Pseudoscalar Higgs plus jet
production at NNLO in QCD

Based on (2405.02210) with Youngjin Kim
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Pseudoscalar - Setup

Many BSM models include an extended Higgs sector, with two (or more) scalar
doublets included (e.g. 2HDM, MSSM etc etc.). These naturally produce both CP

even (h, H) and CP odd (A) neutral scalar bosons.

An important point is that the A boson will not couple to up and down type quarks
equally.

This introduces a new parameter typically defined as tan f which sets the rati% of
the two vevs. B
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Some Recent results from LHC for psue(tj/?scalars
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Pseudoscalar - Setup

Clearly the pheno is rich and varied based on the specific values of tan
and other new interactions.

Today'’s talk will focus on the ggA contribution, and in particular the
contributions from the top, where we will use an EFT to go to NNLO.
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We therefore dohét a super large coupling to bottoms or a very heavy
pseudoscalar A
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The Effective Lagrangian

Taking the mass of the top to infinity introduces the effective Lagrangian

LA = —A[CgO(;(w) +C,0 J(x)}
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Wilson Coefficients

LA — A [CGOG(.:U) n CJOJ(:I;)}

The two Wilson coefficients are known to sufficiently high orders in a, for our
purposes

1 /1
Cag = —;—— (—), when tan (g ~ 1
TV \ 8
_ [\ Cr (3 _ g1 R 4 (20) o®
Cr = [(277) 4 (2 Blnm%)_l_(%r) C‘] + Ca-
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Higgs and Pseudoscalar are kind of the same

While the pseudoscalar is a
hypothetical state with a broad
range of phenomenological
possibilities, it has a rather well
Known cousin.

Corporate needsiyou to find the difference. P
between this picture and this picture

At many points in this talk we’ll
leverage the vast knowledge of the
H(125) to complete/check/simplify
our results.
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Higgs and Pseudoscalar are kind of NOT the same

O

A closer look at the pictures does reveal a rather non trivial difference between
the two, our old friend y5

Famously ys does not play nicely with dimensional regulation since its inherently
a four-dimensional object.

No free lunch here, we follow the Larin prescription where OF2 Hv2 HP2 o2
p p H1 M1 1 M1

s pe Sv2 Sp2 502

V5 — : E ’}/’UJ"}/V"}/'O"}/U and Epurvipion gher2h2os = 51/:1 5;;1 51,;1 51;1
- N 2 2 2 2

4! Hepe 501 5/)1 5/)1 5p1

o 022 052 0

This provides a clean implementation in d-dimensions, but violates the Ward
identity. This is restored through a (finite) renormalization of y; S
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A (brief and incomplete) list of Higgs and A + jets predictions

h@NLO: A@NLO:

[Dawson. (91)], [Kauffman, Schaffer. (94)]
[Djouadi, Spira, Zerwas. (91)] A+jet@NLO:

h+jet@NLO: [Field, Smith, Yeomans. (03)]
[Ravindran, Smith, Neerven. (02)] A@NNLO:

h@NNLO: [Harlander, Kilgore. (02)]
[Harlander, Kilgore. (02)], [Anastasiou, Melnikov. (03)],

[Anastasiou, Melnikov. (02)],

Ravi ith, N :
[Ravindran, Smith, Neerven. (03)] [Ravindran, Smith, Neerven. (03)]

h+2jet@NLO: AEUINROE

[Campbell, Ellis, CW (10)] [Demartin, Maltoni, Kentarou, Page, Zaro. (14)]
h+jet@NN,LO' ’ A@N3LO(partially, based on h@N3LO):
[Boughezal,Caola,Melnikov, Petriello,Schulze. (13)], [Ahmed, Kumar, Mathews, Rana, Ravindran. (16)], |
[Chen,Gehrmann,Glover,Jaquier. (15)], [Ahmed, Bonvini, Kumar, Mathews, Rana, Ravindran, Rottoli.
[Boughezal,Caola,Melnikov,Petriello,Schulze. (15)], (16)]

[Boughezal,Focke,Giele,Liu,Petriello.(15)],

[F. Caola, K. Melnikov and M. Schulze.(15)], A+jet@NNLO This talk!

