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Precision predictions for Higgs boson properties as a probe
for New Physics

a Pls: Margarete Miihlleitner, Matthias Steinhauser

a Philipp Basler, Joshua Davies, Martin Gabelmann,
Seraina Glaus, Go Mishima, Marvin Gerlach,
Florian Herren, Marcel Krause, David Wellmann

a Topics:

a precision predictions for gg — HH (gg — H)
a Hy — Ho + H;
a Higgs mass in SUSY
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gg — HH

LO [Glover, van der Bij'88; Plehn,Spira,Zerwas’96]

Karlsruhe Institute of Technology

NLO exact (numerical) [Borowka,Greiner,Heinrich,Jones,Kerner,Schlenk,Schubert,Zirke'16]
[Baglio,Campanario,Glaus,Muhlleitner,Spira,Streicher'18; Baglio,Campanario,Glaus,Muhlleitner,Ronca,Spira,Streicher'20]
my —» OQ [Dawson,Dittmaier,Spira’98]
incl. 1/mz terms [Grigo,Hoff,Melnikov,Steinhauser'13; Degrassi,Giardino,Gréber'16]
exact real rad. [Maltoni,Vryonidou,Zaro'14]

Padé [Gréber,Maier,Rauh'17] v
small-pr [Bonciani,Degrassi,Giardino,Grober’18] \

~ \

high energy [pavies,Mishima,Steinhauser,Wellmann'18'19; Mishima'18] o -

combination exact & high energy [Davies,Heinrich,Jones Kerner,Mishima,Steinhauser,Wellmann'19]

NNLO M —» OO [de Florian,Mazzitelli'13; Grigo,Melnikov,Steinhauser'14]
incl. 1/mr terms (virtual) [Grigo,Hoff,Steinhauser'15; Davies,Steinhauser'19]
1/mz terms (real) [Davies,Herren,Mishima,Steinhauser'19]
finite-mt APProx. ...[Grazzini,Heinrich,Jones,Kallweit,Kerner,Lindert,Mazzitelli'18]

resummations [Shao,Li,Li,Wang'13],. .. [de Florian,Mazzitelli'18]

N3LO CHH [Spira’16;Gerlach,Herren,Steinhauser'18]
massless 2-loop box diagrams [Banerjee,Borowka,Dhani,Gehrmann,Ravindran'18]

O [Chen,Li,Shao,Wang'19]
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gg — HH: NLO KIT

( -— em -
2 2
s,t,mt,mH

s,t > m > g

reduce to Mls

expand Mls Taylor expansion

[Davies,Mishima,Steinhauser,Wellmann'18'19; Mishima’18]
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NLO Vj,: grid vs. Padé AT

Karlsruhe Institute of Technology

[Davies,Heinrich,Jones,Kerner,Mishima, Steinhauser,Wellmann'19]

[- PI200GeV @ pi=300GeV O pi=d00GeV () pi=500GeV @ pi=6O0 Gev
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NLO V;,.: grid vs. Padé AT

[Davies,Heinrich,Jones,Kerner,Mishima,Steinhaus&F WAt 1]
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NLO uncertainties

Karlsruhe Institute of Technology

[Baglio,Campanario,Glaus,Muhlleitner,Ronca,Spira’20]

99 — HH at NLO QCD | /s = 13 TeV | PDF4LHC15
1.4 T T T T T T T T

—— MS scheme with 7, (77,)
13 - MS scheme with 2, (M /4) 7
—— MS scheme with m,(My )
—— OS scheme, m, = 172.5 GeV |

Ratio to HTL

0.8
07 HBr=hp=Myy/2
Full NLO results for different top-quark masses
B I
400 500 600 700 800 900 1000 1100 1200 1300
My [GeV]
Tror = 31.067511.=1C  fb uncertainties: “scale + scheme”

©NNLO 1?7
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NLO approximation for gg — HH: QAT
large-m; © threshold
¢ conformal mapping ¢ Padé

0.00080 [Grober,Maier,Rauh’17]

