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II gg — HH S. Jones

An approximate history (30 years in 30 seconds)

(1] LO (Slide design shamelessly
Q00000 e [5,6] NNLO HTL stolen from G. Salam)
[8] Full reals (FTappmx)
T —— - - - - - - -
& - om m
88 -
[91 NNLO virt 1/m}
[3] NLO HTL8+ NNLL + @(1/mT)
[4] NLO 1/my,
[7] NLO 1/mj?
[26] N3LO HTL [13] NLO + NLL [10] NNLO HTL (Fully Diff)
14,15] NLO + PS i
125,27] NNLO 1/m2 p ) [ h] [11,12] NLO numerical
) o ¢ [16] 1/m + thres. O —— - - - -
E AN
N [17,28] NLO MS m; g
[18]NNLO (FT, )
191 NNL NNLL
[23] NLO small-p; + thres. 191 O+
2 r [20] NLO small-p
[29] small-p; + small-m; 22 [24] NLO num. + small-m r

[21,22] NLO small-m;

[1] Glover, van der Bij 88; [2] Dawson, Dittmaier, Spira 98; [3] Shao, Li, Li, Wang 13; [4] Grigo, Hoff, Melnikov, Steinhauser 13; [5] de Florian, Mazzitelli 13; [6] Grigo,
Melnikov, Steinhauser 14; [7] Grigo, Hoff 14; [8] Maltoni, Vryonidou, Zaro 14; [9] Grigo, Hoff, Steinhauser 15; [10] de Florian, Grazzini, Hanga, Kallweit, Lindert,
Maierhofer, Mazzitelli, Rathlev 16; [11] Borowka, Greiner, Heinrich, SPJ, Kerner, Schlenk, Schubert, Zirke 16; [12] Borowka, Greiner, Heinrich, SPJ, Kerner, Schlenk,
Zirke 16; [13] Ferrera, Pires 16; [14] Heinrich, SPJ, Kerner, Luisoni, Vryonidou 17; [15] SPJ, Kuttimalai 17; [16] Grober, Maier, Rauh 17; [17] Baglio, Campanario, Glaus,
Mdhlleitner, Spira, Streicher 18; [18] Grazzini, Heinrich, SPJ, Kallweit, Kerner, Lindert, Mazzitelli 18; [19] de Florian, Mazzitelli 18; [20] Bonciani, Degrassi, Giardino,
Gréber 18; [21] Davies, Mishima, Steinhauser, Wellmann 18, 18; [22] Mishima 18; [23] Grdber, Maier, Rauh 19; [24] Davies, Heinrich, SPJ, Kerner, Mishima, Steinhauser,
David Wellmann 19; [25] Davies, Steinhauser 19; [26] Chen, Li, Shao, Wang 19, 19; [27] Davies, Herren, Mishima, Steinhauser 19, 21; [28] Baglio, Campanario, Glaus,
Mdhlleitner, Ronca, Spira 21; [29] Bellafronte, Degrassi, Giardino, Grober, Vitti 22;
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Full NLO calculation: top only, numerical integration

Borowka et al. Baglio et al.

tensor reduction no tensor reduction
sector decomposition | IR, end-point subtraction
contour deformation | IBP, Richardson extrapolation

m; = 173 GeV my = 172.5 GeV

Borowka, Greiner, Heinrich, Jones, Kerner, Schlenk, Schubert, Zirke
Baglio, Campanario, Glaus, Miuhlleitner, Ronca, S., Streicher
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HTL __
ONLO —

m¢ —

= -15% mass effects on top of LO

32.91(10)F138%

+18%
38.751 o0 fb

173 GeV

£b

g9 — HH at NLO QCD | /s = 14 TeV | PDF4LHC15
1 — T T T T T

— HTL
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Baglio, Campanario, Glaus,
Muhlleitner, Ronca, S., Streicher
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uncertainties due to my

e use my¢, m() and scan Q/4 < u < Q — uncertainty = envelope:

dJ(ggdg I =300 Gev = 0.02978(7)¥3;5, fb/GeV.,
dcr(ggdzg> HE), o0 oy = 0.1609(4) 2%, fb/GeV,
da(ggdg HH )|Q:6OO Gev = 0.03204(9)T0% fb/GeV,
da(ggdg HH )|Q:1200 Gev = 0.000435(4)T0% fb/Gev

e bin-by-bin interpolation:

4%
o(gg — HH) = 32.8177% fb



final combined ren./fac. scale and m; scale/scheme unc. @ NNLO prgpproqx

(0]
Vs=13TeV: oy = 31.0575% b

Vs=14TeV: o4y = 36.6975% b

0
Vs=27TeV: oy = 139.9137% b

(0]
V5=100 TeV: o = 1224737 fb

e expansion methods — fully differential Monte Carlo
Bonciani, Degrassi, Giardino, Grober
Bagnaschi, Degrassi, Grober

e 2HDM: g9 — hh,hH, HH, AA available, too



2HDM [type I|: g9 — hh,hH, HH, AA [nO hA, HA — DY-like]
M, = 125.09 GeV My = 134.817 GeV M, = 134.711 GeV
tgs =3.759 a = —-0.102 m3, = 4305 GeV? = cos(f—a) = 0.157

g9 — hH at NLO QCD | \/E =13 TeV | PDF4LHC15 gg — AA at NLO QCD | \/E =13 TeV | PDF4LHC15
T T T T T T T T T T 1()_1 F T T T T T T T T T ]
10" £ 2HDM type I do/dm,, [fb/GeV] 3 F 2HDM type I do/dm,, [fb/GeV] ]
= e = /2 RN o= e = manf2
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= = L1 f i
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= £ 09 w
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Baglio, Campanario, Glaus, Miuhlleitner, Ronca, S.



combined uncertainties

13 TeV :
14 TeV :
27 TeV :
100 TeV :

13 TeV:
14 TeV .
27 TeV :
100 TeV:

o(gg — hH) = 1.592(1)T21%
o(gg — hH) = 1.876(1) 12,
o(gg — hH) = 7.036(4) 125

_ +16%
o(gg — hH) = 60.49(4)_25%

— +26%
o(gg — AA) = 1.643(1)_21%‘)’
— +26%
— +23%

0
o(gg — AA) = 58.12(3)_2222(;:

fb
fb
fb
fb

fb
fb
fb
fb
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Is this everything?
No. ..
electroweak corrections...

(i) y¢: HTL for ggH(H) coupling 4 full corrections to HHH vertex
Muhlleitner, Schlenk, S.

(ii) y¢: analytical results for ggH H coupling in the HEL

Davies, Mishima, Schonwald, Steinhauser, Zhang

and close to the production threshold
Davies, Schonwald, Steinhauser, Zhang

(iii) A: elw. corrections due to the Higgs self-interactions
Borowka, Duhr, Maltoni, Pagani, Shivaji, Zhao

(iv) gt A: elw. corrections due to the top Yukawa and Higgs self-

interactions [only Higgs exchange diagrams]
Heinrich, Jones, Kerner, Stone, Vestner

(v) full elw. corrections (< to be checked)
Bi, Huang, Huang, Ma, Yu



Full electroweak corrections
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Bi, Huang, Huang, Ma, Yu



Top-Yukawa-induced elw. corrections

Muhlleitner, Schlenk, S.

g //H g //H
1 N «— HTL
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(i) effective ggH(H) couplings:

g H
Lopp=C1-22 GG o (1 C —)
ff = "o pr 109 {1+ C2
. t
H,: H H
‘X7¢i: Yy --=-—- - ---
ST B
(C1) (Cs)
e C; = 1 — 3x;: genuine vertex corrections [z = Gpm?/(8v212)]

Djoaudi, Gambino
Chetyrkin, Kniehl, Steinhauser

e Co=147x:/2 [=140ZF/2 — dv/v]: universal corrections

Kniehl, Spira
Kwiatkowski, Steinhauser
o H H?
£eff — 12;GGMVGZV {(1 + 51); + (1 + 771)@ + O(H3)}

€T
51 = 5’5 + O(22) n = 4x; + O(x?)



INTERMEZZO
Full top-mass dependence (wave-function ren. adjusted appropriately)




elw. gaugeless Iimit + QCD = top-Yukawa model 4+ QCD

Gt
¢=(U-I—H—I—iGO>

V2
L= 2GS, + TPt + |90 — V(9) — 9i@Lt
V(6) = —uloP + 5ol
= ]\48%’ 2 4 Mff H? + ]\f [If + Z(GC’)Q + HGTG~
—|—— Iidr HQ(GO)Q—I—HQG"'G —I—(G"'G )2+(GO)2G+G _|_(GO)4

= Mo = Mg+ =0




51 — 52l00p —|— 5ZH/2 — (SU/U
PRELIMINARY
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Bhattacharya, Campanario, Carlotti, Chang, Mazzitelli, Muhlleitner, Ronca, S.



