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Multi-differential Higgs spectra

» Kinematic distributions of Higgs and QCD radiation in gluon fusion sensitive to potential BSM
effects.

» For instance: Higgs transverse momentum may be used to constrain models with heavy
states such as top partners (santi, wartin, sanz, 130s.47711, modifications to light Yukawa couplings

[Bishara, et al., 1606.09253], ...

» Higgs events experimentally categorised in jet bins: prospects for precise measurements of
kinematic Higgs distributions in different jet bins

» Need good theoretical control of Higgs spectra at the multi-differential level, over the entire
phase space: focus on Higgs transverse momentum with a veto on accompanying jets.
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Direct-space resummation

» Multiple soft/collinear QCD emissions require resummation, to accurately describe the low-p;
end of the spectrum

» Tackling resummation of observable V in direct (i.e. momentum) space, as opposed to
conjugate space, allows

* clearer interpretation of dominant dynamics of the V — 0 limit

* access to exclusive kinematic information on radiation

» Avoiding conjugate space possible if V recursively IRC (rIRC) safe (santi, salan, zanderigni, o1121s6,
osos148, 04072861, allowing exponentiation of leading logarithms.
CAESAR/ARES method (santi et a1., 1412.2126, 1607.03111, 1807.114871  — Andrea Banfi’s talk

» CAESAR/ARES not including observables with azimuthal cancellations, like Higgs p; in gluon
fusion — RadISH.
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Higgs in gluon fusion at small p;

> Left. Commensurate emissions’ transverse momenta k;: my > max(kg) = kit ~ pi.
Exponential Sudakov suppression of (pf < pt") at small p{".

» Right. Large azimuthal cancellations: my > k> pf.
Power law X(pf! < pfV) ~ (V)2 at small P}V tarisi, petronsio, 19791 dominates over Sudakov.

pp->Z (onshell), 13 TeV - ug = e = My, Q = xQ'my (NLL)

NNPDF3.0, xQ=0.5 ——
NNPDF3.0, xQ=1.0 ——
NNPDF3.0, xQ=0.25
5 PDF4LHC15, xQ=0.5

<K, hardest> [GeV]
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p?[GeV]  Figure credit: P.F. Monni
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Higgs production at small p;

> Left. Commensurate emissions’ transverse momenta ky: my > max(ky) = Ky ~ ptH.
Exponential Sudakov suppression of X(pf < pt') at small p{".

» Right. Large azimuthal cancellations: my > ki1 > pl'.
Power law (o' < piV) ~ (piV)? at small P}V trarisi, retronzio, 19791 dominates over Sudakov.

» All configurations accounted for in direct space in the RadISH approach monni, re, p1, 1602.021911,
[Bizon, et al., 1705.09127]: p;‘ up to N3LL.

» Method applicable to generic colour singlet, not only Higgs, (sizon et a1., 1805.05916, 1905.051711 and
all transverse observables (pg, #5 Et, ...), and extendible to more complicated ones.
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RadISH resummation in one slide

SV <v) = /dch V(%) Z/H[dk,-]\M(k1,...,kn)|2 O — V(ki, . kn))
n=0 i=1

> Introduce a slicing parameter ek;1 .
Emissions categorised as unresolved (or resolved) if k; < ek (Or ki > ekiq).

» Unresolved contribute negligibly to V (rIRC safety), exponentiate and regularise the virtual
form factor V(®g5) = Sudakov radiator R(ek:1)

oo n
V(<:>B)Z/]‘[[au<,-]m//(k1,...,kn)\ze(ek,1 — ki) o e Plekn)
n=0 =2

—R(kt) = Lig1(aslt) + go(asly) + %QS(OCSLI) 4 Ly =In(Q/kt) -
LL NLL T

» Resolved emissions parametrised in terms of R'(k;) = dR/d In(Q/ k).
Expand ek;; and k;; around k; to eliminate subleading effects.
Retain subleading terms only for 0, 1, 2, ... emissions at NLL, NNLL, N3LL, ... .
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Higgs pr at NLL

> Resummed cross section for Higgs transverse momentum pt below a certain value p}".