[Chen, Martinez,Gehrmann, Glover, Jaquier. (16)]
[Campbell, Ellis, Seth (19)]

h@N3LO:

[Anastasiou, Duhr, Dulat, Herzog, Mistlberger. (15)],
[Anastasiou,Duhr,Dulat,Furlan,Gehrmann,Herzog,

Lazopoulos, Mistlberger. (16)] B \
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A+j at NNLO
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The aim of this talk is to present the results for A+j @ NNLO (@(0{3)), for which we
have two types of topologies, those from O (above) and O; (below)*
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*Of course the operators annoyingly mix under renormalization at this order causing a huge headache, but I'll suppress that for narrative flow's.
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Slicing @ NNLO

O

ldea behind a slicing approach is to split the phase space into two
based on some suitable variable

Should contain all double unresolved limits, Should contain at most singly unresolved limits,
and be accessible via simplified result (i.e. (i.e. an NLO + extra parton) directly cgmpute
factorization theorem) with suitable Monte Carlo codes )
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N-jettiness slicing

O

We use the N-jettiness event shape variable (stewart, Tackmann Waalewijn 09) tO
split the regions
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SCET factorization

To compute the below-cut piece we can use the following
factorization theorem, derived from SCET

Teut "]
a(TgT;};t):/O Tdr (se][ae [[ Beon |+ FEEm,
=1 a=1.2

At @(asz) the various pieces needed are :

o & - Soft function (for 3 partons) (Boughezal Liu Petriello 15, Campbell Ellis Mondini CW 17)

e ¥.., 98 -Jetand beam functions (collinear behavior) (Becher Bell 10, Gaunt Stahlhofen
l a

Tackmann 14)

o # - Hard function - process specific finite function.

% University at Buffalo The State University of New York



H+j at NNLO (in MCFM)

Throughout our calculation we will make extensive use of the corresponding
Higgs plus jet result implemented into MCFM, presented in campbell, Ellis, Seth 19.

This calculation (based upon Boughezal, Focke, Giele, Liu, Petriello 15) uses N-jettiness
slicing and (campbell, Ellis, Seth 19) provides a detailed comparison with other
existing methods based on Antenna subtraction and Sector decomposition.

The one sentence summary is that it's hard to get the slicing parameter small enough

to exactly match Antenna subtraction results, but using finite 7, and performing a fit
results in excellent agreement between methods.

Using slicing for the (putative) pseudoscalar phenomenology is therefore
reasonable.
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Calculation
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Two-loop Hard Function

O

A calculation for A — 3 partons exists (saneriee, hani, raviaran 17, DUt SiNnCE We needed to
cross it for LHC kinematics we did a fully independent calculation. (Re)calculated
Higgs amplitudes too as a cross check.

Initial diagram generation and Feynman rules done with
two independent implementations.

Then UV renormalization (a,, y5, and operator mixing ), then extraction of IR poles
through Catani’s operator.

Then starting from initial decay kinematics we cross partons to the initial state

using the coproduct method (Duhr 12 & 14). .

We checked each crossing numerically using AMFlow (Liu, Ma 22)
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Collinear test of the two-loop hard function.

O

We checked against the known collinear limits of two-loop QCD amplitudes (Badger,
Glover 04) In order to further validate our result.

~GL(2) G (0)% 2 0)  GL(2) G, (0)%
MG GO Ly o) — pO . G GO

1 A 1 ~ *
ot | 908 TyRCERET T 20®  anc@pem | + P& GO GO
e 1.20981960 - 10° | 1.20981960 - 10° | 4.05026555 - 10° | 4.05026555 - 10 2)  G,0) 1~G,(0)x
€3 1.58228295 - 107 | 1.58228295- 107 | —2.59019027 - 103 | —2.59019027 - 103 + P f MA—>ggMA—>gg '
€2 2.36283980 - 10° | 2.36283980 - 10% | —1.20976857 - 10* | —1.20976857 - 10*
¢! 2.58965014 - 10° | 2.58966527 - 10° | 5.16726263 - 10* | 5.16726262 - 10%
eV 2.19247701 - 1010 | 2.19253448 - 1010 | 2.38532152-10° | 2.38475465 - 10°

Also able to confirm our results with the literature (Banerjee, Dhani, Ravidran 17) fOr decay
Kinematics

Also fU”y reproduced H+j 2-|00p amplitudes tOO (Gehrmann, Jaquier, Glover, Koukoutsoékl§ 11)
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Above Cut: A+2j@NLO with C.S

(b) Real-Virtual

RR radiation:

obtained compact
expressions with BCFW
recursion

RV radiation;
Process specific. Calculated
using generalized unitarity

\ (¢) Real-Real /

y
oVEO — / do ™ — do? + / do’ + / daA]
m+1 e=0 e=0 m L e=0
Dipole subtraction. [Catani, Seymour. (97)]
Dipole sub. terms; . . _
Universal: C.S insertion OP,; Q
Universal
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Calculation of the real-virtual terms