Light-quark loops
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PRELIMINARY
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Bhattacharya, Campanario, Carlotti, Chang, Mazzitelli, Muhlleitner, Ronca, S.

box diagrams in the making. ..
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(ii) effective HHH(H) couplings:

e cffective Higgs

e after renormalization

zeff
AHHH

ANHHH

potential:
Vory Vo + W4
A0
Vo = uplel® + T lel*
3m _2
= 5rQ —|—e)(47r2)€< +log = = +
1 0 -
o= Zsloin) mt—mt(H;)
M2 2
= 3=+ Ay, 4
U ’U
3fm§L 12mt
= =L, A = —
7_(_2@3 HHHH 7_(_2104
2 4 2
eff _ Mg 3my M

Coleman, Weinberg

)

AHHHH = 3— + AANgHHH
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Muhlleitner, Schlenk, S.



IV CONCLUSTONS

e scale and scheme uncertainties due to m; relevant for large momenta

e Higgs pair production: m; effects on top of LO ~ —15% for ot
[larger for distributions]

e uncertainties due to factorization/renormalization scale and m; sca-
le/scheme choice @NNLO prappror ~ 25%

e combined uncertainties available for A\ dependence, too.

e top-induced electroweak corrections: small for total cxn, larger for
distributions

e effective radiatively corrected A%f}fIH disfavoured
[momentum dependence of same size]

e full elw. corrections ~5 — 10% (in absolute terms)
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ITI CALCULATION

onLo(pp = HH + X) = o0 + Aoyirt + Aogg + Aogq + Aoyg

1
d£9
oo = / dr ULO(Q2 = T5)
Qg dﬁgg N
s dﬁgg Vodz M?

+ dgg(2) + 6[1 + 2% + (1 = 2)*] (IOgl(l_Z)) }
— ),

s ! Z dLod M?
To q,9 To/ T

7s(1 — 2)2
1
Qg dLad
Aoz = 7(r'u)/ dr E // — 5.0(Q?% = z715) dyz(2)
To q To/ T

11 11 2 32
C—>7r2—|—?—|—CAA, dgg—>—?(1—z)3 dgq—>§z2—(1—z)2, dqq—>2—(1—z)3



(i) virtual corrections

47 gen. box diags, 8 tria diags («+ single Higgs), 1PR (+ H,A — Z~)

9 vrororN——r — - - - - ¢1
t LT e H ¢1
g g t
t g wuvTT - - - - P2
9 wvrrr oo b2
(2) (44) (274)
e two formfactors:
AW = BTV 4 BT Fi1 = CAFA + Fo F> = Gno
55
T{U/ — g,uz/ 1142 ,
(q192)
2 VM
T = gy 1\24 1919 Q(Qgpl)qlpl B 2(611101)101(12 n 2p1p1
7(q192) p7(q192) 4 (q192) P4
pov . (1— E)Tl + eTh” Pl _ eIt 4+ (1 — e)Th"
1 2(1 — 2¢) 2 2(1 — 2¢)
P{LVAMV — F]_ PéLVAMy:FQ

e full diagram w/o tensor reduction — 6-dim. Feynman integrals



e UV-singularities: end-point subtractions

1 1 1 1
i@ [t i) i@ ) _f [t @)
f = = [ a0 [ B 00

e IR-sing.: IR-subtraction (based on struc. of integr. and rel. to HTL)

A L P1

_ E— B r)_ _ Ps :§/mt :QQ/th
pe = (T — M7)/m3

4 Vhk+q Yk—q+p1 py=M2/m?

d®r = dx dy dzdrdsdt

—5 —5 k+ g9 —
q2 q2 — ¢
AF, = (1420 (20 U e B Dy @)
7 — € mf ) X N3+2€(3_§)
N(©) = ar’ + br + ¢
a = w(l—fc)yS[—ps(l—y—t)+ptyz—pu2(1—y—t)+pﬂy22]
b= 1-pa{ay(l—y)+ @ -2)[(1 -1 -y —1) +yst]} — prayz(1 - zyz)

—prxyz[l —zy — (1 — z)(1 — s)] — puzyz[z(1 —y) + (1 — z)st]
c = —psx(l—2)(1—s)t



e subtract integrand with linear denominator

t

1
. Hz(f) Hi(f)‘rzo
_ 6 1+4-e€ . €.1+e_—e¢ _
G = /Od“’ (1= =) s {N3+26(:1?) (br+c)3+26}