> Ly =In(mp/ku), L =NLL luminosity, pf({k}) = | 3 Kyl

> dkyy d d
Ta(pf < pfv) = /0 ﬁ%m {— e Aneltd Ly (Lyy )] X
0o f7+1 K1 dks deb n+1
Rl (L) / i i Ri (L) © - Ki
X € an » K 2r L(Lt1) ©(pFY |Z 1)
= [dz

» Generated as a k;-ordered (semi-inclusive) parton shower.

NLL: resolved emissions are soft and
strongly ordered in rapidity/angle

ek,

71
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Higgs pr at NNLL

o dky dgp d _ Bl
H HVY n Co1 _% [ o= Annee(L) HY )
Tane(pf < ppY) = /0 ke 27 /dz{ di; [ e § ENNLL(LH)]@(Pr \?:1 krj|)

> Luminosity Lyn. With O(as) coefficient functions, radiator Ryyy . with O(aQLfﬂ) terms.
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Higgs pr at NNLL

> dkyt doy d A
H o VY — — e~ Annee(Ln) HY K;:
v (P < pY) /0 ks 2m /dZ{ din [ e L (L )] e(Pt \/E:‘ kt;|)

k;
+97R’VLL(L“)FI£L(/(”)/ t dkis dos [(
0

L L
ke 2m > et ( n)}

W n41 - N B W n41 -
X e(Pt |Zkt/+krs|) @(Pr ‘Zktj‘)
J= j=1

» Correction of (only one at NNLL) in the resolved ensemble (finite in d = 4)

ek,
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Hardest jet p; at NLL

> Observables pj({k;}) = max(ky) and p}!({k}) = | >; ky| have the same radiator R.

> At NLL the (anti)-k; jet algorithm does not cluster emissions together.
Same NLL resummation as p}' but for the measurement function.

> dk¢ d d _
Tnu(pi < p) = / ﬁ%m [* e~ it Ly (L)

= ki dky; d
xRl (L) Z ,-,| /k kttr bi RiL(Lﬂ ) e(Pr — k)
t1 i

NLL: resolved emissions are not clustered
together by jet-algorithm of kt family

ek,
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Hardest jet p; at NNLL

> dkyy doy d _
5 J VY — / t1 / % _ e~ Rnnee(L) L WV k
neL(Pr < pr) o kn 27 d T [ e Lnee (L )] @(Px 11)

» Luminosity Lyn. With O(as) coefficient functions, radiator Ryyy ;. with O(agLf1_1) terms.

Paolo Torrielli Joint Higgs and jet transverse-momentum resummation in direct space 9/16



Hardest jet p; at NNLL

oo dk,
Tae(pt < pl¥) = / gt /dZ{ d [—efﬂNNLL(L”)ﬁNNLL(Ln)]e(va—kn)

o kn 2m dLy
1 2 ko dkis, dhkis dps, dA¢s,s as(k)
iy L —Rn (L) (R (K, / 1 2 /dA 1 152 (20 )
+2! nee (L) e ( 10( t1)) o ks K, Ts1s2 5 or A
x e(pgvfk,1)+...}
> , [Banfi, et al., 1206.49981, With Jg(S1, S2) = © (RZ—An§1 52—A¢§1 52) at

NNLL the jet algorithm may cluster two emissions to form the hardest jet (ellipses: sy > — 1).

ek,
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Hardest jet p; at NNLL

> dkyy doy d _
s J vy — / t1 / % _ e~ Rnnee(L) L WV k
nnee(Pr < pr) o ki 2n d T [ e Lnee (L )] @(Px 11)

ket dkts1 dkt52 /dA - d¢s1 dAgs,s, (20,4 OéS(kﬂ))
Kis;  Kisy 1" 2n T

1 2
o N (Ly) e~ et (HLL(kH )) /0

x {JR(S1 152)[© (P — IKis, + Fisy|) — © (P — max(ks,  kis,)) | © (1Y — ki)

+}

» Correlated correction, tsanti, et a1., 1206.49081, With C(a, b) = %, and |M(ka, kp)|? is
the non-factorisable part of the double soft matrix element.

