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Direct probe of the strength of the top-Yukawa coupling without making any assumptions
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ASSOCIATED HIGGS PRODUCTION WITH TOP

QUARKS

pp — ttH o

oeneeeenl 0, 00
a t

Direct probe of the strength of the top-Yukawa coupling without making any assumptions
regarding its nature

An example of a 2—3 process for which full NNLO results are not available yet
ca. 10 % NLO QCD scale uncertainty @13-14 TeV

One of the most eagerly awaited measurements at Run 2

[Buttazzo et al.”13]
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TTH @ THE LHC

Both ATLAS and CMS observed 2o excesses in Run 1 ATLAS and CMS & ATLAS+GMS

LHC Run 1 -+ ATLAS

in the signal strength 1, =0, /o, o\, _ 5 +ous

—+1c

u —— — 20

l'LVBF —

Run 2: sophisticated analysis methods (event "
categories, multi-variant analysis techniques) for " —
many challenging final states: Ty =

72  multi-leptons + jets (H> WW/ZZ/tT) B

n i
72  leptons + multiple b-jets (H—> bb) HH -
?  di-photons + leptons and/or b-jets (H=> YY) H }
s s e s
Parameter value
ATLAS 2.5+1'3_1.1 2.1+1'0_0.9 ‘0.25+1'26_0.99 SO far’

CMS 2.0%08 -0.19+080 ., 1.9%1> inconclusive



THEORY STATUS

NLO QCD available since some time [Beenakker, Dittmaier, Krimer, Plumper, Spira, Zerwas "01-

‘02][Reina, Dawson’01][Reina, Dawson, Wackeroth’02][Dawson,Orr,Reina,Wackeroth’03] [Dawson,
Jackson, Orr, Reina, Wackeroth’03]

| ~ 20% correction to the total cross section

NLO interfaced to parton showers in aMC@NLO [Frederix, Frixione, Hirschi, Maltoni, Pittau,
Torrielli’11] and POWHEG-Box [Garzelli, Kardos, Papadopoulos,Trocsanyi’11] [Hartanto, Jéger,Reina,
Wackeroth’15] as well as SHERPA [Gleisberg, Héche, Krauss, Schénherr, Schumann, Siegert, Winter]

7 improved description of distribution shapes

NLO EW (+QCD) corrections [Frixione, Hirschi, Pagani,Shao,Zaro’14-’15][Zhang, Ma, Zhang,
Chen, Guo’14]

2  percent level corrections

Top and Higgs off-shell effects: NLO QCD and EW for W* W-bb H [Denner,
Feger’15][Denner,Lang, Pellen, Uccirati’16]

72  small effects for total cross sections, NLO EW corrections can be important in
distributions



STATUS: RESUMMATION

NLL+NLO resummation in the absolute threshold limit, § — A2 = (m, +m, +mH)2
obtained using direct QCD (Mellin space) approach jak motyka, Stebel, Theeuwes’15]

“Approximated” NNLO based on the SCET approach to resummation in the

invariant mass threshold limit s _>Q2 =(p,+p, "'PH)Z
[Broggio, Ferroglia, Pecjak, Signer, Yang’15]

[ Status discussed in the LHC HXSWG YR4 (2016) J




STATUS: RESUMMATION

NLL+NLO resummation in the absolute threshold limit, § — A2 = (m, +m, +mH)2
obtained using direct QCD (Mellin space) approach jak motyka, Stebel, Theeuwes’15]

“Approximated” NNLO based on the SCET approach to resummation in the

invariant mass threshold limit s _>Q2 =(p,+p, "'PH)Z
[Broggio, Ferroglia, Pecjak, Signer, Yang’15]

[ Status discussed in the LHC HXSWG YR4 (2016) J

NLL+NLO resummation in the invariant mass threshold limit, direct QCD
[AK, Motyka, Stebel, Theeuwes’16]

NNLL+NLO resummation in the invariant mass threshold limit, hybrid SCET/Mellin
Space method [Broggio, Ferroglia, Pecjak, Yang’16]

Here: NNLL+NLO resummation in the invariant mass threshold limit, direct QCD
method



