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Introduction to ttH production

e First observation at the LHC: CMS, 1804.02610; ATLAS, 1806.00425
e Current Exp. acc. ~20% e.g. CMS, 2003.10866; ATLAS, 2004.04545
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Introduction to ttH production

e First observation at the LHC: CMS, 1804.02610; ATLAS, 1806.00425
e Current Exp. acc. ~20% e.g. CMS, 2003.10866; ATLAS, 2004.04545
Vs = 14 TeV, 3000 fb™ per experiment
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Introduction to ttH production

e Theor Broggio, et al. JHEP 03 (2916) 124 LO: 378. 7t§21;§%>
e.g. Beenakker, et al, Phys. Rev. Lett. 87 (2001)201805 QCD correction:
° Reina, et al, Phys. Rev. Lett. 87 (2001) 201804 . +9.4%
NLO QCD Frixione, et al, JHEP 06 (2015) 184 NLO: 474.8-100%
e« NLO EW Kulesza , et al, JHEP 03 (2016) 065 NLO + NNLL: 486.4"5:3%
Ju an.d Yang, JHEP 06 (2019) 050 (NLO e NNLL) NNLO®xp. 4892 . ﬁZfi%
* NNLL resummation Frixione, et al JHEP09 (2014) 065 NLO EW: ~1.8%
e Toward NNLO 13 TeV

e Off diagonal channels at NLO: less than 1%  Catani, eral fur. Phys. J- C81 (2021) 491
eg.qg—ttH+q

e Diagonal channels at NNLO: the quark-initiated N;-part Agarwal, et al JHEP 05 (2024) 013

5 minutes per phase space point in the bulk region, See talk by A. Olsson
slower in the high energy region.

Approximation method!
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Introduction to ttH production

e Approximation at NNLO

e Soft Higgs approximation Catani, et al. Phys. Rev. Lett. 130 (2023) 111902

M{p:}, k) = F(m,) Zp’:rf’tkM({pi}) 253 = 239

o [pb]| +/s=13TeV |4/s=100TeV
oLo [0.3910T313% 12538 F2 1%
onLo |0.4875 J_rg:?é 36.43 J_rg‘_%g

onNLo |0.5070 (31)19-9% 137.20(25) 915

See talk by C. Savoini.

. ngh energy limit GW , Xia, Yang and Ye: JHEP 05 (2024) 082
s (), fm)) =TT (257 ((m) " S({p}. ) [mmstes (o)

(]

Massive amplitude =  Massless amplitude
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Factorization in the high energy limit at LP

hy (p17m1> + hy (p27m2) — hs (P37m3> + hy (P4,’m4) +"'+hn+2(pn+2amn+2> —I—X({px},{mx})

. .. 9 . . Mitov and Moch: JHEP 05 (2007) 001
 High energy limit: [s;|>mi, i+ GW , Xia, Yang and Ye: JHEP 05 (2024) 082

(), ) = T (2 m)) ™ SCph o) [MO=(1ph) i =g, @, g

e Up to NNLO S{phimp) =1+ (o) > (1T 38 md) + O
Z9) ZE0({m}) =1+ Z(E) Zfy
2= 2 N
h
00" "0 0 0

2 =2 28"
4
2= (Z0)"+ gt nd T2+ 55 2
h
> 2%

h#Q
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Factorization in the high energy limit at LP

e Determine soft function and Z-factor:

e gg-vector vertex Fyocmg

1 .
' (p1,po) = Fi(s,mg,mp) v* + 5, (s,mg,mi ) i0"™ (pr+ pa) .
Q

PO . 1 1 1 1
IR @m T @m T —m 1" T —mE1® [+ k) 1% [+ ko — p)® —mE] " N
" (-4%)" 1 1
[(k1‘|‘k2‘|‘p2)2_m22]a5+y[(kl_pl)z]a6[(k1‘|‘l72)2]a7, y y (1 0.0 1)
[ = — — n —n — ) Y Y
e Light-cone coordinate n»n/=n7=0, n;-n,=2 W_nlu_ (1.0.0.-1)
— 12 — y Yy Y
* Region expansion hard:k* ~+/]s], CwmE
: _ , ¢"=q 5 Ta 5+
n; collinear: (n; - k, m; - k, k) ~/|s| (A%, 1, A),
soft:k* ~1/|s| X. A= 1
. VI3l
cc: (ki +ky+p)?—mi—mn-(kit+k)n-py, (ki+p)>—n-kin-ps
9
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Factorization in the high energy limit at LP

e Determine soft function and Z-factor:

Py
* gg-vector vertex Fyocmg
_ 2 . v
F’“‘(pl,pz) —F1(37m627 )’YM"‘ QF2(3 mQ7 h) 10" (p1‘|‘p2)y
[ = e [ dk, 1 1 1 1
w=H 2m)* @2m) " [k —mg]1™ [k —mi 1™ [(ki + ko) * 1™ [(ki + ko — p) > —miP]™ e
(-a%)" 1 1 I
[(ki+ko+p2)2—m3 ] [(ki—p) 2] [k + p2) 21" mq
2\ 2 -2 2 bare s o\ p2\2%(1 p? 4 20 112 4¢
F&ree (s,m3,m )_CFTF<mh> (%+lnf—s><$——+ll2+%> P (samQ’mh>_CFTF<m_3> <_+lnm_g><_ﬁ+§_7_72>
2\ 4 1[4 8 8¢, M_zzfl_i{ ] [2_@ 212 64
+CFTF<::L_C22> {—g—g{g—gﬂ(ow)]—z{ : +—+ H(O,O,l‘)} +CFTF(m5> {36 € ty H(O D=el3 T g HOD
80 406, (203 40x 1652
_4C9(3)_(203:v P ><2 40x 22(1)4+<4%x +8§2_22274>H(0,x) —?H(0,0,x)—i-]— 93—< 5 — 360+ ><2 21
40> 16¢ 16 112 20z° 88
—(2%’” —12z —%)H( 1,0,2) — (2%“" —12z +88)H(1,0,x)—&H(0,0,$) +< 9 _TZ_F)H(O z) — =5 H(0,0, )_< g 1% _?>H( 1,0,2)
2023 88
—|—?H(O,—1,0,:15)—?11(0,1,0,:1;)}, —( 5 —12x+?>H(1,0,a:)—|—?H(O,—1,0,m)—128H(0,0,0,m)

16
z— 0: divergent, x— 1: finite ‘_H(OJ’O@)}
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Factorization in the high energy limit at LP

e Determine soft function and Z-factor:
Zt = F2> (s,mg,mi) + Fie2 (s,mg,mi)
+ZDM [FPe (s,mG) + FY%Pe (s,md)] + 2§ — Cr 8P (s,m7)
Z%}] 0= Z%]’h z—1
Z@&h = FEre (s 0,m2) + F{22 (s,0,m2) + 2P — CprS® (s,m}),
ZAh=F20 e (s ml) + F2:2 (s,mp) + 2P —C, 8P (s,m?),

gg9,cc gg,cc

2\ 2e
e Soft function: S®(s,m?) =T (%) (—% + 3—2 — 12172 43C2>ln —
h h

2 1(4, p* 8 1(4. p®> 65
(2),Q — —= il — = - = _
« Z-factor: “© —CFTFL?, + <31n e 9> + <91n 5 — 57 — 26

€

Q Q
4w 2 (274 16@) 5107  70(, 443}
oz Tz (97 T3 m5+ 162 9 9

 Validation: full form factor, top quark pair production and IR structures.
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ttH production in the high energy limit

* The partonic processes: :

g5 (1) + qa(p2) = 6. (ps) + t,(ps) + H(ps) 5 g
90 (p1) + 95 (p2) — te(ps) + ¢, (ps) + H(ps) q

e UV and IR singularities: 52@3 = (2‘72292 +0;292y) g
pi=p;=0, ps=pi=m;, ps=my

2 YE - 6/2
IJJ . ) Zq,gZQ ‘Mbare(asagYamgae)>

‘ng s, gy, Mg, U, € )> — (

qul(é m, /L |M aSaQYamtvua E)> = finite.
1),sin _ 1 0
M8 = 20 M),

yee) = |2 = (203) | i) + (243 )

poles

Chen, Ma, GW , Yang and Ye, JHEP 04 (2022) 025
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ttH production in the high energy limit

e The partonic processes:  4s (P1) + qa(p2) = te(ps) + t.:(pa) + H(ps),

e Massive cases: Ga (P1) + G (p2) — Ty (PS) + tl(p4) —+ H(p5)