0.00070 | Pr =100 GeV
0.00060
0.00050 |- K';23¥§%$%$%%%%%£% 1
. ﬂ
0.00040 [ M
3
0.00030 F %
3

0.00020 [ % full -«

: reweighted HEFT
0.00010 |- * [n/m] w/o thres

" [n/n+0,2] e

. . .
350 400 450 500 550 600 650 700

large-my: up to 1/m®

input for Padé:
P threshold: non-analytic terms (“logs”)
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Viin

NLO approximation for gg — HH: Qa4AT
large-m; @ threshold

¢ conformal mapping ¢ Padé

0.00080

0.00070

0.00060

0.00050

0.00040

0.00030

0.00020

0.00010

[Gréber,Maier,Rauh’17]

pr = 100 GeV

ox

'”“HHH%H%%H

reweighted H 260 280 300 320 340 360 380 400

[n/m] w/o { Vs(GeV)

(n/n tloszr—— T

350 400 450 500

550 600 650 700

input for Padé:

large-m;: up to 1/m?
threshold: non-analytic terms (“logs”)
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NNLO large-m;: Feynman diagrams ﬂ(“

Tn,, Tnh CF Tnh CA Tnh
__ 00000 -—- - 00 -
__ ME——— zE: g --- :EE& -—-
(Tnp)? C2Tnp, CaCrTnp CaTnn
Cr(Tnp)? and  Ca(Tnp)?and  Ca(Tnp)? (Tnp)®
CF Tznhn, CA T2 npNy
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NNLO gg — hh for large-m; ﬂ(“‘

a (9zipped) stored intermediate results (after 1/m; expansion)
, afew x > 96 GB RAM, 12 cores

a apply projectors
total time

a heavy use of modern (T)FORM commands: [ruijeda,vermaserent7]
e.g. ArgToExtraSymbols

a FbOXl! Fbox2 — 1/m?, Ftri — 1/m;4 [Davies,Steinhauser'19]
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NNLO approximation for gg — h: AT

Iarge'mt + thrEShO|d + Padé [Davies,Gréber,Maier,Rauh: Sfainhatser 18]
100} i/ LMEtoZ’ -
'\ THRtoZ
50+ J
S4
'
or J
-50} d
15 t t t t t t
10f——LME to z; Im Re
< 5i==="LME to 7
S84 0 :
S -5
_ _S_ -10
z= am? -15E,
z=1-z 0

analytic n; terms: [Hariander,Prausa Usovitser19]; l€ading colour ~ Ngz [Prausa,Usovitsch20]
num. int. of diff. egs.: (czakon Niggetiedr20]
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gg — H: virtual N3LO corrections for
finite m;

Karlsruhe Institute of Technology

<
l2ogg,

4 - 4

2 |OOpS [Harlander,Kant'05; Anastasiou,Beerli,Bucherer,Daleo,Kunszt'06; Aglietti,Bonciani,Degrassi, Vicini’'07]
3 |OOpS: expansion: [Harlander,0zeren’'09; Pak,Rogal,Steinhauser'09]

3 |OOpS [Davies,Grober,Maier,Rauh,Steinhauser'19; Harlander,Prausa,Usovitsch’19; Prausa,Usovitsch’20; Czakon,Niggetiedt'20]
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Asymptotic expansion ﬂ("
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108;( F ) finite

Karlsruhe Institute of Technology

[Davies,Herren,Steinhauser’'19]