GENERAL FORMALISM: 22 DUETS EXAMPLE

[ [
[Contapanagos, Laenen, Sterman’96] [Kidonakis, Oderda, Sterman’98]

Factorization principle
Spou =H, QL,QE,®S5,®J &J,

realized via (valid near threshold) —

W=wc, +we, +w +w +w, | T

7 ~ N 1t/ /

total weight individual weights for each of the
factorized functions, vanish at threshold

)

PIM: c,=c, =1

S H
o




GENERAL FORMALISM

do }
% - Z/daﬁadxb fa/A($39M2)fb/B($ga,L’»2) Qab—ﬂd(wﬂn’ ,LL2, {m2})
a,b

A

dog
UdliI_)kl = Haphi,1s / dw, dwy dws dwy, dwy d(W — cqwa — cpwy — ws — Wi, — W)

wa/a(wCL?Q/Ma cee )Q»Db/b(wba Q/:ua s )Sab—)kﬁl,JI(wsa Q/:UH SR )Jk<wk7 Q/M? SR )Jl(wl7 Q/M? .- )

¥
Laplace transform: F(N)= Qdwe™ F(w)
0
incoming collinear radiation

~ 77Za/a(caj\[762/:u7"')7721)/13(01)]\77C?/:“?"')
Qabsit (N, Q/ 1ty ) = Haposhi 1y — g
ot N, Q) e (aN, Qs ) Fopn(coN, Qs )

) o gab—)kﬁl,JI(Na Q/:ua )Jk‘(Na Q/U? )JZ(N7 Q/:“’? )
soft wide-angle emission outgoing collinear radiation




GENERAL FORMALISM FOR 2-3

Factorization principle holds for any number of jets/particles in the final state
[Kidonakis, Oderda, Sterman’98][Bonciani, Catani, Mangano, Nason’03] but adding one
more particle/jet requires adjusting for

colour structure of the underlying hard scattering: affects hard H and soft S
functions

0 N
( + B(g) g) S( = FT]KS(N)KI_S(N)JLFLI
— soft anomalous dimension

more complicated kinematics: affects H, S (anomalous dimension) and the
arguments of incoming jet functions (coefficients c,, c,)



THE CASE OF ASSOCIATED HEAVY BOSON-

HEAVY QUARK PAIR PRODUCTION

pp —> O0B

Final state with only 2 massive colored particles

72 no final state jets

? color structure same as in the QQbar production



THE CASE OF ASSOCIATED HEAVY BOSON-

HEAVY QUARK PAIR PRODUCTION

pp — Q0B

Final state with only 2 massive colored particles

72 no final state jets

? color structure same as in the QQbar production

= (res)
do ijsklB

dQ?

(N, Q% {m*}, ug, pit) =

=Tr [Hij_}kEB(Qi: {m?}, pd, 18)Sij (N +1,Q%, {m?}, ﬁ%‘:#gﬂ.)]
x AYN +1,Q% g, ) A (N +1,Q%, i, i),



THE CASE OF ASSOCIATED HEAVY BOSON-

HEAVY QUARK PAIR PRODUCTION

pp — Q0B

Final state with only 2 massive colored particles

72 no final state jets

? color structure same as in the QQbar production

Threshold definitions:
v | absolute threshold limit

(my+m, + m5)2

w=b’=1- §—>M*=(my,+m, +m)

S

7  invariant mass threshold limit ( “Triple Invariant Mass kinematics”, TIM)

w=1- (Ps+patps)
s

§_)Q2 =(p;*p, +p5)2

7 1PI, 2PI kinematics...



THE CASE OF ASSOCIATED HEAVY BOSON-

HEAVY QUARK PAIR PRODUCTION

pp — Q0B

Final state with only 2 massive colored particles

72 no final state jets

? color structure same as in the QQbar production

Threshold definitions:
v | absolute threshold limit w

(my+m, + m5)2

w=5b’=1- §—>M2:(m3+m4+m5)2

S

7  invariant mass threshold limit ( “Triple Invariant Mass kinematics”, TIM)

w=1- (Ps+patps)
s

§_)Q2 =(p;*p, +p5)2

7 1PI, 2 Pl kinematics...