M(l > c qu c ® ’d§,g> |df>: 28
‘ Z ! ‘ |df>: 40
R;q,9 __ (Dq_;) dP9| & (99 R DLI — [ 99|49
ri Z< 9.9 4 > [< @ (€] ‘Mq,g>] i —< |7 >
 Massless cases: ! ir): 14
‘Mffg> =D& |ct?) @ |df > dr): 20
I
~1%q.9 (Dq’;)ij 74,9 09| AR D%I — <J€1»9 Jq’9>
0= 5 g o el 1= (el

J
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ttH production in the high energy limit

e Amplitudes in high energy limit:

[ Massless ]\Mgg(e,{p},mmmmm)Z{q""j;fke,mm)z[&’j”“)(mt,m
scheme ~ ~R:q,9 | 9,9 19,9
X S(E?{p}gﬂlt,ﬂ)chi |Cf ) & |d1 )

I

Mf,g (E? {p}a mg, mp, ,UL)> — Z[E;:’;‘]D)(E? my, }u) Z[(T‘O) (E& mi, fi)

Massive
scheme R X
(e, {p}, me, Zc 9|19 ® |di)

e Squared Amplitudes:

(ME|ME ) (Mgl Mgy <Mff M£g>
(TR () ()
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ttH production in the high energy limit

e Calculation of massless form factors:
‘Mfg (E‘) {p}a mg, My, ,u)> — Z[E;EHO) (E‘) mt, ‘U,) Z[%HW) (Es mi, jJ))

(e 4B} e 1) D JE | ) @ |d2)

]jfl 0 ]_jb,O‘o ﬁ ]:_)‘d’o'o " /(<

L ( 1)

2 (i +p1)? (L — p1)? (L — p1)? (I1 —p1) :

3 (h4+pi+p)? (h—pr—p2)* (h—p1—p2)° (lL—p1—p2)? ; ;

4 (h—ps—ps5)?* (Lh+pi+ps)? (lo)? (I2)* ) P (b HE

5 (l2)? (I2)? (lo+ps+p5)? (l2+ps+ps) :

6 (la—pa—ps)® (la+ps) (I2 + ps)* (l2 — p1 — p2)* , ” -
7 (la—ps)? (L — l2)? (I1 — lo)? (Iz + ps)° - z

8 (i —ly)? (h—la+p)? (LL—la+ps)? (L —12)? _!
9 (I —ps)? (la — p1)? (Il + ps)* (lh — Iy + p3)? ’ ,

10 (la +p1)? (I —p1 —p2)*  (la—p1)? (I1 + ps)?  bp @

11 (b+pi+p2)? (b+pit+ps)? (o—pi—p2)* (b=p1)> D Chicherinand V. Sotnikov, JHEP 12 (2020) 167
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ttH production in the high energy limit

0 [ T T T ] 0 - T T T -
—5F ] _st _
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ttH production in the high energy limit
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ttH production in the high energy limit

1400 |
1200 |
—~ 1000 _ —1000 F
| - 9 — ™ B
. e for qgq NNLO | -
E 800 F , _ % —2000 |
= A —e— Semi-massive = [
3 600 ¢ —e— mMmassless “?g —3000
400 ¢ —4000 F
200 | ;
[ —5000 F
0- 1 L " 1 1 1 1 1 L 1 1 1 M 1 1 1 N - !
0 5 10 15 20

V12 (TeV)

e® for gg NNLO
—e— SEmi-massive

—e— Massless

10 15

Vs12 (TeV)

03 =147/29 , ps = 347/29,05; = 157/29 and g5 = 20 @5 max /29
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Toward the high energy limit at NLP

e Region expansion in the high energy limit beyond LP

Hoeve, Laenen, Marinissen, Vernazza and GW
JHEP 02 (2024) 024

g ngh energy eXpanSion See talks by, e.g., H. Zhang, K. Schonwald, R. Groeber.

* Mssive quark form factor in QED QQ— "

e Factorization at NLP in the high energy

o 1 . Q % "
Massive quark form factor in QED Q@ —~ Laenen, et al, Phys. Rev. D. 103 (2021) 034022

coll = [(H J <f>> H;) %JF Z (H J (f)) [Ty @ Hipy + 7oy @ Hiroy] S

i=1 \j+#1

Lp + Z(H J<f>>=7<fw>®H(fw> S+ Z(H J(f)>J(ﬁf7)®H(ﬁ7‘> S

i=1 \j+#1 JjF

+ > ] 36T T @ Hiyi S
1<i<j<n k#5,j o (ml0) 1/2 sl
‘Mmdbbl\’(,({p}’ {,m})> — H (Z[J] ({m})) S({p}, {m}) Amass Lbb({p})>

See talk by R. van Bijleveld

GW , Xia, Yang and Ye: JHEP 05 (2024) 082
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Summary and outlook

e The factorization in the high energy limit at LP.