2 2
10g (F)inise = p=my/m;
s (11 L 3., 17 3553 2)
s 12 3 17
T \4 8 4™ 135”7 226800"
2
as\2[528 151 , 499 ( 155 23 , ) ) ( 151 3 2) 23 ,
+ o — = 4 = st +2( - — 7)) — =
(w) [108 192 PR 48 43 " 48 ' 16 48"
( 15765509 7 el T (@) + 19091814 L Te )
_ 15769509 e 1909181 9
P 820440 | 1080 | 540 O° 110592 *° ' 10368
, 1013177390077 857 , 857 . 267179777 580759
+o7{ - T+ log(2)7" + 3+ Iy
234101145600 907200 453600 70778880 43545600
as\°[ 18539405 441517 , 11549467 50839 , 1949 , 39307
+ — ™ — — ™ — =T Ca + Cs
7 1119744 ' 62208 82944 311040 576 288
39 , 1983 ( 322955 665 , 3043 1801 , 15 , 27 )
— —( = =7 + — — 7 — - ——T — —T7 - —
8% 7560 " 31104 ' 96 144 5760 TR
58745 1435 , 25 33 , . 3995 23 , 529 ,
+/2<—— — =G - — >+/ - =) - —
" 3456 576 8> 320" " 864 96 1152 ™
542872693595 65743583 , 4691 , 6788585826089
+p( = 7= ——log(Q)n" — ————————(
3218890752 55987200 9720 107296358400
11421210133 11364084757 244657561171 11421210133 _
- log'(®) + ———— log®(2)7" + at — Lis(1/2)
1149603840 1149603840 55180984320 47900160
718337 718337 46111267 10073 3254515597
——log’(2) - ———— log’(2)7° + ————— log(2)7"* — - ——————
9979200 5987520 239500800 25920 31933440
Matthiae St&ihB33dar — Adp 95327119 25639 , \ 14



+ | — — T ™ — — T — —/—— 7T G T ——
U7 ) |~ T1ie7aa © 62208 82944 > 311040 576 © ° " 288 °

Log(Plinif ot (22550 0, o o sy

31104 ' 96 144 5760 16 ettt
) 58745 1435 , 25 33 .\ 4 3995 23 , 529 ,
S (e R =t 0 )
3456 ' 576 8 320 864 | 96 1152
542872693505 65743583 , 4691 , 6788585826089
pl — log(2)m® — ———————
3218890752 | 55087200 9720 107296358400
11421210133 11364084757 244657561171 11421210133
- Iog4(2) + 2( )71'2 ot - is(1/2)
1149603840 1149603840 55180984320 47900160
718337 718337 5 ., 46111267 . 10073 3254515597
———log’(2) — ————log’ ()" + ———— log(2)7" — - (s
9979200 5987520 239500800 25020 31933440
718387 (1/2) + 5327119 25639 2)
_ ; 532719
83160 11197440 " " 746496 "
L ( 1055794361417882487061 4077367559 ,  23157917500539717053
— T
6681366555210547200 23514624000 117837152649216000
110153 , 2712037738087 2729355664999  ,  ,  150868470717581 ,
———logl2)n"+ —————log(2) - ——— log"(2)7" — ——————
1632960 2391175987200 2391175987200 229552894771200
2712037738087 46902913 46902913 8632107859
S Li(1/2) + ———log®(2) — ———log’ ()7 — ———— log(2)7"
99632332800 202176000 121305600 33965568000
1233223 , 49563452909 46902913 (1/2) 103150403081 18740929 )]
- — — i
21772800 0 | 4528742400 0 1684800 658409472000 " | 3135283200 "/
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10g(F)fnite NUmMerical results

p=mg

log(F)anite ~ a[(11.07 —i3.08) +
+ & [(22.59 + i13.24) + (
+ & [(—73.18 + i51.55) + (

= p' at 4 loops:
p?: < 1% = check convergence

w mMS: & 1/m; corrections smaller
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+ 0.004]
+i0.13) + (0.07 + i0.01)]
+ i0.85) + (0.70 + i0.14)]

ar = ag(my)/m



NNLO real corrections for large m; AT

- \'QQQDO -
[ EN B
GO0
1-loop2 — 4
Q0000
a use optical theorem
B0

= asymptotic expansion for m? > mf,, s

1 and 2 loops

2 - 2
m; my, s
3-loop 3- and 4-particle cuts pHus wir
and 2-loop 3-particle cut prusi9
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NNLO real corrections for large m; (2) AT

ftute of Technology

IBP
map to reduction inimal
amplitude — integral — FIRE — m'mT:/”
family set of Mis
[Smirnov]
Fuchsian solution
diff. egs. € form Goncharov
. form
— in — epsilon — LIBRA —  polylogs
X = mZH/s p [Lee] [Henn'13] GiNaC
[Prausa’17]
[Vollinga,Weinzierl'05]|
ndin . . .
expand | > alternative: use diff. egs. to obtain
0=+/1—4mi/s L
— PolvLogTools expansion in §
y-og (>500 terms possible)
[Duhr,Dulat'19]
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NNLO real corrections for large m; (3) ﬂ(“