ONE-LOOP SOFT ANOMALOUS DIMENSION

(\)
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I
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z
=)
w

singlet-octet n [
colour basis

T Az = (Th(my) + To(mu) + Ur(my) + Uz(mi)) /2
Bkl = \/1 (et om)” Q3 = (Tl(m(k:) + T2()ml) - U1(77(1z) - U2)(mk:))/2
. r 4 . tl:pz‘—ka t2=p-—pl2
T;(m) = % (ln((m2 —1)2/(m28)) — 1+ 7,77) - N o — g Y
Ui(m) = § (In((m? — )2/ (m23)) — 1 + ir) P b (b = i)

A. Kulesza, Associated ttbH production @ NNLL+NLO CERN TH Institute, 12.06.17



ONE-LOOP SOFT ANOMALOUS DIMENSION

Uyg—rB = %s [ ~Cr(Lpm+1) %93
sizglz—octet 2€)3 %(CA — QCF)(LQ,M + 1) + CyAs + (SCF — BCA)Qg
colour basis

__ K°+8 K— Bkl

Lk = S5 ( g (m+ﬂ ) T W) Ag = (T (my) + To(my) + Ur(my) + Uz (my)) /2

Bri = \/1 (m my )” Qg = (T1(m) + T2 (my) — Ur(my) — Uz(mg)) /2

LR tr=(pi —pk)®>  t2=(pj —m)
T;(m) = & (In((m? — £)?/(m?3)) — 1 + i) wi = (pi — pr)?2 s = (p; — )2

_ 1 2 2 N2 /(22 : i J

Ui(m) = % (In((m? — @;)?/(m?8)) — 1 + i)

Reduces to the 2->2 case in the limit p; >0, m;—>0

Coefficients D, ,, 5, governing soft emission same as for the QQbar process:
soft emission at absolute threshold driven only by the color structure )

[ Absolute threshold limit: non-diagonal terms vanish




ABSOLUTE THRESHOLD RESUMMATION FOR

QQB

Colour space basis in which 7, is
diagonal in the threshold limit

!

A(res N) (O N) (N+1) A (N+1) A (soft,N)
Oab—skiB— ab—>le I w—>le IA A Aab—>le ¥
I incoming jet soft-wide angle

hard function H,, SKIBI factors, known emission

1 N-1
—1
lo Agzick];[l; ;= / dZZ 11—~ Dij_mlB,[(OéS(Qz(l — z)2)) D’l]—)le I — BhInO 04_32R6(FII)

0 _

At NLL accuracy Cppy 55, =1



THE CASE OF ASSOCIATED HEAVY BOSON-

HEAVY QUARK PAIR PRODUCTION

Absolute threshold limit

§—>M?*=(m,+m; +m,)’ 1000.00 . . .
' o(pp — Htt + X)[fb]
b=1-M*15 >0
but: {00.00 | \/§ = 13 TeV_

?A  LO cross section suppressed in the .
limit B—>0 as B*due to massive 3- 600.00 L i
particle phase-space SR ‘;*__ _____

?  Absolute threshold scale M away wooo L e TR N
from the region contributing the ---- LO '
most -ooo NLO -

9200.00 L~ NLO-+NLL i

nevertheless: NLO-+NLL(w C-coef);

2  Well defined class of corrections 0.00 L™ = 125 GeV. o =y + mpy /2

which can be resummed [AK, 0.2 0.5 1 2 5
Motyka, Stebel, Theeuwes’15] 1/ ko




ONE-LOOP SOFT ANOMALOUS DIMENSION

_ s | = Cr(Lgu+1) Q3
Fagooms = 20 20) L(Ca —2Cp)(L 1) + Calz + (8Cr — 3C4)Q
singlet-octet 3 5( AT F)( B8kl T >+ A 3+( F = A) 3
colour basis
_ K 4B ( (ff /Bkl) )
Lo = S5m0 (g ) T0m Ag = (T3 (ma) + To(my) + Us(mq) + Un(ma)) /2
Bri = \/1 (ms my )" Q5 = (Ti(my) + To(my) — Ur(my) — Uz(my)) /2
. M e o ti=(pi —pr)*  ta=(p; —m)*
T;(m) = & (In((m? — £)?/(m?3)) — 1 + i) wi = (pi — pr)?2 ()2
] , , 1= (pi — 1) uz = (pj — Pk)
Ui(m) = % (In((m? — @;)?/(m?8)) — 1 + i)
l Reduces to the 2->2 case in the limit p; >0, m;—>0
Absolute threshold limit: non-diagonal terms vanish
Coefficients D, ,, 5, governing soft emission same as for the QQbar process:
soft emission at absolute threshold driven only by the color structure )




