 1 1 | 1 1 | 1 1 1 | 1 1 1 | 1
400 600 800 1000 1200 1400
M,,[GeV]

Effective trilinear coupling does not capture the bulk of the EW corrections
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Relative Top-Yukawa-Induced EW Correction Factor Apnn

[MM,Schlenk,Spira,'22]

0.4 ! ! |

0.1

|

-
-
-
-
-
=

- 1 1

CAFA — CAFA(l—}-AA)
FD — FD(1+A[:]),

01 +Apypn

l 1 1 l 1 1 I

|

_O 2 | 1 1 | 1
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1000 1200 1400

800
M,,[GeV]

Effective trilinear coupling does not capture the bulk of the EW corrections
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elw

15 —_ 1+9

gg — HH
doyy o/ AMyy = dO; o/dMyg; (1 + 6,,)

et

|

| | I

06 ———L—
400

600

800 1000 1200
M,,[GeV]

1400

[MM,Schlenk,Spira,'22]

- Large enhancement near threshold because of vanishing LO matrix element
- Suppression is lifted by mismatch of EW corrections to triangle and box diagrams
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g = ]\'el-w X OLO
1.002 (Agum)
0.938 (NI )

Q

[\'el'w
[\'eff

elw

Q

- Corrections induce an effect of about 0.2%

- Bulk of corrections cannot be absorbed in the effective trilinear Higgs coupling
(leads to an artificial increase of the relative EW corrections)

- ~> Inclusion of complete EW corrections is mandatory
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Top-Yukawa-Induced EW Corrections (w/ miop&Mbottom dependence, gaugeless limit)

e e

Bores B

[Bha’r‘racharya,Campa@ﬂu[Carlo’r’ri ,Chang,Mazzitelli, MM ,Ronca,Spira]

= v ulx o
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Top-Yukawa-Induced EW Corrections (w/ miop&Mmbottom dependence, gaugeless limit)

- T '%@XES [Bhattacharya,Campa oh Carlotti,Chang,Mazzitelli, MM ,Ronca,Spira]
A
{oflo Vo & | k
‘A : {

UrXC'**
%&%ZT
Y @ t < ‘_\@ - £ __-@
¥ =X _ 6 e
&1\ ¥ E S’t AREEL2 ST %
AT T e AW - AT~ — coo~'—y 4 —_——
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- A global view of the EDM landscape

- Impact of new experimental data on the C2ZHDM: the strong interdependence between
LHC Higgs data and the electron EDM

- Dark colored scalars impact on single and di-Higgs production at the LHC

- Intermediate charge-breaking phases and symmetry non-restoration in the 2HDM

- The O(at+ai+ay)? correction to the ¢ parameter and its effect on the W boson mass

- Charged Higgs-boson decays into quarks

- Leptonic anomalous magnetic and electric dipole moments in the CP-violating NMSSM
with and without inverse seesaw mechanism

- Pseudoscalar Higgs production at NLO SUSY QCD

- Electroweak phase transition in a dark sector with CP violation
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SM-like Higgs mass mn € [122,129] GeV
at O((ap+oy+agk)? +oazoy) in the default mixed DR-OSscheme
with OS renormalisation in the top / stop and charged Higgs boson sectors

Compatibility w/ Higgs data and BSM Higgs searches

A, ¥ required to be below 0.7 (ensure roughly perturbativity below the GUT scale)

Neglected points with
(2) M, (£); Mh; > 1TeV, mz, > 2TeV
(1) mp, —mp,; < 0.1GeV, M, () =M (@) < 0.1 GeV
i J

(47) m,+ < 94 GeV, m; <1TeV .




LO Cross Section

e >

+The LO cross section: 2 form factors SELE] e T oo [ s
t,b \ t,b - -

. GFaS(:u’R)Qz g TOEOOO —+—" — -~ - H g \\\H

M(g*¢® — HH) = —i A" €1,€2,0,

(9°g ) Wort 11€210ab

with A = FTM + B,TY

Heavy top limit:
Fy = CpaFp + P, Fy = G

2 2
— Fo — —— Go— 0
37 D 37 D l

Ch = /\sz. ' Fa —
Q2—MH+2MHFH
- —

Hadronic cross section

dr
 EEEEEE——

. 1 M?
br=—3 le —~ ZM?{:LQz\/l —4—H]

1 99
OLO =/ deL 5L0(Q2 = T5) I
70

i ||Fi[* + | By

Partonic l  GE2(ug) [ ;
Q

cross section ~ 512(27)3 ;.
——————————— =,
99 1
Gluon luminosity l aL =/ d—wg(x, Lr)g (z,up) I
dr ;X x




NLO Cross Section

+ The NLO cross section:

onLo(pp = HH + X) = 010 + Aoviry + Dogg + Dogg + Dogg

1 99
oLo — / dr dg 3LO(Q2 = 7‘3) C C(nd d|J depend on QZ
To T
Os dcgg
Aoy = (#R) O'LO(Q2 =17s) C

gg 1 2

Aoy = O‘S(“R) / dc / % L o(Q? = zrs) {—ngg(z) log E
To To/T TS

2 J+

s 1 dL91 2
Aoy, o (:R)/ dTZ // — 5L0(Q?* = z'rs){ 5 P,,(z) log HE + dgq(Z)}
To q,q To/ T

7s(1l —2)?