+C(s1, %2) [1 —JH(sth)] [e(pgv — max(kss, , k[52)> - e(pgv = (s, E,SZ\)}

> |M(Ka, kp)|? appears in Ry.. (K1), resulting in the CMW coupling tcatani, rarchesini, webber, 19911.

Integrated inclusively there, and veto constraint applied on |k + Kg|: need to correct for
configurations where the two correlated emissions are not clustered together.
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Joint Higgs and jet p; resummation at NNLL

» From contributions detailed above just need to combine measurement functions!

‘inclusive’ contribution with ptH
measurement functions
T (pf < P, ot < p’) = & J

n+1

/OOo %21% /dz{ d%dﬂ [—S_RNNLL(L")LNNLL (L )],G(P;W - |§Etj|)9(ﬁ’fv - kn)

1 dkis d d
’RNLL(LM)R’ (k1)/ :S i {(5R’(kn) + R} (k) In —t — I) L (L”)]
S S

n41

x [o(pr ~ 13- Fy+ Ral) — 0ot - E@\)]e(pfv ~ k)
= =

1 A 2 [k dkys, dky dos, dAds;s as(ki)
_ neL(Ln) (R 5 TS =i 223 il
+2!£NLL(L”)S ' (RLL(k”)) /0 ks, kKis, ./dAnS'S2 2m (20 )

n+1
x OB — IS Fy + Fs, + sy ) [JR(S1 152) (et = Vi + F) ~ @~ maxt ki) )

j=1

+C(s1, 52)[1 - Ja(s1, 52) (e(mv — max(kis,, ki) ) — © (1" — Ikis, + w))} o(p!* — k) + }
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Joint Higgs and jet p; resummation at NNLL

» From contributions detailed above just need to combine measurement functions!

NNLL correction to ptH
with ptj Mmeasurement function

Ewee(Pf < P oy < ) =

m%%/
/o k 2n | %7

e(p;" -~ kn)

f dlkgs, ik, dis, dAG as(ker)
/ 1 IS2 51 18Y5182 s(Att
(HLL(kn )) /0 Ts'rsz/dAnsusz or  on (20 )

1
+orfne (Ln) epdh i)

n+1
x©(pf — | Ry + Fis, + Fis ) [Jn(a : sz>(e(pﬁv — s, + Fisy|) = © (" — max(ks, kaZ)))

=

+C(S1,Sz)[1 —JR(ShSz)] (e(PtN - max(kfswkfsz)) - e(PrN — |Kis, + Emﬂ))} 9<va = kn) + }

10/16
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Joint Higgs and jet p; resummation at NNLL

» From contributions detailed above just need to combine measurement functions!

clustering and correlated NNLL ptj corrections

(Pl < P, pt < pt) =

[ e
o kn 2m
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NLL joint resummation in b space

>

v

A\

v

Differential control in momentum space provides guidance to an analytic formula for joint
resummation in impact-parameter space

NLL pf differential cross section (toy model with scale-independent PDFs for the sake of the
argument): p?‘ measurement function completely factorises (by construction)

do a2b —iB.pH 21 > [ Bk
#@f@/ﬁf I§H/Wwww(ef—0

Factorisation implies a factor elb ki per emission: jet-veto constraints on k; can be applied at
the level of b-space integrand!