INVARIANT MASS KINEMATICS

§_>Q2 =(ps*+ D4 'l'p5)2

Problem: hard and soft functions are now (and in general) matrices in colour space

~ (Tes)
do ij—kIB

d0?

U, 5 (N) = Pexp ! /
L

(N)=Tr [Hij—rHB UsjuB(N) Sijo Uz‘pkaB(N)} AN +1)A7(N +1)

Q/N 4q

i (o (qﬂ))]

Diagonalization procedure r) — RTITOR
[Kidonakis, Oderda, Sterman’98] 1 N
Hr =R H (R_ )

©  oic
leads to, at NLL: Sp = R'SR

_ - /
Sij—ktr 17 (N) = Sijski r17EXP [ff ! ? {lﬁ’; (o (fi'z)) + g (0% (qg)) }]

where A\’s are eigenvalues of the one-loop soft-anomalous dimension matrix



INVARIANT MASS KINEMATICS CTND.

Extending resummation in this kinematics to NNLL requires:
7 Knowledge of the two-loop soft anomalous dimension
7 Amended treatment of the path-ordered exponential to account for it

72 Knowledge of the one-loop hard-matching coefficient



INVARIANT MASS KINEMATICS CTND.

Extending resummation in this kinematics to NNLL requires:
72 Knowledge of the two-loop soft anomalous dimension
7 Amended treatment of the path-ordered exponential to account for it

72  Knowledge of the one-loop hard function H,

Qv Qg 2
Cyoan = | (%) 10+ (%) 00 4|
s s
v/ Soft anomalous dimensions known at two loops for any number of legs [Mert-Aybat,

Dixon, Sterman’06] [Becher, Neubert’09] [Mitov, Sterman, Sung’09-’10] [Ferroglia, Neubert, Pecjak,
Yang’09] [Beneke, Falgari, Schwinn’09], [Czakon, Mitov, Sterman’09] [Kidonakis’10]



INVARIANT MASS KINEMATICS CTND.

Extending resummation in this kinematics to NNLL requires:
7  Knowledge of the two-loop soft anomalous dimension
72 Amended treatment of the path-ordered exponential to account for it

72  Knowledge of the one-loop hard function H,

Q/N 4
?qrz'j%kiﬂ (o (‘-12))] Lij—up =

(&) (v ]

Perturbative expansion [Buchalla, Buras, Lautenbacher’96] [Ahrens, Neubert, Pecjak, Yang’10]

U, uun (N) = Pexp ! [
o

_ 3()
r N2 2y 2,2\ _ (s (QQ/NQ) Qs (ﬂ%) o _ Os (ﬂ%)
UR(AHQ ,{?R }3 HEs P:R) - (1 + T K g (QQ/NQ) 1 . K
D
(2)

b (PR ) (1) (1) (1)
Kry= o A\D2L L] A Z{Al oy A }

9B arhy A D) b

eigenvalues of 1%/



INVARIANT MASS KINEMATICS CTND.

Extending resummation in this kinematics to NNLL requires:
7 Knowledge of the two-loop soft anomalous dimension
7 Amended treatment of the path-ordered exponential to account for it
A  Knowledge of the one-loop hard function H,,
needs access to colour structure of virtual corrections

currently approximated by introducing an overall one-loop hard coefficient C¥/
with virtual contributions to C) extracted numerically using publicly available
POWHEG implementation [Hartanto, Jidger,Reina, Wackeroth’15]