» Two-loop amplitudes for the production of a Higgs boson associated with a
top-quark pair in the high energy limit at LP.

e The factorization or expansion in the high energy limit at NLP

e Resummation in the high energy limit at LP for ttH.

e Combing the real correction with our two-loop results to present the NNLO
contribution to the ttH.

 NLP factorization effect in the high energy limit to a process at the collider.

Thanks!

22



Introduction to factorization

] u 2
* Power counting and method of region . S— O<i> hard:l ~ m,

1
(l‘|‘P1)2_mt2

e Higgs Effective Field Theory

mt%OO

e Soft-Collinear Effective Field Theory

nf:ﬁg:o, n, n,—2 \ — m
VAE;
hard:k* ~/|s|,
n; collinear: (n; - k, m; - k, k) ~4/|s| (A%, 1, \),
soft:k* ~+/|s| A.
: 1 1
‘ A+ p)2—m? TR + O(\?) n,collinear
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Factorization in the high energy limit at LP

e Hich limit: 5 . , Mitov and Moch: JHEP 05 (2007) 001
1gh energy limit: |[s;|>my, i % j GW , Xia, Yang and Ye: JHEP 05 (2024) 082

(ol (m)) = TT (257 () Stiwh tmh) M=) i=¢, Q, g

e In QED case (Bhabha scattering at NNLO): secner and melnikov: #2706 (2007) 084
SUp}{m}) =1+ > §S(s,m?)

1=e€, [

ddk P11 P2 .
55 (s,m?,N;,) N, (4may) @) (5 k) (ps- k) K2 i I1(k*,m})
2 2
_ 2 -4e Q_ . ]- 5 . 7 . T >
= Niagm, 1n<m3> ( 12 T36c 27 72 TOO),

8 Not a complete region expansion\

* Dependence on the external mass

P T p2

\* Invalid for massless external legs/, [ Rapidity divergence]
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Factorization in the high energy limit at LP

e Determine soft function and Z-factor: GW , Xia, Yang and Ye: JHEP 05 (2024) 082

A

* Gluon scalar form factor = Lu.=-{ HGI" G\ — F,= ProP2 = ProuPow = ProPop puw

2(1—¢)

Ty =n" dh b, 1 1 1 1 If. }Eme/ dk, dk, 1 1 1 1
{a) = 2m)* 2m)* [k —mi]1™ (k3 —m2 1™ [ (ki + k) 21" [ (ki + ko — p1) 21" @M m) k21" [k —p— p2) 21 (k2 —m21™ [(ka + p) > —m2]™
o 1 : X 1 1 1

[yt 2) "1™ [0 — ) > =)™ [+ p)* —mi]” [ k)= mi]™ [+ ko= )" = mi] ™ [k )71
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Factorization in the high energy limit at LP

o H h 1 . 5 . : Mitov and Moch: JHEP 05 (2007) 001
lg energy 1mit: |3ij| > My, 1 F g GW , Xia, Yang and Ye: JHEP 05 (2024) 082

s fm)) =TT (257 (D) S} (m [Mm==(p)))  i=4g, Q, g

° Top-pair production at NNLO: Czakon, Mitov and Moch: Nucl.Phys.B 798 (2008) 210

- i 8 fr § 1\ 1\ U\ p—
. [" — (_l)u(_s)—u72£+4 , l—I .'- _m_ _m_ _m_
* 8-fold MB representation [ T G o) (59 E;
x(—z3)[(—z4)0(—z35)T(—z6) T (—2z7)0(—z8 )T (—z2 +z4 +z5)T(z1 + 22 + 23 + 26)
x(a+2e—z1+z74+z3 =)z 423 —za —z5s+ 23 +a1)T(z5 + 28 +aa)T(z7 + 28 + ap) e

xI(=2z) — 229 — 223+ z4 +25 — 2z +a7)[(zp —z5 + ag)[(—e —zg —a13 + 2)
x[(—e—z6 —axu+2)[ (=221 —z2 — 23+ 24 — 226 +arg) Q0 00 Q0 e
xD(—&4z1 +2+23 — 24 +26 — 27 — ase7s + 2)T( =2+ 21 — 23 — Q1234678 +4)

xI(—2e421 25 — 27 — 23 — a1245678 +4)