Jet veto on real radiation at NLL: ©(p;¥ — max(k, ..., km)) = [T/, ©(p}¥ — ki)

Joint resummation at NLL in b space

do(p{ <p’) _ b g 1 2 (BRa(N g
Aiﬁ?*——@/af 'S MR (e ) 1)

— g / %e*ft?»p?e— SiaIm(i? (1P (ot ~k))
Tr
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NNLL joint resummation in b space
» NNLL clustering/correlated corrections in the b-space integrand.
1 oL
]:clust = E /[dka] [dkb”M(ka)‘le(kb)lz JH(a7 b) elb.(k[aAkrb)

x [©(pt — |Kia + iol) — ©(pf" — max{kia, kiv})]

1 . R D 1
Feoar = o [ [ahallkel| (ks )2 [1 — (. b)] o e 0
x [©(p — max{kia, ki}) — ©(pF — |Kia + Kol)]

» Joint resummation at NNLL in b space

do(p]” dvy [ dvy _,, _ &b _zom
dy“(flo;ﬁ?' - j\[gzggm QS mH / 27‘” 271'2 v Vl T2 " 47-r26 o € S (1 + ‘FC]USE + ]:correl)
t

S er, (u (1)) Jo (br) = f“:% 4r,, (s (1)) Jo(bp)
s 00/8)fon o (o) [P | Ipe - ]

ca2az

— [TH (O (o () Jo (b — [T () (g (1)) Jo (bp
X Cin. g1 (05 (80/8)) Cog.gt (s (bo/5)) [Pe fjv (D) (s (1)) Jo(( ;)] [Pe fpg,v () (s (1)) Jo( ;)} ’
c1by caba
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NNLL cross section differential in pj, cumulative in p; < py’

NNLL ( yJv
do’ gp;pt ) [ pb]

GeV

» Peaked structure at small p!'; Sudakov suppression at small p;.
» Sudakov shoulder catani, wevver, s710s331: integrable singularity at pf' ~ p}".

> Logarithms associated with the shoulder are resummed in the region pf! ~ pV < my
(absence of the integrable singularity there)
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Accuracy check

Difference between Xyny. (P < P}V, p} < pi¥) expanded at O(a2) and fixed order at O(a2)

A, p™) [ob]

-36.1

-36.15

-36.2

-36.25

-36.3

-36.35

-36.4

-36.45

T T T
PtJ'V =2 p1H'v =

RadISH vs. NNLOJET, 13 TeV
g = Hg = 125 GeV, Q = my, = 125.18 GeV
NNPDF3.1 (NNLO)

-5 -4.5 -4 -3.5 -3 -2.5
In(p1H"'/mH)

» Difference tends to an O(a2) constant (i.e. N3LL) at very small piV in the region of the

shoulder, p}¥ = 2 pttV.

> Very strong check: control of logarithms associated to the shoulder when p; ~ pf' < my.

» Analogously for pi! < pf or pf! > py.
Logarithms correctly accounted for regardless of hierarchy between pf' and p} (if < my,).

Paolo Torrielli
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LHC results: Higgs p; with a jet veto
Multiplicative matching with fixed order (NLO H + j from MCFM, (canpbe11, E11is, iele, 1503.061821)

3.0
&3 NLL+LO
&3 NLO
25+ &5 NNLL+NLO
E 2017 RadISH+MCFM
< 4 13 TeV, pp — H + X, with p{ < 30 GeV
2 154 ? NNPDF3.1 (NNLO)

uncertainties with g, pr, Q variations

i
t

I

NS
. SN

do(pY)/dp!
I
1

0.5 o

1 10 20 30 40 50
P! [GeV]

» Resummed results display good perturbative convergence below 10 GeV.
Above, effects from the large Higgs K factor.

v

NNLL+NLO has less than 10% uncertainty for pf! < p}¥.

» Much reduced sensitivity to the shoulder at 30 GeV with respect to fixed order.
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Outlook

Theoretical control of multi-differential information to exploit LHC potential in the Higgs sector
(and much more!).

v

» First double-differential resummation for observable defined through a jet algorithm in
hadronic collisions.

» Formulation in direct space (RadISH) provides guidance to compact analytic formulation in b
space.

» Logarithms of pf /my and pj/my controlled at NNLL when transverse momenta < my.

> This does not rely on hierarchy between p! and p;. Sudakov shoulder p}' ~ p/ resummed in
the small-p; region.