45(NNLL)

ij—+kIB Qig 1
.,;QQ N: Qg'.' {mﬂ}: f-’:%':' l‘-’:gﬂ) — (1 + (P:R) CE(_?LHB (QE? {m2}1 l"’:%' FLER))

x Tr | o (Q2 {m?}, 1) Ur(N + 1,07, {m?}, Q% 1) 8
x Un(N +1,Q% {m?}, Q% p) | A'N +1,Q2 ud, ud) AV (N +1,Q%, i 4i3)



RESUMMATION-IMPROVED NNLL+NLO

TOTAL CROSS SECTION

NNLL resummed expression has to be matched with the full NLO result

/ Cmp+ioco dN
match — N+1 N+1
Attt = Y [ el

27m
ij=q,q,g ¢ CMP 100

~ (res,IN ~ (res, N
<[l dmh ety — el Um?y )

NLO:|

\ + O—llleh(;Hkl(pa {m2}7 :u2) ) /

Inverse Mellin transform evaluated using a contour in the complex N space according
to 'Minimal Prescription’ [Catani, Mangano, Nason Trentadue'96]



NUMERICAL RESULTS

NLO cross sections evaluated with aMC@NLO [Alwall, Frederix, Frixione, Hirschi, Maltoni,
Mattelaer, Shao, Stelzer, Torrielli, Zaro]

Mellin transform of the hard function, including leading order terms, taken numerically
Pdfs: PDF4LHC15 100 sets

Total cross sections obtained by integrating do/dQ? resummed in the invariant mass
kinematics over Q

Results for two central scale choices: puy =z = Hup = Q, Ur = Ug =4, =m,+m,/2, covering a
span of relevant scales

Theory error due to scale variation calculated using the 7-point method, based on the
minimum and maximum values of results for (ug/uy 1z /Uy )
=(0.5,0.5),(0.5,1),(1,0.5),(1,1),(1,2),(2,1),(2,2)



NLOVs. NLL o

1000.00 — . 1000.00 I —
o(pp — ttH + X)[fb] po = M/2 o(pp — ttH + X)|[fb] po = Q
800.00 |- ] 800.00 | i
600.00 600.00 L
400.00 400.00
200.00 200.00 ---- NLO i
NLL|NLO (W C) NLL'NLO (W C)
""""" NLO (no qg) VS =14 TeV 0.00 NLO. (no qg) | \Fsl =14 TeV
0'000.2 05 1 5 5 0.2 0.5 1 2 5
1/ to — _ 1/ ko
Ur=Up = U

gg channel quite significant numerically, especially in the context of the scale dependence
—> appears first at NLO, i.e. suppressed w.r.t. other channels, no resummation performed
for it

NLL,y. o agrees well with NLO w/o gg channel - approximation of hard-matching
coefficient by the colour-channel weighted average works well



INVARIANT MASS DISTRIBUTION

SARE
0 a(pp — t{H + X )|fb per bin| fy = Q 0 7PP — tiH + X)|fb per bin| py = M2
TALN b . | ] L -
- o1 B
E SN 4
H 10.0) A
-4 RN o

. 1A

2. = 4 0.0
wok e L—‘—L"i 10.0

‘ N1 +NNLL VS=14" 'KCJ N1 +NNLL VS = 14 TV
L) py - - T - 1) - - T -
1.20 b 4 T | et |
1.00 1.00
080 L L . 1 L 1 080 L : 4 L 1 .
06 60K TOO SO0 SO0 1000 1106 1200 A6 60K TOO SO0 SO0 1000 1100 1200
QGeV| Q|GeV|

NNLL+NLO distributions for the two scale choices very close, NLO results differ visibly - Ky,
factors also different

NNLL+NLO error band slightly narrower than NLO (7-point method)



INVARIANT MASS DISTRIBUTION

alpp — ttH + X)|tb per bi

a(pp — tH + X)|fb per bin| bin| pg = M/2

). - 1
10.0) - .
RN 4 H

e ‘NLO e NLO+NNLL (ps0

1001 10.0
NLO+NNLL NLONNLL (po = Q o e I T 7

: \ ‘ VS = 14 Tel VS = 14 Tel

L) py ” - - T O P ' y T T T T T T T
Fx AN TXJTNLOSNNLL oy =Q
1.20 et—— — 1.20 F 4 o
1.1 1.0
.80 L 4 5 ! ! .80 L 4 1 1 1 ! 1 1 \ 1
SO0 600 TOO O SO0 %D 06 60K TOO SO0 SO0 1000 1100 1200 00 1000 1106 1200
Q|GeV| Q|GeV|