— do? do”

e=0

do’t

SNLO :/ _|_/
m+1 m

M(l)(H; {pr}) = ./\/l(l)(qb; {pr}) + M(l)(¢T; {pr}) [Dixon, Glover, Khoze. 04],
[Badger, Glover 06],

[Dixon, Sofianatos 09],
H +1A ¢ H-— 1A [Badger, Glover, Mastrolia, C.W 10],
9 = Q' = 9 [Badger, Campbell, Ellis, C.W. 09]

e=0

O =

$

MD(4; {pi}) = = (MO (3 {pr}) = MD (@15 {pe}))
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Validation of the Above Cut

JNLO:/ — do? + dav+/da‘4
m+1 =0 e=0 m [ 1 e=0

gg_Agg_lo w/o any factor:
2433.6364996573238
qqbar_Agg lo w/o any factor:
3.5454810552182510
qgqbar_AQQbar lo w/o any factor:
0.33504344652285434
qqbar_ Agqgbar lo w/o any factor:
10.585098640980345
gg_Agg_oneloop w/o any factor:
126276.58961768115
qqbar_Agg oneloop w/o any factor:
19.977526515793116
ggbar_AQQbar_oneloop w/o any factor:
0.28125907643039583
qqbar Aqgbar oneloop w/o any factor:
668.68877648164994

Renormalisation scale:
125.0000000000000

9.506392576786364

51.88802421211302

6.845872960069436

-12.00000000000001

6.845872560052783

-12.00000000000000
1071.299

finite
NLO, single
NLO, double
IR, single
IR, double
Time/Event

GOSAM

.5000000000000000e+02
.5000000000000000e+02
.4367785106160801e+02

.9020318863787611e+02 -

.6611896030051591e+02

.0000000000000000e+00
.0000000000000000e+00
.1663364918413812e+01
.533611083047499%e+02
.0169774338633620e+02

.0000000000000000e+00
.0000000000000000e+00
.2547134012261800e+01
.0823578590696620e+02
.3078291991922799%e+02

2.5000000000000000e+02
-2.5000000000000000e+02
4.2905108772983247e+01
-3.0702411577195448e+01
-1.2202697195787840e+01

Unknown numerical stability because MadLoop is in the initialization stage.

In[1]:= mefmLO = 2433.6364996573238;
mcfmOnelLoop = 126 276.58961768115;
mcfmOneLoopNormalized = mcfmOnelLoop / mcfmLO

Out[3]= 51.888

Comparisons: Good!

In[12]:- gosam = 51.88882421211302;
madgraph = 5.1888024212099019 x 10';

gosam - mcfmOneLoopNormalized

madgraph - mcfmOneLoopNormalized

Out[14]= 8.23519x 1072
Agreed!

Out[15]= -5.76961 x 10712



Checking A+2j@NLO

0.005f

gg flux, o(a=1)=7.68771 pb

& 0.000

—0.005f

0.005f

& 0.000

—0.005f

0.005f

& 0.000

o

aqp 4313 4331 QFF

qg flux, o(a=1)=1.49729 pb

aqp 4313 4331 QFR

qq flux, o(a=1)=122.366 fb

—0.005f

—p—

——
—
——

arqp 4313 4331 QFR

0.005¢

5 0.000

—0.005f

0.005¢

5~ 0.000

—0.005f

0.005¢

5~ 0.000

—0.005f
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qqb flux, (a=1)=60.5352 fb

Q’JI alF aFI aFF

qbg flux, o(a=1)=472.909 fb

Q’JI alF aFI aFF

qbgb flux, o(a=1)=17.4485 fb

—1o—
o—
—

Q’JI alF aFI aFF

As a final check of our above cut
contribution we can test the dipole
cancelation across the two phase
spaces by varying the unphysical
“alpha” parameters associated with
each dipole configuration.

ab __ U(@ab — 1) — O'(Ckab — 001)

O‘(Ozab — 1)



Results for A+
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Validation at NLO

The first thing to do, is to check the
322, dependence on the 1-jettiness cut at NLO,

e and compare to the dipole result.
32- mjg = Hr = BF = €
PDF4LHC15_nnlo_30 cut 5 jl 9
= 31.81 7-1 - mA —|_ (pT) .
& e Asymptotic behavior is confirmed and the
two results are in perfect agreement,
31.41 Boosted 7 definition ertl N g y
0
31.2 . 1 ] . , ] O-NLO(G) = ONLO T coelog(e) T
10°° 2 5 104 2 S 1073
€
We find
LHC, f =13 TeV, Ur = b =my = 125 GeV, O-?VLO — 31.674 + 0.022 pb 7 N
' > 20 GeV, AR =04 dipole
anti—kr, no explicit cut on rapidities. ONLO — 31.675 £ 0.031 pb . ™~
24 «

. . .
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Validation at NNLO

Validation at NNLO is trickier, since we have to extract
oNNL0, PP At ] the ¢ — 0 limit while fighting rising MC uncertainties.