Thank you for your attention
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Backup

Paolo Torrielli Joint Higgs and jet transverse-momentum resummation in direct space 1/10



RadISH resummation: organisation into correlated matrix elements

Y(V<v) = /d¢3 V(dg) Z/H[dk,-]\M(k1,...,kn)|2 O(v — V(ki, ..., kn))
n=0 i=1

> V(®¥p) = all-order virtual form factor (S€€ mixon, Magnea, Sternan, 0805.35151).

» Multiple emission matrix element [M(kq, ..., kn)|? organised into
n-particle-correlated (nPC) blocks |M(ki, ..., kn)[2.

e.g. n soft partons case (analogous considerations for hard-collinear)

L\l(ﬁ;.ﬁz.k;.....k,.)[z:L\lu(ﬁ;,ﬁz)l“'{(%ﬁ\;\l(}:,)\")*r g § 1%(0)3 + g § é@%}‘ g +o
i=1 A kS B El 5 = 2 3

[ S P —5 § Az 3 1Pc()
%‘;—("72)! (‘H‘ |;\1(k.)\') |3t (ko) + g i .

>y (n714)!2w( 11 W(k.;ﬁ) ‘A'I(L,,.k,)ﬂ.\'l(kc.A,)r+ }
S5 o
cidas itibed

{ L e | (¥ ko[ ] 4
*p;%"*” (E\ (>|)\ (ks k)| + J+

3PC

2-particle-correlated (i.e. 2 real emissions) squared amplitude defined in terms of cut webs

};‘5) = % + % + éy.y o
» Higher-orders in ag at fixed n, or larger n  — logarithmically suppressed
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p; resummation: finiteness in four dimensions, NLL case

dEniL(Pr) /M kit /27r dér, 0 Rlker)
= L (K
dbg o o Kt = — ok ( e~ nL( t1)) X
ki1 dk;: 2m do: N .
x S ( [0S [ SR k) ) O = (R + .+ i)
ioJeky Ki Jo 2
= [dZ[{R'Kk}]
d\MB\ b

> Luminosity L (ki) = 325 p fa(x1, ket ) o (X2, Knt)-

> [dZ[{R', k;}]© finite as € — 0:

2n dg [k %H’

A ) = 1 R (k) In(1/€) + .. = 17/ (k) + o
o 21 Jek, ke
. 2 g rkn gk = 2n g ke gk L
[aztimmne = |1= [T 22 [ " CER )+ .| o R + ﬂ/ 2 p (1)@ (o1 — et + Feal) + ...
ek Kt 21 Jeky ke

= de dk;
= e(p,f\k,‘m/o “/” 2R (ki) [©(p1 — s+ Fel) — O — )] +..

;Ho finite: real-virtual cancellation
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Small-p} behaviour at NLL

d?X(pr) [ ke dér
d2ﬁ[d¢5 kﬂ 2w

. . d25 O L2
» Fourier transform of the delta: §@ ( g, — 1] = [ —=e Pt b-kij
5 (,,, @m) 5 ] %
» Integrate over azimuthal direction of all R,, and of p;:

5 (v)
dprddp

Kt A1) Y (ki1 ) Jo (i)

= oO@g)pr [bann(pib) jJea

ki1
xexp{—ﬁ' (km/o %kt’u —Jo<bkz))}.

> In the limit where M > ki > p; this gives

" —2
/bdeo(prb)Jg(bkn)eXp {79’ (k”)/ %(1 — Jo(bk,))} 4R'kl(1k,1)

dpd®g K3

2 M
Fr(v) _ 40(0)(¢B)Pt/ %efﬂ(kn;
Aqcp R
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Treatment of Landau pole

» Landau singularity in the radiator and in the coupling:
1
as(,u/:,),Bo In(O/kn) = 5 — kiy ~ 0.1 GeV for ug~ Q~ my
» Perturbative prediction is cut off below this scale, by setting probabilities to 0.