[Not contribute at LP? ]

xT(=2e+z) +23 423 —z4 — 25 — 27 — 23 — dj3a5678 + 4)

0.0 000 Q fmmm
x (r(—a—ss—:ﬁ+6)r(—2:| — 23— 223+ 24 — 226 + ar8)T(— 26 — 226 — a1234 + 4)
xI(=2e421 422 +23 — 24 — 27 — ar3se78 +4)
xD(—2e+21 +22+23 — 24 — 27 — a2as678 +4))_1-, [ ! ! \
4 m )
S
2\ 4 2¢. 4¢.
e 55
m@m m;Fm}? ac — et e
=7, ' T
(4(3 +0,m=0)=A(s#+0,m=+ 0)|LP) Qour-photon scatterl@
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ttH production in the high energy limit

e Phase space point:

o A/ 512 T =
pl — 2 (170707 ]‘) ’ ﬁl — ;12 (1’0’0,1)T
A/ S12 =
P = 1,0,0,—1
2 9 ( ) ﬁ _ ;12 (1,0,0,_1)T

3
w
|
H‘l\D
_|_
=)
LW
)
w
[0}
i
=
D
w
.
=
<
CJO
r-Q
w
&,
=
D>
W
Q
o
n
S
&
)
w
Q
o
wn
>
w
\__/

T
73, 3 Sin 93 sin gbg, g3 sin 93 COS qbg, g3 COS 93) :

Py = (\/ m? + g3, qa sin 04 sin ¢4, q4 sin 04 cos P4, q4 60894> ,
T
ps = (\/qg +m2;, g5 sinf5,0, g 6086'5) ,

| Massive | U[ Massless ]

S19 = S12, 0, =0, and sz — sz

~ ~ ~ ~ ~\T
( ~4 sin 94 sin @4, 64 sin 94 COS §b4, 64 COS 94) ,

T
g5 Sin 95, 0, g5 cos 95) :
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ttH production in the high energy limit

(MJ? (TeV )

T T T T T T 0 T I T T T T
_50- - L
- —2000 F -
—100 ' 7 cﬂ_\
% et for gg NNLO
—150 e for qq NNLO i £ —4000T —e— exact T
[ —e— exact ] Ng —e— Semi-massive
[ —e— Semi-massive ] — —6000 —e— Mmassless
—200 1 —e— massless )
1_15::::.:: ............
P aggessesesme————=----=--ooon)
S 08 A
m 0'7 ;_/'..' 1
0.0 0.5 1.0 1.5 2.0 2.5 3.0

S12 — 5 TeV, ¢3 — 347'('/29 3 65 — 157T/29 and ds — 20 q5,max/29
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ttH production in the high energy limit

-20F

MJ? (TeV ™)

—100 F

—40 f
—-60 |

—-80

—120

et for qg NNLO
—_— exact
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- massless

12/09/2024

S12 — 5 TeV,(93 — 147T/29 , ¢3 — 347'('/29,05 — 157T/29 and ds — 20 q5,max/29

[M]* (TeV ™)

50

=50

—100

—150 |
—200 |

—250 §

Two-loop QCD amplitudes for tt H production from high energy limit

s el for gg NNLO N
—— exact ]
—— semi-massive 1
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Factorization in the high energy limit at LP
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Factorization in the high energy limit at LP

e o) ) = [T (27" 1) Ste 0 ) (e o)

 Validation by IR pole
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Collinear divergences:
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Toward the high energy limit at NLP

e Massive quark form factor in QED QQ—+"

e Left hand side Hoeve, Laenen, Marinissen, Vernazza and GW : JHEP 02 (2024) 024
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Toward the high energy limit at NLP

e Massive quark form factor in QED Q@ —~

e Left hand side Hoeve, Laenen, Marinissen, Vernazza and GW : JHEP 02 (2024) 024
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Toward the high energy limit at NLP

e Massive quark form factor in QED QQ—+"

° Right hand Side Bijleveld, Laenen, Marinissen, Vernazza and GW : on progress
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