8_
my = pp = pp = 125GeV
PDF4LHC15_nnlo_30 ..

7 Defining,
2 0 3
3 6 0oNNLO(€) = 000 + coelog™(e) + - -
7
Z
s}

We find, doxnro = 6.435 4+ 0.083 pb.

Boosted 7 definition

, , ‘ , , With agreement between fitting and MC
o2 ©o w2 ® 1 uncertainties in the region

€

-5 Q
C—— e~2-3x10
But computationally more .

expensive and unstable

. . ’
-(é University at Buffalo The state University of New York R4 \‘



Validation at NNLO

dONNLO [Pb]
(o))

ONNLO» PP —+ A+

my = pp = pp = 125GeV

PDF4LHC15_nnlo_30

Boosted 7 definition

Va||dat|on at NNLO ic trinls-iar ceinAn \Wwin I]\r?\:'g"ll'r\ gv-l-lror\'-l- |

the € = O limit whil

ONNLO [Pb]

10°°

103

More physical;

But computationally more
expensive and unstable

-(é University at Buffalo The State University of New York

1.0—

" gg flux, NNLO (NNLOJET cuts) 7]

I I I

Campbell, Ellis, Seth 19 )

Boosted T definition i

l | lllllll I 1 1
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Cross section as a function of mass

5 o We begin by studying the
. s =13TeV = = NLO . :
| ,ma=pn=pr cross section as a function of
o NI e pseudoscalar mass through
N NN NNLO
)’ \‘:§:§§ss\ I
51 NN As expected from the scalar Higgs
y case, the NLO to NNLO ratio is
5- sizable (around 1.2)
2
o+{— NNLO / NLO . . .

—ono Scale variation is also notable
0

e I — ———1———  reduced as expected. .

0 — | T N
0

0 200 400 600 800 1000 \\
26 « X
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Transverse momentum

Next we turn to differential qualities,

setting on m,=125 GeV to provide a clean
analog of the scalar Higgs case.

The correction from NLO -> NNLO is
pretty similar to that observed in the
Higgs case. The “Sudkov shoulder” at
NLO is partly filled in by the NNLO
corrections.

We get access to the O, pieces at

NNLO, they come in around 0.5% and
are fairly flat across the phase space

% University at Buffalo The State University of New York
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0.024

£ 0.011

é 0.00

B 2.001

pp— A+j
d my = pp = pr = 125GeV
7 pt. scale variation
PDF4LHC15_nnlo_30
= | .
—— NLO/LO
—— NNLO/N
S — ' =
!:—'
*l —— CJ/NNLO | ]
1 = !
0 20 40 60 80 100 120 140 160 180 200
ph [GeV]



Rapidity with m, = 125 GeV

ot At We also produced the distribution for the
I = Higgs rapidity. Again for m, = 125 GeV.
: . Here the NNLO corrections follow a
5. h’—‘—|_‘_‘ similar pattern to NLO in that they are
_ J_H e fairly flat but significantly decrease the
| | scale variation.
200 2 = _ = Again the O; pieces are pretty small,
effecting the cross section around the
§ zzz’i: e . 0.5% level. a,

S
N
-2 0 2 RN
A AN
y 28 R N
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Conclusions

* We presented a NNLO calculation of a pseudo scalar produced in association with an additional jet.

* \We calculated all of the relevant amplitudes for the two- and one-loop as well as the tree-level

result and were able to test our amplitudes in all cases. All amplitudes + Higgs checks are publicly
available.

* We used N-jettiness slicing to regulate the IR divergences.

e \We produced some initial phenomenological studies to quantify the impact of the NNLO corrections
and produce total cross sections at this order.