Os 1 dﬁqq
Dogg = (:R)/ d”'E // — 5L0(Q° = 27s) dqz(2)
To q To/ T

+HTL: 11 11 2 2
Comt o+ Cany dy =~ (1=2)% dyg— 32— (1= 20, dyg— oo (1= 2)° |




Virtual Corrections

+Contributing diagrams: 47 generic box diagrams, 8 triangle diagrams (< single Higgs),
1PR (<— H=Zy)

+Full diagram w/o tensor reduction — 6-dim. Feynman integral (for 2 form factors)

+UV singularities: — endpoint subtractions

1 1 1 1
/ L T@ /d f( +/ " f(:v)—f(l):f(l)_I_/ " f(xi:i(l)_l_o(e)
0 0 0 0

(1—z)i—< T )t (1—z)i— ”

+IR singularities: IR subtraction (based on structure of integr. and rel. to HTL)

+ Thresholds: Q2 z 0, 4m+2 — IBP — reduction of power of denominator

v

[mt2 — mtz(l — ih)]

O NN ) B (€ D IR R 4(C)
o (a+bx)®> 2a?b 2b(a+b)? o 2b(a + bx)?




Further Calculational Details

+Renormalization: as: MSbar, 5 flavors, ms: on-shell

+Phase space integration — 7-dim. integrals for do/dQ?2

+ Subtraction of HTL — IR-finite mass effects [adding back HTL results < HPAIR]

+ Extrapolation fo NWA (h—0): Richardson extrapolation

Mz = 2f(h) — f(2h) = f(0) + O(h?)
My = {8f(h) — 6f(2h) + f(4h)}/3 = f(0) + O(h®)
Mg = {64f(h) — 56f(2h) + 14f(4h) — f(8h)}/21 = f(0) + O(h?)

etc.

[h > 0.025]

f(x) A

2h

4h

8h

f(x) polynomial for small h




Real Corrections

+Full matrix element: generated with FeynArts and FormCalc

+ Matrix elements in HTL involving full LO sub-matrix elements subtracted
— IR-, COLL-finite [adding back HTL results < HPAIR]

3 [Myggl?

> [Myql?

Z |Mq§‘2

~ 2 2472 (g (34—|—t4-|-u4—|—Q8 € 5
Z|MLO| QF = <\ stu _41—€Q

— 2 32725 [s2 4+ u? (s 4+ u)?
Z|MLO| 30% x <\ — + € ;

~ > 25672 o t2 4 u? (t + u)?
Z|MLO| 004 7r(1—6){ - — € -

+PDFs: MSbar, 5 flavors




Results

PDF4LHC15 | MMHT 2014

o0 19.80 fb 23.75 b

ATkl 38.66 fb 39.34 fb

onro | 32.78(7) fb | 33.33(7) fb
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Scales for yx

+Different scales for y: in triangle (Q) and box (M) diagrams?
— has to hold to all orders

g “TO00) L H g —
t.b ---9 + t,b f
A
9 0000/ “H g Lo
g OOTO) L H g .
H . |
, I
t,b e + t,b 4 I H -
\\ |
g9 9000/ “H g o o
elw. corrections

= Same scale in all diagrams




LO Uncertainties

+ Scale and scheme uncertainties at LO

d"(ggdg HH)|Q=3OO Gev = 0.01656152% fb/Gev
da(ggdzz> Hﬂ)lQ=40O Gev = 0.0939170% fb/Gev
da(ggdg HH)|Q=600 Gev = 0.0213210% fb/Gev
df’(ggdg HH)| 00 Gev = 0.000322319% fb/Gev




Double Higgs Production Processes

[Baglio,Djouadi,Quévillon,'15]

o(pp — HH + X)) [fb]
1000 Mpu = 125 GeV gg — HH _
100y e qq’ — HHaqq'-
- NLO "__;::_::..‘-.‘-:-.’-.7-.’-.7-.‘-.’--.’..’..7‘.‘.-’--' qq /gg _) ttHH
; NLO Qc® B | —/ N H
].O - »'/ ............. QW qq’ - WHH ) q V /‘\\H
| /ﬁx?-‘;:i;gﬁ“'“ qq — ZHH | q vV
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Double Higgs Production Processes

[Baglio,Djouadi,Quévillon,'15]

_a'(f)p — HH + X)I [fb]

My = 125 GeV gg — HH

9 JH 1000 | __
g 700000 “H i -
——
ooy~ qq' — HHqq"-
_—‘:.—-:..—-:..’-.T..'-.‘--T..'-.f.-"'-"—‘- qq/gg — ttHH
NLO gt
' ™ o
1 i //,:‘: ........... NLO Q ]
O I ,,/’:.‘-'»""‘. QCD m,mnﬂ“’" s qq — WHH
4 /;‘,a"';;-‘i'*""'
1 //f""' |

13 25 50 75 ~ Small cxn, large bkg:
Vs [TeV] experimental challenge ~

precise theory
1 predictions required