> 2¢
AF = 211426 (47”;°> (G1 + G»)
T m

1
_ Hi(f)‘r=0
_ 6 14€ . e l14+e —c¢
Gy = /Oda:a: (1 —x)r™cs o+ 0)372

e Go> — hypergeom. fct. after r-integration [arg — 1/arg]

e thresholds: Q2 > 0,4m? — IBP — reduction of power of denominator
[mt2 o mtz(l — 1h)]

1 1 p
/d f@) _fO© Q@) +/d f'(x)
0 0

T aF b)) 202 2b(a+b)2 ob(a + bx)2
e extrapolation to NWA (h — 0): Richardson extrapolation 1911
M2 — 2f(h) _ f(2h) — f(O) _|_ O(hQ) f(x) A f(x) polynomial for small h

My = {8f(h) — 6£(2h) + f(4h)}/3 = F(0) + O(h?)
Mg = {64f(h) — 56 f(2h) + 14f(4h) — F(8h)}/21 = F(0) + O(h*)

etc. /

[ > 0.05] h 2 4h g x




e renormalization: as: MS, 5 flavours
my¢. on-shell

e PS-integration — 7-dim. integrals for do/dQ?
e subtraction of HTL — IR-finite mass effects

e add back HTL results < HPAIR



(ii) real corrections

e full matrix elements generated with FeynArts and FormcCalc

e Mmatrix elements in HTL involving full LO sub-matrix elements sub-
tracted — IR-, COLL-finite [adding back HTL results + HPAIR]

224 o 34—i—t4—i—u4—|— 8
Z|Mgg‘2 - Z|MLO| . S{ stu § _41ie }

7

5 - 2 327r2a5 s2 4+ u? (s + u)?
> Mggl® = > | Mro 3Q47r{ —te—

Z|ch7)2 = Z|MLO|2 2525; (1 —e)

{t2+u 6(t—l—u)z}

S

500 b




do(gg — HH)

do(gg — HH)
0 |0=400 Gev

do(gg — HH)

do(g9g — HH)
a0 |0=1200 Gev

e m; scale/scheme uncertainties at LO:

0.01656752% fb/GeV

0.0939179%, fb/GeV

+0%
0.021327 2% fb/GeV

0.000322370% fb/GeV



F;, = F; 0+ AF;
AF;, = AFi,HTL+AFi,maSS
e pole mass:
my
Fl,LO > 4 =
2
m P R ~ ~
P20 = ~ggpp G HD La, + PLE+ 721G+ D7+ 1)
e MS mass
Fiio — 4 (Ht)
mt (Mt)

(G+D?L3, + L2, + [+ D% + 2]}

I CET))



e different scales for y; in triangle (Q) and box (M) diagrams?
— has to hold at all orders

g “TOO0) o H g — - q

7
t,b ----e + t,b 4 1 +e
N\

9 0900/ NH g SR bt




e different scales for y; in triangle (Q) and box (M) diagrams?
— has to hold at all orders

g “T000) H o H g - fﬂlﬂH
. I
t,b ----- + tb 4 ' H
A |
\\ |
9 \0Q0Q0)J ~H g - q

elw. corrections
— Same scales in all diagrams



1
dﬁgg N
oo = /dT - 5Lo0(Q? = Ts)

dL99 Ldx T
= —g(x, pur)g (—,up)
T . T x
G%az(ur) B 2 2
o = 5 dt[|CA F Fi G
OLO 512(2m)° Jr [[CAFA + Fo|* + [Gol7]
~ 1] 2 2 2 Mg
tr = ) Q—QMH:FQ\/l— 02
M2
Agpn = 3—H4
v
AHHHV
Op =
(Q? — M3)
HTL: FAo — 2/3, Fo — —2/3, Go — 0
CaFp — CaAFA(1 4+ Ap)
o — FD(]. —I— A\:l)
Apn = 01+ ADApgn
An = m



Ao

Averte:c

Dyerter + Aself + AC’T
4

e {Bo(Q?; mu,my) + 2Bo(MF;
v2MZ (4r)> e oM
2 2M2
+ (4m,52 ¢ +2 )C Q7 MHaMHrmt7mt7mt)} ]j\}z
H
> 1 (Q?
S+ T (R)
SM?2 n 5)\HHH
Q%> — M7 Agmm
3 T1 th 2 2 2
m2
6 m {(477% Q%) Bu(Q%; my, my) — Bo(Q%;mu, my) } + O(my)
12 M0
_ (471-)2 2Ao(mt)