A natural future study would be to include the decays and to work in a more specific model related
to tie into and update LHC constraints.
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But more importantly, on behalf of the Loopfest
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Backup
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UV-Renormalization

Strong coupling renormalization: Operator renormalizations:
(Vg g\ 2
( Z(,I——Z(,11+( 9) 2GJ2)
2\ € Zew — 1+ (Vg + ((_ys)l 21 2
~ ; L _Z x 1 - z _y' 1‘ '
s = Se (”—2‘) Za, 0 S, = % ¢ or ¢t T \ap) CT Zyg =0,
Iz m)¢ L,
(v, (v,
Zyg=1+—zyn+ (—g) ZJJ2s
(g Qg 2 3 2w 2
Zo=1+ (—) ry + (—) ry + O(a?) N
2m 2m : 2661 = ——04 3 Ny,
1 /121 1 1/ 17, 5 1
_8() 1 P 2GG2 = 2 ( CA - —CANf + ng) ; (—ﬁCﬁ + ECAN}* + ZCfo>
r = —— IS D
326 3 Bo = 3 Ca 3TR1\f O ;CF,
y — 20 _ P B = 232 _ 20 1uN; — 4CHTRN 1 | /149
2= 9 Ty, P1LT AT AR PR G2 = 6—2(—110A0p+20pr)+;( C4cp——cp——cp1vf)
zjn = —2CF,
1 /11 11
22 = <ECACF + CF‘Nf) 5 —C% - O CACF + —Cpr
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o
UV-renormalized amplitudes in terms of bare amplitudes.
A(q) = 9(p1) + 9(p2) + 9(p3) A(q) = q(p1) + q(p2) + g(p3)
1
(J\/(_f;ggo |J\/1£(;q£(,1 ) = (Mg;g[)”Mg;gl)) (%7’1 + zcm) (J\qug() |M_f;g£(,0 ) M qqg ’qug ) =M gzsgo |qug )+ <§r1 + ZGGl> (M qugo |qu90)) + 2601 (M qq90)|qug )
(M M) = WGPV + (G + 200 ) VG IMGD) + 26 (MG 1Wt))
- 3 999 q99 qq9 q99 2 999 q99 999 999
(MEDMED) = MGONG) + (31 + 2001 ) VGO WIGH) o
! ) - (—g?“% + 572+ 5rize61 + chz) (MG | M)
+zan <M§;ISI |Mygg > <_§7'f + 57‘2 + ETIZCGI + zGG?) ( ggg |Mggg ) 1 G.(0)
+ (57“120.12 + ZGJ2) <qug§ |qug )
Gy _ (L , 1o, . '

MM = (g1 soe) 2 (WA + (37 + s+ ) WHEAPINEA) | uigoniy — (b s ) e [OHEOE] + (Lt s + ) (RO
+z¢12Re [(ng(go)|MqCv;£1 >] (%7’12@,]1 + ZGG1ZGJ1) 2Re [( gq(gO)|qu90)>]
+Z%‘J1< qqg |Mt{q(s?>

. _ { :CJ interfered amplitudes play important roles in UV-renormalization.
Compare to the SM Higgs case: M Note all finite terms of CJ tree-level are zero while there are terms from
O+ (1) ©0) | v~ (1) 380, .~ (0) JO(€). These higher order terms participate in UV-renormalization.
<qug|qug> <qug|qug> . _<qug|qug>
F R " 22
0) 1 x5 (2) B0, 0 (0) | (1) 51 15435 (0) | v~ (0)
(M qqglM ) <qug|qug) 9 5 M qqyl qug> \ 4¢ B2 <quy|Mq6g>




Distributions @ 700 GeV

140
= NNLO
—NLO
180+ — — 10
120
160 pp— A+j —— NNLO
— NLO
140 mA=”R=#F=70 ] — L0 ; 100+ pp—A+]
7 pt. scale variation é my = pr = pr = 700GeV
— 1207 PDF4LHC15_nn10_3Oﬂ g 80+ 7 7 pt. scale variation
a =)
= 100 <® PDF4LHC15_nnlo_30
o
B S 60
o B ey B : =
e=] ——
60 | 40
40 1 |
20 N E—
J= _
0 —— NLO/LO T T 1 0 T ! - - - - - - -
o 3.00 —— NNLO7/NLO
£ 2.0 o 3.00 = o
= . 1 . —
£ s R s e B
§ 1.00 g 2.00; :‘E’:‘_ !
. & 1.00
0.02
8 0.011 |—CJ/NNLO| '
m—— . ° 0.02
é 0.00 E oo1d = CJ/NNLO w » ‘
1 J r
-2 -1 0 1 2 é 0.00 — f—':‘ﬁ‘:l—'—‘:l#’_‘—i o
A - : s
N 0 20 40 60 80 100 120 140 160 180 200

% University at Buffalo The State University of New York