NNLL+NLO distributions for the two scale choices very close, NLO results differ visibly - Ky,
factors also different

NNLL+NLO error band slightly narrower than NLO (7-point method)



TOTAL CROSS SECTION

VS [TeV] po NLO [fb] NLO+NLL[fb] NLO+NLL with C [fb] NLO-+NNLL[fb]
+11.9% +9.87% +8.4% +8.0%
B2 e Y e L o
. L0050 L0 20
vy w0t ol ori 00
M2 499754 504 s 504 15 590 ¢ 63
70000 . . . .
gso0.00 | ot n=M/ alpp — tH + X)iib] | Compared to NLO, remarkable stability of
st | e SN NLO+NNLL
OLOO F o b= 0Q .
»0.00. 1 } | s ONLO4+NNLL = 497F7 74+ 30% b,
S00.00 F | | ) ﬁ. :
o.00 L i&; i F 4l i Stability improves with increasing accuracy
T ) 4 ' of resummation
100.00 | E
350.00 b ‘ VS = 13 TeV Reduction of the theory scale error
A * : : “Best” NNLL+NLO prediction in agreement
Z Z # 2 with NLO at u, = M/2
Z = > Significant effect from the hard matching
a coefficient

NI



SCALE DEPENDENCE OF THE TOTAL CROSS

SECTION

Hr=Hg = H
800.00 —— | . 800.00 —— .
200,00 | o(pp — tH + X)[fb] Ho = Q] 700.00
600.00 - 4 600.00
500.00 F=eem 500.00 £
400.00 | NI 1 400.00
300.00 | T 300.00 | §
200.00 -7~ NLO 4 200.00 L=~~~ NLO |
--------- NLO+NLL w-e-eme- NLONLL
100.00 —-—— NLO+NLL (w C) - 100.00 L ——— NLO+NLL (w C) i
NLO-+NNLL VS =13 TeV NLO+NNLL VS = 13 TeV
0.00 L | L L L , R B | 1 . .
0.2 0.5 1 2 5) 0'000‘2 0.5 1 9 5
1/ ko 1/ 1o

For u, = Q, decrease in scale dependence with increasing accuracy. NLO+NNLL scale
dependence in the p,/2 - 2u, range of order 1%.

For u, = M/2, mostly similar behaviour. The rise at the small scale due to (unresummed)
contributions from the gg channel



SCALE DEPENDENCE OF THE TOTAL CROSS

SECTION

I 4
He= Ho=Q Hg = Ho=Q

1000.00 S 1000.00 —— ,

o (pp — HEH + X)|[fb] o = Q o(pp — tEH + X)[fb] o= Q

800.00 + - 800.00 -

600.00 F 600.00

400.00 400.00 | -
- —--- NLO ---- NLO
200.00 f-------- NLO+NLL - 200.00 | -------- NLO+NLL i
—_— NLO+NLL (w C) ——— NLO+NLL (w C)
NLO+NNLL \@ — 14 TeV NLO+NNLL \/g — 14 ToV
0.00 — ' F— 0.00 PR E R L P—
0.2 0.5 1 2 5 0.2 0.5 1 2 5
KR/ 1o [F /o

Apparent cancellations between u, and u, scale dependence

No significant change in dependence on u, while increasing the accuracy: __- 7-point
a, running effect method

Ur dependence modified by the hard-matching coefficient




SUMMARY

Applications of threshold resummation techniques to the class of 2->3 processes
expected to lead to interesting phenomenology and improved precision of the
predictions

Current knowledge makes it feasible to develop such applications of the standard
resummation approach at NNLL accuracy, at least in the invariant mass and absolute
threshold kinematics

Application: NNLL+NLO predictions for the process pp — ttH calculated in the 3-
particle invariant mass kinematics

Remarkable stability of the NNLL+NLO differential and total cross sections w.r.t. scale
variation; improving stability with growing accuracy

Reduction (albeit small using the 7-point method) of the theory error due to scale
variation