Cross section for n3 diagrams

:gjrr“ T
Eorl | | e

= expansion upto 1/m?

m combine with virtual corrections [Grigo,Hoff,Steinhauser'15; Davies,Steinhauser'19]
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NNLO real corrections for large m; (3) KIT

Cross section for n3 diagrams
= expansion upto 1/m?
a Comb|ne W|th Virtual COI’reCtionS [Grigo,Hoff,Steinhauser'15; Davies,Steinhauser'19]

0 000,
—0.004 |
000"

7l (1)

=8 0006  p) —— 8
'Nefl: p‘ —_—
2
—0.008 | 5 4
i —
i —
—0.01 L L L
250 300 350 400 450 500
Vs (GeV)
— m2 2
p = my/m
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Chy to 4 loops ﬂ(“

Lo = —HCLo + %%:CHHO1 O1=-G/4  Cun=Cu+ Dy

Q

o

e

S Apy =0

9 -
E _ 7,2 11 5 1
Eg Apy = §C3 — 5 CaACF — 3CATE + 5CrTr + nCeTE

[Grigo,Melnikov,Steinhauser'14]

¢
3
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Chy to 4 loops ﬂ(“

Eeff = _%CHO1 + %%QZCHHO1 01 = —Gi,,/4 CHH = CH + AHH

AHH:O
Q9000 -—-
o
5
o Apyy=0
Boo) ---
QQQ00 -—
Apy = LCq — W CaCr — 2CaTF + 3CF T, CeT,
HH = gCa — 5 CACF — gCAlF +5CFTF+nCFITF
99900 T [Grigo,Melnikov,Steinhauser'14]
%,) 5 -
g Apy =7
8
S
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Renormalization and matching ﬂ(“

Qg

00000000

-4

y Sel e - -

a Tricky renormalization:
(O104)7" = (Zo,){O101)P¢ + 71 (Oy)P2e =1+0(af)

[Zoller'16]
a Matching ?

f f
(CrmZoy + CHZ1)ATG 1p1 + CRZ6, AT 1pr A—0 = Alpr + Alpr a0

[Gerlach,Herren,Steinhauser'18]
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Apy AT

of Technology

[Gerlach,Herren,Steinhauser'18]

1993 1289 3191 165
AY = cs— C3Cr — C3T, —cc CCT CT
HH 576 144 ACF 864 AlF + AF+ AFF+ AlF
3 1 77 121 2
— SCETr + G CrTE + | 35Ch — —og CaCr — —CATF+ cAcFTF In (25
2 48 M
+nT f—c+ cc+1ogcrf—c+ CFT,
11F 144 A AUF 216 AlF F 36 FI1F
>[5 1 7 5 11 2 1P
TE|—=Ca+ -C Tr |——=Ca+ —CaCr — =CrTe| In | =5
—|—n,F[72 A+9 Fj|+n/F|: 12 A+4 ACF 3 FF}”(MI?
2 2
_ 5n/ CFTFIn (/\‘Lj,z)
ispirate] LOW-energy theorem: [Ch = — 2 52 Ca, [Chetyrkin Knieh Steinhauser 98]
Con = 2 2o, — 2( 2 o2 gns> af = ¢aa®
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Conclusions/Outlook A“(“

m Promising: combine numerical results and
analytic expansions

® gg — H, N3LO-virtual: finite-m; corrections
available

m g9 — HH, NNLO: first steps towards
incorporating systematic finite-m;
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