> This cutoff is not a problem: low p}' dominated by k;’s above the GeV

pp->Z (onshell), 13 TeV - ug = ue = My, Q = xQ"my (NLL)

NNPDF3.0, xQ=0.
PDF3.0,
NNPDF3.0, x
5 - PDF4LHC15, xQ:

.5
=1.0
0.25
=0.5

e
i ;
"“MLEMWQ%MWWM o

!

<K, hardesi> [GeV]

1 2 5
pZ[GeV]  Figure credit: PF. Monni

» This does not imply absence of non-perturbative corrections (not studied here) at scales of a
GeV
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Equivalence of direct-space p; resummation with b space
» Take direct-space formula for d</dp;, Fourier-transform the §®)(p; — | 3, Kii|), and get
d.

giﬁz(p’):cq (as(M)HM)CF; (as(M) pr [bdb(pib) /

ki
S (Rt o)+ 200, asthn)) + ) (aslen) ) k)
£3=1

2 M
< oxp { D I CICEE S PR OR AT Jo<bm)}

xexp{ Z/ (R )+ =i st + st (1—Jo(bm)}.

= ek ke

> Take limit e — 0. Integrand in k; is a total derivative and integrates to 1, leaving

d‘; £, (pr) = CR T (as(M) H(M)CZ (as(M)) px /bdeo(pfb)

2 M )
X exp {— ; /0 dT':’ (n; (k) + #rm(as(m) + I'Svi)(as(k;))) (1- Jo(bk,))} .
» Transform 1 — Jy in a © up to subleading logarithms, and plug this into the hadronic cross
section, to get the traditional b-space formulation.

bo
b

o° b
G o Doy
12 9In(Mb/by)3

(1= Jo(bkt)) ~ Okt — 5

-+ 5Ok —

» (3 term starts at N3LL, is resummation-scheme change w.r.t. b space.
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Generating secondary radiation as a simplified parton shower

» Secondary radiation:
o) n+1 o
Zl <H/ d¢1/ CZ(U H/(k )) ' (K1)
—0 n! i—o ti

n+1 o i )
(12 [ 9 ) v,
= cky K

e (k)In1/e _ H e F’/(kn)'nkr(/‘—u/kﬁ7
i=2

dZ[{R', ki}]

A (k)

with kt(n+2) =€ kﬂ o
» Each secondary emissions has differential probability

dw; = %%Rl(kﬂ)e*R/(kn)'nkr(fq)/kn — %d (e*’?'(kn)m’(z(/q)/kﬁ) .
T Ky 2w

—R' (k1)

> Kyj_1) > ky. Scale k; extracted by solving e nkii—1)/Ki = r_ with r uniform random

number in [0, 1].

» Extract ¢; randomly in [0, 27].
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Modified logarithms

» Ensure resummation does not affect the hard region of the spectrum.

» Supplement logarithms with power-suppressed terms, irrelevant at small k¢, that enforce
resummation to vanish at k1 > Q.

() e 3e((2) )

» Q =resummation scale of O(M), varied to assess systematics due to higher logarithms.

» Modified logarithms

» p = chosen so that resummation vanishes faster than fixed order in the hard region.
» Checked that variation of p does not induce visible effects.

» Modified logarithms map k1 = Q into kyy — oo.
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Luminosity to NNLL

dMgl?, dz dz, X X
i1 S 2) e 2)

c,c’
x {50,-50/,-6(1 = 20301 - 22) (1+ 228 13, x0) )

as(pRr) 1
2r 1 —2as(pR)Boln

+ (CS)(Z1,MF,XQ)6(1 — 2)0j+ {21 & 2iC,i & c/,j}) }

with Lt1 = In(O/kn)
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Sudakov radiator for joint resummation in b space

Jkimor (1 e k)
%R () (1 - (bR ~ k)

/ "”"H’(k)( — (b)) + [ SR e bk — p1')
dk;

SnnLL

= —Lpgi(aslp) — go(asly) — *Qs(as b +/ R'(kt)Jo(bkt)

with L, = In(myb/by), by = 2e~7E
Analogously for PDFs and coefficient functions.
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